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The effect of injected dose on localized tumor accumulation and cardiac uptake
of doxorubicin in a Vx2 rabbit tumor model using MR-HIFU mild hyperthermia
and thermosensitive liposomes
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Debra Szczepanskia, Noelle S. Williamsc, Theodore W. Laetschd,e and Rajiv Chopraa,f

aDepartment of Radiology, UT Southwestern Medical Center, Dallas, TX, USA; bProfound Medical, Mississauga, Canada; cDepartment of
Biochemistry, UT Southwestern Medical Center, Dallas, TX, USA; dChildren’s Health, Dallas, TX, USA; eDepartment of Pediatrics, Division of
Hematology-Oncology and Harold C. Simmons Comprehensive Cancer Center, UT Southwestern Medical Center, Dallas, TX, USA; fAdvanced
Imaging Research Center, UT Southwestern Medical Center, Dallas, TX, USA

ABSTRACT
Purpose: When doxorubicin (DOX) is administered via lyso-thermosensitive liposomes (LTLD), mild
hyperthermia enhances localized delivery to heated vs. unheated tumors. The optimal LTLD dose and
the impact of different doses on systemic drug distribution are unknown.
Materials and methods: In this study, we evaluated local and systemic DOX delivery with three LTLD
doses (0.1, 0.5, and 2.5 mg/kg) in a Vx2 rabbit tumor model. Temporally and spatially accurate controlled
hyperthermia was achieved using a clinical MR-HIFU system for the intended heating duration (40 min).
Results: DOX concentration in tissues delivered from LTLD combined with MR-HIFU mild hyperthermia
are dose-dependent, including heated/unheated tumor, heart, and other healthy organs. Higher DOX
accumulation and tumor-to-heart drug concentration ratio, defined as the ratio of DOX delivered into
the tumor vs the heart, were observed in heated tumors compared to unheated tumors in all three
tested doses. The DOX uptake efficiency for each mg/kg of LTLD injected IV of heated tumor was sig-
nificantly higher than that of unheated tumor and heart within the tested dose range (0.1-2.5 mg/kg).
The DOX uptake for the heart linearly scaled up as a function of dose while that for the heated tumor
showed some evidence of saturation at the high dose of 2.5 mg/kg.
Conclusions: These results provide guidance on clinical protocol design of hyperthermia-triggered
drug delivery.
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Introduction

Image-guided targeted drug delivery using the combination
of mild hyperthermia and thermally-sensitive nanoparticles
applies localized heating within a target volume of tissue to
trigger release of drugs from circulating nanoparticles [1–11].
Effective targeted drug delivery requires two components: 1)
a nanoparticle capable of stable blood circulation and rapid
release of its encapsulated contents when exposed to heat,
and 2) a method of heating capable of achieving precise and
stable spatiotemporal temperature elevations above the
threshold for drug release, but below the threshold for tissue
damage.

MR-guided high-intensity focused ultrasound (MR-HIFU)
has many characteristics that make it suitable for generating
mild-hyperthermia. Ultrasound energy can be focused to a
millimeter-sized tissue volume deep in the body and can be
electronically scanned to cover arbitrary 3D volumes. To con-
trol the delivery of focused ultrasound energy such that

tissue is heated and maintained within the target tempera-
ture range (typically 41–45 �C) for tens of minutes, some
form of temperature measurement is required. MR thermom-
etry using the proton resonance frequency (PRF)-shift
method offers a noninvasive method for monitoring tem-
perature within the body with a precision of 1 �C or better
[12]. Although it has limitations in moving organs (e.g. liver)
[13,14], PRF-based MR thermometry performs well in station-
ary tissues. When MR thermometry is combined with HIFU, a
powerful closed loop form of image-guided thermal therapy
can be realized, which has been applied to ablative treat-
ments in the uterus, breast, prostate, and brain [15–18], and
is being developed for mild hyperthermia [19].

One of the most mature and studied classes of nanopar-
ticles responsive to heat are lyso-thermosensitive liposomes
containing doxorubicin (LTLD), formulated for prolonged
plasma half-life and rapid heat-triggered doxorubicin release
[9,20–23]. Needham et al. reported that 50% of DOX can be
released within a timescale of seconds, which allows high
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concentrations of DOX to be released intravascularly, quickly
leading to extravasation into tumors through diffusion of the
drug [20]. In humans, LTLD extends the plasma half-life of
doxorubicin to about 1 h, from only a few minutes for free
doxorubicin [24]. This circulation time allows continued
release inside the tumor during prolonged heating and
results in a high drug concentration gradient to facilitate the
drug accumulation in tumor cells. Animal studies have
shown that mild hyperthermia-triggered release of DOX
encapsulated in temperature sensitive liposomes (LTLDs) can
greatly enhance the average intratumoral concentration and
ultimate therapeutic efficacy [11,25–28] compared to LTLD
alone at the same dose per weight. This is consistent with
the fact that thermosensitive liposomes are designed to be
used in combination with hyperthermia, and therefore
release very little drug at normal temperatures. The recent
TARDOX clinical trial demonstrated the feasibility and safety
of combining HIFU (without MR thermometry) with LTLD in
patients with chemo-refractory liver tumors. After receiving
HIFU exposures, an average 3.4-fold enhancement in intratu-
moral doxorubicin delivery was achieved compared to prior
to HIFU exposures [9,29]. Other clinical studies combining
LTLD with radiofrequency ablation of liver cancer [22] or
microwave hyperthermia of recurrent breast cancer on the
chest wall [30] have demonstrated promising rates of local
control when adequate heating is delivered.

One of the primary concerns associated with DOX is its
dose-dependent toxicity to multiple organ systems including
cardiotoxicity, mucositis and myelosuppression. Most notably,
patients treated with DOX are at risk of life-threatening car-
diomyopathy and congestive heart failure, and this risk
increases with the total lifetime exposure to doxorubicin
[31–33]. Because of this cardiotoxicity, the lifetime dose of
DOX for a patient is limited. Preclinical studies indicate that
the tissue distribution of DOX including heart and muscle/
tumor is dependent on the injected dose [34–36]. In rats,
increasing DOX dose from 1mg/kg to 4mg/kg caused DOX
deposition in the heart to increase from 4.3 to 30 mg/g at 1 h
after the drug administration, resulting in a high risk of heart
failure [35].

Liposomal doxorubicin (i.e. DoxilVR ) has been demon-
strated to decrease the risk of cardiotoxicity by preferentially
distributing to tumors with increased vascular permeability
rather than other organs including the heart with intact vas-
culature [31]. Its effectiveness in reducing the risk of cardio-
toxicity has been confirmed in several clinical trials [37].
Additionally, decreasing doxorubicin dose, especially when
administered in liposomal form, has been shown to improve
the drug concentration ratio between drug deposition in
tumors vs. normal tissues [34]. However, the optimal LTLD
dose that maximizes anti-tumor response while minimizing
uptake in normal tissues remains unknown. The relationship
between tumor dose and systemic dose may not be linear
since drug is actively released at the site of heating through
intravascular release and diffusion. There might be a possibil-
ity that the high concentration of DOX released from LTLD
may cause tumor intracellular uptake saturation despite the
elevated extracellular concentrations, which would suggest

that further increases in administered dose would have
diminishing returns on the tumor-to-heart drug concentra-
tion ratio (THDCR), defined as the ratio of DOX delivered into
the tumor vs. the heart. However, this relationship between
the administered LTLD dose and drug deposition in tumor
vs. normal tissues has not been comprehensively
investigated.

Recently, our group demonstrated that prolonging heat-
ing from 10 to 40min increased DOX concentration in
heated tumors without increasing exposure in heart, muscle,
liver, kidney, spleen, or lung [38]. In the current study, we
use a Vx2 rabbit tumor model to investigate the effect of
three different LTLD doses (0.1, 0.5 and 2.5mg/kg) on DOX
delivery to tumors and other healthy organs, the THDCR
between tumors and heart, and tumor delivery enhancement
(defined as the ratio between the DOX concentration in
heated tumor and unheated tumor) due to mild
hyperthermia.

Materials and methods

Animal preparation

Female New Zealand white rabbits (3.5–4.5 kg, n¼ 35) were
used in this study. All procedures were approved by the UT
Southwestern Institutional Animal Care and Use Committee.
For tumor inoculation, 1–2 million Vx2 carcinoma cells sus-
pended in 0.5–1ml of sterile Hank’s balanced salt solution
(HBSS), were injected into both posterior thigh muscles of
each rabbit, 12-13 days prior to MR-HIFU treatment.

Animals were assigned randomly into three dose groups:
0.1mg/kg (n¼ 10), 0.5mg/kg (n¼ 10), and 2.5mg/kg (n¼ 7).
The other 8 animals were treated, but excluded either due
to muscle spasm during the treatment or inadequate heat-
ing. On day of treatment, animals with bilateral tumors were
anesthetized with a mixture of 2–3.5% isoflurane and 1-2 L/
min of 100% oxygen. An intravenous catheter was placed in
the ear vein of the rabbit for the administration of drugs and
contrast agents. A pulse oximeter (Nonin 8600 V, Plymouth,
MN, USA) was attached to the animal’s paw to monitor heart
rate, oxygen saturation, and depth of anesthesia. A rectal
temperature probe (T1, Neoptix, Quebec, Canada) was used
to monitor and record the core body temperature through-
out the treatment. Hair over the animal’s thighs was
removed using an electric trimmer and depilatory cream.
After preparation, the animal was transferred to the MR-HIFU
tabletop with a temperature-controlled water bath to main-
tain the animal’s body temperature during treatment. The
animal was positioned on its side, with ultrasound gel
applied at the interface between the thigh and the acoustic
window, and between the hind legs to avoid undesired
reflections of the ultrasound beam. A saline bag was placed
between the legs to prevent any heating of the tumor in the
contralateral leg. Two extra temperature probes were placed
in the water bath and on the animal’s skin. The animals
body temperature was between 36 and 37 �C before the
treatment started to avoid any unintentional drug release.

LTLD (ThermoDoxVR , Celsion Corporation, Lawrenceville,
NJ, USA) was diluted for injection in an equal volume of
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sterile 5% dextrose. LTLD with 0.1, 0.5, or 2.5mg/kg dose
was infused into the animal intravenously through the ear
vein (22G angiocath) using an MR-compatible power injector
(Medrad Spectris Solaris EP, Bayer Healthcare, Whippany, NJ,
USA). The total injection time was 5min. During the hyper-
thermia treatment, the infusion was initiated once the aver-
age temperature within the targeted location reached 41 �C.
Three hours after LTLD infusion, animals were deeply anes-
thetized and unabsorbed drug was cleared from the vascula-
ture by transcardiac perfusion with saline. Immediately after
perfusion was complete, tissues from a variety of organs
(liver, lung, kidney, spleen, muscle, heated tumor, unheated
tumor, and heart) were collected, snap frozen in liquid nitro-
gen, and stored at �80�C until ready for further analysis.

MR-HIFU hyperthermia treatment

The experimental protocol was similar to the one described
in our previous paper [38] and is illustrated in Figure 1.
Briefly, mild hyperthermia treatment was performed on the
tumor in one leg of the rabbit using an MR-HIFU system
(Sonalleve V2, Profound Medical Inc, Mississauga, Canada)
incorporated into a 3.0 T MRI scanner (Ingenia, Philips
Healthcare, Best, The Netherlands). Customized control soft-
ware was used for mild hyperthermia treatment [19]. The
tumor on the contralateral leg served as an unheated con-
trol. The output power, sonication frequency, and the dur-
ation of the HIFU treatment were 40–60W, 1.2MHz, and
40min, respectively. MR thermometry based on the PRF-shift
method with a customized drift correction algorithm [39]
was used for monitoring the target temperature during the
hyperthermia treatments and continued for 10min after
treatment to observe tissue cooling. The target temperature
of the hyperthermia treatment was set to 42.5 �C, which was
selected to maintain temperatures above a drug release
threshold of 40 �C, while avoiding potentially damaging
exposures of greater than 44 �C. Thermal damage was pre-
dicted using the concept of thermal dose (measured in
cumulative equivalent minutes at 43 �C, CEM43) [40,41]. The
thermal dose coverage to 10% (CEM43T10), 50% (CEM43T50)
and 90% (CEM43T90) of the target area were calculated. A
threshold of 30 CEM43 predicts the initial onset of rabbit
muscle tissue damage [42]. To demonstrate the hyperthermia
quality, the temporal mean and standard deviation of the

spatial mean temperature within the target region (Tmean),
the temperature that 10% of the target region exceeds (T10),
and the temperature that 90% of the target region exceeds
(T90) were calculated.

Quantification of DOX concentration in tissue

The DOX quantification protocol used in this study was
adopted from a previous published report [38]. Total DOX
concentration in tissues, which may include both the
released drug and intact LTLDs, was quantified by LC-MS/MS
using a high-performance liquid chromatograph
(Prominence, Shimadzu Scientific Instruments Inc., Columbia,
MD) coupled to a mass spectrometer (AB SCIEX 4000 QTRAP,
Applied Biosystems, Foster City, CA). Tissue sample prepar-
ation and drug quantification procedures were the same as
previously described [38].

Statistical analysis

Differences in the DOX accumulated concentration and DOX
uptake efficiency for each tissue type, THDCR, and tumor
DOX delivery enhancement were compared among three
dosage groups using multiple t-tests with Holm-Sidak correc-
tion. A p-value less than 0.05 was considered statistically
significant.

Results

Figure 2 shows a representative MR-HIFU mild hyperthermia
treatment planning and MR thermometry including images
and temperature measurements. As shown in Table 1, the
three experimental groups had no significant differences in
body weight, tumor size, or core body temperature at the
beginning of treatment (p> 0.2). After excluding animals
with motion during heating, adequate heating (above 40 �C)
was achieved for all three groups for the intended duration
(40min) in the target region, with minimum overheating
(above 44 �C, <1min). Similar to our earlier report [38], good
mild hyperthermia quality was achieved with this system for
all the groups, as summarized in Table 1.

Figure 3 shows the dose-dependent DOX accumulation in
different organs 3 h after treatment. The limit of

Figure 1. Time sequence for drug delivery in rabbits with Vx2 tumors using LTLD and MR-HIFU mild hyperthermia. Three different doses of LTLD (0.1, 0.5, and
2.5mg/kg) were administered in the first 5min. Temperature mapping was continued for 10min after treatment to observe tissue cooling (during which period
the temperature of the heated region returned to baseline). The heated tumors, contralateral unheated tumor, and other organs were harvested 3 h after the start
of LTLD infusion for drug quantification using silver nitrate/chloroform extraction with LC-MS/MS readout.
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quantification (LOQ) of DOX concentration quantification
with LC-MS/MS was determined to be 0.2 mg/g in this study
for all tissues evaluated (heated/unheated tumor, heart,
muscle, liver, kidney, spleen, and lung). With an increase in
administered dose of LTLD, there was a significant increase
in DOX concentration across all tissues among the three
groups (p< 0.05), although the muscle DOX amount at
0.1mg/kg dose was below LOQ.

Figure 4 shows the DOX uptake efficiency (defined as the
DOX accumulation in a tissue per mg/kg of LTLD injected
intravenously) for various tissues, for three different injected
doses. No significant difference was found for heated tumor,
unheated tumor, heart, muscle, kidney, spleen, and lung
across three dose groups, although heated and unheated

tumors, and lung showed a trend toward an uptake effi-
ciency decrease at the highest dose (2.5mg/kg). Liver
showed a significant decrease in the fraction of injected
dose that accumulated as the administered dose increased
(0.1 vs. 2.5mg/kg: p¼ 0.03; 0.5 vs. 2.5mg/kg: p¼ 0.02).

The heated tumor had a significant increase in DOX accu-
mulation compared to the contralateral unheated tumor in all
dosing groups as shown in Figure 5 (0.1mg/kg: 9.1 ± 7.7 fold,
p¼ 0.04; 0.5mg/kg: 8.0 ± 6.1 fold, p¼ 0.0003; 2.5mg/kg:
5.8 ± 1.3 fold, p¼ 0.0004). THDCR defined as the ratio of DOX
accumulation in tumors to heart was plotted in Figure 6. In
all three groups the THDCR of unheated tumors was close to
one (0.1mg/kg: 1.4 ± 1.0; 0.5mg/kg: 1.1 ± 0.5; and 2.5mg/kg:
0.8 ± 0.3). In the heated tumor, the THDCR had a significant
nearly 6-fold increase in all groups (0.1mg/kg: 7.4 ± 6.4, 5.7
fold increase, p¼ 0.02; 0.5mg/kg: 6.9 ± 3.6, 6.3 fold increase,
p¼ 0.0008; and 2.5mg/kg: 4.4 ± 1.8, 5.5 fold increase,
p¼ 0.0006).

Discussion

The issue of cardiotoxicity of DOX is especially relevant in
pediatric oncology, where patients cured of their disease
often have a life expectancy of >20 years. An increased risk
of heart failure is correlated to the lifetime exposure to doxo-
rubicin, and these effects can manifest later in life.
Thermosensitive liposomes encapsulating DOX (LTLD) offer
the potential to maintain reduced cardiotoxicity while
achieving increased DOX delivery to heated tumors. This
study evaluated the effect of administered LTLD doses on
DOX deposition in tumors and other healthy organs.

Figure 2. Treatment planning and temperature measurements during a 40min mild hyperthermia treatment. Treatment planning was performed based on T2-
weighted MR images indicating the tumor location (A,B). (C) Temperature maps across and along the ultrasound beam show the heating pattern in the middle of
the treatment. The treated ROI is indicated by the white circle and the black contour indicates the 42 �C isotherm. The mean temperature, T10, and T90 within the
ROI are shown in D confirming stable temperature control at 42 �C during the treatment. The beginning and end of the treatment area marked with the green ver-
tical lines. Scale bar ¼ 2 cm.

Table 1. Characteristics and heating quality in rabbits administered with LTLD
at different doses: 0.1, 0.5 and 2.5mg/kg, with 40min MR-HIFU hyperthermia
treatment.

Baseline characteristics
0.1mg/kg
(n¼ 10)

0.5mg/kg
(n¼ 10)

2.5mg/kg
(n¼ 7)

Body weight (kg) 4.2 ± 0.3 4.2 ± 0.3 4.1 ± 0.1
Tumor diameter (mm) 31.0 ± 6.5 26.6 ± 8.4 32.8 ± 8.3
Core temperature, initial (�C) 36.9 ± 0.4 36.8 ± 0.3 36.6 ± 0.4

MR-HIFU hyperthermia quality

Heating duration
Above 40 �C (min) 40.2 ± 2.6 40.4 ± 2.6 39.9 ± 2.3
Above 44 �C (min) 0.22 ± 0.01 0.28 ± 0.03 0.56 ± 0.54

Temperature in target region
Mean (�C) 41.8 ± 0.5 42.1 ± 0.5 42.0 ± 0.6
T10 (�C) 42.6 ± 0.6 42.7 ± 0.5 42.7 ± 0.6
T90 (�C) 40.9 ± 0.5 41.3 ± 0.5 41.0 ± 0.6

Thermal dose in target region
CEM43,T50 (min) 13.0 ± 7.0 17.1 ± 7.3 16.0 ± 8.3
CEM43,T10 (min) 30.1 ± 11.4 32.1 ± 12.5 34.7 ± 12.4
CEM43,T90 (min) 5.1 ± 2.8 6.3 ± 3.9 8.0 ± 6.4
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The DOX uptake efficiency was calculated as the ratio of
the accumulated tissue DOX concentration to the injected
dose. A higher drug uptake efficiency was observed in
heated tumor compared to the heart and unheated tumor
across all three doses (Figure 4). We believe this is due to: 1)

increased delivery of DOX to the heated tumor due to direct
release of drug into the tumor vessels from thermosensitive
liposomes; 2) hyperthermia possibly enhancing the tumor
vascular permeability and making it easier for drug to enter
the tumor extracellular space; and 3) heat increasing the

Figure 3. DOX accumulated concentration in rabbits treated with different injected doses of LTLD and MR-HIFU hyperthermia. Significantly higher DOX concentra-
tion was observed in tumors and other organs with increased injected LTLD. DOX concentration for muscle at 0.1mg/kg was below the LOQ. �p� 0.05, ��p� 0.01,���p� 0.001, ����p� 0.0001.

Figure 4. DOX uptake efficiency, defined as tissue doxorubicin accumulation divided by administered dose, for the three administered doses of LTLD investigated
in this study. For organs with constant efficiency across all doses, accumulated DOX is proportional to injected dose. Diminishing returns at higher doses for some
tissues might be related to saturation of cellular uptake. Only liver showed a significant difference in the uptake efficiency with increasing dose. Muscle showed an
increase in efficiency; however the absolute DOX levels were close to the LOQ at low doses, so this might not be an accurate trend. �p� 0.05. The data labeled
with ¤ was from a previous study using a similar Vx2 tumor model that was treated with LTLD (5mg/kg) plus MR-HIFU hyperthermia (30min in three heating and
cooling cycles) [11].

1056 B. CHENG ET AL.



uptake of DOX by tumor cells, either by increasing cellular
membrane permeability [43] or through some other mecha-
nisms. In addition, the results in Figure 4 also showed that
the DOX uptake efficiency in heart, kidney, and spleen
remained nearly constant as the injected dose increased,
indicating a linear relationship between injected dose and
DOX accumulation in those three tissues across this dose
range.

However, for heated tumor, unheated tumor, liver, and
lung, a lower DOX uptake efficiency was observed at the
highest dose level (2.5mg/kg) compared with lower doses,
indicating diminishing returns at that dose, possibly due to
cellular uptake saturating at higher extracellular concentra-
tions. In a prior study by Ranjan et al. that used a similar

rabbit Vx2 tumor model, with the combination of LTLD
(5mg/kg) and MR-HIFU mild hyperthermia (total duration:
30min, in three heating and cooling cycles), a DOX uptake
efficiency of 6.0 ± 1.8 in heated tumor was observed [11],
which is smaller than the 11.4 ± 4.2 seen at 2.5mg/kg in this
study (Figure 4). Despite the slight differences in experimen-
tal conditions, this might further indicate the possible satur-
ation effect on the DOX uptake capability at higher doses. If
this trend is confirmed, it would be worth considering the
use of fractionated low doses of LTLD combined with mild
hyperthermia to enhance the therapeutic effect while mini-
mizing the systemic exposure in future clinical applications.

Doxorubicin concentration in tumors and other organs in
rabbits was demonstrated to be dose dependent in this
study (Figure 3). A significantly higher doxorubicin concen-
tration was observed with increased doses in all evaluated
tissues. When the liposomes release their contents in the
tumor microvessels upon heating, the higher the dose they
initially contained, the more they will release, making more
drug available to transport into the tissue. Drug reaches all
the unheated tissues either as free drug in the circulation
coming from the released drug in the heated tumor, or as
intact liposomes accumulating in the tissue. Since the experi-
mental method measured total doxorubicin, whether free or
liposomal, it is clear that a larger initial amount inside the
liposomes will lead to higher tissue levels.

Similar to other preclinical/clinical studies, compared to
the unheated contralateral tumor, there was a significant
intratumoral DOX delivery enhancement (6-9 fold) and a sig-
nificant THDCR increase (4-7 fold) in the heated tumor with
MR-HIFU mild hyperthermia. This held true for all tested
LTLD doses in this study. The tumor delivery enhancement
due to mild hyperthermia tends to decrease with the dose
increase (9.1 ± 7.7 vs. 8.0 ± 6.1 vs. 5.8 ± 1.3 fold for 0.1, 0.5

Figure 5. Tumor DOX delivery enhancement with MR-HIFU hyperthermia
defined as the ratio of doxorubicin accumulation in heated tumor and
unheated tumor for different administered doses of LTLD. A ratio larger than 1
indicating an enhanced drug delivery effect using LTLD combined with mild
hyperthermia. There were no significant differences in DOX delivery enhance-
ment among three dose groups, although there was a trend that the enhance-
ment is increasing with lower administered doses.

Figure 6. THDCR of DOX accumulation in the tumors and the heart in rabbits treated with different doses of LTLD and MR-HIFU hyperthermia. A nearly 6-fold
increase in THDCR index was observed in heated tumors compared to unheated tumors for all groups. The data labeled with ¤ was from a previous study using a
similar Vx2 tumor model that was treated with LTLD (5mg/kg) plus MR-HIFU hyperthermia (30min in three heating and cooling cycles) [11].
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and 2.5mg/kg dose, Figure 5), however, strong intratumoral
variations in measured doxorubicin concentrations at lower
doses led to a large standard deviation (SD) and therefore
no statistical significance (p> 0.3). This trend toward less
enhancement with hyperthermia at higher doses might be
due to nonlinearities resulting from the complicated inter-
play between drug release kinetics, plasma pharmacokinetics,
diffusion, and kinetics of cellular uptake. In particular, it is
possible that at high doses and high temperatures, extracel-
lular drug concentrations in regions nearer the microvessels
reach high enough levels for long enough times to cause
intracellular drug uptake to saturate. Previous experimental
studies have shown such saturation of cellular uptake of
doxorubicin as either extracellular concentration or exposure
time are increased [44]. There is evidence that a low dose of
DOX can still achieve dramatic tumor cell killing effect
in vitro and this killing effect becomes modest when the
DOX concentration is above a certain threshold [45].
Therefore, there may be value in further exploration of split
dosing of LTLD to exploit these benefits. Meanwhile, there
was a trend that the THDCR increased with the dose reduc-
tion in the heated tumor (Figure 6), but no significance was
found potentially due to large SD at lower doses (p> 0.4). In
the above mentioned study by Ranjan et al., in which they
used a LTLD dose of 5mg/kg in a similar rabbit Vx2 tumor
model combined with MR-HIFU hyperthermia (30min), the
THDCR in heated tumor was 2.7 ± 0.3 as indicated in Figure
6. Despite the differences in the experimental conditions, the
trend seems to be held in different studies. It will be import-
ant to explore whether the trend toward decreased enhance-
ment and THDCR with heating at higher LTLD doses seen in
our in vivo data is observed in patients and thus whether
fractionated doses of LTLD might be of benefit. Note that
the plasma concentrations may not scale linearly with the
administered dose, and those may be more directly related
to cardiac and hematological toxicities. Herein, when com-
paring the concentration of DOX accumulated in the tumor
and heart, the term “THDCR” was defined and used instead
of the term “therapeutic ratio” in our prior studies [38],
because it describes the metric more precisely.

In a recent study by Besse et al. [46], tumor growth, sur-
vival, and qualitative drug distribution were evaluated for
three injected doses (2.5, 5, 10mg/kg) of LTLD combined
with 1 h water bath mild hyperthermia (42 �C) and two other
DOX formulations without hyperthermia on a mice human
fibrosarcoma tumor model. No significant differences in sur-
vival were observed in the LTLD plus hyperthermia group
among three injected doses. In addition, no significant differ-
ence was found in the tumor growth between 5 and 10mg/
kg dose groups and they hypothesized the efficacy of LTLD
does not increase at doses higher than 5mg/kg. They also
found a low dose of LTLD (2.5 compared to 5 or 10mg/kg)
was beneficial to the toxicity indicated by no weight loss.
These findings support our observations suggesting thera-
peutic benefits associated with administering low doses of
LTLD when combining with mild hyperthermia in tumor
treatments. Benefits may be further enhanced by using the
longest practicable heating durations [38].

In summary, we have demonstrated that tissue DOX con-
centrations achieved with LTLD combined with MR-HIFU mild
hyperthermia are dose-dependent in a Vx2 tumor rabbit model,
including heated/unheated tumor, heart, and other healthy
organs. Higher DOX accumulation and THDCR were observed
in heated tumors compared to unheated tumors in all three
tested doses. The DOX uptake efficiency with respect to the
LTLD dose of heated tumor was significantly higher than that
of unheated tumor and heart within the tested dose range
(0.1-2.5mg/kg). The DOX uptake for the heart linearly scaled
up as a function of dose while that for the heated tumor
showed some evidence of saturation at the high dose of
2.5mg/kg. These results provide guidance on clinical protocol
design of hyperthermia-triggered drug delivery.
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