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Magnetic resonance guided high-intensity focused ultrasound (MR-HIFU) is a versatile technology platform for
noninvasive thermal therapies in oncology. Since MR-HIFU allows heating of deep-seated tissue to well-
defined temperatures under MR image guidance, this novel technology has great potential for local heat-
mediated drug delivery from temperature-sensitive liposomes (TSLs). In particular, MR provides the ability for
image guidance of the drug deliverywhen anMRI contrast agent is co-encapsulatedwith the drug in the aqueous
lumen of the liposomes. Monitoring of the tumor drug coverage offers possibilities for a personalized thermal
treatment in oncology. This review focuses on MR-HIFU as a noninvasive technology platform, temperature-
sensitive liposomal formulations for drug delivery and image-guided drug delivery, and the effect of HIFU-
induced hyperthermia on the TSL and drug distribution. Finally, the opportunities and challenges of localized
MR-HIFU-mediated drug delivery from temperature-sensitive liposomes in oncology are discussed.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Recent developments in medical technologies and new insights into
cancer biology have advanced cancer care considerably with improved
cure rates and extended life expectancies [1]. Yet, the challenge in
ws theme issue on “Ultrasound
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chemotherapy to achieve sufficient drug levels in the tumor, while
reducing off-site drug uptake, remains largely unresolved. Typically,
chemotherapeutic drugs are systemically administered and only a
small percentage of the drug reaches the cancerous lesion, while the
majority of the drug is cleared or taken up in healthy organs causing
undesired side effects. The therapeutic window for a drug treatment
regimen is defined by the drug doses that achieve the highest therapeu-
tic efficacy while keeping the side effects manageable and tolerable.
Consequently, research has been devoted to drug delivery approaches
using larger drug conjugates or drug loaded nanoparticles that afford
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higher drug concentrations in the tumorwhile decreasing off-site toxic-
ity [2–6]. For instance, chemotherapeutic drugs have been encapsulated
in the lumen of liposomes, which prevents the rapid extravasation of
the small parental drug (size ca. 1 nm) into healthy tissue [7–9]. Upon
injection, these long circulating liposomal drug carriers are taken up in
the tumor mediated by the enhanced permeability and retention
(EPR) effect, which is a characteristic of angiogenic blood vessels in neo-
plasms [10–13]. These permeable blood vessels with gaps in the endo-
thelial lining allow extravasation of macromolecules or nanoparticles
into the interstitial space that would otherwise stay intravascular
[14,15]. The EPR effect has been exploited in passive targeting of tumors
using nanoparticulate drug formulations as well as macromolecular
drug conjugates in a plethora of preclinical studies [10,16–18]. In the
clinical practice, however, this approach has its limitations as the EPR
effect is less pronounced in the commonly slower growing human tu-
mors compared to more aggressive tumors used in preclinical models
[19]. Furthermore, liposomal drug encapsulation reduces drug uptake
in healthy tissue, but at the same time hampers the bioavailability of
the parent drug in the tumor. An alternative strategy that may over-
come the aforementioned disadvantages was suggested by Yatvin and
Weinstein by proposing temperature-sensitive liposomes (TSLs) for
drug delivery [20,21]. Here, the drug remains encapsulated in the aque-
ous lumen of the TSL at body temperature, but releases the drug from
the TSL at hyperthermic temperatures in the range of 40–45 °C [22].
The applicability of drug loaded TSLs in oncology requires accurate
heating of the targeted lesion in a controlled and preferably noninvasive
manner to stable hyperthermic conditions over a period of ca. 30min to
1 h. Temperature-triggered drug delivery has been tested in a plethora
of preclinical studies and has reached the clinical trial phase for several
applications in oncology, such as radiofrequency (RF) ablation of hepa-
tocellular carcinoma (HCC) primary liver tumors, liver metastasis, and
recurrent chest wall breast cancer [23–27].

Local heating can be established with radiofrequency, light, water
bath, and ultrasound, each with its pros and cons with respect to
possible applications [28]. Diagnostic imagingmodalities like computed
Fig. 1.MR-HIFU: a versatile technology platform for thermal therapy.MRguidance plays a pivota
temperature mapping provides feedback on the well-defined, spatially controlled HIFU heati
estimation of the drug coverage of the heated tissue.
tomography (CT), X-ray, ultrasound and magnetic resonance imaging
(MRI) play a crucial role for planning of the procedure and providing
spatial guidance to reach the targeted tissue [29]. For example, the in-
sertion of interstitial RF ablation needles is planned based on CT infor-
mation and performed under X-ray or ultrasound guidance to ensure
optimal coverage of the targeted lesion. For regional hyperthermia ap-
plications using extracorporeal RF applicators, MRI plays an increasing
role during the planning phase, and during the hyperthermia treatment
to provide spatial guidance and near real-time in vivo temperature in-
formation [30–35]. The strength of MRI in providing spatial, temporal,
and temperature feedback is fully exploited in devices integrating a
high-intensity focused ultrasound (HIFU) transducer within the patient
bed of anMRI scanner (MR-HIFU). As HIFU allows to heat tissue nonin-
vasively providing an acoustic beam path is present, the entire
workflow from diagnosis, planning, guidance of the HIFU procedure
and immediate therapy assessment can be performed on one platform
(Fig. 1). Currently, the main clinical application of MR-HIFU is thermal
ablation of uterine fibroids, a benign smooth muscle tumor [36–39].
The clinical use of MR-HIFU is expanding to pain palliation in bone
metastasis [40]. Further clinical testing is ongoing for the treatment of
essential tremor [41], and the ablation of breast and prostate cancers
[42,43]. As MR-HIFU allows maintaining constant temperatures over
an extended period of time, this platform has been recognized as a
potential technology solution for hyperthermia applications.

Hyperthermia is well-established as a sensitizer for chemo- and
radiation therapy [44,45]. While temperatures higher than 43 °C con-
tribute directly to thermotoxicity, mild hyperthermia (39–42 °C) acts
synergistically with chemo- and radiotherapy on a tissue and cellular
level [45–48]. On a cellular level, hyperthermia alters biological path-
ways, making the cell more susceptible to radiation and chemically-
induced cytotoxicity [49]. On tissue and organ level, mild hyperthermia
increases blood flow and enhances oxygenation, which is an important
enhancer of radiotherapy [50]. Hyperthermia-induced increase of the
vascular permeability improves delivery of therapeutic agents to
the tumor tissue [51]. The benefit for combined thermochemo- and
l role indiagnosis, planning,monitoring, and assessment of the therapy. Near real-timeMR
ng. Furthermore, MR image-guided drug delivery employing image-able TSLs allows the
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thermoradiotherapy has been demonstrated in major clinical studies
[52–56]. However, the temperature window for successful hyperther-
mia applications is narrow, as therapeutic outcome has been shown
to depend on the exact thermal dose that has been delivered over
the course of treatment [57–61]. Moreover, vascular shutdown can
occur when a critical temperature of ca. 43 °C is exceeded, which is det-
rimental for adjunct chemo- and radiotherapeutic treatments [62,63].
MR-HIFU offers the perspective of a versatile technology platform that
allows accurate temperature control for clinical application of hyper-
thermia. The tight temperature control and MR image guidance make
MR-HIFU an ideal candidate for temperature-induced image-guided
drug delivery from TSLs co-encapsulating a drug and an MRI contrast
agent. The latter allows in vivo visualization and quantification of
the drug dose delivered to the tumor, which may be used for a more
personalized approach in cancer therapy.

This reviewwill focus onMR-HIFU as a noninvasive technology plat-
form for thermal therapy in oncology. MR-HIFU for thermal ablation
and hyperthermia-mediated local drug delivery using temperature-
sensitive liposomes will be addressed. In particular, the effect of HIFU-
induced hyperthermia on the pharmacokinetics of the TSL and the
parent drug will be highlighted.
2. MR-HIFU technology for noninvasive thermal therapy

High-intensity focused ultrasound (HIFU) is a promising technology
for controlled, noninvasive tumor treatment by selective tissue heating
[35,64–67]. By focusing the mechanical ultrasound waves, ultrasonic
energy can be deposited deep within the body without harming sur-
rounding tissue, causing a fast and local temperature rise. Tissues can
be heated to temperatures considerably above body temperature,
which can be used for direct thermal ablation of lesions. Coagulative ne-
crosis sets in above a certain thermal dose, which shows an Arrhenius-
type time–temperature dependence [68]. Although focused ultrasound
for local tissue destruction was recognized in the 1940s, the technology
did not gain widespread clinical acceptance due to lack of spatial guid-
ance. In the late 1980s, treatment guidance using diagnostic ultrasound
imaging provided amethod for identification of the target volume, anal-
ysis of the acoustical pathway, and for real-time tissue information
[69–71]. Magnetic resonance image guidance of the HIFU treatment
(MR-HIFU) further accelerated the clinical application as the MRI not
only provided excellent soft tissue contrast that can be exploited for
precise treatment planning and immediate treatment follow-up, it
also offered the ability to visualize the HIFU-induced temperature
changes using MR thermometry [72–74]. Accurate temperature moni-
toring and feedback is of critical importance during thermal treatments
as the therapeutic effect largely depends on the actual temperature rise
that is obtained in the target tissue. As various tissue layers differ in their
ultrasound absorption coefficients and scattering as well as in heat dif-
fusion and tissue perfusion, a prediction of the actual temperature dis-
tribution in the target tissue and its surroundings based on the
ultrasound settings is difficult to make. Furthermore, reproducibility
and standardization of the treatment is complex without taking into ac-
count the complete thermal history during the treatment (i.e. dose in-
formation). From the different MR thermometry techniques available
[74], proton resonance frequency shift (PRFS) MR thermometry is by
far the most commonly used in water-containing tissues, providing a
temperature precision of approximately 1 °C [72,75,76].With the spatial
and temporal temperature feedback provided by the MR thermometry
guidance, closed-loop, innovative MR-HIFU systems have been devel-
oped (Fig. 2). Next to fast heating to a predefined temperature for ther-
mal ablation purposes, the constant temperature feedback allowed us to
maintain a certain temperature for a prolonged time period by dynamic
adjustment of the sonication parameters. The latter feature of the MR-
HIFU technology platform can be exploited for noninvasive, targeted
hyperthermia treatments [77].
The strength of MR-HIFU is accurate delivery of a high thermal dose
to a pre-defined volume in a noninvasive manner. Traditionally, HIFU
heating has been performed by iteratively sonicating a single focal
point at a time with each sonication followed by a cooling period.
This approach allowed simultaneous heating of small tissue vol-
umes (i.e. the size of a single focal spot which typically approxi-
mates 1 × 1 × 9 mm3) and was very time consuming for the treatment
of larger volumes. Technological developments in the transducer design
significantly improved the efficacy of MR-HIFU by making use of multi-
element phased array transducers. The phased array design allows for
the creation of different focal patterns and electronic steering of the foci
by adjusting the relative phase andmagnitude of the acoustic waves gen-
erated by each transducer element [78,79]. Furthermore, the electronic
steering capabilities of the phased array design shortened the treatment
time by reducing the need for mechanical movement of the transducer
during the sonication [78,80].

Cylindrical section ultrasound phased array transducers have been
proposed for larger volume hyperthermia (e.g. 50 × 50 × 30 mm3)
[82], however, this configurationwas not compatiblewithMR guidance.
An energy efficient method for homogeneous ultrasound heating
of tissue volumes up to 16 mm in diameter (treatment volume =
16 × 16 × 25 mm3) under MR guidance was proposed by Köhler et al.
[81]. The focal spot was electronically steered aroundmultiple concentric
outward-moving circles, making optimal use of heat diffusion. Such a vol-
umetric heating approach has been implemented on clinical MR-HIFU
systems (Sonalleve®, Philips Healthcare) (Fig. 2). Moreover, protocols
for MR-HIFU mediated hyperthermia over a prolonged period of time
have been developed based on a binary feedback control algorithm that
switches the transducer power on or off at predefined threshold temper-
atures [83,84]. Thismethod has been demonstrated for hyperthermia and
hyperthermia-induced drug delivery in rat [83,85] and rabbit models
[86–88]. In a preclinical setting, HIFU-induced hyperthermia has been
studied mainly in small tumor volumes with typical diameters of max.
2 cm. With these tumor sizes, heat diffusion ensures sufficient heating
of the tissue surrounding the tumor. However, for clinical hyperthermia
applications, either in combination with radio- or (local) chemotherapy,
larger volumes (range of 3–8 cm) need to be covered.

A sonication approach using multiple concurrent foci might be used
for large-volume hyperthermia with a clinical MR-HIFU device [89]. In
this case, the multi-foci sonication approach minimizes the risk for
mechanical tissue damage. MR-HIFU-mediated hyperthermia methods
for large volume (up to approximately 5 cm in diameter), for example,
by switching between several volumetric heating cells using multiple
transducer positions, are currently investigated. With these technolo-
gical developments, MR-HIFU will evolve into a generic technology
platform for thermal therapies comprising local hyperthermia as a
sensitizer of radio- and chemotherapy, hyperthermia triggered-drug
delivery and thermal ablation of tumor tissue. Other existing technology
solutions for invasive and non-invasive heating provide solutions for e.g.
regional hyperthermia or large area superficial hyperthermia (Fig. 3).
The choice of the most suited heating technology depends on the size
of the targeted lesion and its exact location, for example, the presence
of vulnerable and crucial structures that need to be spared.

3. Liposomal formulations for temperature-induced drug delivery

The advantages of temperature-sensitive liposomes (TSLs) for
temperature-induced drug delivery are the enhanced drug uptake at
the tumor site and decreased drug toxicity profiles in healthy tissue as
compared to the systemic administration of low molecular weight
parent drugs. The design criteria of the TSLs depend on the heating
strategy used (i.e. intra- or extravascular release). In general, the TSLs
should: (i) stably encapsulate the drug in the aqueous compartment
at body temperature; (ii) provide a rapid and quantitative release at
hyperthermic temperature; and (iii) provide high drug plasma levels
during the time span of hyperthermia treatment.



Fig. 2. MR-HIFU system (Sonalleve®, Philips Healthcare) designed for the thermal ablation treatment of uterine fibroids. A phased array ultrasound transducer containing 256 separate
elements is embedded in the table top of the MRI scanner. The phased array design allows prolonged volumetric heating of larger volumes of tissue to a homogeneous temperature
using MR thermometry as feedback [81]. The above example shows 30 min of in vivo hyperthermia treatment in rabbit thigh muscle.
Image courtesy of Steffie Peters.
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3.1. Temperature-sensitive liposomes

In pioneering work, Yatvin and Weinstein explored TSLs containing
neomycin or methotrexate for targeted delivery (Fig. 4) [20,21]. These
Fig. 3. The hyperthermia technology landscape. MR-HIFU has the potential for mo
TSLs were based on dipalmitoylphosphatidylcholine (DPPC) with a
gel–liquid to crystalline (melting) phase transition temperature (Tm)
of 41.5 °C. At Tm, the permeability of the lipid bilayer increases signifi-
cantly due to grain boundaries between gel- and liquid-crystalline
ving towards larger volume hyperthermia with technological developments.
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incorporated in the lipid bilayer or (co)-encapsulated in the lumen of the TSL, respectively.
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domains, thereby facilitating the release of hydrophilic solutes from the
liposomal interior. The phase transition temperature of the lipid bilayer
has been increased by the incorporation of distearoylphosphatidyl-
choline (DSPC, Tm = 55 °C) in the lipid bilayer [90]. Shortcomings of
TSLs composed of DPPC:DSPC (3:1 molar ratio) are the rather slow
(10ths of minutes) and incomplete drug release (approx. 30–60%) at
elevated temperatures, depending on the exact formulation, parent
drug and medium.

An innovative class of temperature-sensitive liposomes that release
the entrapped drug in manner of seconds at hyperthermic conditions
has been reported byNeedhamand coworkers [91–96]. In their seminal
work, a low temperature-sensitive liposomal (LTSL) formulation based
on a lysolipid (i.e. monopalmitoylphosphatidylcholine (MPPC) Tm =
34 °C), a PEGylated lipid (i.e.DSPE-PEG2000) and DPPCwas engineered
[92,95,96]. The quick and quantitative drug release from the interior of
these LTSLs at elevated temperatures was ascribed to the formation of
pore-like defects in the liposomal bilayer that were stabilized bymicelle
forming phospholipids, such as lysolipids and also PEGylated phospho-
lipids [97,98]. Thanks to their shape factor, i.e. a relatively large hydro-
philic head group compared to the mono-acyl chain, lysolipids and
PEGylated lipids can populate highly curved interfaces and thus stabi-
lize pores along the grain boundaries that form in the bilayer.Moreover,
bilayer-incorporated PEGylated-phospholipids provide a steric barrier
that slows down opsonization and prolongs blood circulation times,
the so-called “stealth effect” [99]. In next generation LTSL formulations,
MPPC was replaced with monostearylphosphatidylcholine (MSPC),
which shifts the melting phase transition temperature 1° up [22,100].
Recently, material and formulation aspects of LTSLs have been compre-
hensively reviewed [94]. The notion that amphiphilic molecules with a
shape factor suitable to stabilize highly curved pores are essential for

image of Fig.�4


Fig. 5. T1-weighted gradient echo images (echo time 10ms) before and after heating to 45
°C using a waterbath for thermosensitive liposomes (TSM), non-thermosensitive
liposomes (NTSM) and free iron oxide particles (NP). A clear MRI signal enhancement of
83 ± 4% is shown for TSM.
Reprinted with permission from Wiley [130].
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TSLs triggered the design of alternative temperature-sensitive liposo-
mal systems [101–104]. For instance, Brij78-based TSLs (Fig. 4) with ac-
ceptable drug retention at body temperature and near-complete drug
release within minutes at 42 °C have been reported by Tagami et al.
[103]. Recently, Park et al. introduced a novel class of TSLs containing
an amphiphilic elastin-like polypeptide (ELP) conjugated to stearylic
acid (SA-(ELP)3-NH2, Fig. 4), DPPC, DSPE-PEG2000, and cholesterol
[104]. The temperature sensitivity of this TSL formulation originates
from a conformational change of the elastin-based lipid from a random
coil to a β-turn upon heating rendering the polypeptide head group
more hydrophobic as well as inducing a change in the shape factor
[104,105]. Not only does the lipid bilayer determines the release proper-
ties and stability of TSLs but also the nature andmolecular properties of
the encapsulated parent drug and the way retention of the latter is
achieved in the interior of the liposome. For example, Kheirolomoom
et al. used a copper(II) gluconate solution as an interior buffer to load
doxorubicin into a LTSL system similar to the approach of employing
a manganese(II)-sulfate buffer for loading [106,107]. The formed
copper(II)–doxorubicin complex decreases unintended leakage of
doxorubicin and improves blood stability at body temperature com-
pared to LTSL systems using an ammoniasulfate buffer for loading [108].

Another novel TSL formulation has been introduced by Lindner et al.
based on 1,2-dipalmitoyl-sn-glycero-3-phosphoglyceroglycerol (DPP
GOG, Fig. 4), DPPC, and DSPC [101]. Interestingly, this TSL displays a
prolonged blood circulation time, stable retention of doxorubicin at
body temperature, and fast drug release at hyperthermic temperatures
though any PEGylated lipids or lysolipids were omitted [102].

3.2. Image-able temperature-sensitive liposomes

The concept of liposomes containing paramagnetic structures, such
as manganese (Mn2+) or gadolinium (Gd3+) chelates, has been ex-
plored in the context of liposomal contrast agents for (molecular) MR
imaging [109–115]. Encapsulation of the MRI contrast agent (CA) with-
in the liposomal carrier decreases the apparent longitudinal relaxivity
(r1) of the native CA due to a limited transmembrane water exchange
rate [116,117]. This effect has been studied to probe the water perme-
ability of the lipid bilayer as a function of lipid composition and temper-
ature [118]. The release of the encapsulated MRI contrast agents from
the lumen of the liposome restores the longitudinal relaxivity (r1) of
the native MRI CA, which has been investigated with MR imaging for
possible application in image-guided drug delivery though no drugs
were yet included in these formulations [119–124]. Viglianti et al.
were the first to develop a MR image-able TSLs co-encapsulating the
drug doxorubicin and paramagnetic Mn2+ that are released simulta-
neously upon heating [107]. In their milestone publication, the concept
of MR image-guided drug delivery using TSLs was demonstrated in a
preclinical study [107,125]. Subsequently, de Smet et al. reported
on paramagnetic TSLs containing a clinically approved MRI CAs, i.e.
[Gd(HPDO3A)(H2O)] (Fig. 4), that was co-encapsulated with doxorubi-
cin [126]. In recent years, more TSL formulations of doxorubicin with
clinically approved Gd-chelates have been studied for local drug deliv-
ery under MR image guidance [86,127,128]. An innovative concept for
image-guided drug delivery was proposed by Langereis et al. In their
work, chemical exchange saturation transfer (CEST) and 19F-MR
imaging have been exploited to probe the release of hydrophilic struc-
tures from the lumen of TSLs [129]. To this end, [Tm(HPDO3A)(H2O)],
a thulium-based chemical shift agent, and ammonium hexafluoro-
phosphate (NH4PF6) were compartmentalized in the interior of a TSL
(Fig. 4), which allowed visualization of the intact liposomes based on
the CEST effect. Upon release of the chemical shift the CEST MR signal
is lost, whereas the 19F MR signal is restored. Therefore, this approach
allows in principle the MR visualization of the liposomal carrier and
MR image guidance of drug release. Recently, Lorenzato et al. designed
temperature-sensitive magnetoliposomes as a tool for MR image-
guided drug delivery [130]. The MR contrast enhancement of the
liposomes encapsulating ultrasmall superparamagnetic iron oxide
nanoparticles (USPIO, Fig. 4) changed significantly at the melting
phase transition temperature, allowing tracking of the liposomes before
release and imaging of the release process itself (Fig. 5). Table 1 gives an
overview of the temperature-sensitive liposomal formulations that
have been explored for image-guided drug delivery.

4. Preclinical studies

The in vivo applications of liposomal systems for image-guided drug
delivery have been recently reviewed in depth [134,135]. Therefore, we
would like to summarize the main concepts and contributions for
temperature-induced drug delivery using HIFU as heating device with
special attention to studies performed under MR-image guidance.

4.1. Image-guided drug delivery studies

TSLs have been studied for MR image-guided drug delivery in vari-
ous tumor models with different heating techniques [85,108,125]. In
general, most preclinical studies employed doxorubicin as a parent
drug and the targeted tumor was heated to mild hyperthermia. For
intravascular release, TSLs were injected either before heating or while
heating was ongoing. Consequently, a high peak blood concentration
of doxorubicin was obtained, providing a steep concentration gradient
that drives doxorubicin uptake in the tissue. The milestone study by
Viglianti et al. was performed in a rat model bearing a subcutaneous fi-
brosarcoma (FSA) tumor. The tumor was heated using an interstitial
catheter flushed with heated water to trigger local drug release. The
observed signal change upon co-release of Mn2+ with doxorubicin
allowed an MR imaging based quantification of doxorubicin in the
heated tissue establishing the concept of dose painting for image-able
liposomes in combination with MRI. Taking this concept further,
Ponce et al. showed that the antitumor effect scaled with the doxorubi-
cin concentration that was indirectly estimated fromMRI [132]. A clear
correlation between the intratumoral doxorubicin concentration and
the MR contrast change was also found in several studies using the
gadolinium-based MRI contrast agents [Gd(HPDO3A)(H2O)] and
[Gd(DTPA)(H2O)]2− [85,128]. MR-HIFU-mediated drug delivery under
MR image guidance using TSLs containing [Gd(HPDO3A)(H2O)] and
doxorubicin was first demonstrated in rats bearing a subcutaneous
gliosarcoma tumor [85]. Here, MR-HIFU was used to establish two
times 15 min of hyperthermia. The release of [Gd(HPDO3A)(H2O)]
was followed with intermittent mapping of the longitudinal relaxation
time (T1) [83,85]. Similar to the study of Ponce et al., Tagami and
coworkers showed that the MR contrast change caused by the release



Table 1
Overview of the liposomal formulations used in image-guided temperature-induced drug delivery studies. ADC = apparent diffusion coefficient, Pac = applied acoustic power, PRFS =
proton resonance frequency shift thermometry, DOX = doxorubicin, DSPG = distearoylphosphatidylglycerol, DPPG2 = 1,2-dipalmitoyl-sn-glycero-3-phosphodiglycerol, HaT =
hyperthermia-activated cytotoxic.

Reference Study Hyperthermia
technology

Temperature
monitoring

Type Liposomal formulation
(molar ratio)

Drug Intraliposomal MRI CA
(concentration in lumen)

Fossheim et al. [119] Phantom Microwave irradiation Estimated from MR
ADC measurements

TSL DPPC:DPPG
(47.5 and 2.5 mg/mL)

NA [Gd(DTPA-BMA)(H2O)]
(250 mM)

Frich et al. [131] In vivo Radiofrequency and laser
(Nd-YAG) ablation

Fiber optics TSL DSPC:DSPG (90:10 w/w) NA [Gd(DTPA-BMA)(H2O)]

McDannold et al. [121] In vivo MR-HIFU system
(1.7 MHz)

PRFS thermometry TSL DSPC:DSPG (90:10 w/w) NA [Gd(DTPA-BMA)(H2O)]
(250 mM)

Ponce et al. [132],
Viglianti et al. [125]

In vivo Heated water flow through
a catheter placed through
the center of the tumor

ECG electrodes and
rectal temperature probe

LTSL DPPC:MSPC:DSPE-PEG2000
(90:10:4)

DOX MnSO4 (300 mM)

Peller et al. [123],
Wang et al. [122]

In vivo Water bath DPPC:DSPC:DPPGOG
(50:20:30)

NA [Gd(DTPA-BMA)(H2O)]
(250 mM)

Langereis et al. [129] Phantom Water bath LTSL MPPC:DPPC:DPPE-PEG2000
(10:90:4)

NA [Tm(HPDO3A)(H2O)]
(65 mM) and NH4PF6
(50 mM)

De Smet et al. [85] In vivo MR-HIFU clinical system
with dedicated animal
setup (Pac = 8 W, 1.4 MHz)

PRFS thermometry TSL DPPC:HSPC:Chol:DPPE-PEG2000
(50:25:15:3)

DOX [Gd(HPDO3A)(H2O)]
(250 mM)

Negussie et al. [127] In vivo MR-HIFU clinical system
(1.2 MHz)

PRFS thermometry LTSL DPPC:MSPC:DSPE-PEG2000
(85.3:9.7:5.0)

DOX [Gd(HPDO3A)(H2O)]
(300 mM)

Tagami et al. [128] In vivo Water bath ECG electrodes and
rectal temperature probe

HaT DPPC:Brij78 (96:4) DOX [Gd(DTPA)(H2O)]2−

(100 mM)
Lorenzato et al. [133] Phantom MR-HIFU system

(1.5 MHz)
PRFS thermometry and
fiber optics

TSL DPPC:HSPC:Chol:DSPE-PEG2000
(100:33:27:7)

NA USPIO

Hossann et al. [124] In vitro Water bath TSL DPPC:DSPC:DPPG2 (50:20:30) NA [Gd(DTPA)(H2O)]2−

[Gd(HPDO3A)(H2O)]
[Gd(BTDO3A)(H2O)]
[Gd(DOTA)(H2O)]−

[Gd(BOPTA)(H2O)]2−

[Gd(DTPA-BMA)(H2O)]
iso-osmolar to physiological
solutions
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of Gd-CA can be used to quantify the doxorubicin concentration in the
tumor and furthermore allows to predict the tumor response in mice
[128]. Though these Gd-based MR contrast agents are less retained in
the tumor tissue upon release thanMn2+, and have very different phar-
macokinetics than doxorubicin, both studies show a clear correlation
between the T1-contrast change before and after hyperthermia, and
the tumor averaged doxorubicin concentration. However, due to the
different pharmacokinetic properties of doxorubicin and these Gd-
CAs, the correlation between the T1 contrast change and doxorubicin
concentrations is different, most likely due to tumor specific character-
istics, such as perfusion, microvessel permeability (i.e. ktrans), or the
presence of a necrotic core.

Wood et al. co-encapsulated [Gd(HPDO3A)(H2O)] with doxorubicin
in a LTSL and used this formulation in preclinical rabbit studies with
MR-HIFU heating [86,87,127]. These studies demonstrated the basic
concept of image-guided drug delivery, where T1-weighted MR image
contrast enhancement allows assessment of the drug delivery process
during the intervention. Unfortunately, no direct correlation between
T1-contrast change and doxorubicin concentrations in the tumor was
shown, though the study clearly demonstrated the potential of
temperature-induced drug delivery to achieve high drug concentrations
in hyperthermia treated tissue. T1-maps revealed strong intratumoral
inhomogeneities and intertumoral variations, providing an argument
that image-guided drug delivery may provide a tool for personalized
tumor therapy [85]. Though the above image-guided drug delivery
studies differ in TSL formulation, heatingmethod and protocol, contrast
agent, and tumormodel, the similar findings suggest that the basic con-
cept is suitable for clinical translation.

An interesting study was recently reported by Kheirolomoom et al.
on temperature-induced drug delivery by ultrasound heating (not
performed under MR image guidance) [108]. This study was performed
with an innovative formulation of doxorubicin in a LTSL, where copper
(Cu2+) was used for doxorubicin loading (Cu-dox-LTSL). The latter
formulation performed superior compared to a classical LTSL formula-
tion with respect to drug leakage at body temperature, while maintain-
ing rapid drug release at elevated temperatures. A survival study was
performed with this formulation in mice bearing a subcutaneous NDL
tumor.While most preclinical studies so far performed one single treat-
ment, this study used a more complex treatment scheme, including
5 min of pre-heating prior administration of the drug, and two times
20 min hyperthermia mediated drug delivery treatments per week for
4 weeks (Table 2). The survival study (Fig. 6) showed complete remis-
sion in the treatment group, compared to the control arms that received
hyperthermia alone or Cu-dox-LTSL without heating.

The above study demonstrates the enormous potential of local drug
delivery for local tumor control and motivates to further investigate
protocols for future clinical application in a preclinical setting. The status
of all HIFU studies with details on protocols, temperature monitoring
and achieved drug concentrations in the targeted tissue is summarized
in Table 2.

4.2. Interference of MR-contrast agents with MR temperature mapping

A potential complication associated with the use of paramagnetic
liposomes for MR image-guided temperature-induced drug delivery is
the effect of the paramagnetic structures or chemical shift agents on
MR-based thermometry used for temperature feedback on the HIFU
treatment. Hijnen et al. studied this effect in vitro and in vivo, showing
that both the absolute presence and the change in the concentration
of Gd-ions affected the PRFS-based temperature maps (Fig. 7). The
presence of paramagnetic Gd-based MRI contrast agents in the target
tissue induced temperature errors ranging between −4 °C and +3 °C
during MR-HIFU ablation experiments, where Gd-enhanced scans are
acquired during the planning phase of the treatment [136].
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Based on these results, the consequences for image-guided drug
delivery using image-able liposomes was re-analyzed for the studies
performed by de Smet et al. [137]. Here, the change in the concentration
of Gd-ions is minimal as long as the ions are encapsulated by the liposo-
mal carrier and injected prior to the onset of MR based thermometry
thanks to the long blood circulation time of the paramagnetic liposomes
compared to the heating duration. However, upon heating, the Gd-ions
are released into the blood and surrounding tissue, resulting in different
spatial distributions and concentrations of paramagnetic ions in the
heated area. The Gd-concentration in the tumor after 15 min of hyper-
thermia treatment can be estimated from the change in the longitudinal
relaxation rate (R1) before and after heating (ΔR1 = 0.15 ± 0.10 s−1

(rhabdomyosarcoma) [137], ΔR1 = r1 · Δ[Gd], r1 = 3.7 L mmol−1 s−1

[138], Δ[Gd] = 0.04 ± 0.03 mM). Assuming a spherical tumor, such
change in Gd-concentrationswould result in temperature errors around
−0.9 ± 0.6 °C on the border zone of the rhabdomyosarcoma tumors.
Furthermore, the presence of Gd-ions changes the temperature depen-
dency of the screening constant used to calculate temperature changes
from the measured phase changes in PRFS thermometry. At the typical
Gd-concentrations obtained during image-guided drug delivery (max.
0.3 mM), the error in PRFS thermometry due to this effect was esti-
mated to be below 1%. Furthermore, no difference in susceptibility
was observed when the contrast agents were released from the
temperature-sensitive liposomes [136]. It should be noted, however,
that the Gd-concentration that is reached during the drug delivery
varies per tumor type and depends on the vessel permeability and
the heating protocol. Thus, above considerations may be different for
other studies using image-able liposomeswhile usingMR thermometry.
Awareness should be generated that the use of gadolinium and other
MRI contrast agents interferes with PRFS thermometry and may lead
to false thermal doses. Although complicated, correction methods for
the presence of paramagnetic ions in tissues during PRFS thermometry
are urgently needed.

4.3. Intratumoral distribution of liposomes

Hyperthermia increases tissue perfusion and the permeability of
blood vessels, thereby promoting liposome extravasation into the
targeted tissue. The effect of hyperthermia on TSL extravasation from
the tumor vasculature using awindow chambermodel has been studied
first by Kong et al. [51]. More recently, Li et al. used a window chamber
model to investigate the hyperthermic conditions required to improve
the extravasation and interstitial penetration of liposomes in four differ-
ent murine tumor models (B16melanoma, BFS-1 sarcoma, LLC carcino-
ma, BLMmelanoma) [139]. Without hyperthermia, no extravasation of
liposomes was observed for the first 2 h after injection. Twenty to
30min of hyperthermia at 41 °Cwere required to initiate the extravasa-
tion of liposomes with a diameter of 85 nm. The liposome intensity in
the extracellular space kept increasingwhen the heatingwas prolonged
to 1 h at 41 °C in all tumormodels but leveled off at times beyond 4–8 h.
The penetration depth of the liposomes into the extracellular space was
dependent on the specific tumor model (10 μm–27.5 μm). After hyper-
thermia, the tumor vasculature remained permeable for 8 h. The latter
effect is important as itmay contribute to increased drug levels via accu-
mulation of yet drug filled TSLs. To that aim, de Smet et al. designed
radiolabeled TSLs that allowed following the biodistribution and
tumor uptake of the liposomes in gliosarcoma bearing rats using
SPECT nuclear imaging 48 h after hyperthermia. Fig. 8 shows the
biodistribution of the TSLs, with high uptake in the clearance organs
liver and spleen. MR-HIFU-induced hyperthermia increased the TSL
uptake in this tumor model by a factor of 4.4, while the doxorubicin
concentration increased by a factor of 7.9 (48 h after HT). The SPECT
scans revealed a high intratumoral inhomogeneity and intertumoral
variations, consistent with earlier results [85].

The same group studied the intratumoral distribution of TSLs after
HIFU-mediated hyperthermia in more detail using autoradiography in
a rat rhabdomyosarcoma tumors [137]. At 48 h, when the liposomes
were almost completely cleared from the blood stream, the autoradiog-
raphypicturesmainly reflect the extravasated liposomes (Fig. 9). On the
tumor level, areas were observed with low and particularly high TSL
uptake. The tumor areas where a high liposomal concentration was
observed on autoradiography, was largely congruent to the areas of
high doxorubicin tissue concentrations and nonviable tissue on histolo-
gy. This indicated that the doxorubicin concentrations that reached
these areas after a single treatment were high enough to induce cell
death, while other areas did not yet receive a sufficient dose. Repeated
treatments would be required to treat also the less perfused tumor
parts. Another attractive option would be to use the versatility of the
HIFU technology by thermally ablating the less perfused tumor parts.

The liposomal biodistribution data suggests that HIFU-mediated hy-
perthermia facilitates liposomal extravasation and accumulation over a
considerable time span subsequent to the hyperthermia treatment. This
advocates the development of more stable TSL formulation as the
longer-term accumulation of yet drug filled liposomes may add to the
intravascular release of the drug during the hyperthermia treatment.

4.4. Intratumoral distribution of doxorubicin

Several studies investigated the drug distribution across the tumor
tissue after temperature-induced drug delivery. In an elegant study
using awindow chambermodel,Manzoor et al. visualizedwith confocal
microscopy the intravascular release of doxorubicin from a TSL [141].
Fig. 10a shows the intravascular influx of TSLs, the subsequent release
of doxorubicin upon heating, and the extravasation of doxorubicin
into the surrounding tissue. A quantitative analysis (Fig. 10b) shows
that temperature-induced drug delivery provides higher doxorubicin
concentrations at farther distances from the blood vessels compared
to non-temperature-sensitive liposomes filled with doxorubicin, or
free doxorubicin.

Staruch et al. performed a drug delivery study in rabbits bearing an
intramuscular VX2 tumor using HIFU for local heating. Temperatures
were assessed in vivo using PRFS MR thermometry to provide a feed-
back to the HIFU transducer. In this experiment, a LTSL formulation
(ThermoDox®, Celsion Corporation) was infused within the first
5 min of a total heating period of 20 min. Analysis of the doxorubicin
concentration in heated and unheated tumor tissue showed a 26 fold
increase of drug concentration with heating reaching up to 76.3 ±
27.9 μg/g doxorubicin in the heated tumor (Table 2). Fig. 11 shows the
histological analysis of the tumor tissue, nicely demonstrating the co-
localization of doxorubin with the cell nuclei in the heated tissue, and
the homogeneous uptake in cells distant to blood vessels. The latter
was confirmed in rhabdomyosarcoma rat tumors byde Smet andHijnen
et al. [137].

5. Protocol considerations for temperature-induced drug delivery

Basically all studies on temperature-induced drug delivery applied
heating of the target tissue right after or simultaneouswith the injection
of TSLs, leading to intravascular release of doxorubicin. Instead of the in-
travascular release strategy, an extravascular (sometimes referred to as
interstitial) release protocol could be used [143]. The most suitable
strategy for a particular application depends on the pharmacokinetic
properties of the parent drug, the properties of the TSL, i.e. circulation
time, leakiness and release kinetics, as well as the properties of the
targeted tumor, such as permeability of the blood vessels, presence of
EPR effect, and perfusion. For the intravascular release strategy, the
amount of drug delivered to the target tumor scales to a first approxi-
mation with the hyperthermia heating duration, the plasma concentra-
tion of TSLs, the drug-payload per liposome, and the blood perfusion of
the target tissue [144,145]. Ponce et al. used the MR dose-painting con-
cept to investigate the effect of different TSL injection timeswith respect
to hyperthermia on the temporal and spatial patterns of drug delivery



Table 2
Overview of tissue concentration of doxorubicin (DOX) in temperature-induced drug delivery studies using HIFU. FUS= focused ultrasound, US = ultrasound, Pac = applied acoustic power, prf = pulse repetition frequency, PNP = peak negative
pressure, TAP = total acoustic power. Data are expressed as mean ± SD.

Reference Animal/tumor
model or tissue

HIFU Hyperthermia
protocol

Liposome
injection

Liposomal
formulation

DOX dose
(mg/kg)

[DOX] (μg/g tissue)

+HIFU −HIFU

Dromi et al. [155] Mice/murine
mammary
adeno-carcinoma

Pulsed HIFU
(ISATA = 1300 W/cm2,
120 pulses, prf 1 Hz,
duty cycle 10%)

15–20 min,
temperature
elevation
4–5 °C

0 or 24 h prior
heating

ThermoDox® 2.0 Ca. 3.5
(tumor)

Ca. 1.3
(tumor)

Patel et al. [156] Mice/SCC7 murine
squamous cell
carcinoma

Split focus transducer
(TAP 20–80 W,
1 MHz duty cycle 10%)

2 min,
temperature elevation
3–5 °C

Immediately prior
heating

ThermoDox® 5.0 1.7 ± 0.4
(muscle)

0.7 ± 0.1
(muscle)

De Smet et al. [85] Rat/9L gliosarcoma MR-HIFU clinical
system with
dedicated animal setup
(Pac = 8 W, 1.4 MHz)

2 × 15 min at
41–42 °C

Upon reaching
42 °C

[Gd(HPDO3A)
(H2O)] & DOX-
loaded TSL

5.0 7.4 ± 6.7
(tumor)

1.5 ± 0.6
(tumor)

Negussie et al. [127] Rabbit/VX2 MR-HIFU
clinical system
(fac = 1.2 MHz)

4 × 10 min at
40–42 °C

10 min prior
heating

[Gd(HPDO3A)
(H2O)] & DOX-
loaded LTSL

5.0 NA NA

Staruch et al. [147] Rabbit/muscle Mechanical scanning
(Pac = 16 W, 2.8 MHz),
MR guidance

20–30 min at
43.2 ± 0.3 °C

During 8 min upon
reaching 43 °C

ThermoDox® 2.5 8.3 ± 6.9
(muscle)

0.5 ± 0.2
(muscle)

Ranjan et al. [88] Rabbit/VX2 MR-HIFU clinical system 3 × 10 min at
40.5 ± 0.1 °C

During 3 min prior
heating

ThermoDox® 5.0 30 ± 9
(tumor)

8.8 ± 1.4
(tumor)

Staruch et al. [157] Rabbit/
bone marrow/
muscle

Mechanical scanning
(Pac = 16 W, 2.8 MHz),
MR guidance

20 min at 43 °C During 8 min upon
reaching 43 °C

ThermoDox® 2.5 32 ± 7.4 (muscle)
43 ± 14 (bone marrow)

2.0 ± 0.9
(muscle)
4.3 ± 0.6
(bone marrow)

Partanen et al. [87] Rabbit/VX2 MR-HIFU clinical system
(Pac = 20 W, 1.2 MHz)

30 min total at
40.6 ± 1.0 °C

Prior heating ThermoDox® 5.0 Ca. 60
(n = 1, tumor sections)

Ca. 15
(n = 1, tumor sections)

Staruch et al. [142] Rabbit/VX2 Mechanical scanning
(Pac = 16 W, 2.8 MHz),
MR guidance

20 min at 43 °C During 8 min upon
reaching 42 °C

ThermoDox® 2.5 76 ± 28
(tumor)

3.4 ± 1.8
(tumor)

Gasselhuber et al. [150] Rabbit/VX2 MR-HIFU
clinical system
(Pac = 25 W, 1.2 MHz)

3 × 10 min at
41.7 ± 1.1 °C

Prior heating ThermoDox® 5.0 Ca. 20–30a

(n = 1)
Ca. 5a (n = 1)

De Smet et al. [137] Rat/
rhabdomyosarcoma

MR-HIFU clinical
system
with dedicated animal setup
(Pac = 10 W, 1.4 MHz)

2 × 15 min at
41 ± 2 °C

Immediately
prior heating

[Gd(HPDO3A)
(H2O)] & DOX-loaded 111

In-labeled TSL

5.0 Histology

De Smet et al. [137,140] Rat/9L
gliosarcoma

MR-HIFU clinical system
with dedicated animal
setup (Pac = 8 W, 1.4 MHz)

2 × 15 min,
temperature
elevation
4–5 °C

Immediately
prior heating

[Gd(HPDO3A) (H2O)] &
DOX-loaded 111

In-labeled TSL

5.0 Ca. 10 ± 9.9
(after 48 h)

Ca. 1.3 ± 0.6
(after 48 h)

Kheirolomoom et al. [108] Mice/NDL Linear FUS array/US
guidance (100-cycle
bursts, 1.5 MHz, PNP =
1.1 MPa, PRF = 0.1 to
5 kHz), thermocouples

42 °C for 5 min
before and 20
min after LTSL
injection

After 5 min
pre-heating at 42 °C

Cu-DOX-LTSL (copper as
loading agent, LTSL
based on MPPC)

6 mg/kg
delivered
twice per
week for
4 weeks

NA,
Survival study: complete
remission for HIFU treated
group

a Line profile of doxorubicin measured with microscopy.
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Fig. 6. In vivo treatment efficiency including ultrasound (US), and Cu-dox-LTSLs with and without US in NDL tumor mice. (a) Tumor growth as a function of days post treatment. Initial
tumor diameterwas 4mm. Eachmousewas injected intravenouslywith either saline or liposomal doxorubicin (6mg doxorubicin/kg bodyweight equivalent to 33mg/m2) and compared
to control animals that received intravenous injection of saline. For treatmentwith ultrasound-mediated hyperthermia, one tumor per animalwas insonified at 42 °C for 5min prior to and
20 min post-injection. (b) Kaplan–Meier survival plot. Statistical analyses were performed using one-way ANOVA followed by the Tukey post hoc test. *p b 0.05 and ***p b 0.001.
Reprinted with permission from Elsevier [108].
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[132]. They showed that the drug delivery pattern varied upon the in-
jection time of the TSL, with injection before hyperthermia treatment
yielding drug delivery in the center of the tumor, while TSL injection
during hyperthermia resulted in a peripheral drug distribution. The lat-
ter strategy was most effective in delaying the tumor growth [132].
Thus, TSL injection should be performed as soon as the target tissue
reached hyperthermic temperatures, or at least, heating should start
immediately after TSL injection or infusion.

Furthermore, the intravascular release approach requires the TSLs to
rapidly release their payload at mild hyperthermic temperatures as
drug release and subsequent tissue uptake needs to compete against
downstream washout. The latter scales with tumor perfusion and thus
Fig. 7. (a) Schematic drawings of the animal orientation in transversal and coronal directions, an
(coronal view). The red scale bar indicates the voxel locations in plot (b). (b) The perceived te
(c) PRFS voxel signal intensity data obtained at x0 indicating the inflow of [Gd(DTPA)(H2O)]2−
the tumor transit time and may therefore vary for each tumor (N20 s
for a 2 cm diameter tumor) [22]. The optimal release time constant for
TSLs for intravascular drug delivery was calculated to be below 3 s
(time release constant was defined as the time after which 63% of the
content was released) [146]. The major benefit of the intravascular re-
lease strategy is that high intravascular drug concentrations are created
that drive drug uptake by cells and increase drug penetration into the
tumor tissue (N50 μm away from the blood vessel wall) reaching also
tumor cells located further away from blood vessels [86,137,147].

For the extravascular release strategy, waiting time (e.g. 24 h) is built
into the treatment protocol after systemic injection of the TSLs to allow
time for the liposomes to extravasate in the tumor tissue. Subsequently,
d amagnitude image of the rat hind leg as obtainedwith the PRFS thermometry sequence
mperature baseline error over time in vivo over a horizontal line profile in the rat muscle.
into the rat hind leg muscle [136].
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Fig. 8. SPECT/CT images of gliosarcoma tumor bearing rats 48 h after TSL injection. HIFU-mediated hyperthermia of the tumor in combination with radiolabeled TSLs (left), and a control
experiment with radiolabeled TSLs without HIFU treatment (right).
Reprinted with permission from Elsevier [140].
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the target tissue is heated to release the drug and render it bioavailable.
Due to the time required for extravasation and accumulation of the lipo-
somes in the tumor, TSLs need to stably encapsulate the drug at body
temperature but may compromise on the release rate at elevated tem-
peratures. The amount of liposomes that accumulates in the tumor tis-
sue scales with the EPR effect of the tumor, which is known to be very
Fig. 9. Pictures, autoradiography, fluorescence signal intensity in the doxorubicin channel, and v
yellow contour indicates the necrotic area as determined based on the NADH staining, which i
same histology slice.
Adapted and reprinted with permission from Lippincott Williams & Wilkins [137].
heterogeneous and differs largely between tumor models and species,
andmay even be absent inmany human tumors [19]. The extravascular
release approach may be particularly beneficial for hydrophilic drugs
that suffer from a rapid wash-out and would therefore not be taken
up and retained in the tumor sufficiently upon intravascular release.
Next to the heterogeneous vessel permeability, the main limitation of
iability NADH staining of all tumors dissected 48 h after hyperthermia treatment. The red/
s overlayed on the autoradiographic image and on the fluorescence image taken from the
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Fig. 10. (a) A time series of intravascular release of doxorubicin from TSL in the eNOS-GFP mouse model is shown. The green GFP signal is restricted to the endothelial cell layer.
(i) Background vessels before injection. (ii) Immediately after injection (bolus phase, 0.5 min) of doxorubicin (red) containing TSL at 37 °C. (iii) and (iv) 2 to 5 min post injection at
37 °C. (v), (vi), and (vii) 1, 5 and 15 min after onset of heat treatment at 41 °C. (viii) 10 min after stopping heat, most unbound free doxorubicin is washed out of the bloodstream and
doxorubicin-stained nuclei remain fluorescent. Scale bar, 100 mm. (b) Quantitative assessment of drug penetration from blood vessels in a flank tumor model. Drug levels as median
fluorescence intensity are shown at distances out to 100 μm from the nearest blood vessel. Hyperthermia combined with LTSL, Doxil®, and free doxorubicin are compared. (c) The
maximum drug penetration from tumor vasculature versus treatment group. Data are expressed as medians (b) and means (c) with SD.
Reprinted with permission of American Association for Cancer Research [141].

Fig. 11. Accumulation of doxorubicin in heated and unheated rabbit VX2 tumors, following administration of thermo-sensitive liposomal doxorubicin. Doxorubicin fluorescence (red),
DAPI-stained cell nuclei (blue), and CD31-stained blood vessels (green) are shown.
Reprint with permission from Informa UK Ltd [142].
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the extravascular approach is the small penetration depth of liposomes
into the interstitial space, resulting in perivascular ‘hot spots’ of extra-
vasated liposomes (within 30 μm distance from the leaky vessel wall)
[148]. In case extravasated TSLs are taken up by cells prior to
hyperthermia-induced drug release, the drug will be release intracellu-
larly limiting drug coverage of the entire tumor [149].

Recently, Gasselhuber et al. compared the intra- and extravascular
release strategy for TSLs loaded with doxorubicin using mathematical
modeling [146]. In their model, the intravascular release strategy
comprising TSLswith a high doxorubicin release rate of 0.3 s−1 afforded
approximately 6 times higher intracellular tumor concentrations of
doxorubicin than the extravascular release strategy using “slow” drug
release TSLs (100.6 μg/g intravascular release versus 15.9 μg/g for extra-
vascular release). The lower intracellular tumor tissue concentration
upon extravascular release suggested back diffusion of the released
doxorubicin into the bloodplasma [141,146]. Cellular uptake of the lipo-
somes prior release, however, would reduce back diffusion and was not
considered in the model. The model was compared to a drug delivery
experiment using MR-HIFU for local heating in combination with a
LTSL formulation of doxorubicin. Taking all experimental parameters
into account, the calculated tissue concentration of doxorubicin across
the heated area compared well to the measured concentration
(Fig. 12). An overview of the doxorubicin concentrations in tissue ob-
tained in different preclinical studies is shown in Table 2.

The model of Gasselhuber et al. allows simulation of appropriate
treatment protocols for drugs and TSL systems under consideration
and should be used in the design of formulations as well as the entire
study design. The importance of study design was recently pointed
out by the results of the HEAT randomized phase III clinical trial
where RF ablation alone was compared to RF ablation in combination
with drug delivery from ThermoDox® for the treatment of larger
(N3 cm3) HCC liver tumors [151]. Preclinical studies demonstrated
that the administration of liposomal encapsulated doxorubicin prior to
RF ablation therapy leads to accumulation of liposomal doxorubicin in
a peripheral rim of tumor adjacent to the zone of coagulation, some-
times resulting in an increased coagulation diameter over 48 h after
therapy [152,153]. However, early results of the phase III clinical study
showed that the trial was not successful when measured by its primary
endpoint of showing 33% improvement in progression free survival
(80% power, p-value 0.05) [154]. Post-hoc analysis of the data showed
that patient selection (single lesion only) and the duration of heating
(N45min) giving enough time for the liposomes to deposit high concen-
trations of doxorubicin were key factors for successful clinical outcome
[154]. As mentioned earlier, the amount of drug delivered directly
relates to the heating duration which is rather short in the case of abla-
tion treatment [150]. With MR-HIFU, the device used for the ablation
can also be used for heating to hyperthermic temperatures, allowing
adaption of the heating protocols to the specific application (e.g., longer
duration heating when adjuvant drug delivery is needed).
6. Conclusions and outlook

The concept of temperature-induced drug delivery has been intro-
duced more than 30 years ago. Since then, important steps have been
taken in chemistry and engineering developing TSLs and technologies
for noninvasive local heating to a level ready for clinical translation. A
plethora of preclinical evidence has been generated that temperature-
induced drug delivery provides significantly higher drug concentrations
in the targeted tumor and increase drug penetration in the tissue, show-
ing the value of this approach. While in the preclinical setting several
heatingmethods exist to maintain local andwell-controlled hyperther-
mia, clinical application would strongly benefit from a technology for
controlled hyperthermia under noninvasive temperature guidance.
Here, MR-HIFU provides a unique solution for local to regional heating
of deep seated tissue to well-defined temperatures.
The clinical application of temperature-induced local drug delivery
requires approval of a drug-device combination marrying technology
with chemistry. The marriage contract will be a dedicated clinical treat-
ment protocol taking into account all aspects of the TSL, the technology,
and aspects specific to the target disease. However, before this couple
walks down the aisle, several challenges have to be tackled:

• Hyperthermia technology: The hyperthermia technology should offer
high spatial control over the heated areas, where volume and shape
can be adjusted to tumor size and location, while heating can be
established in short time span and maintained up to 1 h with a preci-
sion of ca. 1°. The need for a tight temperature control required near
real-time temperature mapping with feedback to the hyperthermia
device. MR-HIFU is on its way to become a technology platform that
can meet the above requirements for several hyperthermia applica-
tions. Further developments are required to generate stable and re-
gional hyperthermia in clinically relevant tumor volumes to provide
a solution for larger volume hyperthermia. Classical phased array
RF-based hyperthermia is on the other handwell established for larg-
er volume hyperthermia, and developments are ongoing for more
precise and local heating. It can be expected that RF-based approaches
andMR-HIFUwill be complementary and have to be chosen based on
patient stratification, tumor type, size and location. Industry should
enable the availability of the technology and make sure it is at the ad-
equate level (i.e. stable during the duration of a clinical trial).

• Chemistry: The current LTSL formulation based on DSPC, MSPC, and
DSPE-PEG2000 is farthest developed and has reached first clinical
testing in humans. However, their properties could still be improved,
providing higher plasma levels of the parent drug (less leakage at
body temperature, reduced clearance of LTSL) while maintaining
fast release at mild hyperthermia. Both improvements would trans-
late into higher drug levels in the target tissue and could also increase
timing flexibilities in the clinical workflow. Mathematical simulations
as discussed above give good guidelines in the design of these systems
also to avoid large effort for incremental improvements. Furthermore,
new TSLs with different parent drugs than doxorubicin are highly
warranted tailored to the targeted tumor. Formulations for image-
guided drug delivery showed their value in preclinical research and
may offer a more personalized treatment approach for humans. How-
ever, complications arise in their compatibility with PRFS-based MR
thermometry as the MRI contrast agents disturb the MR signals cur-
rently used for temperature mapping. Here, the MR community is
challenged to find adequate correction methods.

• Protocols: Many preclinical studies used a single treatment to assess
biodistribution and effects on tumor growth establishing a proof of
principle. A recent preclinical study demonstrated that multiple
HIFU-mediated drug delivery treatments offer improved treatment
efficacy. Additional preclinical research should be devoted to develop
optimal treatment protocols that are realistic for later clinical applica-
tion. As a thermal therapy platform, MR-HIFU offers the unique op-
portunity of combining ablation and hyperthermia with radio- or
systemic chemotherapy, or for temperature-triggered drug delivery,
which could lead to new patient-tailored treatment options. Thus,
protocol development should receive considerable attention in the
coming years.

• Applications: Temperature-induced drug delivery using MR-HIFU has
to competewith other local treatment options such as RF-ablation, ex-
ternal radiotherapy, and embolization techniques. The clinical com-
munity is asked to provide input and advice which patient group
would benefit most from temperature-induced drug delivery. As
mentioned above, MR-HIFU is a platform technology for thermal ther-
apies that can serve an application in amore versatile way thanwith a
local drug delivery approach only.

• Funding: Much research funds went into the development of the
building blocks for temperature-induced drug delivery. Still, continu-
ous effort is needed for improving the hyperthermia technology and



Fig. 12. (a) Temperature map during hyperthermia measured viaMR thermometry, overlaid on pre-procedural proton density-weighted coronal image of rabbit thighmuscle. (b) Radial
temperature profile (time-averaged over hyperthermia duration) from in vivo study (blue), compared to model (red). Profile location in model was chosen such that it traversed the
maximumtemperature point. Temperature deviation between simulation and in vivo studywas 0.54 °C (meanover 15mmradius). (c) Doxorubicin distributionmeasured viafluorescence
microscopy in extracted tissue sample. (d) Doxorubicin fluorescence profile (blue) in two orthogonal directions (dashed lines marked (1) and (2) in (c), compared to doxorubicin
concentration profile from computer model (red).
Reprinted with permission from Informa UK Ltd. [150].
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the development of new TSL formulations. For clinical translation,
extra funding should be available for upscaling, toxicity studies, and
GMPproduction of newly formulated TSLs. However, with the disjoint
business models between engineering and large pharmaceutical
companies, the step to fund and execute the required large clinical
studies is often considered too risky with different parties managing
the study elements. Yet, a controlled study is needed to prove that
the best of bothworlds can revolutionize certain oncology treatments.
This is best served in the setting of public private partnerships
between the academia and companies in which governmental
resources play a pivotal role. Public support of clinical trials would
catalyze clinical translation, while keeping a strong eye on the public
needs for patients at stake.
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