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ABSTRACT Application of localized hyperthermia treatment
for solid tumor therapy is under active clinical investigation. The
success of this treatment methodology, whether for tumor
ablation or drug delivery, requires accurate target localization
and real-time temperature mapping of the targeted region.
Magnetic Resonance Imaging (MRI) can monitor temperature
elevations in tissues in real-time during tumor therapy. MRI can
also be applied in concert with methods such as High Intensity
Focused Ultrasound (HIFU) to enable image-guided drug deliv-
ery (IGDD) from temperature sensitive nanocarriers, by
exploiting not only its anatomic resolution, but its ability to detect
and measure drug release using markers co-loaded with drugs
within the nanocarriers. We review this rapidly emerging tech-
nology, providing an overview of MRI-guided tissue thermal
dose monitoring for HIFU and Laser therapy, its role in targeted
drug delivery and its future potential for clinical translation.

KEY WORDS Targeted drug delivery - nanoparticles - MRI
thermal mapping - HIFU - Laser

INTRODUCTION

The earliest description of medical use of hyperthermia
treatment of tumor was found in a 5,000 year-old Egyptian
papyrus (1). Today, localized mild hyperthermia (40—42°C)
or ablative therapy (>60°C) is often combined with chemo-
therapy or radiotherapy to achieve additive or synergistic
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killing of cancer cells (2,3). Available applicator technologies
for producing localized hyperthermia in tumors include
High Intensity Focused Ultrasound (HIFU), laser,
radiofrequency ablation, and microwave irradiation (4-7).
Despite significant advances in these methods, however,
their abilities to provide spatially accurate and deep hyper-
thermia in solid tumors are often limited. To address these
shortcomings, ultrasound- and laser-based hyperthermia ap-
plicators are being combined with Magnetic Resonance
Imaging (MRI) to achieve integrated MRI-guided thermal
therapy (8—10). This approach uses MRI to acquire anatom-
ic images for targeted treatment planning, and to perform
accurate temperature imaging for treatment monitoring and
control. Such MRI-guided thermal therapy provides more
precise and consistent thermal therapy in the target tissues,
where its biological-effects are highly dependent on exposure
times and temperatures.

The temporal and thermometric precision of MRI-
guided local hyperthermia has also been harnessed to enable
Image Guided Drug Delivery (IGDD) (11,12). IGDD is a
highly interdisciplinary technology that integrates the prin-
ciples of chemotherapy and imaging to achieve “personal-
ized medicine”, the goals of which are to devise patient-
centered efficacious, individualized chemotherapeutic inter-
ventions (13). The process for developing such personalized
therapies may incorporate patient information acquired
from ex vivo or in vivo studies and responses to treatment
(13). In this connection, real-time imaging offers tremendous
advantages for developing personalized therapies, by provid-
ing feedback that allows active monitoring of drug delivery,
release, and responses to therapy (11). Available imaging
technologies that can be used to visualize responses to treat-
ment include ultrasound, computed tomography (CT), and
MRI. Here we first provide an overview of the uses and
limitations of the available platforms for real-time thermom-
etry, induction of localized hyperthermia or ablative tissue
heating, and assessing responses to treatment. We then
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review emergent IGDD technologies, focusing on those that
utilize MRI-guided localized hyperthermia to activate che-
motherapeutic drug release from nanocarriers, in order to
deliver selectively-targeted solid tumor therapy.

ROLE OF MRI IN TISSUE THERMAL DOSE
MONITORING

A key prerequisite to achieving reliable and efficacious
temperature-triggered drug delivery for clinical use is the need
for accurately controlled non-invasive localized heating of tar-
get tissues (14). The need for such technology has been a
limiting factor and persistent challenge to the advancement of
IGDD-based therapies. Critical to achieving such fine control
of tissue heating is a need for accurate temperature maps, which
can permit controlled heating of target areas while minimizing
adverse effects on neighboring tissues during treatment. MR is
an imaging procedure employing strong magnetization of nu-
clei, and that has been heavily investigated as a reliable way to
generate thermal maps, while also providing superior tissue
contrast compared with those provided by other imaging tech-
niques used to guide drug delivery (12,14—16).

The use of MRI in thermotherapy depends on manipulating
the temperature-dependent parameters; including Proton Reso-
nance Frequency (PRF), T and T relaxation times, the diffu-
sion coeflicient, and temperature-sensitive contrast agent (17). T}
(spin lattice relaxation time) describes how long an excited proton
takes to revert to its original state. Within a small temperature
range, T varies linearly with temperature (16,18). Most tissues
exhibit temperature dependence on the order of 1% per °C, but
the coeflicient of each tissue is distinct, and local factors influence
it, and thereby affect T1-based MRI thermometry (16). In
contrast, diffusion MRI is based on the assumption that water
molecules move randomly unless compartmentalized by
constraining structures such as cells (17), and changes in diffusion
can thus be used to generate gradient maps. For example, during
treatment of brain tumor, the decreased water compartmental-
1ization (resulting from cell destruction) causes higher diffusion
values detectable by MRI (19,20).

Another method that has recently gained prominence for
guiding treatment from laser- and HIFU-based heat deposi-
tion 1s Proton Resonance Frequency Shift (PRFS) thermom-
etry (21-23). PRFS allows high spatial and temporal resolu-
tion, and thereby potentially improved thermal therapy. The
PRF of a given nucleus is determined by the local magnetic
field acting upon it. The chemical phase of PRF depends
both on temperature-dependent and -independent factors,
but the former vary linearly within a small temperature
range (16). Therefore, the proportional temperature change
between one phase-shift image and another can be estimated
accurately by computing their difference and factoring out
temperature independent (i.e. constant) values. The PRF
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method involves certain limitations. First, it assumes no
temperature dependence of the magnetic susceptibility.
However, adipose tissues do exhibit some degree of temper-
ature dependent susceptibility. Aqueous tissues likewise ex-
hibit some temperature-dependence, but to a lesser, more
predictable extent (16), and the PRF of water (~0.01 ppm/°C)
1s largely independent of aqueous tissue type (17). Methods
are available for correcting variability attributable to the
presence of adipose by suppressing contribution of lipid to
the phase image, thereby permitting generation of reasonably
accurate temperature maps (22). Second, because the error
rate of measured temperature (d7T) is the inverse of the signal
to noise ratio, it 1s influenced by echo time within the targeted
region (16,17). Despite these various considerations and lim-
itations, if the assumptions are appropriately addressed, all of
the MRI thermometry methods permit acquisition of accurate
images of anatomical structures and tumor targets for plan-
ning treatments, and of thermometric maps to achieve the
desired biological effects of thermal therapy and IGDD in
target tissues. Below we discuss the application of MRI-
thermometry in IGDD focusing mainly on HIFU-mediated
release from temperature sensitive liposomes and laser direct-
ed ablative and photothermal therapy of solid tumor.

MRI AND HIFU (MRI-HIFU) COMBINATION
FOR IGDD

MRI has been combined with HIFU i order to permit ana-
tomically selective IGDD, elevating target tissue temperature
while minimizing effects on non-targeted areas, guided by ther-
mal mapping. Such combined MRI-HIFU combination has
advanced markedly during the last decade for loco-regional
therapy of solid tumors. In this approach the ultrasound trans-
ducer delivers focused high-frequency (orders of magnitude
higher than those used for imaging) mechanical sound waves to
patient tissues, causing a rise and fall of tissue pressure, and
generating heat locally in the tissue (24-26). Early HIFU instru-
ment designs employed single-clement, spherical-shell transduc-
ers, which allowed heating that was restricted to an elliptical focal
point only few millimeters in diameter using MHz-range fre-
quency. Next generation HIFU applicators used mechanical
displacement of the transducer to permit heating of larger re-
gions (26). Although superior, the mechanical-displacement ap-
proach introduced additional limitations. First, it can affect the
homogeneous heating of the tissues due to the rapid temperature
distribution around the focal point. Second, phase perturbation
may occur due to variations in the magnetic field caused by the
mechanical movement.

To circumvent these problems, MRI-compatible station-
ary, multiple single-element phased array transducers are
now used (25,27). These allow rapid heating of larger tissue
volumes, either by splitting the natural focus into concurrent
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multiple foci (28-30) or by constantly switching between
preset multi-foci patterns during heating, eliminating the
need for transducer movement (31,32). Desired focal pattern
are produced by precisely adjusting the relative phase of the
acoustic waves generated by each element of the phased-
array transducers. Nevertheless, phased-array HIFU trans-
ducers do have technical limitations. First, heating multiple
simultaneous focal points can generate heat lobes located
outside the intended tissue area (33), particularly along the
beam axis during heating of larger volume trajectories. For
example, without careful correction, the center of a 12 mm?®
treatment volume may be up to ~0.5°C warmer than its
periphery (9). Such limitations can be mitigated to a large
extent by adjusting power, or modifying focus geometry and
transducer. Further technology developments will likely con-
tinue to improve conformal heating via HIFU, in order to
further protect tumor-adjoining healthy tissue.

Selective tissue heating via combined MRI-HIFU ap-
proaches is the subject of continuing investigation, but they
are already used in a variety of pre-clinical applications
including: 1) loco-regional release of drugs (8,10,34,35),
and 2) inducing/reporting extravasation of drug-laden
nanocarriers to enhance cellular uptake (34,36,37).

Liposomal Drug Nanocarriers Used with MRI-HIFU
for IGDD

A major area of translational advance enabled by MRI-HIFU
guided hyperthermia has been via combination with liposomes
for IGDD. The concept of liposomes as a lipid bilayer enveloping
an aqueous compartment was developed by A.D. Bangham and
colleagues in /965 (38). This architecture is advantageous in
conferring ability to transport hydrophilic drugs, which can be
mcorporated into the aqueous compartment, and the hydropho-
bic drugs, which can be incorporated into the lipid bilayer (39).
The discovery of temperature-sensitive liposomes (T'SLs) by
Yatvin and Weinstein during the late 1970s conferred further
targeting selectivity, that is now widely exploited through com-
bination with MRI-HIFU (40,41). The driving principle of TSL
drug delivery is as follows. Encapsulation of drugs in TSLs with
appropriate temperature-activation thresholds prevents their ex-
travasation into healthy tissue at normal body temperature.
When the melting phase transition temperature (I'm) of the
TSL lipid bilayer is reached during externally-induced heating
of the targeted (i.e. tumor) tissue, the encapsulated drugs are
released, providing potentially exquisite selective drug delivery to
target tissues while minimizing systemic exposure to the TSI~
encapsulated chemotherapeutic or other agents, thus minimizing
adverse side effects (42—46).

The concept of hyperthermia-triggered drug delivery using
TSLs has been tested in combination with various heating mo-
dalities, including immersion in water baths, needle-based
radiofrequency catheters, light sources, microwaves and laser

techniques, in addition to HIFU (46-50). For example, immers-
ing body region that contains a targeted tissue in a warm water
bath (~43°C) can achieve core tumor temperatures of 41-42°C.
This can be used selectively to induce drug release from TSLs in
experimental settings, such as study of a tumor bearing leg of a
mouse, or a patient’s arm or leg. However, this approach is
obviously limited by its physically cumbersome nature and lack
of fine, tumor-selective anatomic control of tissue heating. Below
we describe alternatives that have been explored to circumvent
this problem.

Greater tumor-specific hyperthermia was achieved in ca-
nine solid tumors using a clinically-relevant scanning annular
phased-array microwave applicator applied between 140 and
433 mHz. Hyperthermia was maintained for a total of 30 min,
and was continued for 1 h after the TSL infusion ended,
monitored by temperature probes inserted in tumor. The
median T, achieved over all given hyperthermia treatments
was 41.22°C (range, 37.38—44.03°C). Additionally, TSLs
have been combined with ultrasound guided, pulsed high
intensity focused ultrasound (pulsed-HIFU) for enhanced
antitumor effects in a murine mammary adenocarcinoma
tumor model (51,52). In these studies, mouse tumors were
first aligned with transducer’s focal zone, and pulsed-HIFU
was applied for 15-20 min to achieve local hyperthermia
(42+4°C) in the entire tumor volume. Similar to the micro-
wave study, the temperature in a non-exposed region of the
tumor, and in the exposed region were measured simulta-
neously, in real time, using fluorometric thermocouples. The
results showed an increase in temperature and stabilization of
the peak temperature during the HIFU exposure. Although
advantageous compared to water bath heating, microwave
and pulsed HIFU applicators in the absence of real-time
thermal mapping are limited in their ability to provide a
spatially accurate or deep thermal therapy to a solid tumor.
Thus, to provide a more consistent treatment, MRI-HIFU
due to its ability to provide non-invasive deep tissue hyper-
thermia and accurate spatio-temporal thermal mapping in
tumors 1s presently the most effective means for achieving
controlled IGDD, as illustrated below (Fig. 1).

In one MRI-HIFU drug delivery study in rabbits, tempera-
ture maps were obtained using the PRFS method, and the mean
temperature of the target tissue was maintained uniformly by a
binary feedback algorithm (34). A 4 mm region within a tumor of
each rabbit was heated, in intervals of up to 10 min each that
began immediately after administration of doxorubicin-loaded
TSL by using an electronically-steered HIFU beam that
moved in a circular trajectory immediately (Fig. 2).
Intratumoral doxorubicin levels within the MRI-HIFU-
treated tissue were increased by 3—4 compared with those
seen in non-heated tumors, and 8 fold versus those seen in
tumors of rabbits that were treated with free doxorubicin.
Similar studies conducted elsewhere revealed 2-17 fold higher
intratumoral doxorubicin concentrations delivered by TSL
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accompanied by MRI-HIFU compared to those seen without
tissue heating depending on tissue type (34,51,53). For exam-
ple, when 10-15 mm diameter regions within the rabbit thigh
was heated to 43°C for 20 min immediately after T'SL infu-
sion, drug concentrations in the heated regions was shown to
be about 15.8 times higher than in the corresponding
unheated regions of the contralateral thigh (53). In contrast,
IGDD in bones with a similar hyperthermia protocol (43°C,
20 min) protocol demonstrated 8.2-fold greater doxorubicin
concentration in heated versus unheated bone marrow (35).

Enhancement of Intratumoral Drug Distribution
by MRI-HIFU

Intratumoral delivery of chemotherapeutic drugs (e.g. doxoru-
bicin) via TSL has been assessed by image analysis of fluores-
cence intensity (8,34,36). For example, after administration of

Transducer

Fig. 2 lllustrates the basic MRI guided HIFU mediated hyperthermia setup.
The target area (rabbit Vx2 tumor) is placed in a water bath, containing
degassed water, directly under the 256-element, high intensity focused,
phased array ultrasound transducer. Temperature maps were obtained
using the PRFS method. The mean temperature of the target tissue was
maintained uniformly by using a binary feedback algorithm on HIFU system
where it applies heat when the mean tissue temperature is <40°C, and
stops heating at 41°C.
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doxorubicin-containing TSL followed by MRI-HIFU, fluo-
rescence intensity indicative of intratumoral doxorubicin
(Fig. 3) concentrations was elevated in the tumor periphery
as well as its core, as compared with that seen in tumors of
rabbits treated with doxorubicin alone, or with doxorubicin-
loaded LTSL without MR-HIFU heating. Such enhanced
intratumoral drug distribution in the tumor core was similarly
attained upon sonication of 10 mm diameter regions contin-
uously to 43°C with a mechanically-steered MRI-guided
spherically-focused ultrasound system transducer (curvature
radius, 10 cm; aperture diameter, 5 cm) (8). These trends are
similarly observed in rodent model. When hyperthermia was
administered in rats bearing a subcutaneous rhabdomyosar-
coma tumor on the hind leg using a clinical 3-Tesla MRI-
HIFU system, the delivered drug was spread over a much
larger area in the in the HIFU-treated tumors versus unheated
tumors (36). Aside from heat-induced drug release from TSL
used in concert with MRI-HIFU, an additional mechanism that
may further enhance drug distribution is thermoregulatory-
mediated elevations of intratumoral blood flow (54). Local hyper-
thermia probably decreases resistance in vascular beds proximal
and distal to the tumor vasculature throughout the tumor, perhaps
in part by drawing excess fluid from tumor stroma and thereby
relieving interstitial pressure, and decompressing tumor vascula-
ture (55). Additionally, hyperthermia induces vessel normalization
and improves tumor perfusion to the tumor core and can establish
a high intravascular drug concentration leading to the improved
drug coverage observed in heated tumor (56,57).

Real-Time Monitoring of Intra-Tumor Drug Release
by MRl in IGDD

In addition to its application for intratumoral drug delivery,
combined application of MRI-HIFU with TSL is being
utilized to report the drug level in tumors in real time to
personalize drug dosage. For example, co-encapsulation of
paramagnetic MRI contrast agents and anticancer drugs
within T'SL has shown to facilitate analysis of release kinetics.
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Fig. 3 Fluorescent images showing Dox distribution in the tumor following intravenous injection of free Dox (a) and LTSL-Dox (b) and LTSL-Dox in
combination with MRI-HIFU heating (c) of the VX2 tumors. The nuclei of the tumor cells are stained in blue and Dox is seen in bright red color. Free
doxorubicin and LTSL treatments appeared to deliver more drugs in the tumor periphery as compared to the tumor core. In contrast, LTSL+MR-HIFU
treatment suggest an improved distribution with doxorubicin found in both the tumor periphery and core.

TSLs have minimal permeability until phase-shift tempera-
ture is reached, at which point the permeability of TSL
membrane increases allowing water to move more freely
between the liposome and its surroundings (58). This allows
the encapsulated contrast agent (usually a rare metal) to
alter the relaxation time of molecules entering from the
surroundings, which is detectable zia MRI (59). The
changes in MRI signal that occurs near the Tm of the
TSL upon release of the contrast agents provides infor-
mation that permits prediction and visualization of drug
release. Real-time temperature-induced drug delivery
under MRI image-guidance was first achieved using
TSLs in which doxorubicin was co-encapsulated with
manganese (Mn). Although Mn can serve adequately
as a T1l-weighted MRI contrast agent, it has not been
developed for clinical use owing to its potential adverse
side effect profile (50). Consequently, later-generation
TSL approaches have substituted gadolinium (Gd), a
clinically approved T1-weighted MRI contrast agent,
co-loaded with doxorubicin (10,60).

Several examples of preclinical studies illustrate the advan-
tages of this approach. Using Gd and doxorubicin co-
encapsulated in TSLs, and a clinical MRI-HIFU system,
real-time monitoring of TSL mediated doxorubicin delivery
in rats bearing subcutaneous glioblastoma tumors was
achieved (10). The HIFU system in this study contained a
256-clement phased array transducer and a dedicated small-
animal MRI coil fitted to the ultrasound transducer. The
authors found good correlation between the change in longi-
tudinal relaxation rate (the difference in T'1 values averaged
over the whole tumor before and after TSL injection), the
uptake of doxorubicin, and the intra-tumoral gadolinium
concentration, indicating that doxorubicin release from TSLs
can be probed  situ using the longitudinal relaxation rates of
the co-released Gd. Similar findings resulted when Gd release
was analyzed in a rabbit tumor model, using a system that
included a clinical 1.5 T MRI scanner and an electromechan-
ically positioned phased array HIFU transducer containing
256-elements. Mild hyperthermia of tumors following Gd-

and doxorubicin-co-loaded TSL administration revealed the
greatest signal increase (30—60%) in the heated tumors (37),
thereby demonstrating the feasibility of the real-time monitor-
ing of intra-tumor drug release by MRI in IGDD (37). More
recently, MRI provided monitoring of drug release in tumor-
bearing mice from novel TSLs that contained only two com-
ponents (DPPC/Brij78 in 96/4 molar ratio) vs. TSL
(DPPC/MSPC/DSPE-PEG2000 in molar ratio of
85.3/9.7/5.0) (61). In addition to containing different lipid
components compared to TSLs, these novels liposomes ex-
hibit 1.2- to 2-fold increased drug release at 40—41°C com-
pared to TSL. MRI in this study was performed using a 7-
Tesla magnet. Analysis of average difference in T1 pre and
post hyperthermia treatment revealed significantly increased
T1 relaxation rates one hour after parenteral injection in
heated tumors, thereby successfully predicting the therapeutic
delivery. Overall, available evidence thus indicates that com-
bined application of MRI-HIFU with TSL has significant
translational potential, and addresses major shortcomings of
conventional chemotherapeutic methods, by permitting selec-
tive intra-tumoral delivery of even nonselective standard che-
motherapy agents, and real-time monitoring of such local
drug delivery.

COMBINED USE OF MRI AND LASER
COMBINATION FOR ABLATIVE AND IGDD-BASED
TUMOR THERAPY

Role of MRl in Laser-Based Ablative Therapy

The use of laser therapy for surgical ablation of neoplastic
tissues 13 widespread since late 1960s (62—64). Laser delivers
high-energy radiation using optical fibers and can achieve
ablative temperature (>60°C) elevation and coagulation necro-
sis within the tumor core or other targeted tissue. Laser is
usually transmitted through an optical fiber for external surface
targets or is applied by inserting the laser tip (interstitial therapy)
into the tumor core (65—67). Examples of laser thermal therapy
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applicators include neodymium—yttrium aluminum garnet
(Nd-YAG, 1.06 pm) and CO2 laser (10.6 um) applicators
(68). Major challenge in laser therapy have included the need
for accurate target localization and real-time temperature map-
ping during ablation therapy, and a lack of adequate tools for
addressing these has hindered progress. MRI-guided laser-
induced thermal therapy (e.g. SOMATEX, Germany) of soft-
tissue tumors can address both of these shortcomings (69).
These minimally invasive systems consists of percutaneous
MRI-compatible cannulation needles and French double-tube
thermo-stable protective catheters with internal cooling capa-
bility (Fig. 4) that can be placed in tumors under ultrasound or
CT guidance (68). Internal cooling of the surface of the laser
applicator allows uniform temperature distribution into deeper
tissues layers. MRI thermometry for these procedures follows
similar guidelines as for HIFU as described earlier, relying
mostly on T1-weighted or PRF phase-difference techniques.
Also similarly to HIFU, laser hyperthermia can treat large
tumor volumes. This is achieved by applying several laser
applicators simultaneously or by a pull-back procedure that
relies on T1-weighted thermal imaging during treatment to
enlarge regions of coagulation necrosis (63).

Application of Laser in MRI Guided Drug Delivery
As in the case of HIFU, selective focal heating and IGDD of

tissue mass in targeted locations can be greatly improved by
combining MRI-Laser with various photothermally (PT)

o
(o]
MR-Compatible ..
i Tumor |
Protective 0, °
Catheter NIR Laser / ,'.

Applicator . -6

Optical Fiber

]l' P9 @S Nanoparticle+ Drug
Free Drug ° .

/ vessel
Healthy Tissue

Fig. 4 lllustrates the laser induced IGDD set-up. The laser applicator is
inserted into the tumor through an MRI-compatible protective catheter
under image guidance. Nanoparticles (e.g. PLGA) shown in the figure are
co-encapsulated with a drug (e.g. PTX) and PTT agent (e.g. gold
nanoparticles). NIR laser generates heat in the presence of the PTT agent,
and releases the drug from the nanoparticles. Temperature elevation in the
tumor is monitored by MRI thermometry to avoid damage to adjoining
healthy tissue.

Sheath

@ Springer

activated agents (70-74). Exposure of PT agents to light pho-
tons, along with light-induced interaction of PT agents, causes
absorption and subsequent decay of electronic excitation ener-
gy that increase its kinetic energy and produces tissue heating,
thereby destroying cells (75). Examples of PT agents for abla-
tion and IGDD applications include endogeneous chromo-
phores in tissues (70,76,77), and exogenous agents such as
indocyanine green (78), naphthalocyanines (79), and porphy-
rins. These exogenous PT dyes have highly efficient light-to-
heat conversion, reducing the amount of light required to
generate the desired level of heat with minimum invasiveness
to neighboring tissues (75). Widely used nanoparticle PT agents
include gold nanospheres (80,81), gold nanorods (82), gold
nanoshells (83), gold nanocages (84), and carbon nanotubes
(85). All of these nanoparticles provide a superior absorption
of visible and NIR light, and can generate hyperthermia for
killing cancer cells (83). Such nanoparticles are also advanta-
geous because they exhibit less photobleaching than PT dyes
(86). Addition of PT agents for IGDD is important clinically,
because hyperthermia outcomes in tissue can vary based on
thermal conductivity, diffusion, and physiological cooling ef-
fects. Combination of PT with MRI thermometry provides
real-time guidance that can achieve desirable treatment bene-
fits in a tightly-controlled fashion (87). PT agents can also be
combined with polymer-based drug delivery system to further
improve MRI guided drug delivery. For example, near-
infrared (NIR) laser and hollow gold nanospheres (HAuNS)
released paclitaxel (PTX) from poly(lactide-co-glycolide)
(PLGA) copolymers in an @ vwo mouse tumor model (88).
The cumulative release of paclitaxel was found to be 40% when
exposed to the NIR laser in presence of HAuNS. In contrast,
without NIR the polymer-PTX conjugate released <7% of the
of paclitaxel cargo during the same interval. Thus, MRI-Laser
guided thermal therapy and PT agent combination has a
tremendous role in future IGDD and oncologic therapy.

CONCLUSION

Applied local hyperthermia of tumors for any treatment
modality requires precise targeting to the intended site. This
can be achieved by utilizing MRI, a single technology which
uniquely provides 3 major capabilities: acquisition of ana-
tomic targets structure for treatment planning, accurate
thermometry for treatment monitoring and control, and
real-time monitoring of intratumoral drug release. Although
the technology is still in its infancy, MRI-guided hyperther-
mia and nanoparticles have been efficiently combined in
preclinical studies for IGDD. To realize the full benefit of
this combined therapeutic modality, individual patient’s tu-
mor physiology and trans-vascular transport properties
would best be analyzed quantitatively prior to treatments
using DCE-MRI, hypoxia, metabolism and ADC maps (89).
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These combined and evolving technologies will significantly

advance development of personalized solid tumor therapies
matched to individual patient needs. Currently, hyperther-

mia treatment is generally achieved by a volumetric

(concentric) approach. However, successful IGDD or even

ablative therapy will eventually require large volume confor-

mal hyperthermia in order to capture their full potential for

loco-regional tumor therapy. Image guided tumor thermal

therapy has strong translational potential for eventual rou-

tine clinical application, and improvements in patients’ long-
term survival and quality of life. IGDD in particular has rich

potential for achieving these goals, and will continue to be a

productive area for translational research to improve and

advance the standard of care for solid tumor therapy.
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