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Abstract
The purpose of this review is to present an overview of the state-of-the-art imaging modalities
used to track drug delivery from liposomal formulations into tumors during or after hyperthermia
treatment. Liposomes are a drug delivery system comprised of a phospholipid bilayer surrounding
an aqueous core and have been shown to accumulate following hyperthermia therapy. Use of
contrast-containing liposomes in conjunction with hyperthermia therapy holds great promise to be
able to directly measure drug dose concentrations as well as to non-invasively describe patterns of
drug distribution with MR and PET/SPECT imaging modalities. We will review the rationale for
using this approach and the potential advantages of having such information available during and
after treatment.
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Introduction
While radiation dosimetry has been successful in improving the efficacy of cancer therapy,
accurate dosimetry for chemotherapy has been elusive. Efficacious chemotherapy regimens
depend on doses that touch the limits of what is maximally tolerated by patients. Although
improvements in imaging have greatly enhanced the diagnosis and real-time monitoring of
cancer therapy, methods to image and quantify drug delivery to tumors have not been
investigated thoroughly in any context.

With a modality such as hyperthermia (HT), where the physiologic effects of this treatment
can be used to selectively deliver drugs to tumors, the ability to directly measure drug
delivery is of emerging importance. Looking toward the future, one could envision using
hyperthermia and other selective delivery methods to ‘paint’ drug delivery to tumors both in
real time, while observing the delivery, and after treatment, where evaluation of drug dose
concentrations will identify undertreated areas to be targeted on a subsequent treatment day.
In this manner, the optimal drug dose concentration may be achievable in virtually every
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patient. The methods described represent a quantum leap forward beyond simple plasma
pharmacodynamic models or limited data that could be obtained from direct tissue
measurement following biopsies.

Nanoscopic drug delivery carriers provide a potential solution to the problem of systemic
toxicity inherent to current chemotherapeutic drugs as well as a novel opportunity to image
drug delivery. This review will focus primarily on liposomal drug delivery vehicles, as this
is where most of the work on this concept has been done. However, these basic principles
could be applied to other drug carriers, such as nanoparticles, or even macromolecur drugs
like elastin-like polypeptide (ELP)-drug composites 1.

Following a brief review of liposomes as drug carriers, we will provide an overview of how
liposomal drug delivery during hyperthermia can be non-invasively monitored using nuclear
medicine and MRI methods (Figure 1). Recent advances in thermometry, chemodosimetry,
and drug distribution patterning are presented. Finally, the rationale for using this approach
and the potential advantages of having such information available during and after treatment
will be discussed.

Liposomes as a drug carrier system
Drug carrier systems have the ability to increase the tolerability of conventional therapeutics
through minimizing systemic side effects as well as increasing the amount of drug delivered
to the treatment site. Liposomes have enjoyed increasing popularity as a drug-carrier system
since the discovery of multilamellar vesicles in the 1960s 2. They consist of a self-
assembling phospholipid bilayer enclosing an aqueous center. Typically they are only 100
nm in diameter, and act as drug carriers through the incorporation of hydrophobic molecules
into the lipid bilayer or the entrapment of hydrophilic molecules in the aqueous core.
Performance criteria of a successful drug-carrier system include retention of the drug within
the carrier, evasion of host defenses, the ability to target the tumor site (through vessel pore-
size exclusion or selective vehicle breakdown), and quick release of the drug at the target
site 3. Multiple modifications have been made to liposomes to further exploit these four
performance criteria, including the use of pH gradient and divalent metals for improved
loading of aqueous soluble compounds, addition of polyethylene glycol (PEG) to decrease
host immunorecognition, variations in particle size, antibodies and/or receptors for tissue
targeting, and use of ‘triggers’ to allow quick release of drug at specific sites (reviewed
extensively in 4). As discussed later, of particular importance here is the recent innovation in
thermosensitive liposomes that are designed to respond to mild hyperthermic treatment in
local tumors 5-8.

Enhanced liposomal accumulation in tumors treated with hyperthermia has been observed in
a variety of reports. A prior review published in this Journal in 1999 identified over 100
reports demonstrating that hyperthermia treatment can increase liposomal delivery and/or
efficacy with a variety of drugs and tumor models 8. The review provided strong rationale
for determining in a more systematic fashion the dosimetry of liposomal drug delivery as it
is influenced by hyperthermia. Kong et al. identified a linear relationship between liposomal
extravasation rate and increasing temperature (between 40°-42°C) in ovarian carcinoma
xenografts in athymic nude mouse window chamber models, for a fixed heating time of 60
min 9. The paper also reported that enhanced extravasation was maintained for periods of up
to 4 h after heating. The effect was subject to thermotolerance, suggesting that the enhanced
extravasation was the result of increasing endothelial cell pore size. If heating was done in
two fractions 24 h apart, with liposomes being given during the second heating period, little
or no extravasation occurred. Further evidence for changes in pore size came from studies
with variable sized liposomes. At 42°C, the rate of extravasation of 100 nm liposomes was
equivalent to that of albumin (a 5 nm ×15 nm molecule) at the same temperature. Although
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hyperthermia caused enhanced extravasation of 200 and 400 nm liposomes, the rate of
extravasation was significantly smaller than for the 100 nm liposomes. The temperature
dependence of liposomal extravasation clearly establishes a rationale for developing
methods to quantify and image liposomal drug delivery, even if the liposome is not
thermally sensitive itself.

Matteucci et al. and Kleiter et al. have shown increased accumulation of liposomes after heat
treatment in feline sarcomas and rat fibrosarcomas, respectively, using radio-labeled non-
thermally sensitive liposomes after heating 10, 11.

Triggering liposomal release
The initial goal and success of liposomal encapsulation of drug was stable sequestration
during the blood-borne delivery phase, thereby reducing drug toxicity. The drawback to this
success is that traditional liposomes do not spontaneously release their contents when they
reach the desired site of action (i.e., the perivascular space or tumor microvasculature). Thus
one major challenge in liposomal drug delivery has been to engineer liposomes that can be
‘triggered’ to release their contents upon exposure to an environmental cue. The idea of
using hyperthermia to trigger drug release was first suggested by Yatvin 12. Clinically
applicable thermosensitive liposomes require a phase transition temperature above normal
body temperature (>37°C) and within the range of tolerable local-regional hyperthermia
(<42°C) and/or slightly above this range for use with thermal ablation therapy 8, 13, 14.
Upon heating, the lipid bilayer of thermosensitive liposomes changes from a solid or
crystalline impermeable membrane to a membrane with melting lipid domains whose edges
(‘grain boundaries’) have sufficient mismatches in lipid molecule packing to result in an
enhanced permeability to small molecules and ions 15, 16. When applied to drug delivery,
this enhanced permeability can cause the release of encapsulated substances 17.

Despite this triggered enhancement of membrane permeability, the rate of drug release
achieved with traditional thermosensitive liposomes was still far too slow to achieve
significant drug accumulation in the tumor tissue. This mechanism of action relies on the
conventional paradigm of enhanced permeability of tumor vasculature and retention of
liposomes (and their encapsulated drug) in tumor tissue (EPR). It was not until Needham's
invention of almost instantaneously releasing liposomes triggered by mild hyperthermia that
true triggered drug release was realized for a clinical setting. By incorporating 10 mol% of a
micelle-forming lysolipid in solid solution in the frozen bilayer, drug was found to release in
20 seconds after achieving the thermal transition temperature (around 41°C). This literally
‘opened up’ the drug delivery field to a brand new paradigm: drug release in the blood
stream likely followed by endothelial cell kill 18. Upon application of mild hyperthermia
(41°C), the liposomes are transformed from stable capsules in the bloodstream to a rapidly
releasing material causing both vascular damage and an antineoplastic effect. Needham's
novel low temperature thermosensitive liposomes encapsulated the anti-cancer drug
doxorubicin, which has recently been shown to work via an anti-vascular mechanism 18.

Modification of phase transition temperature is achieved by varying the lipid composition of
the bilayer, specifically the lysolipids monostearoylphosphatidylcholine (MSPC) and/or
myristoylpalmitoylphosphatidylcholine (MPPC). Other commonly used lipids in liposome
formulation include dipalmitoylphosphatidylcholine (DPPC),
dipalmitoylphosphatidylglycerol (DPPG), or distearoyl phosphatidylcholine (DSPC; phase
transition temperatures of pure lipids shown in Table I). Cholesterol is a common liposomal
component used to increase liposomal stability but it dampens the enhanced permeability
and broadens the phase transition temperature. As a broad transition temperature is
undesirable for temperature-sensitive liposomes, cholesterol is not recommended for these
formulations, although it has commonly been used in these formulations in the past 19. Other

Tashjian et al. Page 3

Int J Hyperthermia. Author manuscript; available in PMC 2009 October 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



advantages of incorporating the lysolipid (MSPC) have been that the bilayer transition
temperature (determined by the host bilayer lipid(s), such as DPPC) is not increased, as it is
in other thermosensitive systems that include mixtures of DPPC with the higher melting
lipid DSPC, and even the transition-eliminating cholesterol 20, 21. Thus, the new low
temperature thermosensitive liposome is designed to be more compatible with the range of
temperature attainable by mild hyperthermia, as well as having the fastest drug release ever
measured for a temperature-triggered system.

It should be noted that other triggers have been utilized for liposomal drug release, including
pH. These liposomes have been used in the context of imaging; however, their uses and
mechanisms of release are outside the scope of this review 4, 22, 23.

Clinical applications
Multiple potential clinical applications exist for the use of thermosensitive liposomes loaded
with chemotherapeutic agents in combination with local hyperthermia. These include
improving local control of tumors in combination with radiation therapy (RT), downstaging
advanced tumors to allow for surgical intervention, and effectively treating tumors that are
drug resistant when given free drug. Use of thermosensitive liposomes allows for increased
drug accumulation specifically at the heated site, and increased drug accumulation has been
shown to correlate with enhanced growth delay efficacy 6, 17, 24. Specifically,
thermosensitive doxorubicin-containing liposomes have been shown to result in intratumoral
drug levels 30 times higher than that achieved with free drug and corresponding
significantly enhanced therapeutic effects 6, 24. Six of nine mice treated with doxorubicin-
containing thermosensitive liposomes and hyperthermia had no visible tumor 60 days after
treatment 6.

With thermally targeted drug delivery, it is imperative that we be able to detect where drug
is delivered, whether it is effectively released from the liposomal carrier, and what the
concentration of delivered drug is. Incorporation of both a chemotherapeutic agent and a
contrast agent into a liposomal delivery vehicle may allow for drug delivery and patterns of
distribution to be monitored in real-time. However, there are inherent challenges to this
concept, including potential differences in accumulation and clearance of both drugs from
tissue and overall limited retention of agents in tissue, which must be taken into account.
Magnetic resonance imaging (MRI) and nuclear imaging (PET/SPECT) systems have both
been tested with liposomal delivery systems, and each system has unique strengths and
weaknesses.

Imaging methods
Multiple imaging modalities exist for use in conjunction with imageable liposomes and
hyperthermia. These include magnetic resonance imaging (MRI), positron emission
tomography (PET) and single-photon emission computed tomography (SPECT). Liposomes
have also been used as contrast agents with computed tomography (CT) and ultrasound
imaging; however these imaging modalities will not be reviewed here 25, 26.

Magnetic resonance imaging
MRI is a technique that uses radio frequency energy to excite atomic nuclei, which release
this energy through relaxation and reliagnment with the bulk magnetic field of the MRI unit
27. The ‘T1′ signal describes the time constant for the exponential dependent signal recovery
that occurs when the proton's magnetic moment realigns with the bulk magnetic field.
Contrast agents used in MRI are paramagnetic metals (i.e., gadolinium (Gd), chelates,
manganese) that primarily shorten the T1 within a tissue by increasing energy transfer from
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the water proton. The proportionality constant that relates the change in concentration to the
change in 1/T1 is termed ‘relaxivity’, or R1.

Liposomal contrast agents used in MRI take advantage of the necessary interaction between
contrast agent and water in creating T1 shortening. When such agents are encapsulated
within the liposome's aqueous core, they can only cause signal enhancement upon
membrane disruption allowing interaction with bulk water or with the limited amount of
water that can traverse the membrane and enter the liposomal core. Membrane disruption or
a controlled rapid increase in membrane permeability, as occurs for the thermosensitive
liposomes, allows bulk water molecules to enter the aqueous core or the contrast agent to be
released into the bulk water 28. The resulting interaction yields significant signal
enhancement 29.

Positron emission tomography (PET) and single-photon emission computed tomography
(SPECT)

PET and SPECT modalities both use radioactive isotope tracers as contrast agents. As these
agents undergo decay they either emit a positron (PET) or a gamma ray (SPECT). The
signal is unaffected by the position of the isotope within or surrounding the liposome.

Applications of imageable liposomes with hyperthermia
Imageable liposomes administered in conjunction with hyperthermia therapy can provide
information about thermometry (including absolute temperatures), liposomal extravasation
and accumulation in the perivascular space or deeper into the interstitial tissue, and drug
distribution and concentrations (Figure 1). All of these applications will be discussed below,
with a special emphasis on chemodosimetry.

Liposomal thermometry
The use of contrast-containing liposomes for magnetic resonance (MR) thermometry during
thermal ablation or regional hyperthermia has been reviewed recently 30. Briefly, release of
contrast agent is achieved when the liposomal phase transition temperature (Tm) has been
reached; therefore, enhancement is seen as the absolute temperature rises to at least
liposomal Tm. The authors review liposomal thermometry and make comparisons to
intrinsic MR thermometry, discuss the sensitivity of paramagnetic thermosensitive
liposomes, and detail recent studies 30. Shortly after this review was published, Salomir et
al. described feasibility studies utilizing Gd-containing thermosensitive liposomes in
conjunction with local hyperthermia in the rabbit kidney 31. The liposome composition in
these studies was a more traditional formulation that did not contain lysolipid (Table II).
These studies monitored release of contrast agent upon application of hyperthermia from an
in situ kidney catheter. In four of six animals tested with these traditional thermosensitive
liposomes and hyperthermia, a strong T1 signal was seen immediately following
hyperthermia. No signal was seen in the other two animals, which was thought to be due to
an increased length of time between liposomal delivery and hyperthermia treatment. The
authors proposed that a delay in hyperthermia treatment may result in clearance of
circulating liposomes from the bloodstream, either due to intratumoral extravasation or
uptake by the reticuloendothelial system. Once liposomes have been cleared from the
bloodstream, there would be no enhancement upon hyperthermic treatment.

Liposomes, chemodosimetry, and drug distribution patterning
Imageable liposomes (both non-thermally sensitive and thermally sensitive) have been used
as surrogates to monitor drug distribution and concentrations as well as investigational tools
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to further understand extravasation, accumulation, and content release of liposomes
delivered with hyperthermia treatment.

PET/SPECT imaging
To examine the accumulation of liposomes administered with hyperthermia treatment in
feline sarcomas, Matteucci et al. used technetium-99m (99mTc)-labeled non-thermosensitive
liposomes with planar scintigraphy 10 (Tables 1, 2). Planar scintigraphy is similar to SPECT
imaging in that it captures emitted gamma photons in a single plane. The authors established
that hyperthermia therapy increased liposomal accumulation between 2- to 13-fold when
compared with accumulation achieved at normothermic temperatures in the same animals (p
= 0.001).

Kleiter et al. investigated Doxil® liposomes (doxorubicin-containing non-thermosensitive
liposomes) administered concomitantly with 99mTc-labeled liposomes (acting as a tracer) in
order to non-invasively estimate the effect of hyperthermia on intratumoral accumulation of
doxorubicin in rat fibrosarcomas using SPECT 11 (Tables 1, 2). The authors determined that
hyperthermia increased intratumoral accumulation of 99mTc liposomes at 18 h post-
treatment as compared to unheated controls (p = 0.0006) validating the 99mTc liposome as a
tracer (Figure 2A-B). Thermal enhancement ratios ranged from 3 to 4.1 at 5 h post-treatment
and from 3.5 to 4.4 at 18 h post-treatment. The authors also found a significant positive
correlation between 99mTc liposome uptake and doxorubicin concentration in tumor tissue
for both the hyperthermic and unheated groups (Pearson correlation coefficient of 0.92 for
both groups combined; Figure 2C). Consequently, the labeled non-thermally sensitive
liposome could be used as a surrogate marker for Doxil® delivery. As a secondary effect,
the authors found that co-administration of 99mTc-labeled liposomes with Doxil® did not
have adverse effects on the intratumoral accumulation of doxorubicin.

MR imaging
Saito et al. compared distribution of Gd-containing non-thermosensitive liposomes imaged
with MRI to histologic analysis of rhodamine-containing non-thermosensitive liposomes
distribution to determine the feasibility of imaging to assess drug distributions 32 (Tables 1
and 2). These studies were done in vivo in non-human primate brains and included
convection-enhanced drug delivery for the treatment of brain tumors. Convection-enhanced
drug delivery involves the injection of therapeutic agent directly into the brain under
continuous positive pressure in order to bypass blood-brain barrier effects and elevated
interstitial fluid pressure found in tumors 33. The authors found in vivo MRI imaging with
Gd-containing non-thermosensitive liposomes to be ‘highly accurate at determining tissue
distribution’ when compared to histologic analysis of rhodamine-containing non-
thermosensitive liposome distribution. Unfortunately, this study was hampered by lack of
statistical analysis and small sample size (n = 6) and further experiments would be necessary
to confirm the results.

Viglianti et al. tested both non-thermosensitive and low temperature thermosensitive
liposomes containing a novel manganese sulfate (MnSO4)-doxorubicin formulation in rat
fibrosarcomas using MRI 34 (Tables 1 and 2). MnSO4 was used both as the paramagnetic
contrast agent (Mn2+) and as a method for loading doxorubicin into the liposome.
Qualitative analysis was performed using in vivo images (Figure 3). Quantitative analysis
utilized signal intensity ratios (signal of tissue of interest/signal of unheated muscle 34)
calculated as an average from three experimental animals from selected tumor regions of
interest normalized to muscle regions of interest. Vessel signal intensity ratios are used as a
representative measure of blood pool liposomal concentration. In these experiments, tumors
that were heated reached a steady state temperature prior to administration of liposomes.
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Low temperature thermosensitive liposomes were injected once the tumor had reached
thermal steady state (LTSL w/Hyp) and tumors showed rapid, sustained peripheral
enhancement as quickly as 5 min post-treatment (Figure 3A). Vessel signal intensity ratios
for low temperature thermosensitive liposomes with and without hyperthermia both peaked
5 min post-treatment and then decreased, reflecting vasculature clearance of liposomes. This
clearance was due to the reticuloendothelial system since these liposomes were not fully
covered with PEG (a similar condition for all formulations tested). Low temperature
thermosensitive liposomes with hyperthermia signal intensity ratios had ‘immediate and
substantial increases’ in tumor enhancing regions and slow signal intensity ratios increase in
tumor non-enhancing regions. This slow increase in tumor non-enhancing regions was due
to diffusion of free Mn2+ ions from tumor enhancing to tumor non-enhancing areas post-
liposomal content release.

For unheated tumors, injection of low temperature thermosensitive liposomes showed more
uniform signal enhancement (tumor enhancing region) resulting in a lack of a tumor non-
enhancing region. The tumor enhancing signal peaked at 5 min, but then faded as
thermosensitive liposomes were cleared from the vasculature (Figure 3B). The remaining
enhancement seen with unheated thermosensitive liposomes at the end of the experiment
was more uniform in the tumor but less intense than the enhancement seen with
thermosensitive liposomes and hyperthermia. This was indicative of extravasation and/or
accumulation of the liposomes into the perivascular space without leakage of contents due to
intrinsic water exchange across the lipid membrane rather than temperature-mediated
content release.

The non-thermosensitive liposomes with hyperthermia images (NTSL w/Hyp) showed
increasing heterogeneous enhancement throughout the experiment at a level greater than that
seen with unheated thermosensitive liposomes, but less than thermosensitive liposomes with
hyperthermia (Figure 3C). Vessel signal intensity ratios initially increased similarly to
thermosensitive liposomes with and without hyperthermia; tumor-enhancing signal intensity
ratios increased over the course of the experiment, indicating extravasation and
accumulation of liposomes into the perivascular space. However, the heterogeneity of this
enhancement, compared to unheated thermosensitive liposomes, resulted from
hyperthermia's effect on the vascular permeability 9.

For unheated non-thermosensitive liposomes, marginal enhancement was seen in the tumor
and normal tissue at 5 min post-treatment with all other time points being equivalent to
background (Figure 3D). Qualitatively, the vessel signal had a similar profile to other
liposome groups, peaking around 5 min and subsequently decreasing thereafter. The tumor
minimally enhanced, however, quantitative analysis was not performed using the signal
intensity ratio method since only one animal was imaged using these experimental
parameters. Additionally, the low relaxivity of non-thermosensitive liposomes limits
quantification of image enhancement without the use of hyperthermia to increase
accumulation of the liposomes in the tumor 34.

Viglianti et al. continued this work with the same experimental groups (low temperature
thermosensitive or non-thermosensitive liposomes ± hyperthermia) to determine whether
MRI imaging can accurately describe doxorubicin concentrations in tissue using T1
shortening 35 (Table II). T1-based liposomal doxorubicin concentrations were calculated and
compared to direct tissue measurements with high-performance liquid chromatography
(HPLC) and independently in a second set of experiments with histologic slices using
doxorubicin (DOX) fluorescence for measurement of DOX intratumoral concentration
(Figure 2D-E). The relationship between both HPLC and histologic fluorescence and T1-
based estimation of doxorubicin concentration had an intercept not significantly different
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from 0 and slope not significantly different than 1 (Figure 2F). Therefore T1-based MRI
measurements could be used to estimate intratumoral DOX level non-invasively and
accurately.

Ponce et al. utilized the DOX/Mn-low temperature thermosensitive liposomes and imaging
methodology previously used by Viglianti et al. 35 to quantitate the variations in liposome
drug distribution, caused by different hyperthermia treatment sequence, on treatment
efficacy 36 (Tables 1 and 2). Again, experiments were carried out in fibrosarcoma-bearing
rats. Three experimental groups were explored: (a) animals were administered low
temperature thermosensitive liposomes during hyperthermia (HT) therapy, (b) 15 min prior
to HT therapy, (c) or both prior to and during HT with the equivalent dose amount split 36.
While administering low temperature thermosensitive liposomes during HT (a) yielded
peripheral drug distributions, administration of low temperature thermosensitive liposomes
prior to HT (b) yielded more central distributions (Figure 2G-H). Administration of low
temperature thermosensitive liposomes both prior to and during HT (c) yielded a more
uniform distribution (Figure 2I). The sequence of low temperature thermosensitive
liposomes during HT resulting in peripheral drug distribution (a) resulted in maximal
intratumoral accumulation and overall concentration drug (accumulation, p = 0.003;
concentration, p = 0.028; Figure 2J) as well as the greatest tumor growth delay (34 days (a)
versus 18.5 (b) and 22 days (c); Figure 2K,L). Although the scheduled delivery yielding a
homogeneous pattern (c) had almost as much delivered drug as the central distribution (b), it
failed to achieve as substantial a growth delay. This indicates that drug distribution, in
addition to concentration, plays an important role in determining anti-tumor efficacy.

Discussion
The first attempt to characterize the ability of paramagnetic metal-containing liposomes to
function as MRI contrast agents was almost 20 years ago 37. Today, use of drug delivery
systems, such as liposomes, with inherent properties for noninvasive imaging allows for
real-time monitoring of intratumoral drug concentrations and patterns of distribution.
Extensive PubMed and Web of Science searches using keywords ‘liposome’, ‘temperature’,
‘hyperthermia’, ‘MRI/CT/PET/SPECT’ and ‘image/ing’ have returned few research groups
that have worked in this area. Most groups used non-thermosensitive liposomes to image the
reticuloendothelial system (lung, liver, and spleen) 38-41. We were the initial group to
demonstrate imaging outside the reticuloendothial system using two novel tools:
hyperthermia and low temperature thermosensitive liposomes.

Quantification of drug concentration with MRI during heating requires correction for
temperature effects on T1. This could be obtained using non-invasive MR thermometry 42,
43. If local temperature is not known, drug dose concentrations can still be evaluated after
hyperthermia treatment with the high resolution of MRI to identify undertreated areas that
can be the target of subsequent treatments.

Alternatively, radionuclide tracers used with PET/SPECT systems may provide
quantification of drug concentrations independent of local temperature. A linear relationship
between SPECT enhancement and drug concentration has been described but needs to be
validated in other models and with contrast-containing thermosensitive liposomes. The low
resolution of PET/SPECT limits the clinician's ability to define undertreated areas.

To date chemodosimetry and distribution studies have only reported on one tumor line, a rat
fibrosarcoma model (FSA) with peripheral feeding vessels 34-36. Different tumor types
have been shown to have different vascular patterns, which may yield differing drug
distributions patterns. Craciunescu et al. analyzed dynamic contrast-enhanced MR images
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(DCE-MRI) in patients with locally-advanced breast cancer and noted tumor vasculature to
demonstrate either ring enhancement on the tumor periphery or more homogenous
enhancement throughout the tumor1. Studies of the vascular patterns of rodent carcinomas
also yielded highly variable findings, with two related fibrosarcomas showing both central
and peripheral vascular patterns and mammary carcinomas showing vascular structure
similar to the normal mammary gland 44, 45. Variability in vascular anatomy could be the
basis for determining the sequence of therapy. For example, it may be advantageous to heat
tumors with central feeding vessels before dosing with drug to ensure drug distribution
concentrated at the tumor center.

Additionally, different contrast agents (Mn2+, Gd chelates) may co-localize with
encapsulated drugs to varying extents. Ponce et al. used both a positively charged contrast
agent (Mn2+) and chemotherapeutic (doxorubicin) which co-localized well because both
tended to be retained in tissue 36. Chelated contrast agents, such as GdDTPA, are known to
have rapid wash-out and may not co-localize well with drugs 46. Any assumptions made
regarding co-localization of encapsulated drug and contrast agent must be validated against
true tissue drug concentrations in order to draw accurate conclusions from imaging results
35.

Conclusion
Imageable liposomes, especially thermosensitive liposomes, have great potential to be used
in combination with hyperthermia therapy for non-invasive chemodosimetry. Knowledge of
these parameters during treatment will allow for individualization of treatments based on
these patterns, similar to what is achieved with IMRT (intensity-modulated radiation
therapy), and allow for immediate modifications during treatment resulting in optimized
drug delivery. Use of thermosensitive imageable liposomes represents one of the most
promising options to provide real-time optimization of intratumoral drug concentration and
distribution during administration of concomitant hyperthermia and chemotherapy.
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Figure 1.
Flow chart for improving the selective therapeutic effect of combination hyperthermia and
liposomal therapies through the use of non-invasive imaging. This review focuses on the
section inside the dashed box. Liposomal thermometry is described in this review in the
section of the same name 30, 31. Drug level quantification (chemodosimetry), drug
distribution patterning, and maximization of treatment are described in this review in the
section Liposomes, chemodosimetry, and drug distribution patterning 10, 11,. Other
(background) block elements are described throughout this text and covered in depth in
other reviews 4, 8, 17.
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Figure 2.
Scientigraphic images of rats treated without hyperthermia (A) or with local HT (B) 18
hours after injection of radiolabeled liposomes. Increased intratumoral accumulation of
liposomes can be seen following HT. Intratumoral doxorubicin concentration 18 hours
postinjection as a function of uptake of a 99mTc liposomal tracer (C). Adapted and reprinted
with permission from 11. The results for HPLC validated [DOX] measurements (D),
fluorescence validated [DOX] measurements (E), and an overlay of both experiments (F)
from individual animals. Adapted and reprinted with permission from 35. Tumor drug
distribution after administration of DOX- and Mn-containing thermosensitive liposomes and
HT with 3 different schedules. Thermosensitive liposomes administered during steady-state
HT result in peripheral enhancement (G); thermosensitive liposomes administered before
HT result in central enhancement (H); thermosensitive liposomes administered in split doses
(half before HT and half during steady-state HT) result in uniform concentrations (I).
Liposome content release shows white. Adapted and reprinted with permission from 36.
Tumor doxorubicin concentration and antitumor effect for therapeutic protocols described in
Figures 2G-I. Overall tumor doxorubicin concentration (ng/mg) as measured by HPLC (J);
rat fibrosarcoma growth time for each group (n = 6,7) measured as median days to five times
the original tumor volume (K); Kaplan-Meier plot showing cumulative fraction of animals
with tumor volume less than five times the treatment volume for each group over time (L).
In all panels, gray = control groups (control, HT alone, free Dox, free Dox + HT, Dox/Mn-
LTSL alone); blue = Dox/Mn-LTSL before HT; red = Dox/Mn-LTSL during HT; green =
Dox/Mn-LTSL split dose. Adapted and reprinted with permission from 36.
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Figure 3.
MRI axial image results of rats with transplanted flank fibrosarcomas treated with (A) low
temperature thermosensitive liposomes with HT, (B) unheated low temperature
thermosensitive liposomes, (C) non-thermosensitive liposomes with HT, and (D) unheated
non-thermosensitive liposomes from 0-90 min. The flank tumor is indicated along with the
heating catheter, venous vessels, and unheated muscle. Reprinted with permission from 34.
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Table I
Chemical properties of contrast-containing liposomes

Lipid Ratio Phase transition temp (°C) Contrast agent Reference

NTSL, non-thermosensitive liposomes.

DSPC Pure 54 - 8

DPPC Pure 41.5-41.9 - 47

DPPG Pure 41 - 6

DSPC : chol : DSPE-PEG 75 : 50 : 3 NTSL 99mTc 10

DSPC : chol : DSPE-PEG 75 : 50 : 3 NTSL 99mTc 11

DSPC : chol 55 : 45 NTSL MnSO4 35

DPPC : DSPE-PEG 95 : 5 NTSL MnSO4 34

DPPC : DPPG 95 : 5 56.7 GdDTPA-BMA 31

DPPC : MSPC : DSPE-PEG 90 : 10 : 4 39.5-41.3 MnSO4 35, 36

DOPC : chol : PEG-DSG 3 : 2 : 0.3 Unreported Gadoteridol® 32
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