1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Ther Deliv. Author manuscript; available in PMC 2017 August 23.

-, HHS Public Access
«

Published in final edited form as:
Ther Deliv. 2010 August ; 1(2): 307-322.

Advances in image-guided intratumoral drug delivery
techniques

Luis Soloriol, Ravi B Patel, Hanping Wul, Tianyi Krupkal, and Agata A Exner®.
1Case Western Reserve University, 11100 Euclid Ave., Cleveland, OH, 44106, USA

Abstract

Image-guided drug delivery provides a means for treating a variety of diseases with minimal
systemic involvement while concurrently monitoring treatment efficacy. These therapies are
particularly useful to the field of interventional oncology, where elevation of tumor drug levels,
reduction of systemic side effects and post-therapy assessment are essential. This review
highlights three such image-guided procedures: transarterial chemoembolization, drug-eluting
implants and convection-enhanced delivery. Advancements in medical imaging technology have
resulted in a growing number of new applications, including image-guided drug delivery. This
minimally invasive approach provides a comprehensive answer to many challenges with local drug
delivery. Future evolution of imaging devices, image-acquisition techniques and multifunctional
delivery agents will lead to a paradigm shift in patient care.

The use of chemotherapy to treat cancer is a vital tool in cancer management but, due to
several limiting factors such as the inherent risk of systemic toxicity and ineffective delivery
to the diseased site, it is seldom used as a standalone treatment option [1]. Among the many
strategies developed to overcome the inherent limitations of chemotherapy, no single
approach can treat the many permutations of the disease. Instead, a variety of treatment
regimens have been developed to treat specific types of cancer, with several strategies
employing the use of local administration of therapeutic agents directly into the tumor. The
local delivery of these agents has several advantages over systemic administration, including
the ability to achieve very high local drug dosages, to avoid systemic side effects and to
increase drug bioavailability by evading first-pass elimination. The ability to deliver
chemotherapeutics locally, in a minimally invasive manner, has advanced drastically with the
growth of medical imaging technologies.

Modern imaging techniques no longer focus solely on generating anatomical images, but
instead are capable of performing a wide array of qualitative and quantitative tasks, ranging
from monitoring physiological changes that occur in diseased tissues to assessing function at
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a molecular level. These advances have not only helped diagnostic medicine, but have
resulted in a new paradigm in drug delivery. The ability to guide or place devices in the body
in a minimally invasive manner, noninvasively determine concentration and distribution of
active agents and monitor treatment efficacy, sometimes performing all three with a single
imaging modality, are paramount in providing feedback to both clinicians and researchers
(Figure 1).

The advancements in medical imaging techniques have been particularly valuable in the
field of interventional oncology, where a variety of imaging modalities are used to
noninvasively evaluate the efficacy of therapeutic treatments through changes in tumor
necrosis and vascularization [2-9]. Medical imaging has also led to the improvement of
minimally invasive treatment options such as transarterial chemoembolization (TACE) and
convection-enhanced delivery (CED). While the concepts of image-guided drug delivery can
extend into the systemic delivery of contrast-enhanced particles and therapeutics, the focus
of this review article will be on the local administration of therapeutics to solid tumors for
interventional drug delivery, using image guidance for treatment planning and evaluation of
treatment efficacy. This article will highlight advances in TACE, CED and implantable drug-
eluting devices, as well as the intratumoral delivery of particle-based systems due to the role
of medical imaging in directly accessing the tumor for interventional drug delivery.

Transarterial chemoembolization

The availability of high-speed real-time imaging modalities in combination with minimally
invasive surgical techniques has led to the development of several local direct drug infusion
protocols. One such minimally invasive image-guided local drug delivery procedure that has
been commonly clinically employed is TACE. During this procedure a catheter is threaded
into the local blood supply of a tumor under image guidance, a chemotherapeutic drug
cocktail is administered directly to the tumor and an embolic agent is released to block blood
flow. By selectively occluding the tumor blood supply, washout of the chemotherapeutic
agent is prevented and higher drug dosages can be maintained within the tumor volume.

Transarterial chemoembolization is most often employed for treatment of hepatocellular
carcinoma (HCC) in the liver; however, it has also been used for cholangiocarcinoma
[10,11] and liver metastases [12,13]. Normal liver parenchyma is supplied by collateral
portal venous and hepatic arterial circulation and receives two-thirds of its blood supply
from the portal vein and one-third from hepatic arterial blood flow [14]. Meanwhile,
hypervascular HCC tumors often receive much of their blood supply from the hepatic artery
[14]. Therefore, embolotherapy blockage of peripheral hepatic arterial blood flow can
initiate ischemic tumor necrosis, while leaving normal liver parenchyma intact as it is still
supplied by collateral portal circulation [14,15]. TACE-treated HCC tumors that have greater
portal involvement have a worse prognosis and have a greater chance for tumor recurrence
than TACE-treated tumors with only hepatic arterial involvement [16]. While surgical
resection is still the gold standard and preferred treatment option for HCC, this option is
often not available due to commonly occurring concurrent cirrhotic liver disease, portal
hypertension or poor hepatic reserve function, which are all associated with significant
perioperative morbidity and mortality [15,17,18]. Consequently, minimally invasive
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treatments such as TACE are often the only treatment options available for patients with
HCC. Several randomized controlled trials have shown that TACE is a good therapeutic
option for improving both patient survival and providing palliative therapy [19-22]. A recent
cohort study by Miraglia et a/. has shown that TACE is effective in achieving complete
control of tumor growth in a majority of patients with a single HCC tumor less than 6 cm in
diameter with complete tumor necrosis seen in 50-69% of cases [15]. On the other hand, the
authors found that complete necrosis of HCC tumors greater than 6 cm was only achieved in
13% of patients [15].

Preprocedural imaging

Before TACE treatment can be undertaken, it is necessary to conduct baseline diagnostic
imaging to determine tumor extent, as well as rule out any procedural contraindications such
as portal-hepatic arterial shunts or portal vein thrombosis. Therefore, preprocedural
evaluation using cross-sectional imaging modalities such as biphasic multidetector computed
tomography (MDCT) or MRI is required (Figure 2A). In addition, digital subtraction
angiography (DSA) of the celiac trunk must be conducted before injection of
chemotherapeutic or embolic agents during the TACE procedure to determine the course of
the tumor-feeding arteries (Figure 2B) [23]. Determining the correct tumor-feeding vessels
is essential for selective positioning of the catheter during TACE to reduce collateral damage
to normal liver parenchyma. Therefore, two imaging stations, one cross-sectional imaging
modality such as MDCT or MRI to provide soft tissue information and one real-time
fluoroscopy or DSA station to provide guidance for catheter placement, are necessary. Since
transferring patients from one site to the other is inconvenient, hybrid CT/DSA [24] or
MRI/DSA [25] suites have been employed over the past decade.

More recently, with the availability of digital flat-detector angiographic systems, a new class
of C-arm CT imaging devices that can provide both conventional DSA and CT-like soft
tissue images have been developed. C-arm CT data is obtained by rotating the flat-detector
around a patient and obtaining multiplanar reconstruction images. Concurrent injection of
contrast agent into the hepatic artery provides hemodynamic information. These C-arm CT
devices have improved convenience due to a single machine providing all the required
information, as well as greater sensitivity in detecting small hypervascular HCC lesions (<2
cm) than MDCT [26,27]. Compared with conventional DSA, C-arm CT has been shown to
have significantly higher sensitivity, specificity and accuracy in finding tumor feeding
arteries according to a study by lwazawa et al. [23]. However, one limitation of these
systems is the limited field of view, with a study by Meyer et a/. showing that two-thirds of
their cases had incomplete liver coverage using a medium sized flat-detector [26]. Therefore,
preprocedural planning using flat-detecting MDCT is still recommended, but C-arm CT can
be used exclusively during TACE treatment once a narrower tumor field of view has been
established [23,26].

Embolic agents

A variety of embolic agents including polyvinyl alcohol (PVA) particles, gelatin sponges,
autologous clots, steel coils and starch microspheres have been used to occlude vessels
during TACE. PVA particles and steel coils are permanent embolic agents, while gelatin

Ther Deliv. Author manuscript; available in PMC 2017 August 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Solorio et al.

Page 4

sponges only temporarily occlude vessels. With the latter, revascularization occurs after
several weeks. Due to their proven safety, gelatin sponges are the most widely used embolic
agent [28]. In addition to the aforementioned agents, which perform the sole function of
vascular occlusion, several other notable agents are multifunctional and act as occlusion
agents and drug delivery vehicles. Of these, the most important is lipiodol, an iodinated ethyl
ester of the fatty acids in poppy seed oil. Lipiodol selectively accumulates in tumor tissue
due to a lack of Kupffer cells and can remain there for several weeks to a year after injection
[29]. However, in normal liver parenchyma, lipiodol collects in portal venules where it is
phagocytized by Kupffer cells and quickly cleared [29]. Lipiodol acts as a drug delivery
vehicle due to its ability to carry and localize chemotherapeutic agents inside a tumor
volume. To incorporate delivery capability, chemotherapeutic drugs, most commonly
doxorubicin, 5-fluoruracil or cisplatin, are mixed with lipiodol until an emulsification is
created. A study by Nakamura et a/. has shown that when the ratio of lipiodol to drug
solution is correctly adjusted, approximately 3:1 (lipiodol:doxorubicin) for their studies,
drug is slowly released from the emulsion and pharmacokinetic outcomes are better than
direct chemotherapeutic infusion [30]. It has also been shown that subsequent Gelfoam®
embolization can also slow down release of drug from the lipiodol emulsion and prevents
washout, resulting in increased drug concentration in the tumor volume [31]. As an embolic
agent, lipiodol occludes microvessels and can reach portal veins around the tumor periphery
through arterioportal communication routes [30]. Since tumors that have portal involvement
are the most resistant to TACE, the ability of lipiodol to reach and accumulate in portal
circulation surrounding a tumor can greatly strengthen anti-tumor effects [32]. Finally, since
lipiodol is iodinized, it also acts as a CT contrast agent and its tumor accumulation can be
examined postoperatively using CT [33].

Recently, another type of combination drug delivery—embolic agent, injection of controlled
release chemotherapeutic drug-eluting beads (DEBSs), has been developed and is currently
undergoing clinical trials. Currently there are two types of drug-eluting microsphere-based
systems available for TACE, DC Bead microspheres (Biocompatibles, UK) and
Quadrasphere micropsheres (Biosphere Medical). The DC beads are comprised of a PVA
polymer hydrogel with a sulfonic acid additive and can be polymerized into different sized
microspheres from 100-900 pm [34]. These beads can be loaded with a variety of
chemotherapeutic agents, with the two most common being doxorubicin and irinotecan, and
have been shown to be effective in improving patient survival [35,36]. The Quadrasphere
microspheres are the more recently developed of the two DEB systems and are comprised of
hydrophilic, acrylic copolymer that can absorb up to 64 times its dry state volume [37].
These particles have a dry volume of 50-200 um, which can expand to 200-800 um [37].
While much less studied than PVA particles, recent studies have shown that Quadrasphere
particles loaded with cisplatin or doxorubicin are promising for use with TACE therapy
[38,39].

In comparison with traditional TACE with direct infusion or as an emulsion with lipiodol,
the half-life of doxorubicin is greatly increased with PVA DEB and has been shown to range
from 150-1730 h depending on bead size [40]. Therefore, the anti-tumor effect of DEB after
TACE is prolonged and tumor necrosis can take place up to 40 days post-treatment [40].
Recent clinical studies have shown that DEB particles are more effective at improving
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survival in patients with unresectable HCC tumors than traditional TACE embolic agents
and many centers have shifted to using DEB particle-based TACE [40]. With the
development of selective microcatheters to isolate tumor-feeding arteries and improvements
in embolic agents the safety of this type of treatment has greatly increased. Recent trials
have shown that severe complications, such as pulmonary embolism, are extremely rare with
current treatment protocols. One study found that out of 1348 patients treated with a total of
2012 TACE procedures, there was only one case of pulmonary embolism, three cases of liver
abscess and a very few other severe complications from TACE therapies [41].

Peri-operative imaging & treatment efficacy

After TACE treatment, proper follow up and assessment of treatment efficacy is vital.
However, traditional measures of tumor response to therapy such as those outlined by the
WHO and the response evaluation criteria in solid tumors (RECIST) do not correlate well
with response to local percutaneous therapies such as TACE [19,22]. Tumors treated with
TACE may have necrosis, edema or hemorrhage, which can have variable effects on tumor
size, the primary criteria used for WHO and RECIST. For TACE, the European Association
For Study of Liver criteria, which estimates the reduction in viable tumor volume through
loss of tumor enhancement in imaging, is the preferred method of measuring tumor response
to therapy [19,42]. Although loss of tumor enhancement does correlate well with tumor
necrosis, the assessment of enhancement with CT can be difficult if the tumor is infused
with lipiodol, which is radio-opaque (Figure 2D). Evaluation of tumor enhancement with
MRI or contrast-enhanced ultrasound, however, is not affected by iodized oil and has been
shown to correlate well to tumor necrosis when using the European Association for Study of
Liver criteria [40,43]. While lipiodol obscures CT assessment of tumor enhancement, tumor
uptake of lipiodol using noncontrast CT may itself also serve as marker for tumor necrosis
(Figure 2C & D) [33,44,45]. Tumors that show homogenous accumulation of lipiodol are
strongly correlated with necrosis on histopathology, while incomplete or spotty uptake of
lipiodol is suggestive of a viable tumor [45].

In addition to quantifying tumor enhancement to assess treatment, functional imaging using
CT, positron emission tomography (PET) and MRI can also be used to evaluate
postoperative tumor necrosis. Diffusion-weighted MRI (DWI) measures the apparent
diffusion coefficient (ADC), which detects the Brownian motion of water molecules in
tissue. Water mobility in viable tumors is reduced due to the presence of intact cell
membranes and results in a low ADC value. On the other hand, increased water diffusion
and a high ADC value is correlated with tumor necrosis [43]. PET measures tumor viability
by detecting radioactive decay of a glucose analog, fluorodeoxyglucose (18F), to measure
tumor metabolism. However, while PET is sensitive and has been used to measure tumor
response to TACE therapy [46], it has poor spatial resolution and soft tissue contrast. Newer
combined PET/CT imaging workstations may be more suitable for this application since
they combine the high spatial resolution of CT and exquisite sensitivity of PET. CT
perfusion imaging can also be used as an alternative to assess tumor response to therapy by
measuring perfusion parameters pre- and post-treatment [47]. A study by Chen et al.
demonstrated that tumors undergoing successful treatment had significantly decreased
hepatic arterial perfusion, hepatic arterial fracture and hepatic blood volume perfection CT
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parameters post-TACE treatment compared with pre-TACE, while the same perfusion
parameters were insignificantly different for viable tumor groups [48].

Implantable drug-eluting devices

For tumors with collateral blood supply or shunting, TACE treatment may be ineffective or
dangerous to surrounding parenchyma and other treatment strategies must be employed. One
solution for treating these types of tumors is through the use of locally implanted
chemotherapy-eluting implants. These implants are usually comprised of a biodegradable
polymer matrix loaded with an active chemotherapeutic agent, which is slowly released over
a period of several days to several weeks after implantation into a tumor. These implantable
devices may be either a solid preformed implant or an /n situ-forming implant (ISFI), which
is initially in a liquid or gel phase and solidifies once injected into the body in response to
different stimuli. Many of these implants can be placed into a tumor volume in a minimally
invasive manner using image guidance and strategies to monitor or predict /77 vivo drug
release using noninvasive imaging have been developed.

Preformed implants

Preformed implants are usually manufactured using extrusion or compression molding and
can be designed to a variety of shapes and sizes. Since implant shape and surface area have a
significant effect on drug release as well as implant degradation, the ability to control these
design parameters results in more reproducible drug release. Several biodegradable polymers
such as polyanhydrides, polyesters and poly(orthoesters) are used to formulate these drug
delivery devices. In particular, implants comprised of poly(lactic acid) (PLA), poly(glycolic
acid) (PGA) or their copolymer poly(lactic-co-glycolic acid) (PLGA) are especially
common [49,50]. The biocompatibility, degradation and drug-release mechanisms from
PLGA matrices have been well established [51,52]. In addition to the polymer, the other
major component of these implants is the drug agent that is homogenously distributed within
the implant matrix. For cancer drug delivery, a variety of chemotherapeutic agents, including
cisplatin [53], carboplatin [54,55], doxorubicin [50], carmustine (BCNU) [56,57], 5-
fluoruracil (5-FU) [58] and paclitaxel (PTX) [59] have been loaded into preformed
controlled release implants. One such system that is currently in clinical use for treatment of
malignant glioblastoma multiforme is comprised of a dime-sized polyanhydride wafer
loaded with BCNU. The Gliadel® wafers (MGI Pharma, Inc., Bloomington, USA) are used
to bypass the blood-brain barrier (BBB) and deliver high local doses of BCNU to treat
residual tumor cells after surgical resection [60]. Currently, these implants are the only US
FDA-approved preformed solid local drug delivery implants in clinical use.

While Gliadel wafers have been shown to be effective in the treatment of malignant brain
tumors, their disk-like shape is unfavorable for minimally invasive placement into a tumor
site using imaged-guided procedures. Another preformed implant device in the shape of a
thin cylinder or ‘millirod’ formed by compression heat molding has been designed in
particular for use with minimally invasive techniques and has been extensively studied.
These implants are comprised of PLGA and have been developed as both sustained and dual
release formulations [49,61]. Dual release millirods produce an initial burst of drug release
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to quickly reach therapeutic drug dosage, followed by sustained release to maintain drug
levels (Figure 3). The implants are formulated by dip coating the initial compressed PLGA
millirod in polymer with NaCl or poly(ethylene oxide) to form a thin membrane, which
quickly dissolves and releases drug when placed in an aqueous environment [49]. The shape
of these implants was chosen so that they can be placed into a tumor volume using a custom
percutaneous catheter under image guidance with CT, ultrasound or MRI. Animal studies
have shown that these implants can be effective in the treatment of metastatic VX2 liver
tumors in rabbits on their own or as adjuvant therapy post-radiofrequency ablation treatment
[50,62].

In situ-forming implants

An ISFI consists of a liquid polymer solution that solidifies into a controlled release implant
upon injection into a tissue environment. This process of solidification from liquid solution
to solid implant can be initiated by a variety of stimuli such as water, temperature, pH
changes or light [63]. Due to their injectable nature, these implants can be more easily
placed in a tumor volume using image-guided percutaneous catheter-based methods than
preformed implants. In addition, the manufacturing process for these implants is very mild
and nondestructive and therefore, fragile drug molecules such as peptide based-therapies can
be easily incorporated and released. A variety of responsive systems including hydrogels and
thermoplastic pastes are utilized for ISFI formation. Thermoplastic pastes solidify upon a
change in temperature and are comprised of a polymer melt that solidifies upon cooling to
body temperature. Due to the need for low glass-transition temperatures (Tg) and low
melting points (<60°C), polymers used for this application are often of low molecular
weight. Thermoplastic pastes are often made from monomers of PLA, PGA, e-caprolactone
or orthoesters [63]. Several studies have shown that PTX- loaded thermoplastic ISFIs have
been effective in treating and delivering chemotherapeutic agents to a local tumor site
[59,64]. However, while these ISFI systems were able to sustain PTX release over a long
time period (>60 days), drug release was very slow and the ability to reach therapeutic drug
levels much beyond the implant borders was compromised [59]. Moreover, sustained
subtherapeutic drug levels increases the chance of drug-resistance development (Figure 3B).
One solution to increase the release rate of PTX from these ISFI pastes is to add water-
soluble additives, such as gelatin or albumin [63].

In addition to thermoplastic pastes, ISFI systems that solidify upon injection into an aqueous
environment are also a popular area of research in cancer drug delivery. These ISFIs initially
consist of a solution of a biodegradable polymer such as PLGA or poly(e-caprolactone)
dissolved in an organic solvent such as A-methyl-2-pyrrolidone (NMP) [55,65], triacetin
[66] or ethyl benzoate [67]. Upon injection into an aqueous environment, solvent will leach
out of the polymer implant solution and water will influx in as the polymer matrix solidifies
out of solution. The process by which this conversion from a liquid phase to a solid phase
occurs is commonly referred to as phase inversion. The rate of implant phase inversion is
highly dependent on the polymer type, as well as hydrophilicity of the organic solvent
[67,68]. Drug molecules that are either suspended or dissolved in the polymer solution will
also diffuse out of the implant in a controlled release manner. While these ISFI systems are
often comprised of the same polymeric materials as preformed implants and have a similar
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controlled release profile, the mechanisms of drug release from these systems are more
complicated due to the phase inversion process. For example, the organic solvent properties
play a considerable role in determining the drug release profile from these implants. Studies
by McHugh et a/. have shown that polymer solutions dissolved in relatively hydrophobic
solvents, such as ethyl benzoate, display a zero order peptide drug release profile and
classifies this group of ISFIs as slow phase-inverting systems [68]. On the other hand,
polymer solutions comprised of a relatively hydrophilic solvent, such as NMP, exhibit a
burst drug release profile similar to the previously described dual release millirods, whereby
a large percentage of the loading drug dosage is released within the first day, followed by
steady maintenance drug release [69]. In addition to solvent properties, excipient additives
such as Pluronic surfactant [69], peptide molecules or triacetin have also been shown to
affect the drug release profile from these implants. Moreover, certain excipient Pluronic
surfactants, such as Pluronic P85 (P85), can have chemosensitizing effects on cancer cells to
help overcome drug resistance. A study by Krupka et a/. has shown that phase-inverting
ISFIs with excipient P85 and loaded with carboplatin were more effective in treating ablated
subcutaneous colorectal carcinoma tumors in rats than direct drug injection or implants
without excipient [55].

Imaging implant formation & drug release

As described above, phase-inverting ISFIs solidify upon injection into an aqueous medium.
Several studies have demonstrated that drug release from these types of ISFIs is directly
correlated with implant precipitation or phase inversion [66,70]. Recently, imaging
techniques using electron paramagnetic resonance (EPR) spectroscopy or ultrasound have
been developed to image ISFIs /n vivo. EPR examines the interaction of paramagnetic spin
probes with their external environment to gain information about the microviscosity or
spatial distribution of probes within the drug delivery implants. A study by Kempe et al.
incorporated a nitroxyl spin probe, tempolbenzoate, into an NMP/PLGA ISFI and found the
mobility of the spin probe to decrease as the implant precipitated [71]. Utilizing EPR
imaging and correlating the spin probe signal to measured standards, the authors were able
to monitor implant precipitation in both an /n vivo and /n vitro setting and found implant
behavior to be similar in both [71]. More recently, another study by Solorio et al.
demonstrated that ultrasound can be used to noninvasively monitor implant formation /in
vitroand in vivo [70]. Ultrasound imaging utilizes a piezoelectric transducer that converts
mechanical pressure waves into an electrical signal and can record the backscatter that arises
from impedance differences in a material. Since ISFIs undergo a process of phase inversion
from a liquid polymer phase to a solid phase, this change of phase will alter the impedance
of the implant material and can be detected by the ultrasound pressure waves (Figure 4). In
contrast to the EPR finding of Kempe et a/., ultrasound studies demonstrated that /n vitro
and /n vivo implant precipitation were significantly different [70,71]. Additionally, the
authors were able to directly correlate drug release in each environment to implant
precipitation [70].

While imaging phase inversion of ISFIs can be used to predict drug release, noninvasively
monitoring /n vivo drug release directly and subsequent tissue drug distribution would be
much more beneficial. However, although several drug molecules have been tagged with
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contrast agents for various imaging modalities, often the tag may alter the activity or
mobility of these drugs and few studies to date have incorporated these types of molecules
into drug delivery implants [72]. One study by Exner et a/. that did directly monitor in vivo
drug release and tissue distribution using CT utilized the high x-ray attenuation (Z = 78) of
the heavy metal platinum in carboplatin-loaded millirods [54]. However, the authors
concluded that, due to blurring artifacts and beam hardening from relatively high drug
concentrations in the implant compared with the surrounding tissue, quantification of tissue
drug concentrations using this method is difficult [54]. Additionally, the minimal drug dose
detected by CT is quite high and lower therapeutic drug levels cannot be detected. Currently,
while this method does provide some tissue drug distribution data, it is only accurate for
measuring implant drug release.

Strategies to improve drug penetration

While drug-eluting implants can deliver very high local drug concentrations to a tumor site
without avoiding systemic toxicity, relatively few of these devices have been translated for
clinical use due to poor drug penetration into tissue. Typically, therapeutic tissue drug
concentrations are only achieved a few millimeters away from the implant boundary [73].
Penetration and movement of drug into tissue is dependent on two tissue specific factors:
drug diffusivity (D) and drug elimination, -y and can be described by the following first-
order transport equation:

aC (r.t)

_ 2 _
Y =DV<C (rt) —~C (r.t)

where C(r.t) is the tissue drug concentration, #the time and V the gradient operator.
Therefore, to improve drug penetration from the implant boundary, either the tissue
permeability must be increased, by increasing D, or the tissue drug elimination must be
reduced by decreasing . One strategy to both increase tumor drug permeability and reduce
drug elimination is to induce tissue necrosis. Cell membranes in necrotic tissue are usually
destroyed and greater drug diffusivity has been shown to occur in these types of tissues [73].
Additionally, dead cells are metabolically inactive and tissue vasculature is often destroyed
with necrosis, thereby eliminating the major routes of drug elimination from the tissue. Both
ablative tumor treatments, as well as chemotherapy-induced tumor necrosis, have been
shown to increase drug penetration [73,74].

In addition to inducing tumor necrosis, several other strategies have also been developed to
improve drug penetration in tumors. One such strategy is to bind the drug molecule to a
large molecular weight carrier that is not easily eliminated from the tissue. A study by Dang
et al. demonstrated that methotrexate (MTX) that was covalently bonded to dextran was able
to retain its cytotoxic activity while reducing tissue drug elimination [75]. Although the
diffusivity of the larger molecular weight MTX-dextran molecule was lower, the reduction in
tissue elimination was more than able to offset that factor and significant gains in tissue
penetration were achieved [75]. Yet, although this is a promising strategy to increase tumor
drug penetration, it can only be used for chemotherapeutic agents that act on surface
receptors, such as MTX, which acts on cell surface folate receptors. Many commonly used
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chemotherapeutic agents such as cisplatin, BCNU, PTX and doxorubicin work on
intracellular targets that would become inaccessible if they are attached to a dextran carrier.
Finally, if tissue-specific elimination and drug diffusivity properties are known, a study by
Weinberg et al. has shown that a mathematical modeling approach to place multiple implants
within a tumor volume can be used to achieve complete penetration [76]. Using this type of
method, a patient-specific treatment approach can be designed by reconstructing 3D CT or
MRI data of a tumor and using mathematical modeling to determine the number and
location of implants to be placed in a tumor to achieve therapeutic levels throughout the
volume [76]. However, while this method shows great promise, accurate tissue-specific
diffusivity and elimination parameters may be difficult to obtain due to tumor tissue and
anatomical variability. One solution to help overcome this barrier is the development of
imaging contrast-tagged drug agents, whose tissue distributions can be non-invasively
monitored to establish tissue-specific drug transport parameters.

Convection-enhanced delivery

Treatment of neuro-oncologic conditions has proven to be extremely difficult, due in part to
the physiological and anatomical protection provided by the BBB. The BBB protects the
CNS by limiting the passage of molecules from the circulating blood into the cerebrospinal
fluid and interstitial fluid in the parenchyma, preventing the transport of many potentially
potent therapeutic agents to the disease site [77]. In order to circumvent this naturally
existing barrier, several researchers have focused on developing ways to disrupt the BBB.
One such technique is opening the BBB by shrinking the endothelial cells of the BBB with
an osmotically active solution resulting in an increased permeability of inter-endothelial
tight junctions [78,79]. This effect is largely reversed after 10 min [79]. Another technique
for BBB disruption includes the use of focused ultrasound with ultrasound contrast agents
under MRI guidance [4,80,81]. This technique has shown that the BBB can be disrupted for
as long as 4 h and allow molecules larger than 100 kDa to pass into the CNS [4,80,81].
While these techniques have shown some promise in the field of neuro-oncology [80,82],
they are limited to treatment regions near vascular beds [83]. Additionally, other diffusion-
based treatments such as polymeric devices and drug-pumping catheters can be surgically
placed in a resected tumor bed [56,84], but the spatial distribution is limited by the diffusion
distance of the drug (millimeter). Therefore, additional surgeries may be necessary if an
increased dosage is required [83,85]. While all of these technologies provide a means by
which drugs can be administered to the CNS, they are all limited by the low,
nonhomogenous, distribution volumes that are the inherent shortcomings of diffusion-based
delivery systems [83,85-87].

To improve CNS drug penetration beyond diffusional limitations, convective drug-delivery
methods were developed. CED is a direct intracerebral means of drug delivery performed by
sterotactically placing a cannula into the targeted region and maintaining a continuous
pressure gradient to convectively deliver therapeutic agents through the extracellular space
to a large tissue volume. CED has been shown to be a promising means of delivering drugs
to treat a wide variety of illnesses from Parkinson’s disease (PD) to malignant gliomas
[84,88-90]. In CED, because the distribution volume (Vg) is generated by the convective
movement of the infusate, the drug is more homogenously distributed than diffusion-based
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systems and the molecular weight of the drug plays a less significant role in the mass
transport (Figure 5). Initially, this technique was limited by drug reflux along the cannula,
due in part to improper infusion rates and poor cannula designs (Figure 5B). Ultimately,
reflux results in a poor drug distribution within the tissue and, at times, can even lead to the
leakage of drug from the target region into the CSF, potentially leading to systemic toxicities
[83].

As imaging techniques have increased in sophistication, the insight gained has led to
advances in not only cannula design, but in the role that the tissue properties play in the drug
distribution volume [83,86,91,92]. The use of gadolinium-conjugated forms of albumin
(Gd-albumin) has been especially instrumental in developing real-time imaging techniques
of CED in the brain stem [88,93-95]. An interesting aspect of these studies was that the
spatial distribution of larger molecular weight drugs could be correlated with the V4 of Gd-
albumin (72 kDa) [95]. In a study evaluating the distribution of drug in rat and primate
models, there was a 4.8% mean difference in the V4 between drug agent 12°1-1L-13 bound to
Pseudomonas and Gd-albumin, which correlated to less than a 200-um difference in the
diameters of the V4 occupied by the surrogate tracer and the transported drug [95]. More
recently, Gd—albumin was used to determine the effects of tissue properties on the spatial
distribution of infused drug in the hypothalamus and hippocampus in rat models using high-
resolution MRI (11.1 Tesla) [88]. When CED was used to deliver Gd—albumin to the
hypothalamus, it was shown that regions with dense cell layers such as the dentate gyrus
served as convective barriers for mass transport appearing as hypointense regions within the
hypothalamus. It was hypothesized that, due to the decreased hydraulic conductance in these
dense cell layers, the drug would flow around these structures into regions of higher
conductivity, resulting in elevated concentrations in the less densely packed regions of the
hypothalamus, highlighting the effect of neuroanatomy on the spatial distribution of drug
within a region [88].

While Gd-albumin works well as a surrogate tracer for the real-time imaging of drugs with
larger molecular weight, under conditions of low flow rates (<0.5 pl/min) or with infusion
volumes greater than 2 ml, the distribution of smaller molecular weight drugs is more
accurately determined using a Gd—diethylenetriamene pentaacetic acid (Gd—DTPA,
molecular weight of 938 Da) tracer due to the importance of diffusion in the mass transport
of the drug. This surrogate tracer system has been successfully used in the treatment of
Gaucher disease in human patients [94,96,97]. While the use of surrogate tracers facilitate
the real-time evaluation of drug dispersion and flow parameters that ensure proper drug
dispersion, the ability to evaluate the spatial distribution of the actual drug in real time could
prove to be paramount in designing optimal treatment regimens, such as iodine for
synchrotron stereotactic radiotherapy or Gd in neutron capture therapy (NCT) [87]. In NCT
a stable form of Gd or boron is delivered to tumors and upon irradiation with thermal or
epithermal neutrons, y-rays and auger electrons are released by the delivered Gd compounds
[98-103]. The y-rays and auger electrons that are emitted cause oxidative damage to DNA
that ultimately result in cell necrosis if the Gd is extremely close to the DNA (0-150 nm)
[99]. Boron treatments are typically used due to higher tumor uptake than Gd, resulting in a
more effective tumor treatment [98,99,101,102]. Owing to a more complete understanding
of the time-dependent intranuclear localization of Gd-based compounds and the ability to

Ther Deliv. Author manuscript; available in PMC 2017 August 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Solorio et al.

Page 12

see the spatial distribution using MRI, interest in Gd-based therapies has been reinvigorated
[99]. Due to the increased time required for high levels of Gd to be taken in by cells,
methods for increasing the retention time of Gd in tumors is being investigated [101]. In
addition, advances in material chemistry that improve the cellular uptake of Gd may play a
significant role in NCT in the future.

While it is clear that tissue properties play a critical role in the distribution of drug when
using CED [84,91,93], cannula design and placement have been shown to be equally
significant factors in limiting reflux and facilitating efficient distribution of drugs
[83,86,92,93,104,105]. It has been demonstrated that cannulas with a novel step design — a
regular cannula encased by a silicone outer layer — decrease reflux and have been adapted
for use in nonhuman primates as well as for study in rats [83,92,105]. In both honhuman
primates and rats, there was a reduction in reflux and increasing V4. This cannula design
also facilitated an increase in both the rate and volume of infusion [83,92]. One interesting
side effect of increased infusion volumes is that ventricular compression begins to occur in
both nonhuman primate and canine models. In this case, ventricular compression does not
appear to result in neurological symptoms and appears to only be temporary, but is important
to monitor for the development of a safe delivery methodology [106]. When investigating
the effects of cannula placement for preoperative planning, a recent study by Yin et al.
showed that the distance of the cannula to white matter tracts, which serve as leakage points,
appeared to be the most important factor in controlling the V4 during CED [92]. The
primary target for treatment of PD has been the putamen [92]. In order to obtain a clinically
relevant response from CED-based treatments, the distribution of the drug must be
optimized [92]. In nonhuman primates, when cannulas were placed too close to the white
matter tracts of the corpus callosum, internal capsule or the external capsule, significant
leakage occurred, resulting in the loss of drug into the CSF [92,104,105,107]. The resultant
images obtained from the study were analyzed to establish zones based on the distance from
the white matter structures that could be used to limit leakage into the CSF and provide a 3D
coordinate system for surgical planning in human patients for treating neurodegenerative
diseases such as PD, as well as neuro-oncological treatments [92].

Advances in preoperative stereotactic planning [91,92,105], as well as the ability to visualize
the V4, may lead to more precise placement of the cannula, resulting in optimized treatment
of nonresectable gliomas. Despite these advances, owing to the high level of expertise
required for clinicians to successfully administer therapeutics via CED [108], as well as the
high cost and exposure limitations inherent in MRI and CT [109], widespread use of the
technique is currently limited.

Additional particle-based drug delivery approaches in TACE & CED

Particle-based delivery has been used to fill a diverse number of roles in the field of drug
delivery and tissue engineering. One advantage to particles over other delivery systems is the
ability to create particle suspensions that can be administered directly to the diseased region
without exacerbating the injury with invasive surgery. In addition, in comparison with larger
implant-based drug-delivery systems, smaller particle-based therapies can achieve greater
tissue penetration, which in turn maximizes the treatment volume. When used for local drug
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delivery, although the systemic dose is small, because drug is released in close proximity to
the diseased tissue, high drug doses can be achieved in the target tissue, increasing the
overall impact of the therapeutic agent that is released. Moreover, particles can be modified
for systemic delivery [8,110,111], as well as injected directly into tumors, providing a means
to treat metastatic disease [12,112-114]. These injectable particles provide a platform by
which targeting moieties and contrast agents can be covalently attached without adversely
affecting the drug, in addition to providing a platform for developing novel chemical
formulations to control the drug-release kinetics. For these reasons and many others,
particle-based therapies have found success in a variety of different treatment modalities
from TACE to facilitating real-time imaging in CED.

One unique form of a particle-based therapy utilizes radioactive pharmaceuticals embedded
in glass beads or resin-coated particles [115]. The use of radiopharmaceutics in a modified
form of TACE, known as radioembolization, is a promising technique for treating
nonresectable hepatic carcinomas. In order to insure optimal treatments, radioembolization
requires blood flow and perfusion to maximize the therapeutic effect of the treatment. In this
therapy, administration of radiopharmaceuticals such as yttrium-90 (°°Y) or rhenium-188
(188Re) particles results in a high internal tumoricidal radiation source (up to 4993 Gy),
which, when delivered to a targeted area, reduces the risk of causing radiation-induced liver
disease and can be imaged using SPECT-CT [9,115-118]. However, while
radiopharmaceuticals have been demonstrated to be effective in improving survival in
patients with unresectable HCC tumors, few studies have compared them to more traditional
TACE embolic agents and further studies are required.

Liposomes have played a critical role in the development of real-time CED and provide an
optimal means of delivering chemotherapeutics such as PTX or topotecan for treating
malignant gliomas, as well as protein-based therapies for treatment of PD [107,119,120].
Through the use of gadoteridol-labeled neutral liposomes, the convective process can be
visualized in real time with MRI, while simultaneously maximizing the contact time of the
treatment within the V4 [83]. The ability to visualize the liposome distribution during CED
was important in establishing the role of reflux on the Vg4, showing that once reflux begins,
the relationship of infusion volume (Vi) to V4 does not change [83,104]. The result of this
reflux-induced plateau is that drug is no longer being distributed within the target tissue,
despite continued infusion, resulting in the leakage of drug to remote regions of the brain
and possibly into the CSF [104]. While CED is designed to reduce the effects of molecular
weight on drug distribution, the surface properties and size of the liposomes being delivered
have been shown to play a role in their V4 [119,121]. When evaluating the effect of charge
on the distribution of particles, it was demonstrated that neutral and anionic liposomes
occupied a similar V4, which was markedly different from the reduced distribution of
cationic particles, most likely due to complex formation with the proteglycans of the
extracellular matrix [121]. Steric shielding by PEG was shown to increase the tissue
penetration for both neutral and anionic liposomes, but did not effectively increase
penetration distance with cationic liposomes [121]. Finally, liposome size appears to play
only a limited role in effecting the V4. While liposomes have a smaller V4 than molecules
such as dextran, the V4 of liposomes is relatively constant until the liposome diameter
approaches 200 nm, at which point the V4 begins to decrease [121]. The ability to monitor
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the convective delivery of therapeutic agents in real time is instrumental in insuring that the
treatment volume is adequate [104]. In addition, understanding the effect of surface
properties on the mass-transport behavior of particles is important for the improvement of
software designed to aid in preoperative planning for this procedure.

Future perspective

Medical imaging is rapidly transforming patient care by providing safe, fast and reliable
techniques that allow care providers to minimize the invasive nature of many therapeutic
procedures (Table 1). One relatively novel field that imaging is now gaining ground in is
drug delivery. Image-guided drug delivery has great potential to revolutionize patient care by
facilitating a number of related processes, such as minimally invasive placement of drug-
eluting devices into nonresectable tumors or noninvasive monitoring of therapeutic efficacy.
Constant, rapid development of improved imaging modalities such as C-arm CT imaging has
made it possible to more accurately select appropriate feeding arteries for microcatheter
placement in TACE to enhance treatment efficacy, while concurrently reducing the
probability of toxic side effects [26,27]. MRI advancements have not only provided a means
for real-time imaging of the distribution volume of drugs and nanoparticles, but these
innovations have also improved the reliability of CED as a neuro-oncological treatment
option [83]. In addition, functional DWI is proving to be a reliable method by which one can
monitor the necrosis of tumors after a variety of interventional treatments. As the field of
image-guided drug delivery evolves, surgical procedures will not be performed without
advanced modeling and planning based on preoperative imaging. One example would be the
use of MRI to determine the 3D coordinates of the optimal placement of a cannula in order
to avoid reflux into the CSF during a CED procedure. Improvements in functional imaging
may also be used to develop feedback systems so that therapeutic planning can be adjusted
and tailored for more personalized treatment.

While image-guided drug delivery in clinical settings is ever growing, the role of imaging in
research is becoming equally valuable. The development of imaging techniques to provide
high-throughput noninvasive methods of monitoring drug delivery and treatment efficacy is
a key factor in developing screening methods in industrial and laboratory settings. The use
of molecular-imaging techniques will provide a means of diagnosing conditions and will
also be used for targeted drug delivery. It may even lead to nontoxic treatment options
through the development of prodrug-based therapies. In addition to advances in targeted
drug delivery, research in image-guided drug delivery will play a key role in developing
theranostic multifunctional agents, which will provide a means to not only personalize the
treatment, but concurrently provide a noninvasive means for evaluating its efficacy.
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Executive summary

Image guidance has the potential to transform the field of therapeutic delivery
by providing minimally or noninvasive means to monitor or direct agent
administration, activity and efficacy.

Noninvasive characterization of drug distribution and treatment efficacy
provides valuable insight to clinicians and researchers that can be used as
feedback during intervention and can then be used to adjust treatment plans.

Advances in computed tomography (CT), such as development of C-arm CT,
combines the soft-tissue imaging capabilities of CT with the vascular imaging
of digital subtraction angiography into a single imaging unit.

Real-time imaging of convection-enhanced delivery will allow for optimized
catheter placement and facilitate the adjustment of infusion parameters to
limit reflux and maximize drug distribution.

Implant precipitation of /n siti-forming implant systems can be monitored /n
vivo and the rate of precipitation can be linearly correlated to the drug release.

Particle-based systems provide a unique way to increase local concentrations
of drug and radiopharmaceutics, while concurrently prolonging the exposure
without inducing systemic toxicity.
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Figure 1.
Various components that comprise the field of image-guided drug delivery.
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Figure 2. Pre- and peri-operative imaging for transarterial chemoembolization
(A) Digital subtraction angiography image of the celiac trunk shows a hepatocellular

carcinoma tumor and its (B) corresponding feeding vessel branches of the hepatic artery.
Contrast enhanced computed tomography (CT) shows a hypodense tumor region in the right
liver lobe. (C) After transarterial chemoembolization treatment, iodized lipiodol is shown to
accumulate in the tumor mass with planar x-ray imaging and (D) in noncontrast CT. All
tumor regions are encircled by the dashed line.

Images reproduced with permission from Huimin Liang, Huazhong University of Science
and Technology, China.
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Figure 3. Idealized output of drug release systems
(A) Systemic bolus of intravenous chemotherapy results in a quick spike of the tumor drug

concentration followed by short duration of therapeutic drug concentrations in the tumor.
The therapeutic index is much narrower between (A) systemic chemotherapy and (B & C)
local therapy. (B) Local implants with slow sustained drug release can maintain a therapeutic
drug dose, however the long ramp up time to reach therapeutic doses may increase drug
resistance. (C) Ideally, an implant has quick-burst drug release to quickly reach therapeutic
drug levels followed by sustained delivery of drug to maintain therapeutic dosage (solid
line). Implants that burst release too much of their loading drug dose will be unable to
maintain tumor drug levels at a therapeutic dosage (dashed line).
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Figure 4. In vivo ultrasound imaging for the evaluation of implant formation
(A) Ultrasound images of an intratumoral injection of a 64-kDa /n situ forming polymer

solution, immediately before the polymer is injected, immediately after the polymer is
injected and 24 h after the implant is injected and (B) isolated gray scale images of the /in
vivo subcutaneous 30-kDa implants over time at: 1, 8 and 48 h after implantation. The
arrows indicate the location of the needle within the tumor volume as well as identifies the
skin, the dashed line surrounds the tumor volume.

The scale bar represents 0.25 cm.
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Figure 5. Convection-enhanced delivery
(A) An ideal delivery volume and (B) if reflux has occurred.
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Comparison of image-guided delivery techniques.

Table 1

Page 28

Delivery technique

Target

Systemic toxicity

Tumor penetration

Transarterial chemoembolization

Nonresectable hepatocellular
carcinoma, cholangeal
carcinoma and liver
metastases

Leakage or blockage of nontumor
vessels, portal thrombosis [29]

Generally good penetration, but
depends on vessel blockage and
presence of collateral circulation

Polymer Implants

Solid tumors

Local toxicity due to poor implant
placement, low chance of systemic
toxicity

Diffusion limitation (mm?3) [65,67]

Convection enhanced delivery

Malignant gliomas [75]

Leakage into white matter tracts
[801, corpus callosum [80,94],
sulci [93], ventricles [93]

Limited if refraction occurs (cm? in
humans and nonhuman primates)
[93]

Particles

Solid tumors and metastases
[7,101]

Dependent on delivery technique
[6,11,95,98,102]

Dependent on administration
technique (mm3-cm3) [93,99,103]
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