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Abstract

Objective—Our group has pioneered the use of gadolinium liposomes (GDL) in convection-
enhanced delivery (CED) using real-time MRI (magnetic resonance imaging) to visualize the
distribution of therapeutics in in non-human primate (NHP) and canine brain. We have shown that
this procedure is highly predictable and safe. In the course of recent studies, however, we noted that
infusion of large volumes caused local anatomical alterations, such as ventricular compression, to
occur. This study reports our analysis of CED infusions into normal brains and those compromised
by tumors and how monitoring the CED infusion with MRI may be helpful in preventing some
complications.

Methods—A total of fifty-four CED infusions using gadolinium liposomes (GDL) were performed
in seven canines and ten NHPs, and monitored using real-time MRI. The canines, harboring brain
tumors, received infusions of GDL as well as a chemotherapeutic agent via CED. The NHPs were
normal and received GDL infusions alone. Real-time analysis of the CED infusion was carried
looking for proper catheter position, and infusion reflux, leakage, and mass effect. Retrospective
analysis allowed assessment of CED volume of distribution versus volume of infusion.

Results—Approximately ten percent of these infusions caused anatomical compression of the
ventricles, especially in the canines with tumors. Reflux along the cannula and leakage of infusate
into the ventricular CSF or subarachnoid space was seen. Animal behavior, however, did not appear
to be affected acutely or during the time course of the study, and no ventricular compression was
noted two weeks after the CED infusion on further brain imaging studies.

Conclusion—These findings illustrate the value of being able to monitor infusions with real time
MRI in order to identify phenomena such as reflux along the cannula, leakage of infusate, and
ventricular compression. Especially in tumor patients, the latter could be associated with morbidity.
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Introduction

A number of experimental clinical protocols for the treatment of neurological disease require
prolonged, chronic infusions into parenchyma of significant volumes of potentially therapeutic
agents. For example, a recent Phase 2 study of chronically infused glia-derived neurotrophic
factor (GDNF) for the treatment of Parkinson's disease involved daily infusion of 150 ul of
recombinant GDNF per day into human putamen for approximately 6 months(16). In another
study, 0.75 ml per hour of a therapeutic agent was infused through multiple catheters intra-
cerebrally into brain tumors for 96 h (15). In this study, subjects were treated with
dexamethasone in order to reduce brain swelling caused by infusion of 72 ml of drug (IL13-
PE38QQR). Both of these studies were undertaken without any capacity to monitor the
dynamic consequences of such infusions, either in terms of tissue distribution of infusate or of
anatomical distortions induced by the infusions. In the latter study, a follow-up analysis showed
that efficacious targeting of tumor was critically dependent on precise placement of cannulae
(22), emphasizing the need for intra-operative monitoring of infusions.

The use of Gadolinium-loaded liposomes (GDL) as tracers has allowed us to monitor intra-
parenchymal infusions in real time by performing the procedure in an MRI (21). As a result of
this innovation, we have been able to document previously unknown intra-operative
phenomena that have significant implications for intra-parenchymal infusions. For example,
reflux and leakage is detected in almost 20% of CED infusions in canines and NHP's
investigated with real-time MRI (25). In the present report, we document another potentially
limiting factor associated with CED in a retrospective study analyzing 54 infusions. In almost
10% of the infusions, the volumes delivered were large enough to cause anatomical ventricular
compression. Histological analysis and/or postoperative MRI confirmed that the infusions did
not create a void in the brain tissue. The observed anatomical compression seems to be
temporary, resolves spontaneously, and is not associated with behavioral symptoms, and not
associated with visible trauma to the brain parenchyma.

Materials and Methods

Experimental Subjects

The protocol for the study of non-human primates (NHP) was reviewed and approved by the
Institutional Animal Care and Use Committees at the University of California San Francisco.
Adult male Cynomolgus monkeys (Macaca fascicularis, n=10, 3-10 kg) were individually
housed in stainless steel cages in rooms maintained on a 12-hour light/dark cycle at 18 - 29°
C.

Canine pets (n=7, 6-34 kg, 6-11 years), presenting clinically with brain tumors, received
liposomal infusions. Experimental protocols were reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of California Davis and the
VMTH Clinical Trials Review Board (CTRB). All animals had a complete physical and
neurological examination prior to the procedure and were evaluated at various stages of the
study.

Liposome preparation

Liposomes containing the MRI contrast agent, Gadoteridol (Prohance; Bracco Diagnostics,
Princeton, NJ), were synthesized as previously described (21). Gadoteridol-loaded liposomes
(GDL) of mean diameter 124 + 24.4 nm were suspended in HEPES-buffered saline (5 mM
HEPES, 135 mM NaCl, pH 6.5).
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Quantitation of liposome-entrapped Gadoteridol by MRI

The concentration of Gadoteridol entrapped in the liposomes was determined from nuclear MR
relaxivity measurements. The relationship between the change in the intrinsic relaxation rate
imposed by a paramagnetic agent (AR), also known as “T1 shortening,” and the concentration
of the agent is defined by the equation: AR= ri[agent], in which ry = relaxivity of the
paramagnetic agent and AR = (1/T1gpserved — L/ T Lintrinsic)- AS Gadoteridol was encapsulated
within the liposome, we corrected for the change in the observed T1 imposed by the lipid by
measurement of the T1 of solubilized liposomes, with and without Gadoteridol, by means of
an iterative inversion-recovery MRI sequence on a 2-Tesla Brucker Omega scanner (Brucker
Medical, Karlsruhe, Germany). The relaxivity of Gadoteridol had been empirically derived
previously on the same system and had a value of 4.07 mM-1sec’l. The concentration of the
encapsulated Gadoteridol was then calculated with the following equation: [Gadoteridol] =

[(1/T1wGado) - (1/T1w/0Gado)]/4-07-

Liposome Infusion in NHP

NHP received a baseline MRI scan, and underwent neurosurgical procedures to position an
MRI-compatible guide-cannula within specific regions of the brain (e.g. putamen and corona
radiata). Infusions were performed according to previously established CED techniques for
NHP (3). Each guide-cannula was specifically customized for the procedure and
stereotactically guided to reach its target with coordinates generated by MRI. An initial infusion
rate of 0.1 pul/min was applied and increased at 10-min intervals to 0.2, 0.5, 0.8, 1.0 pl/min, up
to 5 ul/min. Vital signs, such as heart rate and pO,, were monitored throughout the procedure.
Ten minutes after the completion of the infusion the cannulae were raised out of the brain
parenchyma at a rate of 1 mm/min until completely out. Each animal received infusion volumes
(Vi) between 700 pl and 40 pl of liposomal Gadoteridol (GDL) at each target site. Infusion
intervals varied based on the volume delivered and target, from 240 to 50 minutes. The GDL
injected corresponded to a formulated concentration of 10 mM phospholipids and 5 mM
Gadoteridol. Each animal received up to three infusions per trial, with a rest period of 4 weeks
between trials.

Liposome Infusion in Canines

Animals received a baseline MRI, and infusions were performed according to the previously
established CED techniques for canines (8). Briefly, each cannula was stereotactically guided
to the brain target. All guide cannulae were left in place for the duration of the study to allow
repeated infusions. The dogs were placed in the MRI scanner; the infusion cannulae were
inserted into the brain parenchyma through the guide cannula and secured following attachment
of drug-loading and infusion lines. The infusion rates were typically 0.1, 0.2, 0.5, 0.8, 1.0, 1.5,
2.0, 2.5, 3.0 ul/min, increasing at 10-min intervals. Several infusions exceeded these rates,
delivering larger volumes. Infused volumes (Vi) in our canine patients varied according to the
location and size of the tumor, from 2100 ul over 230 minutes to 70 ul over 60 minutes. Intra-
tumoral sites were infused with GDL (1.85-3.7mM Gd) and the chemotherapeutic agent
Irinotecan (CPT-11; 48.2 mg/ml). Non-tumor sites (thalamus, putamen) were infused with
liposomes containing Gadoteridol alone. Infusions were repeated approximately 4 to 8 weeks
after the initial infusion. Animals were re-infused with gadolinium-loaded liposomes or
gadolinium/CPT-11-loaded liposomes.

MRI Acquisition

T1-weighted images of the primates' brains were acquired on a 1.5 Tesla Signa LX scanner
(GE Medical Systems, Waukesha, WI) with a 5” surface coil on the animal's head, parallel to
the floor. Prior to insertion of the infusion catheters, baseline spoiled gradient echo (SPGR)
images were taken: repetition time (TR)/echo time (TE)/flip angle = 28 ms/8 ms/40°, number
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of excitations (NEX) = 4, matrix = 256 x 192, field of view (FOV) = 16 cm x 12 c¢m, slice
thickness = 1 mm. These parameters resulted in a 0.391 mm3 voxel volume. Once the catheters
were inserted and the infusion started, SPGR scans were taken continuously throughout the
infusion. The scan-time was dependent on the number of slices needed to cover the extent of
the infusion and ranged from 10 - 12 min.

Infusion Volume and Ventricular Cross Section Area Quantification from MR Images

Histology

Results

The volume of liposomal distribution within each infused brain region was quantified on an
Apple Macintosh G4 computer with OsiriX® Medical Imaging Software (v.3.0.1). The OsiriX
software reads all data specifications from the MR images. The coronal MRI image with the
largest infusion cross-sectional area was selected. A time-course of the cross-sectional area of
the ventricle during the infusion and a time-course of the infusion volume of distribution (\Vd)
were both measured with OsiriX's region of interest (ROI) tool. Cross-sectional area was
normalized to 100% at the beginning of the infusion. Percentage of ventricle cross-section was
plotted against the infusion volume. Seven non-human primates underwent 29 infusions, and
10 canines underwent 25 infusions, for a total of 54 distinct infusions.

All NHP brain sections were stained with Hematoxylin and Eosin for gross and microscopic
assessment of pathology around cannula tract.

Convection of GDL allows us to monitor the progress of CED in vivo, in real time, via MR
imaging, referred to as real-time convective delivery (RCD). We used this imaging modality
to track the distribution of therapeutics in various regions of canine and non-human primate
brains. Five (9.3%) of the 54 infusions resulted in noticeable compression of the ventricles.
Fig. 1 shows the compression observed in the right ventricle during an intra-tumoral RCD for
a naturally occurring tumor in a canine. A midline shift and tumor-associated mass effect were
present prior to infusion. We observed increasing mass effect during the RCD with compression
of the ventricular system.

The ventricular compression observed was more clearly seen in canines with brain tumors
compared to NHPs (none of which harbored tumors). Fig. 2 shows typical anatomical
compression with RCD in NHP versus canine. Although the NHP brain tolerates the infusion
volume (Vi) without significant mass effect or ventricular compression, the same cannot be
said for the canine brain tumor patients. Canine ventricular compression was readily visible in
part due to their larger ventricles relative to size of the parenchyma. The anatomical
compression that occurs in both NHP and canine subjects during the infusion spontaneously
resolves at some point (the time course is yet to be determined) after RCD, with the ventricles
returning to normal size within two weeks (Fig. 2C, 2F). Fig. 2F shows that the right ventricle
expanded to a size larger than in the pre-infusion MRI (Fig. 2D), suggesting a therapeutic effect
of CPT-11 RCD on the tumor, with reduction of tumor size and local mass effect compared to
the pre-infusion MRI (compare Fig. 2D with 2F).

Figure 3 shows the relationship between the volume of distribution (\Vd) vs. percentage
ventricular area compression for the five ventricular compression cases. Ventricular cross-
sectional area declines more rapidly in the canine subjects than in NHPs for a given Vd.
Complete right ventricular compression occurs in the canines at an infusion volume of 407 £
59 ul (Fig. 3), whereas in the NHPs complete compression is reached at 672 + 52 pl.
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The average distribution volume that caused detectable (20%) compression and complete
ventricular compression was compared in Fig. 4. Canines show a much lower threshold for
visible anatomical compression (186 £ 17 pl) when compared to non-human primates (352 +
77 ul). Complete ventricular compression occurred at an infused volume almost 300 pl lower
in canines than in monkeys. Complete ventricular compression may occur in canines much
earlier, due possibly to the relative sizes of the canine and primate brains. Since the primate
brains are larger, they require a larger volume of infusate to show a significant mass effect.
Alternatively, the mass effect in canines might be more readily observed due to the non-
compressible, less porous nature of the tumor parenchyma exacerbating the mass effect of the
liposomal infusion.

The large infusion volumes achieved could have caused a parenchymal tear in our subjects.
Figure 5 shows both the T1 MR image and the T2 MR image of a NHP infusion. The T1 MRI
shows the distribution of the infusion, while the T2 MRI shows that the parenchyma was not
compromised, since there is no hyperintensity noted in the parenchyma at the site of infusion
(hypointense tip of cannula). The mass effect observed in ventricular compression cases is,
therefore, likely due to the liposomal infusion distributing throughout the extracellular space
(ECS), rather than forming a liquid pocket with parenchymal disruption, that in turn caused
anatomical displacement.

To demonstrate further that no parenchymal tear occurred as a result of the RCD, the histology
slide for this monkey was analyzed. Figure 6 shows an H&E stain of the monkey in Fig. 5. The
histology indicates that no parenchymal tear occurred near the infusion site (indicated by arrow,
Fig. 6 A). Moreover, no parenchymal tear is visible around the cannula tip (Fig. 6 B and C),
suggesting that the infusion percolated through the ECS and did not form a liquid pocket
causing anatomical displacement. The distal cannula track is not visible in this histologic
section due to the cannula path moving out of the plane of the tissue section, the small diameter
of the distal infusion catheter, and the minimal associated tissue reaction (see Fig. 6 B and C).

Discussion

Operative neurosurgery has recently entered an exciting era of guided surgery or neuro-
navigation. Application of this novel technology is beginning to have a significant impact in
a variety of intracranial procedures (28). Neurosurgery is using intra-operative MRI regularly
in areas of neuro-oncology (10,33,34) and functional neurosurgery (2,20,30). Intra-operative
MRI provides real-time visualization, appreciation for anatomical changes during surgery, and
improved precision in guiding surgical interventions, thereby increasing surgical safety (28).

Multiple clinical trials are starting to use CED as a means of delivery for intra-cerebral
malignancies (11,15,22,29), as well as for neurodegenerative disorders like Parkinson's disease
(9,19,23). Accurate cannula positioning (22), correct cannula design (14), optimal cannula size,
infusate concentration, and tissue sealing time around the cannula are critical for a successful
CED procedure (7). Unfortunately, mixed results of clinical trials have been reported in the
absence of real-time visual guidance (13,15,18). It remains unclear as to whether the variability
in these results are related to lack of efficacy of the therapeutic, variability in response of
patients to the therapeutic, lack of consistent volumetric delivery of the therapeutic to the target,
or some additional factor(s) yet to be defined. We postulate that testing of therapeutics in the
brain via CED may require a greater precision in targeting, direct visualization of therapeutic
volume of distribution, and real-time scrutiny of the CED process for complicating factors (e.g.
reflux, leakage, and delivery beyond the intended volume). At this point, RCD is one of the
few methods accurate enough to provide us with all of this information. Our group has recently
investigated the pattern of distribution of gadolinium (Gd)-DTPA and Gd-liposomes (GDL)
convected into brain parenchyma of NHPs (unpublished data). This study was intended to show
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whether there were differences in their distribution using our CED protocols. We have noted
co-distribution of these two tracers and lack of significant differences between them in the
NHP brain.

Our data suggest that large CED infusion volumes, especially over a short period of time, can
cause anatomical shifting, especially in brains with compromised physiology due to tumor (as
in our canine patients). Bruce and colleagues (6) saw similar findings in a rat glioma model
treated with a “clysis” procedure. They found increased intracranial pressure (ICP) in tumor-
bearing animals as a baseline and a greater tendency for decompensation in animals with
significant mass effect and elevated ICP following infusion of larger volumes over shorter
intervals, as opposed to animals not harboring significant tumors. Although the NHP's in our
study did not have intracranial mass lesions, and probably had normal intracranial volume/
pressure compensatory mechanisms, even in these animals the safeguards could eventually be
overcome with higher infused volumes and flow rates, causing anatomical. The canine patients
with tumors appeared much more susceptible to brain shifts associated with CED.

Rapid compensatory physiologic mechanisms in the brain to control ICP in response to mass
lesions include shifting of cerebrospinal fluid (CSF) out of the intracranial space and into the
spinal compartment, and compression of cerebral veins and venous sinuses (thereby reducing
total cerebral blood volume). Once these compensatory mechanisms have been maximally
employed, further increase in intracranial volume rapidly increases ICP. Langfitt and
colleagues (17) developed this volume-pressure relationship concept in NHP's by evaluating
ICP in response to gradual increases in volume of an intracranial balloon. The compensatory
mechanisms mentioned above are in effect during the high compliance phase, where the ICP
remains normal. As the volume increases and compensatory mechanisms are exhausted, the
low compliance phase is entered during which ICP elevates to critical levels.

In principle, two mechanisms can be considered in the process by which mass is transported
in the interstitial space, namely, bulk fluid movement under the action of hydrostatic pressure
gradient (convection), and molecular transport under the action of a concentration gradient
(diffusion) (12). Whereas CED relies mainly on convection to deliver therapeutics, there is
some diffusion at the periphery of the CED infusion. Barriers to diffusion or convection affect
distribution of infusate.

Tumor parenchyma effects on convection are the primary forces influencing the infusion
distribution. To discern the effects on convection, interstitial fluid velocities need to be
measured. Since measuring interstitial fluid velocities in vivo is difficult, several researchers
have developed mathematical models based on physical principles to predict fluid transport
that occurs during CED. Predictions from these models suggest that the tumor core has an
elevated interstitial fluid pressure (4), and that tumors have an outward flow of extracellular
fluid at the tumor periphery (24). These two processes lead to experimentally verifiable,
radially outward convection that opposes the inward diffusion (or inward convection) (4). This
pressurized outward flow from the nuclear core of the tumor creates an environment that a
CED infusion has to overcome to perfuse a tumor, unless the catheter is within the lesion.
Although direct CED infusion into experimental tumors has shown high concentrations
achieved within the lesion, the increased interstitial pressure in these lesions also increases the
clearance rate of the therapeutic out of the tumor (27). In many cases, therefore, despite
excellent coverage of the tumor via CED, the therapeutic may become less effective or
ineffective due to it's rapid clearance (reduced concentration-time product) by the outward flow
of the intratumoral extracellular fluid (1). Future strategies will need to include options for
altering these interstitial fluid dynamics to enhance the effectiveness of therapeutics delivered
by CED.
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Tumor barriers to diffusion play a role in the CED perfusion of tumor parenchyma. Among
the phenotypic characteristics associated with malignant glioblastoma multiforme are rapid
growth, high glucose consumption, intra-tumoral necrosis, hypoxia, and vasogenic brain
edema (5). Greater edema should allow greater diffusion due to larger ECS; however, diffusion
is impeded in tumors. A diffusion barrier found is the tumor extracellular matrix composition.
Tumor malignancy grade strongly corresponds to an increase in ECS volume, accompanied
by a change in ECS structure manifested by an increase in diffusion barriers for small molecules
(26). In contrast to low-grade tumors, where the diffusion of molecules is reduced mainly by
the presence of a dense network of tumor cell processes, the increase of ECS barriers in high-
grade gliomas is caused by the overproduction of certain components of the extracellular matrix
(ECM), mainly tenascin (31,32). ECM glycoproteins not only stabilize the ECS volume, but
also serve as a substrate for adhesion and subsequent migration of the tumor cells through the
enlarged ECS. These same alterations in ECS structure may hinder the diffusion of neuroactive
substances or even molecules of drugs into the neoplastic tissue (31). These barriers in diffusion
caused by tumor parenchyma create a less permeable medium through which a CED infusion
has to infiltrate.

The barriers to therapeutic convection and therapeutic diffusion in tumor parenchyma create
obstacles that CED infusions have to overcome to perfuse a tumor. We surmise that these
barriers cause CED infusions to partly displace the tumor tissue in an attempt to perfuse it.
This tumor displacement causes enhanced mass effects during CED infusions leading to
increased ventricular compressions observed. This information is especially important to
understand and corroborate since CED is being used in human clinical trials for brain tumors,
some of which suffer altered physiology and compensatory mechanisms.

Conclusions

This study illustrates the utility of MRI-monitored CED infusions with respect to intra-
operative dynamic changes in brain anatomy as a consequence of voluminous infusions of
therapeutic agents into brain parenchyma. CED infusions are a complex delivery system that
should rely on intra-operative MR imaging to discern any potential adverse effects of the
therapy such as leakage (25) or mass effects described here.
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Right Ventricle Compression

Infusion Site

Figure 1. Ventricular compression due to intra-tumoral CED infusion in canine
T1-weighted coronal MRI. Hyperintense area indicates gadolinium/CPT-11 loaded liposomal
infusion. The hypointense region surrounding the infusion denotes tumor.
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Figure 2. T1-weighted MRIs showing anatomical compression of non-human primate and canine
lateral ventricles

The white line drawn outlines the perimeter of the right lateral ventricle on coronal sections.
Long white arrows point to the hypointense cannula track. Short white arrows point to the
hypointense region of the canine tumor. A. MRI of non-human primate (NHP) brain prior to
infusion. B. NHP brain during infusion. Hyperintense area indicates GDL infusion. C. NHP
brain 2-weeks after infusion. Outlined right ventricle perimeter indicates ventricle is back to
normal size. D. MRI of canine brain prior to infusion. E. Canine brain during GDL/CPT-11
infusion. Note hyperintense contrast following the hypointense cannula track, suggesting
reflux. Outlined right ventricle (white circle) is compressed. F. Canine brain 1 month after
liposomal infusion. Outlined right ventricle (white circle) is much larger now compared to
original study and possibly slightly larger.
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Figure 3. Ventricular compression vs infusion volume

Two canine brain tumor patients and three nonhuman primates showing ventricular
compression. The degree of compression as a percentage of the ventricular cross-sectional area
is plotted against the volume of distribution of the infusate in the tissue. Both canine patients
showed ventricular compression at a much lower volume of distribution than the NHPs.
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Figure 4. Average infusion volumes for canines and NHP at 20% and 100% ventricular
compression

Canine brain tumor patients more readily show ventricular compression at lower volumes of
distribution than do NHPs.
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Figure 5. MRI of NHP infusion

Right image shows a T1-weighted image showing extent of GDL infusion. Left image shows
a T2-weighted image during the same time point of the infusion. No trauma was detected in
the parenchyma except for hypointense line indicative of cannula. Parenchymal trauma or
tearing, with collection of fluid at the catheter tip would be expect to show as a region of
hyperintensity on T2-weighted images.
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Figure 6. Hematoxylin and eosin stained section of normal non-human primate brain imaged in
Figure 5

A. Black and white photo of H&E stain of NHP brain showing the altered parenchyma around
the proximal cannula (white arrow). White box depicts the region of the CED infusion noted
on Figure 5. Bar is 2 mm in length. B. Low power photomicrograph of region demarcated by
white box. This represents the parenchyma infused as seen in the T1-weigthed image of Figure
5. Bar is 500 um in length. C. Higher power photomicrograph of inset region, showing no
inflammatory cellular infiltrate or other evidence of trauma related to the tip of the catheter in
this region. The CED infusion perfused the tissue but did not cause a parenchymal tear. Bar is
50 um in length.
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