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Cervical catheter placement

leads to improved rostral distribution
of a radiolabeled 18F-baclofen analog
in cynomolgus monkeys

Brian A. Duclos'"®, Cindy Roegge', Howard Dobson?, Scott Haller®, Jeff Bodner', Sanjana Pannem?,
Janelle Gesaman?® and Amin Nourmohammadi'

Abstract

Background Intrathecal (IT) catheter delivery of baclofen via continuous infusion using an implantable pump is an
important means of treating patients with severe spasticity. We evaluated the impact of IT catheter tip placement
(upper vs. lower) on brain and spine distribution of a radioactive tracer molecule.

Methods Cynomolgus monkeys were implanted with an [T catheter, with the distal tip located at either C1 orT10
and attached to an implanted continuous infusion pump. A radioactive tracer molecule, an '®F-baclofen analog, and
PET imaging were utilized to observe tracer distribution and quantitate levels of tracer in both the brain and spine
according to catheter tip location.

Results It was consistently determined that a high cervical (C1) catheter tip placement resulted in both more rapid
distribution and higher concentrations of radiotracer in the brain and upper spine compared with lower thoracic
(T10) during the first 6 hours of infusion.

Conclusions These results indicate that delivery of '®F-baclofen by IT catheter results in repeatable proportional
distribution within regions of the brain and spine. The data also suggest that the greatest exposure to the brain and
cervical spinal cord occurs when the catheter tip is located at the first cervical vertebra.

Keywords Intrathecal, PET imaging, Non-human primate, Catheter, Continuous infusion pump, Baclofen, Spasticity,
Distribution, Cerebrospinal fluid

Background

Intrathecal (IT) catheter delivery of baclofen via continu-
ous infusion using an implantable pump is an important
means of treatment for patients with severe spasticity,
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both of cerebral and spinal origin [1]. Although catheter
tips are most commonly placed in the thoracic spine [2],
an alternative placement of the tip may be necessary for
a variety of reasons, including complicated spinal anato-
mies that may occur with scoliosis or spinal fusions [3].
Several studies have been performed to understand the
clinical implications to treatment efficacy as a result
of alternative placement [2, 4—18] as well as the effect
of cerebrospinal fluid (CSF) concentration of baclofen
as a result of varied catheter tip location [19]. How-
ever, to date there have been no studies to examine the
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effect of catheter tip placement on brain distribution of
baclofen, which could be an important factor for patients
with spasticity of a cerebral origin based on bolus lum-
bar puncture test observations in patients with spastic-
ity of a cerebral origin performed by Richard et al. [16].
Additionally, region-specific brain concentrations have
implications for therapy efficacy in other neurological
disorders [20-23].

Distribution to central nervous system (CNS) tissues
via the CSF largely relies on several convective forces
such as CSF turnover, respiration, cardiac motion, and
body movement that all contribute to the pulsatile flow
[24-27]. However, when utilizing IT drug delivery via
an implantable infusion system, multiple factors such as
concentration, volume, and rate of infusion can also con-
tribute to the overall distribution [28]. Most recently, the
ability of a large volume IT bolus injection of recombi-
nant enzyme via an implanted catheter has been shown
to facilitate improved distribution to the brain paren-
chyma as well as the neurons of the brain and spinal cord
equivalent to an implanted intracerebroventricular (ICV)
catheter in both dogs and cynomolgus monkeys [29-31].
Similar volume effects were observed in the IT bolus
injection of both antisense oligonucleotides and radi-
otracers in cynomolgus monkeys via lumbar puncture
[32, 33].

To better understand the effect of catheter tip place-
ment on distribution to the CNS tissues in a larger
species, in particular the brain and cervical spine, a ther-
apeutically relevant ®F-baclofen analog with comparable
binding affinity to baclofen was synthesized to facilitate
positron emission tomography (PET) imaging in non-
human primates [34]. Note that the infusion system used
for this study is FDA-approved for delivery of intrathecal
baclofen but not specifically for the '®F-Baclofen analog
in this study. A flow rate corresponding to a monthly
refill interval for a 40-mL implantable pump (55 pL/hr)
was selected, and infusate was delivered continuously
over a 6-hour interval at two different catheter positions
(C1 and T10) with continuous image acquisition. Images
produced from the two catheter tip positions were
mapped to the Invicro proprietary non-human primate
(NHP) brain atlas, and region-specific concentrations
were assigned.

Methods

Continuous infusion system implant procedure

Three young, adult male cynomolgus monkeys were
used in the study. Monkeys were 63—69 months of age
and 5.1-6.2kg body weight at implant. The in vivo por-
tion of the study was executed at Charles River Labo-
ratories Mattawan, Michigan. Under routine general
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anesthesia, and following aseptic procedures, an intrath-
ecal catheter (Medtronic Ascenda’ 8781) was intro-
duced in the intrathecal space at the articulation of the
second and third lumbar vertebrae, with the catheter
tip located at the level of the first cervical vertebra (C1).
During the same procedure, a delivery pump with a
20-mL reservoir (SynchroMed™ II 8637-20) was placed
in the abdominal cavity, and the intrathecal catheter was
connected by tunneling through the subcutaneous tis-
sue. Following the first imaging procedure, the tip of the
catheter was repositioned to the level of the tenth tho-
racic vertebra (T10). The length of the trimmed catheter
was recorded at the time of each surgery. A minimum of
10 days were allowed for healing to occur between sur-
gery and imaging to ensure that there were no leaks at
the site at which the catheter penetrated the meninges.
Immediately following surgery, the pump reservoir was
loaded with preservative-free normal saline, and the
pump was programmed to deliver 0.05 mL/day to main-
tain catheter patency. The two conditions under which
the imaging was conducted are referred to as C1, where
the catheter tip was placed at the first cervical vertebra
and T10, where the catheter tip was located at the tenth
thoracic vertebra.

PET imaging study design
The '8F Baclofen labelling was based on the method
described by Naik et al. [35]. Chemical and radiochemi-
cal purity was determined using standard HPLC meth-
ods. Imaging was performed under routine general
anesthesia. On the day of imaging, the preservative-free
saline was removed from the pump reservoir by syringe
and replaced with 1.5-6.2 mCi of 8F-Baclofen in 1.5 mL
phosphate-buffered saline. The pump was programmed
to deliver the required volume (priming bolus) to dis-
place the normal saline in the catheter over a 30-minute
period and then programmed to deliver the *F-Baclofen
at a rate of 1.332 mL/day (0.055 mL/h) for a period of
6 hours. Whole body PET images (Siemens microPET
Focus 220) were acquired for the full 6-hour period start-
ing immediately prior to the delivery of the '®F-Baclofen.
Images were acquired in list mode and subsequently
processed into 5-minute bins for later analysis. A whole-
body CT (Neurologica CereTom OtoScan) image was
acquired on completion of the PET imaging for anatomi-
cal localization of the radioactivity and attenuation cor-
rection of the PET data. The '®F-Baclofen delivery and
image acquisition was identical for the two imaging ses-
sions before and after repositioning of the catheter tip.
Reconstructed PET and CT were coregistered and
resampled to 0.6 mm? voxels that were scaled to pCi
per voxel based on a phantom filled with a known
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concentration of 8F that was included in the image.
Brain regions of interest (ROI) were generated by reg-
istering Invicro’s 42 region NHP brain atlas to the in
vivo brain data based on the CT image using Vivo-
Quant tools. Spinal cord plus CSF ROIs were generated
to encompass all activity within the spinal canal. These
were divided into four subregions: cervical, upper tho-
racic, lower thoracic, and lumbar. Cervical spinal cord,
upper thoracic spinal cord, lower thoracic spinal cord,
and lumbar spinal cord ROIs were generated by erod-
ing the corresponding ‘spinal cord + CSF’ ROIs by 1
pixel to exclude the CSE. Liver ROIs were defined by
placing spheres in the corresponding anatomical loca-
tions based on either PET uptake when present or
the appropriate anatomical region on the CT image
when absent. Kidney ROIs consisted of whole organ
phantoms placed in their corresponding anatomical
locations based on CT and PET uptake where pre-
sent. Bladder ROIs were segmented to encompass all
activity within the tissues. In cases where no activity
was evident in the region, the region was defined by
placing one spherical volume in the corresponding
anatomical location. The uptake and area under the
curve (AUC) of the 8F-Baclofen at each time point for
each ROI generated was determined. The AUC was
calculated for each ROI using the trapezoidal method
(with no uptake at time 0 hour) and plotted in units
of pCi-min. For the brain regions, the mean value for
the AUC for each region under each condition was
calculated and the ratio of the two values determined.
Finally, data from each anatomical region were binned
based on the exposure to each region to create a map
of the distribution of the F-Baclofen.
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PET data statistical analysis

The pharmacokinetics of the tracer in different ROIs in
the brain was studied with a 5-min time resolution dur-
ing the span of 6 hours; PET data were collected in three
2-hour block time series due to volume of data being
collected. The recorded time series were then analyzed
(both within each subject and across the cohort) to
identify the presence of temporal and spatial distribu-
tion patterns across different ROIs. In the first step, the
concentration of the radiotracer was used to calculate
the final uptake value for each ROI at the end of the scan
(T=6h). The concentration values were then normal-
ized and sorted within each group (C1 vs T10) to inves-
tigate whether the pharmacokinetics within each group
is time-invariant or not. A heuristic ‘similarity index (SI)’
(ranging from 0, indicating lack of any similarity, to 100
indicating complete overlap) was used to understand
whether within subjects’ observations can be generalized
across the cohort by comparing the final uptake value
between pairs of subjects (i.e. subject 1 vs 2, subject 1 vs
3, and subject 2 vs 3) within each group. In another inter-
subject analysis, each ROI was studied and the similarity
in the time series was evaluated with that ROI across dif-
ferent subjects. The area under the curve (AUC) for each
of the three time series associated with individual ROIs
in each subject were compared.

Results

In general, all subregions of the brain showed progres-
sive accumulation of radioactivity over time. Data for
the hippocampus are presented in Fig. 1. The total activ-
ity that accumulated in the brain was markedly higher
and occurred sooner with the catheter tip placed at C1

Uptake of Hippocampus
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Fig. 1 Time activity curves for the hippocampus. The left plot has data for both catheter tip at C1 (blue) and catheter tip at T10 (red). The darker
color represents the mean of the 3 subjects each represented by the lighter color. The right plot presents the data for catheter tip at T10 only, with a
different y-axis scale, highlighting some individual animal variation in distribution
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compared to the catheter tip at T10 (Fig. 2). With the
catheter tip at Cl, radioactivity was identified in por-
tions of the brain within the first 5 minutes of imaging.
However, in very small, deeper areas, such as the anterior
putamen, no significant activity was detected for at least
2 hours, and as might be expected, the data are noisier.
Data for all regions are presented in Figs. 1-51 in the
Supplemental Data.

The ratio of the uptake under the two catheter tip place-
ments (C1:T10) demonstrated marked variation, ranging
from a high of 53.67 for the limbic cingulate cortex to a
low of 4.07 for the fusiform gyrus and a mean of 14.76
(Table 1). Additional tabulated data are presented in the
Supplemental Data for the brain and spine exposure to
18F_baclofen as the raw data, ratios of exposure between
the C1 and T10 catheter tip locations, and coefficient of
variance in Tables 1 and 2, respectively. The exposure
to '8F-baclofen in each region for the brain and spine,
expressed as pg-min, are presented in Supplemental
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Tables 3 and 4, respectively. The radioactivity distribution
map is presented in Fig. 2. The highest exposure to the
I8F_Baclofen is in the periphery of the brain and adjacent
to the falx cerebri where the brain parenchyma is imme-
diately adjacent to the CSE. No immediately discernable
pattern of distribution throughout the brain parenchyma
could be identified which may be due to multiple factors
contributing to brain distribution (e.g. centripetal distri-
bution or distribution along perivascular or periventricu-
lar routes). The implication of this is that the distribution
is not based on simple diffusion and that an active pro-
cess is likely to be involved, the magnitude of which var-
ies through the brain (Fig. 3).

For the spinal cord (Table 2), a higher catheter tip
placement resulted in more distribution to the cervi-
cal and upper thoracic spine as demonstrated by a high
ratio (C1:T10) of the AUC for the cervical spine (15.47)
and the upper thoracic spine (2.5). However, distribution
to the lower thoracic and lumbar spine were similar with

0 uCi
0.5 %ID/g|

0%ID/g
0.05 %ID/g|

0%ID/g

Fig. 2 Summed images acquired at 0-2, 2-4 and 4-6 hours following the start of administration with the catheter tip at the first cervical vertebra
(C1) (top) and the tenth thoracic vertebra (T10) (middle) demonstrating the delayed distribution within the brain following delivery in the thoracic
spine compared to the cervical spine. The color scale is identical for the top and middle panels (0-0.5% ID/g). The bottom panel is the same figure
as the middle panel but with a different color scale (0-0.05% ID/g) demonstrating that activity is present in the brain, but in lower amounts. The
low intensity in the middle panel demonstrates that there is much less activity in the brain with the T10 catheter placement and that the low tracer
distribution was potentially offset by clearance rates. We used the same color scale for the top and middle panels in order to illustrate this marked
difference. To demonstrate that there is indeed radioactivity in the middle panel, the color scale for the bottom panel has been changed to a range

that demonstrates the lower activity (0-0.05% ID/q)
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Fig. 3 Representative image of the mean AUC distribution throughout the brain

either catheter tip location (0.94 and 0.88, respectively,
for C1:T10 ratio).

Additionally, our analysis showed that the averaged
SI value for group C1 (71%) was two-fold larger than its
counterpart for group T10 (35%), which is a clear indica-
tion that the consistency of pharmacokinetics in the first
group (C1) is significantly higher than the second group
(T10). This inter-group difference also manifests in the
cross-correlation analysis between the time series asso-
ciated with different ROIs within each group (Fig. 4). A
comparison between the Pearson correlation coefficients
between the two confusion matrices in this figure is
another compelling evidence that the inter-subject simi-
larity within the first group (Fig. 4, pane A) is higher than
in group 2 (Fig. 4, pane B).

Discussion

This study was performed in a continued effort to
understand the inputs that drive therapy enhancement
using an implantable IT drug delivery solution. The
objective of this NHP work is to be able to augment
current clinical research on catheter placement in IT
baclofen therapy by providing additional understanding
of the efficacy observations in clinical practice [17-19]
as well as provide a means to increase the cranial dis-
tribution of IT delivered therapeutics. Previous studies
in rhesus NHPs showed brain distribution of gadolin-
ium-labeled diethylenetriamine pentaacetate (DTPA,
MW 600 Da) as a surrogate for small molecules and
gadolinium-labeled albumin (MW 74,000 Da) as a sur-
rogate for peptides and mid-size biologics with both IT
and ICV continuous infusion via a catheter and infu-
sion pump. In these studies, global brain and spinal
cord distribution was visualized by MRI imaging, but
any further quantification of the data was challenging.
This previous study also demonstrated that a minimal
IT infusion rate of 0.4 mL/day was needed to achieve
brain distribution whereas a lower infusion rate of 0.1

mL/day resulted in very limited brain distribution of
the gadolinium-labeled compounds with MRI imaging
[36].

The inherent capabilities of an implanted program-
mable drug infusion pump such as flow rates, and
thus infusate volume, can be exploited to drive rostral
delivery. Indeed, in a previous experiment in our labo-
ratories, both benchtop and in silico modeling demon-
strated that CSF oscillations are a larger driving force
to rostral CSF distribution than infusion rate alone,
even at the maximum rate of an infusion pump. It was
also noted that increasing the total volume of a bolus,
as in therapy trialing, can impact the degree of mixing
observed more than possible rate adjustments with an
infusion pump [37]. However, this current study shows
that the placement of the catheter tip at the time of
implant may have the most profound effect. Although
the ability to manage spasticity is excellent with cur-
rent clinical practices, it is important to understand the
implications of changing this surgical implant param-
eter. In addition to spasticity, there are a variety of
indications where enhanced distribution to key regions
of the brain would be of value and potentially offer
an alternative and less invasive solution to ICV cath-
eterization. As clinicians consider the best treatment
options for their patients, it is critical to understand
both the opportunities and limitations of various drug
delivery solutions. Conversely, it may be beneficial to
maintain a lower, thoracic placement of the catheter tip
for indications where a more local, less rostral spread of
the therapeutic is desired.

In this experiment, with respect to brain concentra-
tions, we observed the greatest difference in distribu-
tion (absolute exposure as well as pharmacokinetic
patterns) between catheter tip positions in the poste-
rior regions of the NHP brain, including the cerebel-
lum and cerebellar white matter, brain stem, amygdala,
insula, posterior putamen, and anterior and limbic cin-
gulate cortex, with a maximum average C1:T10 AUC



Duclos et al. Translational Medicine Communications (2023) 8:4

Table 1 Mean tracer concentrations by grouped brain regions
and ratio of concentrations by catheter tip level
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Table 2 Mean tracer concentrations by spinal region and ratio
of concentrations by catheter tip level

Brain Region Mean (uCi*min) Ratio C1/T10 Spinal Cord Region Mean (uCi*min) Ratio C1/T10
c1 T10 (@] T10
Rest of Brain' 1534 11.2 13.67 Cervical 84.0 54 1547
Brain Stem 112.6 53 21.30 Upper Thoracic 16.8 6.7 2.50
Cerebellum 77.8 47 1649 Lower Thoracic 88.3 94.3 0.94
Cerebellar White Matter 222 08 27.82 Lumbar 71.5 81.1 0.88
Vermis 14.2 14 1048 Cervical +CSF 2521 121 20.88
Occipital Cortex 39.8 42 9.56 Upper Thoracic 4 CSF 106.7 214 5.00
Amygdala 212 0.8 25.86 Lower Thoracic + CSF 1789 219.5 0.82
Anterior Cingulate Cortex 8.5 0.2 39.64 Lumbar+ CSF 166.1 165.0 1.01
Posterior Cingulate Cortex 57 03 16.60 Whole body' 70,999 54,881 1.29
Limbic Cingulate Cortex 1.6 00 5367 ' The whole body includes the residual radioactivity in the image that is not
Orbitofrontal Cortex 12.7 09 13.50 included in the spinal cord or CSF regions
Dorsolateral Frontal Cortex 1.5 0.2 6.21
Medial Frontal Cortex 0.7 0.1 10.05 . .
these regions are the focus of pharmacological ther-
Ventral Frontal Cortex 1.9 0.3 6.10 .
apy could potentially stand to benefit the most from a
Precuneus 2.5 0.3 9.32 . . e . . .
higher catheter tip position instead of a typical thoracic
Premotor Cortex 132 14 9.24 . . . .
. implant. Likewise, cervical catheter placement could
Primary Motor Cortex 2.8 04 797 . . .

o Consory Cortex o) 09 046 potentially result in more consistent therapy outcomes
rimar B . . . . . .
. o . tyl Cort i oa 13 between subjects if the intended target was located in
| ufpe?noé é”e IaC ortex 1‘1 , 0‘9 ﬁ42 the brain. However, the individual pharmacokinetics

t t . ; ; .
|n er‘lor anetart-ortex , 0 100 of each therapeutic would need to be assessed to fully
neuia 14 4 g understand the drug distribution to a target region, and
Medial Temporal Cortex 11.1 1.2 9.13 .

_ I thus potential for therapy efficacy.

Sgper'orTempora Cortex 339 21 1614 Similarly, cervical and upper thoracic AUCs were much
Hippocampus o4 08 776 higher for C1 positioning relative to T10 tip locations.
Fusiform Gyrus 4.0 1.0 4.07 T . . . ..

_ In indications such as spasticity, in particular spasticity
EntorhmalCortex 29 0.2 1578 of a cerebral origin, increased rostral distribution with
l”fe”?ﬂemporal Cortex 39 06 605 C1 positioning may improve therapy outcomes from
Parahﬂppocampal Gyrus 64 05 13.32 intrathecal baclofen therapy. Grabb, et al observed a
AnterprCaudate Nucleus 22 ol 1521 mild improvement in upper limb spasticity in pediatric
POSte_”Orca“date Nucleus 05 01 /89 patients by utilizing a midthoracic catheter tip position-
Ame”q Putamen 37 02 16.25 ing (T6-7) compared to T12 positioning, highlighting the
Posterior PUtamen 4> 0.2 2095 potential of alternative tip locations [4]. A retrospective
Ventral POSt?r'Or Putamen 09 01 910 review of adult spasticity patients by McCall and Mac-
External Pa”(‘dum 08 o1 1138 Donald showed similar improvements in mean spasticity
Internal Pa_”'d“m 04 00 1167 scores with cervical tip placement over thoracic [6]. Fur-
Ventral Striatum 30 01 2164 thermore, Adesinasi examined the effect of catheter tip
Substantia Nigra 1.2 0.1 12.24 location on upper and lower extremity hypertonia using
Thalamus 20 0.2 797 the Modified Ashworth Scale and found that patients
Lateral Ventricle 15 0.2 833 with spasticity of a cerebral origin exhibited greater
Third and Fourth Ventricles 1.8 0.2 11.31

' Rest of the brain includes all brain tissue not included in the specified regions

ratio of 39.6 for the anterior cingulate cortex. On aver-
age, the C1:T10 AUC ratio was found to be 14.8. The
highest overall exposures were achieved for the cerebel-
lum, brain stem, amygdala, occipital cortex, and the
superior temporal cortex. Therefore, indications where

improvements with tip placement at higher spinal lev-
els than patients with spasticity of a spinal origin [9]. In
addition, if it was clinically desirable to target the upper
spine, it could potentially be feasible to use a lower dose
to achieve the desired clinical endpoint by exploiting the
improved rostral distribution to the cervical and upper
thoracic regions.
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2- Brain Stem 12- Dorsolateral Frontal Cotex 22- Medial Temporal Cortex 32- Posterior Putamen

3- Cerebellum 13- Medial Frontal Cortex 23- Superior Temporal Cortex 33- Ventral Posterior Putamen
4- Cerebellar White Matter 14- Ventral Frontal Cortex 24- Hippocampus 34- External Pallidum

5-Vermis 15- Precuneus 25- Fusiform Gyrus 35- Internal Pallidum

6- Occipital Cortex 16- Premotor Cortex 26- Enthorinal Cortex 36- Ventral Striatum

7- Amygdala 17- Primary Motor Cortex 27- Inferior Temporal Cortex 37- Substantia Nigra

8- Anterior Cingulate Cortex 18- Primary Sensory Cortex 28- Parahippocampal Gyrus 38-Thalamus

9- Posterior Cingulate Cortex 19- Superior Parietal Cortex 29- Anterior Caudate Nucleus 39- Lateral Ventricle

10-Limbic Cingulate Cortex 20-Inferior Parietal Cortex 30-Posterior Caudate Nucleus 40-Third and Fourth Ventricles

Fig. 4 Confusion matrix analyzing the time and concentration variability of the pharmacokinetics of various brain regions when the catheter tip
is placed at C1 (A) or T10 (B). Each matrix demonstrates the average value across the cohort and the color bar represents the Pearson correlation
coefficients. Due to the symmetric nature of the cross-correlation analysis between ROI-pairs, the lower half of each matrix was not included. A
value of 1 along the x-axis denotes regions of highest similarity, while a value of 0 denotes regions of least similarity
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The delivery of therapeutics by the IT route is an active
area of research. A question that is currently not well
answered is an explanation of the high degree of vari-
ability in uptake within different regions of the brain as
well as between subjects [33]. We have seen this effect
in multiple studies and as yet, we do not have a rational
explanation. We also know that on repeat experiments
the differences are not always consistent within a single
subject. The mean coefficient of variance for the brain
regions for the C1 and T10 catheter tip positions was
76% and 84%, respectively, despite marked differences in
the total exposure of each region to the *F-Baclofen. The
higher variability in brain distribution with the T10 cath-
eter tip position suggests that because the '®F-Baclofen
has to traverse a longer length of the spinal IT space there
is increased turbulence in the flow resulting from spinal
nerve roots which perturbs the overall cranial flow of the
18 F_Baclofen.

The exposure to '®F-Baclofen in the cervical spinal cord
was greater with a C1 catheter tip position compared to
the T10 catheter tip position by a factor of 15 in the cer-
vical spinal cord and 2.5 in the upper thoracic spinal cord
but was close to unity in the lower thoracic and lumbar
spinal cord. There was also greater variability in exposure
in the cervical and upper thoracic spinal cord with the
T10 catheter tip placement compared to the C1 (Coeffi-
cient of Variance 31% and 55% for the cervical and upper
thoracic cord for C1 catheter tip and 145% and 140% for
T10 catheter tip). It is known that the driving force for
CSF circulation is primarily pulsations of the arterial sup-
ply to the brain within the I'T space. The pulse wave mag-
nitude decreases as it flows down the spinal IT space, and
it increases as it returns cranially [38]. The spinal cord is
eccentrically placed in the spinal IT space with its posi-
tion changing along the length of the spinal cord, result-
ing in a spiral flow of CSF in both caudal and cranial
directions [39]. The data presented here indicate that the
highest exposure to the cervical and upper thoracic spi-
nal cord occurs when the tip of the catheter is located at
Cl1, resulting in a primarily caudal flow of '®F-baclofen,
in contrast to the catheter tip being placed at T10 where
the flow of !®F-baclofen is in a rostral direction. This
has implications for the therapeutic delivery of baclofen
using IT catheters.

The assumption that rostral distribution as a function of
catheter tip placement is consistent from NHP to human
has yet to be tested beyond spinal CSF sampling [17, 19]. It
may also be crucial in determining differences in intrathe-
cal dynamics in different disease states, for instance where
integrity to the blood brain barrier is diminished, including
chronic neuroinflammatory disorders of the CNS such as
multiple sclerosis [40]. Additionally, a better understand-
ing of the CSF and interstitial fluid exchange along the
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brain-wide network of perivascular spaces, which has been
termed the ‘glymphatic system, will be crucial as dysfunc-
tion of this network is a feature of the aging and injured
brain and has potential implications on how therapeutics
reach their desired brain targets [41]. Likewise, there cer-
tainly could be radiotracer diffusion both within the brain
and the spinal cord, however this study was not designed
to investigate this. There is certainly distribution within
the brain tissue, but this is known to occur by a variety
of mechanisms, including diffusion. This study investi-
gated the biodistribution at a more macroscopic level. The
choice of flow rate and drug volume administered for IT
delivery to the brain is complex, and many different per-
mutations have been published. The dynamics of CSF flow
in the spinal CSF space are complex [42]. Largely, there
are two approaches. The first is a bolus injection which,
in theory, overwhelms the normal physiology resulting in
the injectate volume being driven towards the brain. The
second approach is a slow infusion which utilizes the nor-
mal physiology to transport the injectate to the brain, and
simultaneously minimizes any perturbations of the nor-
mal flow. Logically, the delivery rate should be equal to,
or lower than the normal flow rate. Published data indi-
cate that the flow rate varies with both the site of meas-
urement and the measurement technique. Khani et. al.
demonstrated a peak CSF flow rate of 0.3-0.6mL/s in the
mid cervical region in cynomolgus monkeys [43], whereas
McCully et. al., determined the rate of CSF flow in rhesus
monkeys using inulin administered in the lateral ventricles
and sampled at the lumbar spine to be 0.018 mL/min [44].
This implies that our rate of administration of 0.055 mL/h,
with good delivery to the brain, is likely to be less than the
actual physiological flow rate and therefore unlikely to per-
turb the normal flow dynamics. Similarly, the rate could
easily be translated from non-human primates to human
subjects.

Conclusions

Our results suggest that delivery of ®F-baclofen by spinal
IT catheter results in repeatable proportional distribution
within regions of the brain and confirms the findings from
other studies that the total exposure of the brain varies
between subjects. The data also indicate that the greatest
exposure to the cervical spinal cord occurs when the cath-
eter tip is located at the first cervical vertebra. Clearly, the
conclusions are constrained by the small number of sub-
jects but are sufficiently encouraging that further investiga-
tion is justified. At the same time, the data reaffirm the need
for investigation of the inter-subject variability of the total
brain exposure resulting from IT delivered therapeutics.
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Abbreviations

T Intrathecal

CSF Cerebrospinal fluid

ALS Amyotrophic lateral sclerosis
CNS Central nervous system

(@Y Intracerebroventricular

PET Positron emission tomography
NHP Non-human primate

cT Computed tomography

HPLC High-performance liquid chromatography
ROI Region of interest

AUC Area under the curve

uCi Micro Curie

DTPA Diethylenetriamine pentaacetate
MW Molecular weight

Da Dalton

MRI Magnetic resonance imaging
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