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Abstract

A detailed understanding of the CSF dynamics is essential for testing and evaluation of
intrathecal drug delivery. Preclinical work using large-animal models (e.g., monkeys, dogs and
sheep) has great utility for defining spinal drug distribution/pharmacokinetics and provide an
important tool for defining safety. In this study, we investigated the impact of catheter implantation
in the sub-dural space on CSF flow dynamics in Cynomolgus monkeys. Magnetic resonance
imaging (MRI) was performed before and after catheter implantation to quantify the differences
based on catheter placement location in the cervical compared to the lumbar spine. Several
geometric and hydrodynamic parameters were calculated based on the 3D segmentation and flow
analysis. Hagen-Poiseuille equation was used to investigate the impact of catheter implantation on
flow reduction and hydraulic resistance. A linear mixed-effects model was used in this study to
investigate if there is a statistically significant difference between cervical and lumbar
implantation, or between two MRI time points. Results showed that geometric parameters did not
change statistically across MRI measurement time points and did not depend on catheter location.
However, catheter insertion did have a significant impact on the hydrodynamic parameters and the
effect was greater with the cervical implantation. CSF flow rate decreased up to 54.7% when the
catheter located in the cervical region. The maximum flow rate reduction in the lumbar
implantation group was 21%. Overall, lumbar catheter implantation disrupted CSF dynamics to a
lesser degree than cervical catheter implantation and this effect remained up to two weeks post-

catheter implantation
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Background and Introduction

A detailed understanding of the CSF dynamics is needed for testing and evaluation of
intrathecal drug delivery associated with catheter insertion. The cerebrospinal fluid (CSF) is
secreted from arterial blood by the choroid plexus of the lateral and fourth ventricles by a
combined process of diffusion, pinocytosis and active transfer (1-3). A small amount is produced
by ependymal cells. The circulation of CSF is aided by the pulsations of the choroid plexus and
by the motion of the cilia of ependymal cells (4, 5). CSF is absorbed across the arachnoid villi
into the venous circulation and a significant amount probably also drains into lymphatic vessels
around the cranial cavity and spinal canal (6, 7). CSF acts as a cushion that protects the brain
from mechanical insult and supports the venous sinuses (5). It also plays an important role in the
homeostasis and metabolism of the central nervous system (8).

In intrathecal drug delivery, medications are introduced directly to the spinal fluid
(intrathecal space) through a drug delivery system. An externalized intrathecal catheter is the
most widely used technique for administration of intrathecal drugs (9). With intrathecal delivery,
less medication is necessary than if the medication was taken orally, and fewer side effects are
often seen. Currently approved medications for intrathecal administration by the U.S. Food and
Drug Administration (FDA) include morphine, ziconotide and baclofen. For these therapies, the
doctor places a catheter beneath the skin and into the space along the spine (the intrathecal space)
to release the drug into the cerebrospinal fluid. With intrathecal delivery, the drug can bypass the
blood-brain barrier and more directly reach nervous system tissue. If the goal of treatment is to
reduce spasticity in both the arms and the legs, an intrathecal catheter can be placed in a more
rostral position potentially leading to increased uniformity in baclofen dosing of the cervical and

lumbar spine and improved reduction in spasticity of the upper and lower limbs (10).
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Preclinical studies need to be performed using large-animal models (e.g., monkeys, dogs and
sheep) since these models have utility to define spinal drug distribution/pharmacokinetics and
provide an important tool for assessment of drug safety. Preclinical studies also provide insight
into the potential mechanisms of intrathecal drug delivery. Cynomolgus monkeys are a
commonly used animal model for these studies because of their similarity to humans with regard
to the pathophysiology of a variety of diseases and presumed similarity with regard to central
nervous system (CNS) anatomy and CSF hydrodynamics.

There have been previous reports of CSF analyses in nonhuman primates. Acute procedures
include cisterna magna tap in anesthetized rhesus monkeys and baboons (11) and lumbar
puncture in anesthetized rhesus monkeys (12), baboons(13), and chimpanzees (14). Chronic
procedures include lumbar puncture with needle and stylet, where the needle remains in place for
periods of 90 to 300 minutes (15). Taylor et al. reported cannulating the lumbar subarachnoid
space (SAS), which allowed CSF collection from a rhesus monkey for 72 hours (16). Perlow
catheterized the SAS of a rhesus monkey by inserting a catheter into the lumbar region and
advancing it cephalad so that the tip terminated in the cisternal-cervical SAS (17). CSF was then
withdrawn continuously by a peristaltic pump for 48 hours. However, these reports provided
relatively few details of the spinal tap procedures nor specifications of the apparatus, such as the
gauge of the cannula or catheter. Also, none of these procedures continued for more than 48
hours. Thus, the potential impact of prolonged intrathecal catheterization on CSF dynamics was
not analyzed.

To our knowledge, no studies have investigated how catheter placement may impact CSF
dynamics in Cynomolgus monkeys. Our previous study developed a quantitative method to

characterize CSF dynamics and geometry in non-human primates (NHPs) (18) . This method was
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demonstrated to reliably measure CSF dynamics parameters over a two-week period in a group
of eight NHPs. The goal of the current study was to apply the same MRI measurements and post-
processing methods on a series of scans collected for the same cohort of NHPs to quantify: a)
alterations in CSF dynamics due to catheter placement in the intrathecal space, b) track these
changes over time, and c¢) determine if there are any differences that occur based on catheter

placement location in the cervical compared to lumbar spine.


https://doi.org/10.1101/2020.07.27.222646
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.27.222646; this version posted July 27, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

97 Materials and methods

98  Ethics statement

99 This study was submitted to and approved by the local governing Institutional Animal Care
100 and Use Committee at Northern Biomedical Research (IACUC approval #084-014A, Spring
101 Lake, MI). This study did not unnecessarily duplicate previous experiments and alternatives to
102 the use of live animals were considered. Procedures used in this study were designed with
103 consideration of the well-being of the animals.

104

105 Catheter Placement and Parameters

106 Eight (NHP 01-08) healthy cynomolgus monkeys (Macaca fascicularis, origin Mauritius)
107  were obtained from Charles River Research Models, Houston TX with an average weight of 4.4
108  + 1.2 kg and age of 4.6 + 0.4 years (mean + standard deviation) (Table 1). NHP 01 was male
109  and all other NHPs were female (02-08). These animals were purpose-bred and experimentally

110  naive.

111 Table 1. Cynomolgus monkey case information.
Designation Gender Catheter Placement (rglght Age (yr.)
NHP 01 M C5 4.0 4.1
NHP 02 F C5 3.3 4.7
NHP 03 F L1 5.1 4.5
NHP 04 F L1 3.2 4.4
NHP 05 F C5 4.8 4.2
NHP 06 F C5 3.0 4.9
NHP 07 F L1 4.2 52
NHP 08 F L1 5.8 4.4

112
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113

114 Each NHP was scanned with an identical MRI protocol (see MRI methods) across all study
115  time points (Fig 1). MRIprg | and MRIprg., were spaced 14 days apart prior to catheter

116  placement. MRIprg.; and MRIpgrg, were used in our previous publication (19) to quantify

117  reliability of CSF flow parameters. At day 17, the NHP’s were randomly assigned to have

118  intrathecal catheter implantation (IT-PEPU-35, SAI Infusion Technologies, Lake Villa, IL,

119  U.S.A)) in the spinal SAS at C5 (Cervical Group, n =4) or L1 (Lumbar Group, n =4). The

120 catheter had the following dimensions: first 10 cm distal to the tip (ID = 0.38 mm and OD = 0.99
121  mm), next 24 cm (ID = 1.19 mm and OD = 1.98 mm) and last ~1.5 cm (ID = 1.07 mm and OD =
122 1.93 mm). Implantation was performed by fluoroscopic imaging with contrast agent. Catheter
123 patency was verified by visual inspection and confirmation of the ability to withdraw CSF from
124 the port/catheter system at day 24 and 28. MRIppsr.; was collected on day 31 to determine the
125  acute impact of implantation on CSF dynamics and geometry by comparison of results to

126  MRIprg.o. MRIpost.2 was collected at day 45 to determine if this impact persisted after

127  implantation.

128
— e — ol — e
g g : B g
< <
~ ~
129
130 Fig 1. Study outline. This study involved a total of four MRI scans collected over a period

131  of 45 days. MRIpgrg | and MRIpgg , were performed prior to catheter implantation to confirm scan

132 consistency (see results published in Khani et al. (19)). An intrathecal catheter was implanted
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133 within the cervical SAS (C5, n=4) and lumbar SAS (L1, n=4). Catheter patency was confirmed
134  onday 24 and 28. MRIppsr.; was collected to determine the acute impact of catheter implantation
135  compared to MRIprg.,. MRIpgst2 Was collected to determine if this impact persisted two weeks

136  after implantation.

137

133 MRI scan protocols

139 MRI scan protocols were previously described in detail by Khani et al. (18). In brief, all MRI
140  measurements were acquired at Northern Biomedical Research (Norton Shores, Michigan, U.S.A.)
141  on a Philips 3T scanner (Achieva, software V2.6.3.7, Best, The Netherlands). Prior to MRI
142 scanning each NHP was prepared using standard procedures and precautions. NHPs were
143 positioned in the scanner in the supine position without assistance from artificial respiration.
144 During each scan, heart rate and respiration were monitored continuously with ~ 1 liter/minute of
145  oxygen and 1-3% isoflurane anesthetic administered via an endotracheal tube for sedation.

146 A stack of high-resolution axial T2-weighted MR images of the complete spinal SAS
147  geometry was acquired for each NHP. The anatomical region scanned was ~30 cm in length, which
148  included the intrathecal SAS below the lower brain stem extending caudally to the filum terminale.
149 Thru-plane (head-foot, z-direction) CSF flow was measured by phase-contrast MRI (PC-MRI)
150  images collected at six axial locations along the spine for each NHP. Axial locations were marked
151  at the foramen magnum (FM), C2-C3, C5-C6, T4-T5, T10-T11, and L3-L4. The slice location for
152 each scan was oriented approximately perpendicular to the CSF flow direction with slice planes

153  intersecting vertebral discs (Fig 2).
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Velocity (cm/s)

154

155  Fig 2. Manual segmentation of the spinal SAS using a T2-weighted MR image and axial
156  PC-MRI and CSF velocity profiles at corresponding vertebral levels for a cynomolgus

157  monkey analyzed in this study. (A) Visualization of SAS area manually selected around the
158  spinal cord at multiple axial levels. (B) Mid-sagittal high-resolution T2-weighted MRI and 3D
159  visualization of entire SAS geometry. (C) 3D visualization of peak systolic CSF velocity profiles

160  based on in vivo PC-MRI measurements at FM, C2-C3, C5-C6, T4-T5, T11-T12, and L3-L4.


https://doi.org/10.1101/2020.07.27.222646
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.27.222646; this version posted July 27, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

161  Arrows represent the location of catheter placement at the cervical (C5) or lumbar (L1)

162  implantation groups (N=4 NHPs in each group).

163

164 Image segmentation and flow analysis

165 The high-resolution T2-weighted anatomic MRI images were semi-automatically segmented
166  using the free open-source ITK-snap software (Version 3.0.0, University of Pennsylvania, U.S.A.)
167  (20), which provided semi-automatic segmentation using active contour methods, as well as
168  manual delineation and image navigation (Fig 2A). The manual segmentation tool was used most
169  frequently with the view of the three orthogonal planes. The catheter was considered to be an
170  empty region within the spinal SAS, because it was not possible to consistently identify within the
171 MR images due to its small lumen diameter. Once the segmentation was complete, the 3D model
172 (Fig 2B) was exported in a .STL (Stereo Lithography) format for subsequent analysis as outlined
173 below. Detailed information on the segmentation procedure is provided by Khani et al. (18).

174 CSF flow was quantified at six axial locations along the spine (Fig 2C) using GTFLOW
175  software (64-bit, Version 2.2.10, Gyrotools, Zurich, Switzerland) by the procedure previously
176  described by Khani et al. (18). The six distinct flow rates were smoothed in a spatial-temporal
177  fashion using MATLAB and a 2D “fit” function with the fit-type designated as “smoothing-
178  spline”. Since heart rate variability was present between the PC-MRI scans, the CSF flow
179  waveform timing was normalized to the average heart rate for all NHPs. An average spatial-
180  temporal CSF waveform was determined for each case. CSF pulse wave velocity, PWV , was
181  computed based on the slope of the arrival time of peak CSF flow along the spine (21).

182

183 Geometric and hydrodynamic parameter quantification
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184 Several geometric and hydrodynamic parameters were calculated based on the 3D
185  segmentation and flow analysis using our previously published methods (18). Total SAS surface

186  area, SA

., was calculated as the sum of the surface area of spinal cord, S4_ , and dura, S4,. Spinal
187  cord nerve roots were not included in the surface area calculation of the cord since these small

188  features were not possible to accurately visualize by MR imaging. Total volume of the SAS, V.

sas 2

189  was computed by subtracting the volume of the spinal cord, ¥, from the volume of the dura, V.

190  Total SAS length, L__, from the FM to the SAS termination was quantified.

sas

191 Axial distribution of the SAS cross-sectional area, 4 (z), was based on cross-sectional

sas

192 area of the spinal cord at that location, 4 (z), and dura, A4,(z). The axial distribution of the

193  catheter cross-sectional area for the lumbar and cervical catheters were subtracted for MRIpost.

194 and MRIposr.,. Similarly, hydraulic diameter, D, (z) =44, (z)/ P, (z) , was determined based on

sas sas

195  the wetted perimeter, P

sas

(z), with the perimeter computed as the sum of the spinal cord, P (z),
196  and dura, P,(z), perimeters at each z-location. The axial distribution of the catheter perimeter for

197  the lumbar and cervical catheters were added for MRIpogt.1 and MRIppogrs. Axial distribution of

198  CSF stroke volume was computed as SV(z) ZHQ(ZJ) dt , where |Q(z,t)| is the absolute value

199  (22). Peak systolic (toward feet) and diastolic (toward the head) CSF flow rate was quantified as

200 Q (z) and Q,,(2), and the CSF flow rate amplitude was given by 0,(2)=04,(2)-0,,(2).

201  Spatial mean thru-plane velocity at peak systole was computed as U__(z) =Q. (z)/ A4 (z) and at

sys sy sas

202 diastole as U, (2)=0,, (2)/A(2). Reynolds number was computed as

203 Re(z) =(U

s (2) 'Dh (Z)) / vV, where » is the kinematic viscosity of CSF at body temperature, 0.693
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D
204  mPa's (23). Womersley number was computed as a(z) = %Z)\/a)/ v, where » is the angular

205  velocity (w=27/T) of the volume flow waveform with 7 equal to the heart rate. To allow

206  parameter comparison across NHPs, each parameter’s axial distribution for each NHP was
207 normalized to the average L, measured for all NHPs. After normalization, the mean axial

208  distribution for each parameter was computed for each group (Cervical or Lumbar catheter
209  implantation) at each MRI time point (MRIprg.o, MRIpost.; and MRIpgst.2).
210 Catheter implantation could potentially reduce CSF flow due to increased hydraulic

211  resistance. We estimated the flow reduction for the cervical and lumbar implantation group by:
z=Lyg z=Lyy

212 flow reduction =1—( Z 1/ Dh(z)4 / Z 1/ Dh_w(z)“) . Where D,(z), is the axial distribution of
z=0 z=0

213 hydraulic diameter for MRIpgg.», and Dy, (z), is the predicted hydraulic diameter by taking into
214  account the axial distribution of catheter area and perimeter for the lumbar and cervical groups.
215  This flow reduction is approximated based on the Hagen-Poiseuille equation for steady,
216  incompressible, laminar pipe flow under the assumption that intracranial pressure pulsations, that
217  drive CSF flow along the spine, are not affected by presence or absence of the catheter (i.e. Ap =

218  constant).

219  Statistical analysis

220 We hypothesized that implantation of the catheter would decrease CSF dynamics and
221  geometry, and that these changes would be elevated for NHPs with cervical implantation compared
222 to lumbar implantation. For each of the parameters investigated here, it was measured at multiple

223 locations along the spinal cord for each cynomolgus monkey and MRI measurement with a certain
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224  implantation. Since the NHPs were randomly selected from a population, we developed the
225  following linear mixed-effects model:

226 V. =By + BX, + Boxi + By, + By, + Pixy + 2y, + 2%, + 2 X+ E,

227 Where y; is the parameter of interest (a geometric or hydrodynamic parameter), xq; is the
228  location, x»; is the catheter location (cervical / lumbar) or the MRI time point (e.g., MRIpgg. 5,
229  MRIpost.; and MRIpost.n), Xx3; and xy4; are the age and weight of each NHP, respectively. The
230  random error, &;, has a normal distribution with mean 0 and variance o%: £;~N(0,6). While 8 are
231  fixed effect sizes, z represent the random-effect coefficients, which follow a multivariate normal

232 distribution with mean of 0 and a symmetric variance-covariance matrix:

Zy; 0\ (o Oy O
233 Z,|: N[|0|,|o, o o0
2i 0)\oyn o, 0-22

234 We used the “fit/me” function in Matlab (Ver. R2019a Mathworks Corp., Natick, MA) to

235  estimate the parameters in this linear mixed-effects model and test the hypothesis.

236 This model treats the catheter location and the MRI time point as a fixed effect, with the
237  corresponding coefficient indicating the effect size. We could further test whether the true effect
238  size is significantly different from zero. If so, it means that there is a statistically significant
239  difference between cervical and lumbar implantation, or between two MRI time points. This
240  model treats the NHPs as random; this means that the multiple measurements from an NHP can
241  form a curve, and that this curve may be different from one NHP to another.

242 Using this linear mixed-effects model, we estimated the relative effect sizes of the following
243 seven pairs: four pairs comparing time points (time points PRE-2C versus POST-1C for cervical

244  implantation; time points PRE-2L versus POST-1L for lumbar implantation; time points PRE-2C
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245  versus POST-2C for cervical implantation; times points PRE-2L versus POST-2L for lumbar
246  implantation), and three comparing cervical versus lumbar implantation (at time point PRE-2,
247  POST-1 and POST-2). For each pair, we tested the statistical significance of the two groups being
248  different and obtained a P value. Since we performed this analysis for 13 geometric and
249  hydrodynamic parameters, we derived 13 X 7 =91 P values. Many of these P values were
250  dependent due to the strong dependence among several parameters of interest. We accounted for
251  multiple comparison with Bonferroni correction by adjusting the threshold for P values to be
252 0.05/91=5.49e-4. This identified a highly conservative set of significant P values. Note that this
253  approach assumes independence among P values. When two parameters of interest are highly
254  correlated, they would lead to similar P values that are both identified to be significant after
255  correction. In this case, we can only conclude that one or both parameters are significant, but we

256  cannot pinpoint the truly significant parameter.
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A summary of geometric and hydrodynamic parameter results obtained at MRIpgg 5,

MRIpgst.1, and MRIpogst.; for the cervical (C) and lumbar (L) groups are shown in Table 2

(Mean + STD). Statistical assessments revealed that multiple hydrodynamic parameters were

statistically different across study groups and time points (Table 3). However, geometric

parameters were largely unchanged.

Table 2. Cynomolgus monkey geometric and hydrodynamic parameter results at each

measurement time point and for the cervical and lumbar implantation groups. Note: The

mean axial distribution for each parameter is shown based on N=4 NHPs in each group.

Parameters MRIpgg2c MRIpgg21, MRlposr-1c MRIposr.1L MRIposr-2c MRIpostaL

Mean + STD Mean + STD Mean + STD Mean + STD Mean + STD Mean = STD
P _c (mm) 13.39 2.06 14.06 1.64 13.31 2.10 14.09 1.44 13.79 2.13 14.65 1.20
P d (mm) 21.53 1.96 22.30 1.66 21.81 1.91 22.30 1.47 22.05 1.97 22.55 1.38
3 P_sas (mm) 35.72 4.38 37.46 3.91 39.29 4.15 38.06 3.08 40.60 4.82 39.02 2.88
5 S A ¢ (mm?) 14.40 2.72 15.47 3.07 14.89 3.25 16.12 2.57 15.46 3.46 16.24 2.25
g a A _d (mm?) 38.21 6.22 40.10 5.89 38.89 6.00 40.05 5.11 39.91 6.05 40.72 4.88
§,§ A_sas (mm?) 23.81 4.66 24.63 4.31 22.51 4.50 23.76 3.76 22.96 4.17 24.30 3.62
§ § SA_c (em?) 40.24 3.38 42.40 2.71 38.68 1.67 41.32 2.80 39.85 343 42.97 1.76
§ s SA4_d (em?) 64.85 3.83 67.37 3.54 63.59 4.72 65.55 3.03 63.87 4.90 66.32 2.47
§ § SA_sas (cm?) 105.09 7.17 109.78 6.07 102.27 6.12 106.87 5.74 103.72 8.22 109.29 422
5 V ¢ (mL) 4.33 0.39 4.70 0.59 4.35 0.41 4.76 0.44 4.48 0.39 4.80 0.32
V_d(mL) 11.51 1.18 12.13 1.21 11.35 1.10 11.80 0.95 11.59 1.03 12.00 0.87
V_sas (mL) 7.17 0.82 7.43 0.79 6.57 0.77 6.99 0.57 6.68 0.67 7.15 0.58
Dy, (mm) 2.67 0.34 2.66 0.37 2.35 0.43 2.54 0.34 231 0.29 2.52 0.29
§ 2 Re 32.32 14.12 28.51 13.12 15.13 11.74 21.77 11.61 10.79 6.58 21.45 13.03
§ E [ 5.45 0.86 543 0.65 4.61 1.04 5.05 0.66 4.42 0.56 5.09 0.59
g Eo U peak-sys (cm/s) -0.92 0.42 -0.84 0.36 -0.49 0.40 -0.63 0.32 -0.34 0.21 -0.64 0.39
? '§ U peak-dia (cm/s) 0.66 0.30 0.56 0.23 0.40 0.29 0.46 0.23 0.32 0.19 0.49 0.26
g _;§ Q peak-sys (mL/s) -0.21 0.09 -0.19 0.08 -0.11 0.08 -0.15 0.08 -0.08 0.04 -0.15 0.09
E» E O peak-dia (mL/s) 0.15 0.06 0.13 0.05 0.08 0.05 0.11 0.05 0.07 0.04 0.11 0.06
s 3 O _a (mL/s) 0.36 0.22 0.32 0.25 0.19 0.11 0.25 0.20 0.15 0.08 0.26 0.21
E\% SV (cn’) 0.06 0.02 0.05 0.03 0.03 0.02 0.05 0.03 0.03 0.01 0.04 0.03
PWYV (cm/s) 1.15 1.21 1.11 0.21 1.25 0.59 1.16 0.52 1.16 0.06 1.09 0.21
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270  Table 3. Statistical comparison of parameters across measurement time points for baseline
271  vs. follow-up MRIs and cervical vs. lumbar catheter insertion. P values are obtained from

272 linear mixed effects model (see “Statistical analysis” section for details).

273
Baseline vs Follow-up Cervical vs Lumbar
Parameters MRIpgg.2c MRIpreor MRIpge-2c MRIpreor MRIpge-2c MRIposr.ic MRIpost-ac
Vs vs vs vs Vs Vs Vs
MRIPOST—]C MRIPOST—]L MRIPOST—ZC MRIPOST—ZL MRIPRE—ZL MRIPOST—IL MRIPOST—ZL
Ay 0.2042 0.9044 0.0027 0.2230 0.4912 0.3702 0.0157
9 A, 0.0545 0.0247 ok 0.0056 0.0332 ok 0.3373
S Agas * 0.0036 0.0175 0.2675 0.6254 0.3090 0.0612
5 P, 0.0377 0.9536 * 0.0512 0.0170 0.3940 0.2902
3 P. 0.6221 0.9015 0.0063 ** 0.3013 0.0055 0.5454
Lo kK 0.1155 HkkE Hokk 0.0034 0.0012 *okk
D, ok ok HkkE HkkE 0.3255 0.5997 0.0080
§ Re sfeskokosk skeskoskosk seskokosk seskokosk seskoskosk sk seskokosk
? U peak-ss ek sk ok seokokeok sekokok seskeokeok seokeokeok 0.0873 seokeokeok
3 Upeak-dia seskoskok skt seskskok sesskeok 0.0299 0.0008 ekt
s\ Qu sfeskeoksk sfeskoskosk sfeskoksk sfeskokosk sfeskoskosk * sfeskoskosk
SV sk sokkok sk sk sk 0.0026 sk

274  P: Probability value based on linear mixed effects model. The significance codes below use
275  Bonferroni correction.

276  p<0.05/91 =*, p<0.01/91 = ** p<0.005/91 = *** p<0.001/91 = ****

277

278  Geometric parameter results

279 Results indicated that cervical catheter insertion altered spinal SAS geometry to a greater
280  degree than lumbar catheter insertion (Fig 3). Overall, 33 out of 42 geometric parameters did not
281  change statistically across MRI measurement time points or depending on catheter location

282  (Table 3).

283 Axial distribution of geometric parameters showed relatively small changes across the

284  lumbar and cervical implantation groups for 4,4, A., Ag.s, P4, and P, at all time points (Fig 3A

285  through E). However, P, (Fig 3F) for the MRIppst.1c and MRIppst.2c groups increased

286  significantly below the catheter tip after insertion (Table 3). Average CSF volume in the spinal
287  SAS for all NHPs across all measurement time points (MRIprg,, MRIPOST_; and MRIppsr.; for

288  both cervical and lumbar groups) was 7.00 ml. Average cross-sectional area for spinal cord, dura
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289  and SAS for all NHPs was 15.43, 39.65 and 23.66 mm?, respectively. Average perimeter for

290  spinal cord, dura and SAS was 13.88, 22.09, and 38.36 mm, respectively.
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291

292  Fig 3. Axial distribution of geometric parameters computed along the spine for

293  cynomolgus monkeys with cervical catheter implantation (MRI #C) or lumbar catheter
294  implantation (MRI #L) measured prior to catheter implantation (MRIpgrg.,), 17 days after
295  catheter implantation (MRIpost.1), and 31 days after catheter implantation (MRIppsr-5).
296  (A) Area of dura, 44, (B) Area of spinal cord, 4., (C) Area of SAS, Ay, (D) Perimeter of dura,
297 P, (E) Perimeter of spinal cord, P, (F) Perimeter of SAS, P;,. Each line corresponds to mean
298  value of each NHPs group with catheter located in the lumbar (L) or cervical (¢) spine before
299  (MRIpgg.,) or after catheter placement (MRIpogt.; and MRIposr.2).

300

301  Hydrodynamic parameter results
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Catheter implantation was found to decrease CSF flow pulsations along the entire spine and
this impact was greater for cervical catheter implantation compared to lumbar implantation (Fig
4). For example, MRIpgs.1c flow rate was lower than MRIpgrg_5c for all axial locations. Catheter
implantation was found to decrease CSF flow pulsations even 31 days after catheter insertion
(MRIppst.2c and MRIppst21). These findings were supported by statistical analysis that showed
changes in hydrodynamic parameters with cervical and lumbar catheter implantation to be highly
significant for 40 out of 49 hydrodynamic parameters with p values < 0.05/91 (Table 3).

CSF flow rate of each NHP group quantified along the spine had a similar waveform shape,
and axial distribution (Fig 4). CSF flow waveform showed a systolic peak at 100 to 150 ms in
the cervical spine ranging from 0.2 - 0.6 (ml/s) for all NHPs. CSF flow rate at the C5-C6 for
MRIpost.1c and MRIpost.oc was markedly smaller than both MRIprg.oc and 51, and MRIpost.11
and MRIposr.or due to catheter placement within cervical SAS in those cases.

Average spatial-temporal distribution of the CSF flow along the spine showed a
relatively smooth decrease in amplitude with a caudally directed CSF pulse wave velocity (Fig
5). Pulse wave velocity magnitude was similar across the groups and ranged from 1.09 — 1.24
m/s. Maximum CSF flow rate occurred for the MRIpgrg, measurement within the cervical spine.
Catheter placement decreased the flow rate spatially and temporally below the catheter tip in

both MRIPOST-I and MRIPOST-Z-
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320

321 Fig 4. Average CSF flow waveforms for each MRI time point (4 NHPs at each point)
322  measured at six axial locations along the spine (FM, C2-C3, C5-C6, T4-TS, T10-T11, L3-1L4).
323  Note: Peak systolic, CSF flow is in the caudal direction (negative values).

324
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Fig 5. Mean CSF flow waveforms and Spatial-temporal distribution of CSF flow rate.
Spatial-temporal distribution of the interpolated CSF flow rate along the spine for all cases
measured by PC-MRI. Dashed line indicates peak CSF flow rate at each axial level and dotted line

indicates linear fit on top of those values used to compute CSF pulse wave velocity ( PWT ).

Maximum Re number for MRIpgrg ¢ was 80 at C3-C4 level (Fig 6A). MRIpost.2c had the
lowest Re value of 28 due to the cervical catheter implantation. Catheter implantation also
decreased CSF flow rate amplitude (Fig 6B) and stroke volume (Fig 6C) at MRIposr.1c and

MRIPOST-ZC compared to MRIPRE-ZC and for MRIPOST-IL and MRIPOST-ZL compared to MRIPRE-ZL-
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335  Albeit, the changes in flow rate amplitude and stroke volume were greater under cervical

336  implantation.

337 D, (Fig 6D) and a (Fig 6E) decreased a great degree with cervical catheter implantation and
338  to alesser degree with lumbar implantation. Maximum D), and o was 4 and 8 located near the
339  FM. The peak value of the mean velocity ranged from +1.8 to -2.9 cm/s in MRIpgg., and

340  occurred at the C3-C4 level (Fig 6F). Based on Hagen—Poiseuille equation, CSF flow reduction
341  was predicted to be 48% after cervical implantation and 6% after lumbar implantation. These
342 predictions were comparable to the MRI-measured Q)ux.ss reduction of 55% after cervical

343  implantation and 21% after lumbar implantation (Table 2).

344
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346  Fig 6. Hydrodynamic parameter axial distribution computed along the spine for cynomolgus

347  monkeys. (A) Reynolds number, Re, (B) Flow rate amplitude, O, , (C) Stroke Volume, SV, (D)
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348  left axis, Hydraulic diameter, D, , right axis, Womersley number, « , (E) mean peak systolic,

3499 U

Ssys b

and diastolic, U, , CSF velocity. Each line corresponds to mean value of each NHPs group

dia ®

350  with catheter located in the lumbar or cervical spine before or after catheter placement.
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Discussion

To the best of our knowledge, the impact of intrathecal catheter implantation on spinal CSF
dynamics in a cynomolgus monkey has not been reported in the literature. Our results show that
catheter implantation decreases spinal CSF dynamics and that the decrease is greater for cervical
implantation compared to lumbar implantation. Also, that the decrease in spinal CSF dynamics

was present immediately post-implantation and persisted two weeks after implantation.

Catheter insertion decreased spinal CSF flow

The potential impact of catheter implantation on intrathecal CSF dynamics should be
considered when implanting spinal catheters in NHPs and potentially humans. Although catheter
diameter is relatively small, our results showed that cervical catheter implantation reduced peak
CSF flow by 54% compared to 21% for lumbar implantation (Fig 4 and 5). Additionally, nearly
all measures of CSF dynamics were altered to a greater degree for cervical implantation
compared to lumbar implantation (Table 2). These results were further supported by estimation
of CSF flow reduction, based on the Hagen-Poiseuille equation, indicating that the CSF flow
reduction was likely due to increased hydraulic resistance stemming from the catheter’s
reduction in subarachnoid space hydraulic diameter (Fig 3 and Table 2).

The reduction in CSF flow could also potentially be attributed to inflammatory and/or
infection post-catheter insertion, as documented in previous research (24). However, given that
a) the reduction in CSF flow remained weeks following catheter insertion, b) the magnitude of

flow reduction agreed with the estimated reduction based on fluid physics, and c¢) CSF flow
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373  reduction was greater for cervical catheter insertion, we believe the most probable source of CSF
374  flow reduction to be increased hydraulic resistance directly due to the catheter.

375 In combination, the results indicate that to preserve normative intrathecal CSF flow, catheter
376  placement should be located within the shortest length of the spine as possible and / or catheter
377  diameter should be minimized to reduce its potential impact on hydraulic resistance within the
378  spinal subarachnoid space. However, a smaller diameter catheter may not allow infusion of a
379  desired flow rate or could potentially produce presence of a flow jet near the catheter tip. These
380  factors could be assessed by parametric simulations. Alternatively, if possible, lumbar puncture
381  should be applied as it would have minimal impact on CSF hydraulic resistance within the spine
382  in NHPs or humans. However, for prolonged intrathecal drug delivery applications, catheter
383  insertion may be the only viable for drug delivery.

384 Average PWV was found to be 1.15 m/s across all NHPs and was not impacted by catheter
385 implantation (Fig 5). This is a potential indicator that spinal compliance, and likely intracranial
386  pressure, was not affected due to catheter implantation. CSF PWV was previously measured by
387  our research group in NHPs and found to have a similar value at 1.13 m/s (19). However, in

388  humans, CSF PWV was measured to be 1.94 m/s (25), indicating that PWV within the spine in
389  humans to potentially be different than NHPs.

390

391  Spinal NHP CSF dynamics were laminar and inertial dominated
392 CSF flow remained laminar throughout the CSF flow cycle for all cases analyzed. Results
393  showed that CSF dynamics were affected the most in the cervical spine near the C5 vertebral

394 level in MRIppst.oc With a maximum Re of 28, 100% less than MRIpgg.oc (Fig 6). Re was

395  computed to represent the ratio of steady inertial forces to viscous forces and help indicate
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whether laminar flow (<2300) was present at each phase-contrast slice location (Fig 2). A
laminar CSF flow indicates that the flow is smooth with relatively little lateral mixing. This is
different from a turbulent flow, where chaotic changes in pressure and velocity occur and can
lead to a large increase in lateral mixing. Chaotic CSF velocity or pressure fluctuations are not
expected to occur before or after catheter placement. However, it is possible that disease states
that result in strongly elevated CSF flow velocities (jets) could result in turbulence (26).
Inertial effects are expected to dominate the SAS CSF flow field for normal physiological

flow rates, frequencies and CSF fluid properties. o varied along the spine in a similar fashion as

D, with a minimum and maximum value of 3.8 and 8.1 (Fig 6). « was computed to quantify

the ratio of unsteady inertial forces to viscous forces that impact the CSF velocity profile shape
(27). For a <2 , the CSF velocity profiles will be parabolic in shape and considered quasi-static.
For 2<a <10 velocity profiles will be M-shaped and, for a>10, velocity profiles will be
relatively flat (plug shaped) (28). The maximum value of & in the thoracic region decreased to ~4
after cervical catheter insertion. This means that the CSF velocity profiles will have a M-shape
throughout the spine. However, the upper cervical and lumbar spine had higher a indicating a
relatively flat velocity profile within those regions. Our previous computational fluid dynamics
NHP model without catheter implantation indicated a relatively blunt CSF velocity profile in the
cervical spine (29). It is not possible to confirm if the in vivo velocity profiles measured in the
current study were blunt shaped (Fig »c) as the MRI resolution was not fine enough to accurately

capture the relatively thin boundary layer expected in a blunt or M-shaped flow profile.

Potential relevance of results with respect to intrathecal drug

delivery
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419 Based on the statistical analysis, catheter implantation led to decreased CSF flow rate within
420  the spinal SAS, most notably under cervical implantation. In principle, a lower CSF flow rate is
421  expected to decrease solute transport in the spine. Thus, it is expected that cervical catheter

422  implantation would decrease solute transport to a greater degree than lumbar implantation.

423  However, previous research (our paper, ref), and our current study results (Re in Fig 6A and

424  Table 2), indicate that CSF velocities and streaming in the cervical spine are much greater than
425  the lumbar spine. Thus, although catheter placement in the cervical spine may result in

426  decreased CSF flow, drug delivery in this region may still allow more rapid mixing compared to
427  the lumbar spine. Catheter implantation location may also need to be taken into account

428  alongside potentially diminished CSF flow dynamics in disease states, such as ALS (30).

429  Optimal catheter implantation location can be explored in future work in combination with the
430  potential role of catheter implantation on CSF flow dynamics, but was outside the scope of the
431  present research.

432 Based on the results, it can be hypothesized that the impact of catheter implantation on CSF
433  dynamics would potentially be greater in cynomolgus monkeys compared to adult humans due to
434  relatively smaller SAS cross-sectional area in NHPs compared to humans (10X greater (19, 30)).
435  The average catheter diameter of 1.5 mm used in this study for cynomolgus monkeys is within
436  the range of catheter diameters used in humans, ranging from 1.2 to 1.65 mm in outer diameter
437  (31). Given the relatively smaller catheter diameter applied in adult humans, the potential impact
438  of catheter implantation on CSF flow dynamics in adult humans may be relatively small.

439  However, greater potential for catheter impact on CSF flow dynamics may be present in

440  pediatric humans due to their relatively smaller SAS cross-sectional area compared to adults.

441
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442 Limitations and future directions

443 This study provides quantitative measures and comparison to investigate the impact
444  of catheter insertion on intrathecal CSF dynamics and geometry in cynomolgus monkeys.

445  Further studies should quantify the potential variance of these parameters in a larger study size
446  across NHP species, age, sex, weight, and in disease states. Geometric characterization did not
447  take into account spinal cord nerve root surface area or volume, which may account for ~231 cm?
448  and ~6 ml, respectively within the SAS in humans (32). It is expected that these structures will
449  alter the SAS surface area results presented in the current study. Albeit, the surface area in

450  contact with the spinal cord and dura is likely similar since the junction of spinal cord nerve

451  roots with these structures is relatively small. Also, we do not expect these structures to alter
452  spinal cord and dura surface area to a great degree or total SAS volume.

453 There are also a few unknowns in relation CSF flow dynamics. First, CSF flow coupling
454  with the cardiovascular cycle is accounted for in the present study. However, CSF flow is also
455  affected by respiration (33), which was not considered in this study using cardiac-gated PC-MRI
456  measurements. Future studies could investigate the relative contribution of respiration and

457  cardiovascular pulsations to CSF flow dynamics along the spinal axis. Finally, CSF flow was
458  measured at six axial locations and interpolated to generate a smooth distribution along the spine.
459  The ideal study would minimize or eliminate interpolation as much as possible by adding more
460  axial slice locations. Also, CSF dynamics should be quantified within the intracranial space to
461  better understand the exact distribution of CSF flow disruption that a spinal catheter may

462  produce. However, in the present study, MRI time limitation for each NHP did not allow

463  additional slice measurement locations. The focus of the present study was on the intrathecal

464  space, as this region is most nearby intrathecal therapeutic injection location that can be accessed
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465 by lumbar puncture or other relatively minimally invasive procedures. Injection of medications
466  within the ventricular space of the brain or cortical SAS would also be impacted by nearby CSF
467  dynamics within the ventricles and cisterns of the brain.

468 The axial distribution for all geometric parameters tended to have a similar trend (Fig 3)
469 indicating a strong dependence among geometric parameters. This means that if one parameter
470  shows a significant difference between two conditions or two-time points, some of the other
471  parameters should also display a significant difference. On the other hand, if only one parameter
472  shows a significant difference, such significance may be due to experimental error and may not
473  bereliable. Therefore, although nine of the 42 p values in Table 3 are significant, they are not
474  consistent with the dependence among the parameters and therefore should be interpreted with
475  caution.

476

477

478
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480 Conclusions

481 This study presents a detailed geometric and hydrodynamic characterization of intrathecal
482  CSF dynamics for eight cynomolgus monkey (Macaca fascicularis) to quantify the differences
483  that occur based on catheter placement location in the cervical compared to the lumbar spine.
484  The overall findings were: 1) Catheter insertion decreases CSF dynamics within the spine, 2)
485  These changes in CSF dynamics were greater for cervical implantation compared to lumbar

486  catheter implantation, and 3) The decreases in CSF dynamics persisted up to two weeks post-
487  catheter implantation. In combination, these results support that intrathecal catheter implantation
488  can adversely impact CSF flow dynamics in the spinal SAS.

489
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Supplementary files

S1 Table. Source data for the axial distribution of SAS geometric and hydrodynamic
parameters and the CSF flow waveforms collected at different vertebral levels. Data for all
eight NHPs measured before catheter implantation (MRIpgg ;) and after catheter implantation

(MRIpost.1 and MRIposr.2).
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