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Subject-Specific Studies of CSF Bulk Flow Patterns in the Spinal
Canal: Implications for the Dispersion of Solute Particles in

Intrathecal Drug Delivery
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K. Wei, V. Haughton, “'C. Martinez-Bazan,

A.L. Sdnchez, and *¥). C. Lasheras

W. Coenen, "W C. Gutiérrez-Montes, “#'S. Sincomb, K. King,

ABSTRACT

BACKGROUND AND PURPOSE: Recent flow dynamics studies have shown that the eccentricity of the spinal cord affects the magnitude
and characteristics of the slow bulk motion of CSFin the spinal subarachnoid space, which is animportant variable in solute transport along
the spinal canal. The goal of this study was to investigate how anatomic differences among subjects affect this bulk flow.

MATERIALS AND METHODS: T2-weighted spinal images were obtained in 4 subjects and repeated in 1 subject after repositioning. CSF
velocity was calculated from phase-contrast MR images for 7 equally spaced levels along the length of the spine. This information was input
into a 2-time-scale asymptotic analysis of the Navier-Stokes and concentration equations to calculate the short- and long-term CSF flow
in the spinal subarachnoid space. Bulk flow streamlines were shown for each subject and position and inspected for differences in patterns.

RESULTS: The 4 subjects had variable degrees of lordosis and kyphosis. Repositioning in 1subject changed the degree of cervical lordosis
and thoracic kyphosis. The streamlines of bulk flow show the existence of distinct regions where the fluid particles flow in circular patterns.
The location and interconnectivity of these recirculating regions varied among individuals and different positions.

CONCLUSIONS: Lordosis, kyphosis, and spinal cord eccentricity in the healthy human spine result in subject-specific patterns of bulk flow
recirculating regions. The extent of the interconnectivity of the streamlines among these recirculating regions is fundamental in deter-

mining the long-term transport of solute particles along the spinal canal.

ABBREVIATION: SSAS = spinal subarachnoid space

A major feature of CSF flow in the spinal subarachnoid space
(SSAS) is its periodic oscillation. The volume of oscilla-
tions of the blood flowing in and out of the rigid cranial vault
causes the intracranial pressure to change in a time-periodic fash-
ion with each heartbeat.' This pressure fluctuation drives CSF
periodically in and out of the compliant spinal canal, as needed to
ensure that the sum of the volumes of the brain, CSF, and intra-
cranial blood in the rigid cranial vault remains constant (the
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so-called Monro-Kellie doctrine).*> Because of the slender-
ness of the spinal canal, the CSF flow velocity in the SSAS is
aligned with the spinal cord. The limited compression of the
venous and fatty tissue in the epidural space that surrounds the
dura mater allows the spinal canal to accommodate a stroke
volume AV ~ 1 mL during each intracranial pressure pulsa-
tion, much smaller than the total volume V' ~ 60-90 mL of CSF
contained in the SSAS.

As revealed by imaging studies using radionucleotides injected
into the SSAS,°” in addition to the oscillatory flow, there is a
steady bulk flow of CSF with much smaller velocities. Our recent

studies'®!!

combining multiscale asymptotic analyses of the Na-
vier-Stokes equations with controlled experiments in canonical in
vitro models of the SSAS have shed light on the physical mecha-
nisms responsible for the establishment of this slow bulk motion.
In particular, it has been shown that in addition to the oscillatory
flow with a zero time average, the motion of the fluid particles is
affected by a small velocity correction resulting from the com-
bined effects of fluid inertia (the so-called “steady streaming”)
and spatial gradients of amplitude of the axial pulsation (the so-

called “Stokes drift”). Thus, the mean Lagrangian velocity ob-
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tained by filtering out the high-frequency ebb and flow of periodic
oscillations exhibits a small steady component (the sum of the
steady streaming velocity and the Stokes drift velocity) that is
responsible for the bulk motion observed in previous imaging
studies.*”

Our analyses have shown that the bulk flow in the SSAS de-
pends on the specific geometry (anatomy) of the SSAS, the fre-
quency of the intracranial pressure pulsation, and the compliance
of the spinal canal. In particular, it was demonstrated that the
eccentricity of the spinal cord plays a major role, with the resulting
flow being directed in opposite directions in the narrow and wide
parts of the canal.'” Because the slow bulk motion is responsible

191 anatomic

for the convective transport of solute molecules,
differences and changes in physiologic parameters are suspected
of greatly affecting the rate at which solute particles are trans-
ported along the spinal canal. Thus, the main goal of the current
study was to use our recently developed mathematical analysis to
investigate how subject-specific anatomic differences affect the
slow bulk flow of the CSF, providing improved understanding of
the mechanisms regulating the transport of molecules and drugs

along the spinal canal.

MATERIALS AND METHODS
General Outline

We used our recently developed mathematical formulation'®'" t

o
compute the average Lagrangian bulk motion of solute particles
in healthy volunteers. To apply the model, we first obtained from
MR imaging measurements all of the input parameters: the sub-
ject-specific anatomy of the SSAS, the frequency of the intracra-
nial pressure pulsation, and an estimation of the distribution of
compliance (elasticity) of the spinal canal. In the following text,
we describe the methodology used to obtain these parameters
from MR imaging measurements, along with the salient features
of the mathematical model. For a detailed description of the
mathematical model, the reader is referred to our previous pub-
lications.'®'" Note that our approach is not that of a traditional
computational fluid dynamics simulation in which the Navier-
Stokes equations are marched in time. Instead, by leveraging the
disparity in time scales between the intracranial pressure oscilla-
tions and bulk motion, we obtained a set of time-independent
equations to directly compute the velocity field of the bulk mo-
tion. These equations and the methods used to solve them are
fully accessible by any potential user. Also note that the assump-
tions and analytic techniques used in the model have been verified
by means of measurements in an in vitro simplified phantom

model."?

Finally, although our methodology uses patient-specific
input, variations in physiologic conditions for the duration of the
experiment are not taken into account and might significantly
affect the predicted CSF bulk flow, as has recently been shown in

the context of numerical simulations of hemodynamic flow."*"'?

Mathematical Model for CSF Flow in the Spinal Canal

The long-term transport of a solute in the spinal canal results
from the competition between advection by the bulk motion of
the CSF and the molecular diffusion of the drug. The extent of the
latter is limited by the small value of the diffusivity of drugs used
in intrathecal therapies, of the order 10~ ' m?/s. Our recent stud-
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ies demonstrate that the concentration of the solute in the SSAS is
only a function of the longitudinal and azimuthal position in the
canal, c(x, s), whose evolution is governed by the transient con-
vective equation,

dc ac dc

5_._ ULE‘F WLE: 0,

where U, (x, s) and W (x, s) are the width-averaged Lagrangian ve-

locities in the longitudinal and azimuthal direction, respectively."’
The computation of U; and W, in each subject requires as

input the spatial distributions of the canal width, h(x, s), the

perimeter length of the spinal cord, €(x), and the compliance,

v(x, s)."" The methodology used to obtain these functions

h(x, s), €(x), and 7y(x, s) for each subject on the basis of MR

imaging measurements is outlined below.

Acquisition of Anatomic Data and CSF Oscillatory
Velocity with MR Imaging

In this institutional review board—approved study conducted at
the Huntington Medical Research Institutes, MR imaging data
collection and analysis of CSF oscillatory and bulk flow were per-
formed in presumptively healthy subjects. Health Insurance Por-
tability and Accountability Act standards for the management of
subjects were followed in the procedure. Volunteers who had
good health, normal pulse and respiratory rates, and no spinal
disorders were recruited. The MR images obtained in the subjects
were reviewed by a neuroradiologist to confirm the absence of
spinal pathologies. Cobb angles were measured to determine the
degree of cervical lordosis as the angle between the inferior end-
plate of the C2 vertebra and the inferior endplate of the T4 verte-
bra, and the degree of thoracic kyphosis, as the angle between the
superior endplate of the T4 vertebra and the inferior endplate of
the T11 vertebra.

All imaging was performed with a 3T Signa scanner (software
Version HD23; GE Healthcare, Milwaukee, Wisconsin) using a
16-channel head/neck/spine receiver coil. No contrast was ad-
ministered. High-resolution isotropic (0.5 mm) 3D fast spin-echo
T2-weighted (TR = 2500 ms, TE = 111 ms, bandwidth = 83.3
kHz, FOV = 25.6 X 25.6, matrix = 256 X 256, NEX = 2, slice
thickness = 1 mm) images were obtained using 3 overlapping sets
in the sagittal plane to cover brain-to-cervical, thoracic, and lum-
bar spine regions (Fig 1A). Total scan time was approximately 40
minutes. The image sets were segmented in the axial orientation
using the semiautomatic threshold-based segmentation tool of the
open-source program ITK-SNAP (Version 3.6.0; www.itksnap.
org).'® Matlab (MathWorks, Natick, Massachusetts) was used to
extract the 3D position of the pia and dura mater (Fig 1B, -C). The
cord perimeter €(dy,,) was measured as a function of the longi-
tudinal distance from the foramen magnum, dy,,. The width / of
the SSAS was projected on the spinal cord to obtain a map h(dpy,,
dyp), where dyp is the azimuthal distance from the midline of the
posterior spinal cord (Fig 1D). We applied a Gaussian smoothing
filter in the cervical region to remove high-frequency noise in h orig-
inating from imperfections in the segmentation. In the lumbar re-
gion, the cauda equina was represented as a single tapered structure,
continuous with the spinal cord, with a cross-section equal to the
sum of that of all nerve roots. Dimensionless coordinates (x, s) were
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FIG 1. Sagittal T2-weighted MR image of the spine in subject 1in the supine position (A), diagram of the sagittal images (B) and axial images (C),
diagrams of the images at selected locations along the spine (D), width of the SSAS projected onto a 2D plane obtained by unrolling the space
(E), and 2D map of the width of the SSAS after converting the length and circumference to dimensionless units (F). Length of the canal (x) is the
fraction of the distance between the foramen magnum and the termination of the SSAS. The azimuth location in the canal (s) is the fraction of
the rotation clockwise from the anterior midline. ANT and POST refer to the anterior and posterior regions of the SSAS, respectively. The width
of the SSAS is greater anteriorly in the cervical region and posteriorly in the thoracic region, consistent with the different degrees of spinal cord

eccentricity.

List of characteristic anatomic parameters for each subject

For illustration, the results of the

Subject 1 above-described methodology and the

Parameter Subject 1 (Repositioned) Subject 2 Subject 3 Subject 4 relevant anatomic features will be dis-

L (cm) 59.5 58.8 637 64.0 637 cussed for subject 1 (Table). An impor-

£ (mm) 218 206 206 274 217 tant relevant anatomic feature—com-
h. (mm) 36 39 33 26 38 . . .

Cervical lordosis 8.5° 0.5° 10° _ _ mon to all subjects—is the change in the

Thoracic kyphosis 28.0° 18.0° 22.5° _ _ eccentricity of the spinal cord along the

Note:— . indicates no data. canal. The position of the spinal cord

introduced to facilitate comparison of the results corresponding to
different subjects, with the axial coordinate x = dp, / L defined by
scaling the longitudinal distance with the total length of the canal L
(measured from the foramen magnum to the end of the dural sac)
and the azimuthal coordinate, s = 0.5 + d, /€, defined by scaling the
azimuthal distance with the local cord perimeter € (Fig LF).

relative to the dura membrane within

the anteroposterior plane varies along
the canal (Fig 1). Observe in Fig 1A that the midline diameter of the
SSAS on the posterior side (s = 0.5) exhibits, at its most cephalic
end, a narrow region from Cl1 to C6, a wider region from C6 to
T10, a moderately narrow region from T10 to L4, and, finally, a
moderately wider region from L4 to S2 (Fig 1D, -E). Conversely,
the anterior SSAS (s = 0 or, equivalently, s = 1) exhibits moderate
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FIG 2. Axial MR images of oscillatory flow velocity in 7 locations in the spine (C3, T1, T3, T6, T8, T10, T12) at systole, reversal of flow, and diastole
for subject 1(A), plot of CSF flow rate over 3 cardiac cycles at the 7 locations, using as a reference time the beginning of systole at the C3 level
(dashed line) (B), and plot of the variation of the stroke volume of the oscillations of the CSF over the length of the spinal canal (C). During the
cardiac cycle, systolic flow (shaded red) has greater velocity and shorter duration than diastolic flow (shaded blue). Oscillatory CSF flow rates
diminish in the craniocaudal direction along the spine with the stroke volume diminishing to zero at the sacral end of the spine. CSF flow
oscillatory velocities are greater in the anterior (s = 0) and anterolateral regions of the cervical subarachnoid space (s = 0.25 and s = 0.75) than

in the posterior subarachnoid space (s = 0.5).

widening in the cervical region (C1 to C7), it narrows from C7 to
T11, and finally enlarges gradually toward the caudal end. Al-
though all subjects share this common feature, they exhibit small-
but-important changes in the locations where the cord eccentric-
ity changes from posterior to anterior, and these will be shown in
the following text to greatly affect the pattern of bulk CSF flow in
each patient.

CSF flow velocity data were acquired at 7 vertebral levels (C3,
T1, T3, Té6, T8, T10, T12) (Fig 2) using phase-contrast MR imag-
ing with respiratory and cardiac gating, and with a slice orienta-
tion perpendicular to the CSF flow direction. The imaging proto-
col consisted of a 2D single-shot gradient recalled-echo sequence
with a slice thickness of 5 mm and an in-plane resolution of
0.5469 X 0.5469 mm. The specific imaging parameters include
TR/TE = 18/6.66 ms, flip angle = 20°, and velocity encoding =
10, 4, 5, 6, 6, 6, 3 cm/s for the respective vertebral levels. At each
level, 30 cardiac phases were obtained.'” During the acquisition,
the heart rate of the subjects was 54— 66 bpm. The MR phase and
magnitude data were processed with in-house Matlab code to
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obtain the 2D distribution of longitudinal velocity U, in the SSAS
for 30 cardiac phases at the 7 x-locations (Fig 2A). These velocity
fields were then numerically integrated over the area of the SSAS
to obtain the flow rate that passes through each section x
as a function of time t, Q(x,t) = fUOdA (Fig 2B). Finally, nu-
merically integrating Q(x, t) over the complete cardiac cycle
yields the craniocaudal decay of the stroke volume AV(x) =

(1/2)[1Q(x, t)|dt (Fig 2C).

The measured velocity fields for subject 1 at each location are
plotted in Fig 2A at the instance in time corresponding to the peak
systolic velocity, peak diastolic velocity, and first flow reversal.
The temporal evolution of the CSF flow rates at these locations is
plotted in-phase in Fig 2B, where we used as a reference time the
beginning of systole at the C3 vertebral level (indicated by the
dashed line). These measurements allow estimation of the speed
of the elastic wave propagating along the spinal canal and conse-
quently the mean value of the canal compliance. The stroke vol-
ume AV(x) at each measurement plane computed by integrating
the flow rate during 1 cardiac cycle is shown in Fig 2C. Note that



the stroke volume decreases monotonically in the craniocaudal
direction, with smaller slopes in the cervical and upper thoracic
regions, indicating a more compliant canal in the thoracic and
lumbar regions compared with the cervical region, which is con-
sistent with an increased presence of fatty and soft tissues.'® Be-
cause of the strong coupling of the oscillatory flow at all levels—
the wavelength of the elastic wave being comparable with the
length of the spinal canal—accurate flow predictions can be ob-
tained even without the use of velocity measurements at the lum-
bar level, which generally have a low signal-to-noise ratio.

Once the anatomic functions h(x, s) and €(x) are determined, one
still needs to determine the compliance of the canal y(x, s). As previ-
ously mentioned, its mean value, which determines the effective wave
speed of the elastic wave that propagates craniocaudally along the
canal, is inferred from the phase shift in Q(x, ) between different
vertebral levels (Fig 2B). The spatial variation can be obtained in an
iterative fashion by comparison with the model computations. The
computational procedure was started by using a presumed distribu-
tion y(x, s) in computing from the mathematical model,' the lead-
ing-order oscillatory flow, and the craniocaudal decay of the stroke
volume, AV(x). The comparison of the latter with the craniocaudal
decay of the measured stroke volume led to an updated guess for
Y(x, s), which was iteratively adjusted to minimize departures be-
tween experimental measurements and theoretic predictions. In the
case of subject 1, the final compliance distribution was found to be
accurately represented by a slowly varying function, y(x, s) = 14.3
[0.8 + 0.3 tanh (4x — 0.2)] m/MPa, which leads to predictions in
excellent agreement with the measurements, as shown in Fig 2C. This
function y(x, s), along with the anatomic functions h(x, s) and €(x),
constitute the subject-specific information needed as input to the
mathematical model.

Subjects of Study

We studied 4 healthy subjects without known anomalies of the
spinal canal. Subject 1 was a 25-year-old woman who was first
examined in the supine position and then again with cushions
under her shoulders with an extended hip to change the degree of
cervical and lumbar lordosis. Subject 2 was a 36-year-old man;
subject 3, a 38-year-old man; and subject 4, a 23-year-old woman.
The input data for subject 1 (in both body positions) and subject
2 were fully acquired in our study: The subjects underwent MR
imaging in the supine position to obtain the spinal canal anatomy,
and the primary oscillatory CSF flow was measured with MR
phase contrast, using the aforementioned techniques. For subject
3, we obtained the anatomic image set from Ackerman, 1998,
and proceeded with the segmentation to obtain the spinal anat-
omy. Subject 4 corresponds to the subject in Khani et al, 2018,
whose segmented spinal geometry and the craniocaudal decay of
the stroke volume, AV{(x), were already available. Because no ve-
locity measurements were available for subject 3, to be able to
apply our model, we used for this subject the compliance dis-
tribution y(x, s) obtained for subject 1, together with a nomi-
nal heart rate of 60 bpm. The Table shows a list of characteristic
anatomic parameters for each subject: namely, the total canal
length L, the average characteristic cord perimeter €, and ca-
nal width h_ over the thoracic region, and the Cobb angles
corresponding to cervical lordosis and thoracic kyphosis.

subject 1
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FIG 3. Streamlines and direction for bulk (mean Lagrangian) flow of
the CSFin the SSAS in subject 1in the supine position projected onto
the 2D dimensionless plane with anterior midline SSAS at s = 0
and the posterior one at s = 0.5. Higher densities of streamlines near
the posterior and anterior regions of the subarachnoid space indicate
greater local bulk flow velocity. Bulk flow has multiple regions of
patterns of circular flow where the fluid particles get trapped for long
periods of time (Lagrangian vortices). Flow longitudinally in the SSAS
occurs in the anterior and posterior subarachnoid space. In the lateral
subarachnoid space (s = 0.25 and s = 0.75), flow is horizontally ori-
ented where streamlines are present or essentially stagnant where
streamlines are sparse. Subject 1 has 3 major pairs of Lagrangian vor-
tices, 1 pair anatomically centered on C7, the second on T10, and the
third on L1. Smaller Lagrangian vortices are also present. Where vor-
tices contact each other, the mean Lagrangian flow in the adjacent
vortices is in the same direction. Direction of flow along the spinal axis
depends on cord eccentricity (sketch to the reader’s right). In the
cervical region, bulk flow occurs in a cephalad direction in the anterior
subarachnoid space and in the caudal direction in the posterior sub-
arachnoid space. In the thoracic region, bulk flow occurs in a cranial
direction in the anterior subarachnoid space and in the cephalad di-
rection in the posterior subarachnoid space. These flow directions are
reversed again in the third lumbar vortex pair, with the CSF flowing
caudocranially in the anterior wider space and craniocaudally in the
posterior space.

RESULTS

CSF Bulk Lagrangian Motion

Figure 3 shows the streamlines and direction of the width-aver-
aged mean Lagrangian velocity field (U, W;) for subject 1, ob-
tained from the mathematical model. These streamlines are also
the paths followed by the solute particles in the SSAS, with de-
creasing spacing between streamlines corresponding to increasing
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FIG 4. Streamlines and direction for bulk (mean Lagrangian) flow in subject 1in the first and second positions and in 3 other subjects. In subject
1, bulk flow patterns change with the change in spine position. The other subjects illustrate variations of the pattern of bulk vortices, which
generally have greater numbers of streamlines (higher magnitude of the bulk flow velocity) in the cervical and upper thoracic region and the least
in the lumbar region (lower magnitude of the bulk flow velocity). Generally, different vortex rotations are present in the cervical, thoracic, and

lumbar regions though the patterns differ.

speeds. The resulting flow patterns show the existence of 3 distinct
regions of recirculating flow where the fluid particles may remain
trapped for long periods. Hereafter, we will refer to these regions
as “Lagrangian vortices.” The 3 vortices, separated by streamlines
that are nearly horizontal, are approximately located from C1 to
T4, T4 to T11,and T11 to the caudal end of the SSAS. The lowest
speed is found in the near-core regions of the vortical patterns of
closed streamlines. In the upper cervical Lagrangian vortex, the
bulk flow is caudocranial in the wider anterior subarachnoid
space and craniocaudal in the narrower posterior space. On the
other hand, in the intermediate thoracic region, the flow is cranio-
caudal in the anterior narrow space and caudocranial in the pos-
terior wider space. These flow directions are reversed again in the
third lumbar vortex with the CSF flowing caudocranial in the
anterior wider space and craniocaudal in the posterior space.

As indicated in the sketch of Fig 3, the directions of the bulk
flow along the spinal axis are correlated with cord eccentricity. In
the cervical region, the Lagrangian vortex rotates clockwise to the
reader’s left and counterclockwise to the reader’s right. The direc-
tion of rotation of these vortices is reversed in the thoracic region
and once again in the lumbar region. The velocity of the bulk flow
varies between vortices, being 2-3 orders of magnitude (100—
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1000 times) smaller in the lumbar than in the cervical region. The
formation of these closed recirculating Lagrangian vortices can be
understood in view of our recent modeling studies and experi-

ments conducted in phantom models,'*"*

in which we analyzed
the bulk motion of the CSF in a simplified geometry consisting of
2 long cylinders with nonzero constant eccentricity along its
length. The resulting bulk Lagrangian motion was seen to be di-
rected in opposite directions in the narrow and wide parts of the
SSAS. In the human SSAS, the eccentricity is not constant, exhib-
iting 2 changes along the spinal axis (Fig 1B, -D). At the location
where the eccentricity changes from posterior to anterior and vice
versa, the craniocaudal CSF flow in the narrow anterior part col-
lides with the caudocranial flow from the wide anterior part, de-
viating the flow in the azimuthal direction toward the posterior
section and forming the Lagrangian vortices, as indicated sche-
matically in Fig 3.

Differences in Bulk Flow between Subjects

Although the existence of closed recirculation regions is a com-
mon feature for all subjects (Fig 4), there are important differ-
ences in the topology of these regions between different subjects
and body positions. In subject 1, small variations in the body



position, which reduced cervical lordosis by 8° and reduced tho-
racic kyphosis by 10° resulted in a decrease in the number of
Lagrangian vortices in the thoracic part of the SSAS. Subject 2
exhibits a large thoracic vortex that extends from T3 to L2, to-
gether with an intense region of bulk recirculating flow from C7 to
T3. In subject 3, a complicated pattern of multiple Lagrangian
vortices extends from C1 to T8, whereas caudally from T8, only a
very weak bulk motion is observed. This metameric distribution
of bulk flow velocity is even more emphasized in subject 4, for
which the region of intense bulk flow is limited to a single vortex
extending between C6 and T3.

Our results indicate that the long-term transport of solute par-
ticles, which occurs along the streamlines shown in Fig 4 with a
velocity proportional to the local streamline interspacing, changes
drastically between different subjects and subject postures. In all
cases, the location and spatial extent of these Lagrangian vortices
are strongly correlated with the location where the eccentricity of
the spinal cord changes from posterior to anterior and vice versa.

DISCUSSION

Our analysis shows that CSF bulk flow in the SSAS, responsible for
the convective transport of solute particles, exhibits distinct pat-
terns (Lagrangian vortices) in the cervical, thoracic, and lumbar
regions. The location and interconnectivity of these zones
strongly depend on cord eccentricity. The bulk flow velocity var-
ies from region to region along the spinal canal, being higher in
the Lagrangian vortices closer to the foramen magnum and pro-
gressively lower in the thoracic and lumbar regions, where veloc-
ity is 2—-3 orders of magnitude (~100-1000 times) smaller than in
the cervical region. Bulk flow patterns and velocities vary from
individual to individual and with posture, suggesting that these
differences may be the most important factor in the variability of
the movement of solutes and drugs in the SSAS.

Our study has a small number of subjects exhibiting anatomic
variations that are probably within the normal range. The analysis
needs to be extended to a larger number of subjects to investigate
reproducibility and to determine how specific variations in spine
curvature and spine pathology affect flow. Future studies should
also consider modulation of the intracranial pressure by the re-
spiratory cycle, resulting in a smaller additional component of the
oscillation of the CSF in the spinal canal at a lower frequency
(12-18 cycles per minute in adults).>'*? In our analysis, we have
assumed that the compliance of the canal varies only with the
longitudinal distance along the canal. There might be an addi-
tional azimuthal dependency associated with the nonuniform dis-
tribution of fatty tissue along the perimeter of the canal. Our
mathematical model also does not account for the effects associ-
ated with the presence of microanatomic features, such as nerve
roots and denticulate ligaments, which may contribute to addi-
tional local mixing, especially in the cervical region where veloc-

ities are greatest,”” >*~%¢

thereby promoting interaction between
adjacent Lagrangian vortices.

Our flow analysis, showing peaking of oscillatory flow in the
midline anterior to anterolateral subarachnoid space in the mid
and upper cervical spine, is in agreement with previous observa-
tions.>*’ Previous reports have illustrated a craniocaudal flow of

CSF in the anterior subarachnoid space and in a caudocranial

direction in the posterior subarachnoid space.” Some previous
publications have illustrated more complex bulk CSF flow such as
a sinuous caudocranial current.® The mechanism by which CSF
has a net bulk flow in both craniocaudal and caudocranial direc-
tions and the presence of Lagrangian vortices have not, to our
knowledge, been reported previously.

CONCLUSIONS

Bulk flow is key to the normal functioning of the CNS and to the
transport of drugs, anesthetics, and chemotherapeutic agents in
the SSAS. The existence of Lagrangian vortices, in which fluid
particles may be retained for long periods, can have important
implications for intrathecal drug delivery.”®*° Studies of flow pat-
terns in a subject can potentially benefit intrathecal drug-delivery
protocols, for example, through the identification of optimal in-
jection sites to place a drug centrally into a Lagrangian vortex or
into a cephalad- or caudal-oriented bulk stream. Patient posture
has also been shown to affect the motion of the CSF and the
dispersion of the drug in the spinal canal.’>>" It is clear that the
knowledge acquired through patient-specific analyses of bulk CSF
motion on the grounds of rigorous mathematical theory and sub-
ject-specific anatomic measurements can help improve the effec-
tiveness and predictability of intrathecal drug delivery treatments
in the future.

REFERENCES
1. du Boulay GH. Pulsatile movements in the CSF pathways. Br ] Ra-
diol 1966;39:255—62 CrossRef Medline
2. Bhadelia RA, Bogdan AR, Kaplan RF, et al. Cerebrospinal fluid pul-
sation amplitude and its quantitative relationship to cerebral blood
flow pulsations: a phase-contrast MR flow imaging study. Neurora-
diology 1997;39:258— 64 CrossRef Medline
3. Wagshul ME, Chen JJ, Egnor MR, et al. Amplitude and phase of
cerebrospinal fluid pulsations: experimental studies and review of
the literature. ] Neurosurg 2006;104:810—19 CrossRef Medline
4. Loth F, Yardimci MA, Alperin N. Hydrodynamic modeling of cere-
brospinal fluid motion within the spinal cavity. ] Biomech Eng2001;
123:71-79 Medline
5. Mokri B. The Monro-Kellie hypothesis: applications in CSF volume
depletion. Neurology 2001;56:1746—48 CrossRef Medline
6. Di Chiro G. Observations on the circulation of the cerebrospinal
fluid. Acta Radiol Diagn (Stockh) 1966;5:988—1002 CrossRef
7. Di Chiro G, Hammock MK, Bleyer WA. Spinal descent of cerebro-
spinal fluid in man. Neurology 1976;26:1—8 CrossRef Medline
8. Greitz D, Hannerz J. A proposed model of cerebrospinal fluid
circulation: observations with radionuclide cisternography. AJNR
Am ] Neuroradiol 1996;17:431-38 Medline
9. Hesterman JY, Kost SD, Holt RW, et al. Three-dimensional dosim-
etry for radiation safety estimates from intrathecal administration.
J Nucl Med 2017;58:1672—78 CrossRef Medline
10. Sanchez AL, Martinez-Bazan C, Gutierrez-Montes C, et al. On the
bulk motion of the cerebrospinal fluid in the spinal canal. ] Fluid
Mech 2018;841:203-27 CrossRef
11. Lawrence JJ, Coenen W, Sanchez AL, et al. On the dispersion of a
drug delivered intrathecally in the spinal canal. J Fluid Mech 2019;
861:679-720 CrossRef
12. Jansen IG, Schneiders JJ, Potters WV, et al. Generalized versus pa-
tient-specific inflow boundary conditions in computational fluid
dynamics simulations of cerebral aneurysmal hemodynamics.
AJNR Am ] Neuroradiol 2014;35:1543—48 CrossRef Medline
13. Karmonik C. Toward improving fidelity of computational fluid dy-
namics simulations: boundary conditions matter. AJNR Am ] Neu-
roradiol 2014;35:1549—-50 CrossRef Medline

AJNR Am J Neuroradiol @@ @ 2019 www.ajnr.org 7


http://dx.doi.org/10.1259/0007-1285-39-460-255
http://www.ncbi.nlm.nih.gov/pubmed/5295581
http://dx.doi.org/10.1007/s002340050404
http://www.ncbi.nlm.nih.gov/pubmed/9144672
http://dx.doi.org/10.3171/jns.2006.104.5.810
http://www.ncbi.nlm.nih.gov/pubmed/16703889
http://www.ncbi.nlm.nih.gov/pubmed/11277305
http://dx.doi.org/10.1212/WNL.56.12.1746
http://www.ncbi.nlm.nih.gov/pubmed/11425944
http://dx.doi.org/10.1177/02841851660050P242
http://dx.doi.org/10.1212/WNL.26.1.1
http://www.ncbi.nlm.nih.gov/pubmed/942765
http://www.ncbi.nlm.nih.gov/pubmed/8881235
http://dx.doi.org/10.2967/jnumed.117.190611
http://www.ncbi.nlm.nih.gov/pubmed/28336783
http://dx.doi.org/10.1017/jfm.2018.67
http://dx.doi.org/10.1017/jfm.2018.937
http://dx.doi.org/10.3174/ajnr.A3901
http://www.ncbi.nlm.nih.gov/pubmed/24651816
http://dx.doi.org/10.3174/ajnr.A3984
http://www.ncbi.nlm.nih.gov/pubmed/24763411

16.

20.

21.

22.

. Karmonik C, Miiller-Eschner M, Partovi S, et al. Computational

fluid dynamics investigation of chronic aortic dissection hemody-
namics versus normal aorta. Vasc Endovascular Surg 2013;47:625-31
CrossRef Medline

. Karmonik C, Partovi S, Loebe M, et al. Computational fluid dynam-

ics in patients with continuous-flow left ventricular assist device
support show hemodynamic alterations in the ascending aorta.
J Thorac Cardiovasc Surg 2014;147:1326-33.e1 CrossRef Medline
Yushkevich PA, Piven J, Hazlett HC, et al. User-guided 3D active
contour segmentation of anatomical structures: significantly
improved efficiency and reliability. Neuroimage 2006;31:1116-28
CrossRef Medline

. Haughton V, Mardal KA. Spinal fluid biomechanics and imaging:

an update for neuroradiologists. AJNR Am ] Neuroradiol 2014;35:
1864—-69 CrossRef Medline

. Reina MA, Franco CD, Lopez A, et al. Clinical implications of epi-

dural fat in the spinal canal: a scanning electron microscopic study.
Acta Anaesthesiol Belg 2009;60:7—17 Medline

. Ackerman MJ. The Visible Human Project: a resource for anatom-

ical visualization. Stud Health Technol Inform 1998;52(Pt2):1030—-32
Medline

Khani M, Sass LR, Xing T, et al. Anthropomorphic model of intra-
thecal cerebrospinal fluid dynamics within the spinal subarach-
noid space: spinal cord nerve roots increase steady-streaming. ] Bio-
mech Eng 2018;140:081012 CrossRef

Kao YH, Guo WY, Liou AJ, et al. The respiratory modulation of
intracranial cerebrospinal fluid pulsation observed on dynamic
echo planar images. Magn Reson Imaging 2008;26:198—205 CrossRef
Medline

Hettiarachchi HD, Hsu Y, Harris TJ Jr, et al. The effect of pulsatile

Coenen @2019 www.ajnr.org

23.

24,

25.

26.

27.

28.

29.

30.

31.

flow on intrathecal drug delivery in the spinal canal. Ann Biomed
Eng 2011;39:2592—602 CrossRef Medline

Dreha-Kulaczewski S, Konopka M, Joseph AA, et al. Respiration and
the watershed of spinal CSF flow in humans. Sci Rep 2018;8:5594
CrossRef Medline

Drosdal IN, Mardal KA, Stoverud K, et al. Effect of the central canal
in the spinal cord on fluid movement within the cord. Neuroradiol |
2013;26:585-90 CrossRef Medline

Mardal KA, Rutkowska G, Linge S, et al. Estimation of CSF flow
resistance in the upper cervical spine. Neuroradiol ] 2013;26:106—10
CrossRef Medline

Linge SO, Haughton V, Lovgren AE, et al. CSF flow dynamics at the
craniovertebral junction studied with an idealized model of the
subarachnoid space and computational flow analysis. AJNR Am |
Neuroradiol 2010;31:185-92 CrossRef Medline

Quigley AM, Buscombe JR, Shah T, et al. Intertumoural variability
in functional imaging within patients suffering from neuroendo-
crine tumours: an observational, cross-sectional study. Neuroendo-
crinology 2005;82:215-20 CrossRef Medline

Kamran S, Wright BD. Complications of intrathecal drug delivery
systems. Neuromodulation 2001;4:111-15 CrossRef Medline
Pardridge WM. Drug transport in brain via the cerebrospinal fluid.
Fluids Barriers CNS 2011;8:7 CrossRef Medline

Shafer SL, Eisenach JC, Hood DD, et al. Cerebrospinal fluid phar-
macokinetics and pharmacodynamics of intrathecal neostigmine
methylsulfate in humans. Anesthesiology 1998;89:1074—88 CrossRef
Medline

Ranger MR, Irwin GJ, Bunbury KM, et al. Changing body position
alters the location of the spinal cord within the vertebral canal: a
magnetic resonance imaging study. Br ] Anaesth 2008;101:804—09
CrossRef Medline


http://dx.doi.org/10.1177/1538574413503561
http://www.ncbi.nlm.nih.gov/pubmed/24048257
http://dx.doi.org/10.1016/j.jtcvs.2013.09.069
http://www.ncbi.nlm.nih.gov/pubmed/24345553
http://dx.doi.org/10.1016/j.neuroimage.2006.01.015
http://www.ncbi.nlm.nih.gov/pubmed/16545965
http://dx.doi.org/10.3174/ajnr.A4023
http://www.ncbi.nlm.nih.gov/pubmed/25012674
http://www.ncbi.nlm.nih.gov/pubmed/19459550
http://www.ncbi.nlm.nih.gov/pubmed/10384616
http://dx.doi.org/10.1115/1.4040401
http://dx.doi.org/10.1016/j.mri.2007.07.001
http://www.ncbi.nlm.nih.gov/pubmed/17826939
http://dx.doi.org/10.1007/s10439-011-0346-x
http://www.ncbi.nlm.nih.gov/pubmed/21751071
http://dx.doi.org/10.1038/s41598-018-23908-z
http://www.ncbi.nlm.nih.gov/pubmed/29618801
http://dx.doi.org/10.1177/197140091302600513
http://www.ncbi.nlm.nih.gov/pubmed/24199820
http://dx.doi.org/10.1177/197140091302600118
http://www.ncbi.nlm.nih.gov/pubmed/23859177
http://dx.doi.org/10.3174/ajnr.A1766
http://www.ncbi.nlm.nih.gov/pubmed/19729542
http://dx.doi.org/10.1159/000092522
http://www.ncbi.nlm.nih.gov/pubmed/16601361
http://dx.doi.org/10.1046/j.1525-1403.2001.00111.x
http://www.ncbi.nlm.nih.gov/pubmed/22151655
http://dx.doi.org/10.1186/2045-8118-8-7
http://www.ncbi.nlm.nih.gov/pubmed/21349155
http://dx.doi.org/10.1097/00000542-199811000-00007
http://www.ncbi.nlm.nih.gov/pubmed/9821995
http://dx.doi.org/10.1093/bja/aen295
http://www.ncbi.nlm.nih.gov/pubmed/18936040

	Subject-Specific Studies of CSF Bulk Flow Patterns in the Spinal Canal: Implications for the Dispersion of Solute Particles in Intrathecal Drug Delivery
	MATERIALS AND METHODS
	General Outline
	Mathematical Model for CSF Flow in the Spinal Canal
	Acquisition of Anatomic Data and CSF Oscillatory Velocity with MR Imaging
	Subjects of Study

	RESULTS
	CSF Bulk Lagrangian Motion
	Differences in Bulk Flow between Subjects

	DISCUSSION
	CONCLUSIONS
	REFERENCES


