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Characterization of CSF Hydrodynamics in the
Presence and Absence of Tonsillar Ectopia by

ORIGINAL
researcH | Means of Computational Flow Analysis
A. Roldan BACKGROUND AND PURPOSE: Phase-contrast MR imaging (PCMR) has only partially characterized
0. Wieben cyclic CSF flow and pressure, which, hypothetically, have a role in the pathogenesis of syrinx and
V. Haughton symptoms in the Chiari | malformation. Our goal was to use computational flow analysis (CFA) to better
) g understand CSF hydrodynamics.
T. Osswald
N. Chesler MATERIALS AND METHODS: High-resolution MR images were obtained in a healthy volunteer and a

patient with Chiari | malformation. With standard segmentation and discretization techniques, 3D
models of the subarachnoid space, cerebellum, and spinal canal were created. CSF flow during systole
and diastole were simulated with the boundary element method in the models. CSF velocities and
pressures computed in the patient with Chiari | malformation were compared with those in the healthy
volunteer. Flow patterns were also compared with PCMR results for validation of the technique.

RESULTS: The CFA and PCMR results agreed well. Inhomogeneous flow patterns characterized by
fluid jets anterior and lateral to the spinal cord were demonstrated in both the Chiari | and volunteer
models by CFA. Significant circumferential velocities were evident, suggesting swirling flow in the
spinal canal. Higher magnitude jets were found in the patient with Chiari | than in the healthy volunteer.
Relatively even pressure gradients were found along the spinal canal in both cases, with a 50%
steeper gradient in the patient with Chiari | malformation.

CONCLUSIONS: Circumferential velocities and pressure gradients in the spinal canal, which may be
clinically relevant to Chiari | and other malformations, can be obtained by CFA in patient-specific

geometries.

he Chiari I malformation of the brain is characterized by

the cerebellar tonsils extending into the upper cervical spi-
nal canal. The position of the tonsils impedes CSF flow in the
foramen magnum. Hypothetically, the altered fluid dynamics
in the Chiari I malformation cause the development of neuro-
logic signs and symptoms, including hydrosyringomyelia, a
cyst in the spinal cord.'

Imaging CSF flow with phase-contrast MR imaging
(PCMR) has improved our understanding of CSF hydrody-
namics in the posterior fossa and spinal canal. PCMR images
show marked inhomogeneities of CSF flow in the caudal-
cephalad direction and in the anteroposterior direction. Some
regions in the subarachnoid space have flow jets, and other
regions, relatively stagnant flow.>> CSF flow has more com-
plex patterns in the presence of the Chiari I malformation,
presumably because the cerebellar tonsils in the malformation
obstruct this flow.*?

However, PCMR studies provide an incomplete evaluation
of CSF hydrodynamics. The lengthy acquisition time of
PCMR limits clinical studies to 1 or a few sections with velocity
information instead of 3D volumetric coverage.® When a
PCMR cine image series is acquired in a single axial plane, the
flow pattern and flow velocities are shown only for that 1 level,
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which is not necessarily where the most dominant flow abnor-
malities occur.”® When flow images are acquired in a sagittal
plane, flow patterns over multiple spinal levels are shown but
usually only in the midline, where the velocities tend not to
achieve their greatest magnitude.”'® Furthermore, typical ax-
ial CSF flow measurements with PCMR only capture the ve-
locity vector perpendicularly because of the reduction in scan-
ning time and the difficulty in accurately measuring the very
slow velocity components in the anteroposterior and left-right
direction. Additionally, PCMR does not directly measure CSF
pressures, which are thought to be more relevant than the
actual velocities in understanding of the pathogenesis of syrinx
formation in patients with Chiari I malformation.'' There-
fore, better analytic techniques are needed to differentiate CSF
flow patterns that produce symptoms and those that do not.
With better analytic techniques, selection of patients for sur-
gical management may be improved.

A powerful method for examining the fluid flow and asso-
ciated hemodynamic parameters within an irregularly shaped
space is computational flow analysis (CFA), which has been
effective in the study of aneurysm development and repair'?
and in other physiologic flow applications. With CFA, the dis-
tribution of time-varying fluid velocities and pressures
throughout a particular (ie, patient-specific) geometry can be
simulated. We recently described the implementation and val-
idation of a CFA approach for patient-specific analysis of CSF
motion (Roldan A, Haughton V, Chesler N, et al, unpublished
data, June 2008). The purpose of this study was to characterize
CSF flow patterns in the spinal canal of a healthy volunteer and
a patient with Chiari I malformation during systole and dias-
tole to demonstrate the utility of CFA for neuroradiologic ap-
plications and neurosurgical planning.
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Materials and Methods

Patients and Subjects

For the study, a volunteer with no history of neurologic illness or
spine disease was solicited from the community. Our institutional
review board approved the collection of CSF flow and anatomic im-
age data in healthy subjects. Image data were used from 1 patient with
a Chiari I malformation who underwent imaging as part of her neu-
rosurgical evaluation. Our institutional review board approved the
retrospective use of this anonymized image dataset.

MR Imaging Method

MR imaging was used to create patient-specific anatomic models for
the CFA simulations. In addition, 2D phase-contrast images were
acquired for comparisons of simulations with actual in vivo results.
All image data were acquired on a clinical 1.5T MR imaging system
(high-definition TwinSpeed Excite scanner; GE Healthcare, Wauke-
sha, Wis; maximum gradient strength, 40 mT/m; maximum gradient
slew rate, 150 mT/m/ms). The anatomic data were acquired with a
volumetric multiecho 3D radial acquisition with fat and water sepa-
ration balanced steady-state free precession (bSSFP). '* The fully re-
focused steady-state free precession (SSFP) imaging sequence used
for the 3D acquisition allowed imaging with isotropic spatial resolu-
tion and fat/water separation. A 20 X 20 X 20 cm® image volume of
256 X 256 X 256 voxels was acquired by 10,000 projections in a total
scanning time of 5 minutes, resulting in a spatial resolution of 0.8 X
0.8 X 0.8 mm?°. The high contrast between CSF and the surrounding
tissues and the high spatial isotropic resolution facilitated the creation
of an accurate model. Other scanning parameters included flip an-
gle = 15°, receiver bandwidth = *125 kHz, and TR = 2.9 ms.

Axial PCMR flow images were acquired with the clinical standard
sequence at the level of the craniovertebral junction. The cine MR
images were synchronized to the cardiac cycle by electrocardiogram
gating. The acquisition parameters were the following: flip angle =
20°, TR/TE = 20/5 ms, section thickness = 5 mm, FOV = 180 X 180
mm?, acquisition matrix = 256 X 256, and encoding velocity = 10
cm/s.

Computational Flow Analysis

MR images from the patient with Chiari I malformation and the
healthy subject were segmented in a general purpose commercial seg-
mentation program for gray-scale medical images (Mimics; Materi-
alise, Ann Arbor, Mich), to create the Chiari I and healthy model
geometries, respectively. All absolute scale information was dis-
carded, and relative scale information was maintained to permit com-
parisons between differently sized individuals. A region of interest
within the subarachnoid space was selected, and its range of signal
intensities was determined. All voxels within the upper and lower
signal intensity value were highlighted. The upper and lower thresh-
old values were adjusted iteratively to display all voxels in the sub-
arachnoid space as completely as possible.

The 3D geometry generated from the edited segmentation mask
was exported in stereolithography format into computer-aided de-
sign software (Geomagic, Research Triangle Park, NC). The inlet and
outlet of the canal were cropped by placing parallel intersecting planes
at each end of its longitudinal axis (Fig 1). The length of these geom-
etries was set to 70 mm, and an identical scaling (assuming cubic
voxels) was used in the x- and y-directions. The surfaces of the models
were smoothed automatically by the program. The model created in
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Fig 1. Healthy (left) and Chiari | (right) models constructed from MR images and scaled to
be the same size. In the Chiari | model, the extended tonsils occupy the posterior region
of the subarachnoid space and partially obstruct CSF flow.

Geomagic was exported as a standardized exchange of product file
format into Abaqus (Version 6.6—1; Simulia, Providence, RI).

Shell elements of 8 nodes were chosen. An internodal distance of 3
mm was specified over all boundaries except the inlet and outlet
where intermodal distance was smaller (1 mm), to improve precision
at these locations. Then, a surface mesh was generated. The list of
elements and their corresponding node coordinates were extracted
and read into a custom boundary element method (BEM) program
written in Fortran (Roldan A, Haughton V, Chesler N, et al, unpub-
lished data, June 2008). The coordinates of the surface nodes were
identified automatically by the code. Axial planes perpendicular to
the long axis of the model were selected every 10 mm. Two hundred
twenty-five nodes within the subarachnoid space were assigned to
each axial section. To simulate peak systole, annular flow with a peak
velocity of 2.5 cm/s was imposed at the inlet plane and a reference
pressure of 0 kPa was imposed at the outlet. No-slip conditions were
assigned to the inner and outer surfaces of the spinal canal. Pressures
and velocities were calculated at each of the boundary and internal
nodes. To simulate peak diastole, we inverted the velocity profile and
pressure conditions for the inlet and outlet. Identical volume flow
rates were used for the Chiari I and healthy model simulations.

Results obtained with the BEM program were postprocessed with
Matlab (MathWorks, Natick, Mass). CSF velocity vectors in the axial
plane (ie, caudal-cephalad direction) were displayed as color and con-
tour plots with the function “contourf.” Secondary velocities—that is,
velocity vector components in the anteroposterior direction and left-
to-right direction—were plotted as arrows with the function “quiv-
er”: the direction indicating the direction of the velocity and the
length of the arrow indicating the magnitude of the velocity compo-
nent. Pressures acting on the inner and outer surfaces in the spinal
canal were plotted with the function “contourf.”

Assessment of CFA Results

The spatial and temporal velocity patterns in the Chiari I and healthy
models were compared during peak systole and peak diastole at the
inlet and outlet and at the 6 intermediate axial locations 10 mm apart
(Fig 2). A qualitative assessment was performed, focusing on the lo-
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Fig 2. Axial planar sections at the inlet, outlet, and 6 intermediate locations at which CSF
velocities were calculated for the healthy (left) and Chiari | (right) CFA models.

cations of the most extreme axial and secondary velocities and the
overall direction of flow, which can be determined by vector summa-
tion of the axial and secondary flow velocities. The pressure gradients
during peak systole and peak diastole in the Chiari I and healthy
model simulations were compared qualitatively and quantitatively
along the inner and outer surfaces of the spinal canal.

Validation

The axial plane flow simulation results computed nearest the cranio-
vertebral junction were compared with the axial plane PCMR images
obtained near the craniovertebral junction in the Chiari I and healthy
models during systole and diastole. The locations of flow jets were
compared by visual inspection.

Results

Patients and Subjects

The healthy volunteer geometry was obtained by MR imaging
in a 28-year-old male graduate student with no history of
medical illness or spinal symptoms. The Chiari I geometry was
obtained by imaging an 8-year-old girl with apnea spells, for
whom craniovertebral decompression was advised.

MR Imaging

In the healthy volunteer, MR imaging showed the cerebellar
tonsils within the posterior fossa. No crowding of the foramen
magnum was noted. No abnormalities were seen in the spinal
canal or posterior fossa. In the patient with Chiari I malforma-
tion, MR imaging showed 7 mm of tonsillar ectopia and no
spinal cord or brain stem syrinx; PCMR showed jets with ve-
locities in 5- to 6-cm/s range. 3D radial bSSFP images showed
high contrast in CSF and blood vessels and low signal intensity
in other tissues in both cases.

Flow Computation

Geometric models were successfully generated from MR im-
ages of the healthy control and the patient with Chiari I mal-
formation by using a combination of commercial software

Chiari
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Fig 3. Computed CSF flow velocities by CFA at peak systole in 6 different axial levels in
a healthy model (left column) and a Chiari | model (right column). Colors indicate the
magnitude of the axial velocity (cephalad-to-caudal direction); arrows show the direction
and magnitude of secondary velocities (anterior, medial, or posterior direction).

packages (Fig 1). The models, 70 cm in length, included the
craniovertebral junction at 1 end. In the Chiari I model, the
tonsils were evident at the inlet. The surfaces of the subarach-
noid space appeared to have an anatomically correct degree of
smoothness. Simulations were successfully performed for
both models.

Assessment of CFA Results

Velocity contours for the 6 interior axial locations at peak
systole are presented in Fig 3 for the healthy and Chiari I mod-
els. In the healthy model (Fig 3, left column), CSF velocities
during systole were found to have different profiles at each
axial location. Proximal to the cerebellum (1 cm below the
craniovertebral junction), there were 2 jets lateral to the spinal
cord. At that level, flow had mainly a caudal-cephalad direc-
tion. However, there was also a smaller component of the ve-
locity in a posterior or posteromedial direction (Fig 3, level 1).
Posterior to the cord, in the area below the tonsils, flow was
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relatively stagnant. At the next axial location (1 cm lower; Fig
3, level 2), the largest flow jets remained lateral to the cord.
Here, the velocity in the axial direction had diminished, and
the secondary direction had changed from posterior to ante-
rior or anteromedial. At the axial level 3, the magnitude of the
axial velocity increased with respect to levels 1 and 2 but had
patterns similar those in to level 2. Secondary flow velocities
reached their peak at this level (3.2 mm/s) and were directed
anteriorly. Atlevel 4, the 2 jets were slightly more anterior than
those in level 3 but were still lateral to the cord and reached
peak values in size and velocity magnitude (2.5 cm/s). Here,
secondary velocities were in the anteromedial direction with
lower magnitude than in upper levels. The 2 last axial planes
(levels 5 and 6) showed anterolateral jets. Overall, the second-
ary velocities were 1 order of magnitude lower than the axial
velocities (ie, millimeters per second versus centimeters per
second).

Similar to that in the healthy model, systolic CSF flow in the
Chiari I model (Fig 3, right column) was characterized by jets
anterolateral to the cord at axial level 1 (1 cm below the cra-
niovertebral junction). The direction of secondary flow, again
similar to that in the healthy model, was posterior. The maxi-
mum velocity magnitude at this level was greater in the Chiari
I model than in the healthy model (2.5 versus 2.1 cm/s, respec-
tively). Posterior to the cord, flow was nearly stagnant. At the
next level, the flow pattern was similar but the magnitude of
the anterolateral jets was lower. At the next 4 levels, the max-
imum velocity appeared as a band anterior to the cord rather
than as separate jets anterolateral or lateral to the cord, as seen
in upper levels and in the healthy model at these locations. The
secondary velocities were predominantly posteriorly directed.
In comparison with flow in the healthy model, secondary flow
during systole in the Chiari I model tended to be greater in
magnitude. The secondary components of the velocity were
within the same range as those for the healthy control (ie,
millimeters per second).

During diastole in the healthy subject (Fig 4, left column),
flow jets were present in nearly the same locations as in systole,
though in the opposite direction. At the lowest axial level,
higher velocities were seen posterior to the cord compared
with that same position during peak systole. The magnitude of
flow during diastole was similar to that during systole. The
predominant velocity component was in the inferosuperior
direction. The secondary flow was in a general lateral and pos-
terolateral direction, where it had been anterior and antero-
medial during systole.

During diastole in the Chiari I model (Fig 4, right column),
flow peaks tended to appear as a band in the more inferior
sections and as jets anterolateral to the cord in higher levels.
The pattern was similar to that during systole. High-velocity
bands in the Chiari I model (levels 3—6) were not seen in the
healthy model; jets seen in the healthy model (levels 3—6) were
not seen in the Chiari model. The secondary velocities tended
to have greater magnitude in the Chiari than in the healthy
model and tended to have opposite directions.

The pressure distributions for both models during peak
systole showed a maximum pressure at the inlet and a mini-
mum at the outlet, with a relatively continuous gradient be-
tween (Fig 5). A larger pressure gradient was found in the
Chiari I model compared with the healthy one. The peak pres-
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Fig 4. Computed CSF flow velocities by CFA at peak diastole in 6 different axial levels in
a healthy model (left column) and Chiari | model (right column). Colors indicate the
magnitude of the axial velocity (caudal-to-cephalad direction); arrows show the direction
and magnitude of secondary velocities (anterior, medial, or posterior direction).

sures were 1.5-fold higher in the Chiari model than the healthy
model.

Validation

The simulated CSF flow patterns in the Chiari model during
systole and diastole at axial level 2 showed qualitative agree-
ment with the velocity patterns in systole and diastole re-
corded with PCMR (Fig 6). Both simulated and recorded ve-
locities illustrated jets anterolateral to the spinal cord during
systole. A band anterior to the cord during diastole is evident
in the PCMR images and was less clearly evident but still
present in the CFA results. The patterns in the healthy model
similarly showed agreement with the flow patterns in the
PCMR images of the healthy volunteer (Roldan A, Haughton
V, Chesler N, et al, unpublished data).
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Fig 5. Pressure distribution at the inlet and along the outer spinal canal surface for the
healthy (left) and Chiari | (right) models during peak systole. A 1-5-fold higher pressure
gradient was found in the Chiari | model.
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Fig 6. Comparison of PCMR recorded velocity profiles (top) and CFA results (bottom) in the
Chiari | model during diastole (left) and systole (right). Reasonable qualitative agreement
is evident by inspection.

Discussion

This study illustrates the use of CFA based on MR images to
predict CSF flow patterns and CSF pressures in healthy sub-
jects and in patients with Chiari I malformation. It demon-
strates the heterogeneity of CSF flow along the spinal canal and
significant velocity vector components perpendicular to the
long axis of the spinal canal. CSF velocities were found to differ
between Chiari I and healthy subarachnoid spaces. The pres-
sure gradient was steeper in the patient with Chiari I malfor-
mation than in the healthy subject; this finding may be clini-
cally relevant.

This is the first reported attempt to describe CSF velocities
and pressures through the upper cervical subarachnoid space
in Chiari I malformation by means of CFA, to our knowledge.
Numeric simulations in simplified models of the spinal canal
have been used previously to study the effect of the eccentricity
of the spinal cord with the spinal canal, but actual geometries
were not used.'* CFA studies of the ventricular system have
been performed,'>'® but these are not relevant to the Chiari I
malformation. Some physical models have been created; an in
vitro study of syringomyelia hydrodynamics was performed
with a phantom model of the spinal canal created from MR
imaging.'” The main limitation for both numeric simulations
and physical models of CSF within the subarachnoid space has
been the complexity of the anatomy. For numeric simulations,
the high-attenuation mesh required for domain discretization
leads to very high computational costs.'* An advantage of the
BEM for CFA over other numeric techniques, such as the finite
element or the finite difference method, is that only boundary
discretization is required. This advantage makes it well suited
for simulating flows in complex geometries with relatively low
computational costs. One disadvantage of the BEM is that in-
ertial effects, that is effects occurring during the acceleration of
the fluid, are neglected. However, previous studies have sug-
gested that these effects are small in CSF.'® To determine
whether these effects are important, future work will compare
these results with a CFA method in which inertial effects are
included; additional validation could be achieved with PCMR
imaging at multiple levels or with a 3D PCMR technique.

The velocity results shown here in healthy and Chiari I
geometries agree well with those in the literature.'® The in-
crease in pressure found here with an obstruction at the cra-
niovertebral junction also agrees with prior animal experi-
ments."” The exclusion of the posterior fossa from the model
simplified the problem of creating the geometries and proba-
bly introduced some error in measurement, though it appar-
ently did not result in nonphysiologic CSF flow patterns. The
creation of these patient-specific anatomic models did require
some manual editing, which could have slightly modified the
real anatomy. However, we are confident that these minor
changes did not greatly affect the anatomic accuracy of the
models.

The extensive image-processing time required for each pa-
tient-specific case study limited the number of cases that could
be studied. Our patients with Chiari I may not be representa-
tive of all patients with Chiari I malformation. The volunteer
image data likely represents the healthy model accurately be-
cause variability between healthy subjects is less than that be-
tween patients with Chiari I malformation.”® Nevertheless,
with this demonstration of the utility of CFA for understand-
ing CSF flow, additional studies on more patients are
anticipated.

Conclusions

Flow simulations show that the Chiari I malformation results
in both increased CSF pressures and velocities. A hypothesis
based on CSF pressure may be more plausible than one based
on CSF velocity to explain the development of syringohydro-
myelia at a distance from the ectopic tonsils. Simulations may
also have a practical benefit, suggesting optimal locations for
obtaining CSF flow data when a patient is evaluated for cranio-
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occipital decompression. If peak velocities are used for the
selection of patients for surgical treatment, our results suggest
that PCMR flow studies at >1 axial level are required.
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