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ABSTRACT OF THE DISSERTATION

An MRI-CFD Prospective Analysis of Longitudinal Changes in Chiari Malformation

by

Madison Sznicer

Master of Science in Engineering Sciences (Aerospace Engineering)

University of California San Diego, 2026

Professor Antonio L. Sanchez, Chair

Abstract

Chiari malformation type I (CM-I) is characterized by herniation of the cerebellar tonsils past the
foramen magnum into the upper spinal canal. This descent can obstruct cerebrospinal fluid (CSF) flow.
A large fraction of CM-I patients develop syringomyelia, in which a fluid-filled cavity, or syrinx, forms
within the spinal cord. The mechanisms governing syrinx formation remain incompletely understood,
although abnormal CSF dynamics associated with CM-I may play an important role. One leading
hypothesis proposes that the pulsating cerebellar tonsils create amplified pressure waves in the spinal
subarachnoid space that promote fluid transport into the spinal cord. However, some aspects of altered
CSF dynamics in CM-I and the mechanisms underlying syrinx formation remain unexplained. This

work characterizes cerebellar tonsillar motion, cervical CSF flow, and craniocervical pressure dynamics

viii



before and after posterior fossa decompression in pediatric CM-I patients. Cardiac-gated phase-contrast
magnetic resonance imaging (PC-MRI) was used to quantify tonsillar motion and cervical CSF flow. These
measurements, together with T2-weighted MRI, were used to construct patient-specific computational fluid
dynamics (CFD) models to evaluate pressure fields and longitudinal impedance, a pressure-based measure
of resistance to oscillatory flow. Our results reveal that surgical decompression alters the relationship
between tonsillar motion and cervical CSF flow. Most notably, postoperative cervical CSF flow exhibits
more balanced bidirectional oscillations and becomes less synchronized with tonsillar motion than in
the preoperative state, suggesting that postoperative CSF flow is less influenced by piston-like tonsillar
displacement. In addition, the maximum longitudinal pressure difference exhibits variable changes
across subjects, while longitudinal impedance consistently decreases following decompression, indicating
reduced resistance to oscillatory CSF flow. These findings provide insight into the physiological effects of
posterior fossa decompression and provide an MRI-informed CFD framework for future investigations of

CM-I pressure dynamics and the mechanism underlying syrinx formation.
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1 Background

Chiari Malformation Type I (CM-I) is a neurological condition characterized by herniation of
the cerebellar tonsils (the lower part of the cerebellum) past the base of the skull into the upper spinal
canal. This descent can obstruct the subarachnoid space (SAS) at the craniocervical junction [1,2] and
alter the normal cerebrospinal fluid (CSF) flow driven by cardiac and respiratory cycles [3]. Symptoms
commonly linked to CM-I are headaches, neck pain, dizziness, and balance issues. A substantial subset of
patients develop syringomyelia, in which a fluid-filled cavity (syrinx) forms within the spinal cord [4].
Syringomyelia may lead to chronic pain, sensory loss, muscle weakness, scoliosis, and progressive
myelopathy.

The mechanisms governing syrinx formation remain incompletely understood, although many
studies suggest that abnormal CSF dynamics play an important role in fluid accumulation. Experimental
studies have shown that syrinx fluid enters the spinal cord through perivascular spaces [5-7], fluid-filled
channels surrounding penetrating blood vessels that provide pathways for CSF exchange between the
SAS and spinal cord. Under healthy conditions, transmedullary fluid inflow and outflow through these
spaces remain balanced, whereas altered CSF dynamics in CM-I may disrupt this bidirectional exchange
and contribute to syrinx formation [§—10].

Several theories have been proposed to explain how tonsillar herniation and obstruction at the
craniocervical junction may lead to abnormal CSF flow in CM-I patients. A widely cited hypothesis
is that of Oldfield et al., which proposes that the pulsating cerebellar tonsils act as a piston, generating
elevated pressure waves in the spinal subarachnoid CSF that promote fluid entry through the perivascular
pathways [11]. Although clinical observation supports the presence of these tonsillar pulsations, many
questions remain unanswered. A key unresolved issue is how there can be a net flow of CSF from the SAS
into the syrinx, despite studies consistently reporting the mean pressure in the syrinx to be higher than

that of the surrounding SAS [12]. In addition, distinctions in CSF dynamics between CM-I patients who



develop syringomyelia and those who do not remain unclear [4]. Overall, no single theory fully explains
all presentations of syringomyelia, and further investigation is needed to determine which hydrodynamic
factors are most relevant to syrinx progression and surgical decision-making. Phase-contrast magnetic
resonance imaging (MRI) has been widely used to characterize CM-I flow abnormalities [13], as it
allows for noninvasive cardiac-gated measurements of CSF velocity. PC-MRI studies have reported
abnormal peak velocities in CM-I patients relative to healthy subjects, many demonstrating elevated peak
velocities [2, 14] while others present reduced peaks [15]. CM-I patients also exhibit increased spatial
variability in CSF flow, such as high-velocity anterior jets and reduced posterior flow, unlike the more
uniform velocity distributions seen in healthy subjects [16]. These flow irregularities are often partially
restored toward normal after posterior fossa decompression, which is the standard treatment for CM-1.
Temporal differences have also been observed, with CM-I patients presenting earlier onsets and earlier
peaks of caudal CSF flow compared to healthy subjects [10], although few studies have examined how
these timing characteristics change after surgical intervention.

More recent CM-I studies combine PC-MRI measurements with computational fluid dynamics
(CFD) for a more comprehensive analysis of CSF flow. In particular, 2D PC-MRI often provides
velocity measurements only at discrete locations and in the direction perpendicular to the imaging plane,
while CFD can reconstruct full spatially and temporally resolved velocity fields. CFD also allows for
noninvasive computations of pressure gradients, which would otherwise require lumbar puncture for direct
measurement [17]. These qualities have proved useful for CM-I studies, allowing for new pressure-based
hydrodynamic markers such as longitudinal impedance [18-20], which has been associated with symptom
severity.

In this study, PC-MRI measurements from seven pediatric CM-I patients are analyzed to charac-
terize tonsillar motion and CSF flow before and after decompression surgery. The pediatric population
is of particular interest, as studies have found pediatric CM-I subjects to more frequently present with
syringomyelia and scoliosis [21,22]. These measurements are then combined with T2-weighted MRI to
reconstruct patient-specific geometries and develop CFD simulations of CSF flow in the craniocervical
SAS. By characterizing preoperative and postoperative CSF dynamics, this work aims to improve under-
standing of the physiological changes associated with decompression surgery and provide a foundation

for future CFD investigations of CM-I and syringomyelia.



2 Methods

2.1 Patient cohort

Seven pediatric patients diagnosed with CM-I participated in this study. The sex annd age of each
subject, as well as the symptoms they experience, are listed in Table 1. Subject 6 of this study had a clear
syrinx presentation. All experimental protocols were approved by University of Utah and Intermountain
Institutional Review Boards (IRB_00178613), and all procedures were conducted in accordance with
relevant guidelines and regulations. Written informed consent was obtained from the parents or legal

guardians of all participants prior to enrollment in the study.

Table 1. Demographic and clinical characteristics of the study cohort.

Symptoms
Posterior ~ Sensory . Valsalva- Non-Valsalva-

Age neck symptoms Cranial Swallowing  jnduced induced

Subject Sex (years) pain or deficits neuropathy  difficulty = headache headache
1 F 15 Y Y N N Y N
2 F 17 Y N Y N Y N
3 F 17 N Y N N Y N
4 M 16 N N N N Y N
5 F 12 N Y N Y Y N
6 F 14 N Y N N N Y
7 F 14 N Y N Y Y Y

2.2 Magnetic resonance imaging

Magnetic resonance imaging was performed on a 3T GE Architect scanner with software version
MR30.1. Anatomical images of the craniocervical region were obtained using a three-dimensional sagittal
T2-weighted Cube sequence with fat suppression. Imaging was performed with a 19-channel head-and-

neck coil, along with a 40-channel GEM posterior array for the rest of the spine. For all patients, the



T2-weighted images were acquired using flip angle = 90°, matrix size 512 x 512, and slice thickness
0.8 mm. The patient-specific reptition time (TR), echo time (TE), and in-plane resolution are listed in
Table 2. Note that the preoperative anatomical T2-weighted images for subject 1 were unavailable for
analysis due to poor image quality, so these parameters are not reported. In addition, postoperative MRI

measurements for subjects 5 and 7 had not yet been acquired at the time of this study.

Table 2. Patient-specific TR, TE, and in-plane resolution for the three-dimensional sagittal T2-weighted
Cube sequence.

a) Preoperative

Subject TR [ms] TE [ms] In-plane resolution [mm?]

1 N/A N/A N/A

2 2834 120.6 0.508<0.508
3 1502 122.8 0.469x<0.469
4* 4.71 2.1 0.352x0.352
5 1500 118.1 0.469x<0.469
6 1500 123.1 0.429x0.429
7 1500 118.3 0.469x0.469

*Preoperative anatomical images for subject 4 were acquired using a FIESTA sequence rather than
T2-weighted.

b) Postoperative

Subject TR [ms] TE [ms] In-plane resolution [mm?]

1 1000 82.8 0.977x 0.977
2 1500 122.2 0.508x0.508
3 1500 116.7 0.469x0.469
4 1864 123.0 0.430x0.430
6 2229 121.8 0.430x0.430

At three axial locations of the cervical canal, two-dimensional cardiac-gated PC-MRI acquisitions
were performed. One acquisition was positioned at the foramen magnum (FM) to quantify tonsillar
motion. The other two acquisitions were positioned at one intermediate cervical level (C1-C2 or C2-C3)
and at the C3-C4 level to quantify CSF flow. A representative image of the PC-MRI acquisition locations

used are shown in Figure 1.
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Figure 1. Sagittal T2-weighted MRI illustrating (a) the locations of the four PC-MRI acquisition planes
at the FM, C1-C2, C2—-C3, and C3-C4, and (b) the degree of tonsillar descent measured from the McRae
line.

The PC-MRI sequence used through-plane velocity encoding to acquire the velocity component
normal to each measurement plane. For all patients, the PC-MRI parameters were TR = 27.0 ms, flip
angle = 10°, matrix size 512 x 512, in-plane resolution 0.391 x0.391 mm?, and slice thickness 4 mm.
The patient-specific TE for each imaging plane is listed in Table 3, along with the heart rate of the subjects
during each measurement. For all patients, the FM encoding velocity was set to VENC = 5, with the
exception of the preoperative scans of subject 1 (VENC = 15) and subject 2 (VENC = 10). The encoding
velocity at all lower cervical levels was VENC = 10. The physiological condition during image acquisition
was free-breathing with no sedation. Retrospective cardiac gating was achieved through peripheral pulse
gating, with 30 cardiac phases reconstructed per cycle. Note that cardiac-gated PC-MRI measurements

were not acquired preoperatively for subject 4.



Table 3. Patient-specific PC-MRI acquisition parameters for each imaging plane.

a) Preoperative

Subject Imaging plane TE (ms) Heart rate (bpm)

M 7.84 66
1 Cl-C2 8.12 58
C3-C4 8.14 58
FM 8.50 67
2 Cl1-C2 8.15 69
C3-C4 8.23 68
M 9.35 105
3 C2-C3 8.21 92
C3-C4 8.21 98
N/A N/A N/A
4 N/A N/A N/A
N/A N/A N/A
FM 9.22 88
5 C2-C3 8.22 82
C3-C4 8.22 72
M 9.25 93
6 C2-C3 8.22 98
C3-C4 8.22 93
FM 9.19 62
7 C2-C3 8.12 60
C3-C4 8.12 64

b) Postoperative

Subject Imaging plane TE (ms) Heart rate (bpm)

M 9.45 75

1 C1-C2 8.13 78
C3-C4 8.14 80
FM 9.39 120

2 C2-C3 8.17 157
C3-C4 8.18 107

M 9.32 175

3 C2-C3 8.14 92
C3-C4 8.14 98

FM 9.78 52

4 C2-C3 8.18 51
C3-C4 8.19 50

FM 9.25 89

6 C2-C3 8.32 92
C3-C4 8.28 88




2.3 Image processing

2.3.1 PC-MRI: Extraction of flow metrics

Cerebellar tonsillar motion and cervical CSF flow were quantified by extracting metrics from
PC-MRI measurements using an in-house MATLAB code developed in a previous study [16], where the
methodology is described in detail. In short, the cerebellar tonsils and CSF space were manually contoured
in each measurement plane to define region of interest (ROI) masks, and the normal velocity component
was obtained for each pixel within the ROIs. Spatial filtering, outlier removal, and phase-unwrapping
methods were applied to reduce spurious measurements and correct velocity aliasing.

For each imaging plane, u; , represents the filtered and de-aliased velocity at pixel j € [1,2,...,N,]
and cardiac phase n € [1,2,...,30], where N, is the total number of pixels in the ROI mask, and the
30 cardiac phases span one cardiac cycle of period 7. The time-resolved velocity at each pixel was

reconstructed using a Fourier approximation with M = 5 modes, such that

2mikt

M
ui(t)="Y cjrexp( ), 2.1)
k=—M

where c; ; are the complex Fourier coefficients for pixel j and mode .
At the FM level, a representative velocity of the tonsils was determined by spatially averaging the

reconstructed velocity over the tonsillar ROI according to

N
i Yiliuj(t)A,
I/lt(t) == pr ja (22)
YilAj
where N, ; is the number of pixels in the tonsillar ROI and A} is the area of pixel j. This area-averaged
velocity characterizes the bulk motion of the tonsils throughout the cardiac cycle. The total tonsillar

displacement over one cardiac cycle was computed by integrating the magnitude of the spatially-averaged

tonsillar velocity,

T
Az = /O i (r)| dt. 2.3)

At the lower cervical levels, CSF volumetric flow rate waveforms were obtained by integrating the velocity

u;j(t) over the segmented CSF region,



N[J,C
Ocsr (I) = Mj(l‘)Aj, 2.4)
=1

J

where N, . is the number of pixels in the CSF region. The CSF stroke volume, or the net volume of CSF

moved during one cardiac cycle, is computed as

1 t+T
V=g [ 1Qesr(t)lar 25)

Finally, to quantify the spatial variability of the CSF velcoity field, the ratio of peak to mean velocity

magnitude, upeq /||, was evaluated at the time of peak systolic flow. upe. is the maximum velocity u;

within the CSF ROI, and the spatially averaged mean velocity magnitude was computed as
Np,e
Xl [ujlAj

Npe

jal =
Zj:lAj

(2.6)

2.3.2 T2-weighted MRI: CSF space segmentation

T2-weighted images were used to segment the craniocervical CSF space, from the mid-cervical
spine to 5-10 mm above the FM. Initial segmentation below the FM was performed automatically using
Spinal Cord Toolbox (SCT) [23], and the region above was manually segmented in 3D Slicer [24]. The
final segmentation was exported as a surface mesh for subsequent volume meshing. The T2-weighted
sagittal images were also used to extract the tonsillar descent z by measuring the distance from the FM

(the McRae line) to the inferior tip of the tonsils, as shown in Figure 1.

2.4 Computational modeling

The segmentation of the CSF space was truncated at the FM and C3—C4 levels to obtain the
computational domain, defined in ANSYS SpaceClaim (2024 R1) and shown in Figure 2. Microanatomical
features, such as nerve roots, denticulate ligaments, and arachnoid trabeculae, were not included in the
models. While recent work has demonstrated the importance of denticulate ligaments in particular [16],
their inclusion was beyond the scope of the present study. Meshing was subsequently performed in ANSYS

Fluent Meshing (2024 R1) using unstructured polyhedral elements, following the mesh parameters detailed



in a previous study [16].
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Figure 2. T2-weighted MRI-informed computational domain of the craniocervical CSF space extending
from the FM to C3—C4 level.

The finite-volume solver ANSYS Fluent (2024 R1) was used to perform flow simulations,
modeling CSF as a Newtonian fluid with density p ~ 1000 kg/m> and kinematic viscosity v ~ 0.7 x 1076
m 2/s. The flow was modeled as laminar, and the incompressible Navier-Stokes equations were solved
with a time-implicit, second order accurate scheme in space and time, using the COUPLED algorithm
for velocity-pressure coupling. Each cardiac cycle with period 7" was discretized into 100 time steps,
with 10 iterations per step. The simulations used steady-state initialization and were run over two cardiac
cycles, with the second cycle used for subsequent analysis. The boundary conditions prescribed were a
zero-pressure condition at the outlet (FM), as well as a spatially resolved velocity distribution at the inlet
(C3-C4) obtained from the PC-MRI measurements.

A notable pressure-based metric obtained from the CFD simulations is the longitudinal impedance,
a frequency-domain quantity that characterizes resistance to oscillatory CSF flow and reflects the influence
of the craniocervical geometry. Following the methodology of Martin et al. [18], longitudinal impedance is

computed by combining the CSF pressure field obtained from CFD with the PC-MRI-informed volumetric



flow rate. First, the impedance modulus Z; is computed as

Apy
Zirp=|—

qk

, Q2.7)

where k is the Fourier mode, and Ap; and g; are the complex Fourier coefficients of the pressure drop

Ap(t) =YL Apk exp(%) and volumetric flow rate Q(¢) = YL 1, qx exp(2’¥k’ ), respectively. The

flow-rate coefficients g = YA jc;x are computed as Eqs 2.1 and 2.4, while Ap(¢) is computed as the
difference between the area-weighted average pressure at the FM, p,—((¢), and at a plane 2.5 cm caudal to
the FM p,—_5(¢) , such that

Ap(l) = Pz=—2.5 — Dz=0- (2.8)

The piecewise-linear curve of Z; j in the frequency domain (f = k/T) is then integrated over 1-8

Hz to obtain the integrated longitudinal impedance.

10



3 Results

3.1 PC-MRI measurements: qualitative analysis

Cerebellar tonsillar motion and cervical CSF flow were characterized using the cardiac-gated
PC-MRI measurements at three imaging planes (FM, C1-C2 or C2—C3, and C3-C4). For brevity,
visualizations of the results are presented for representative subjects 3 and 6. The corresponding figures
for the remaining subjects are provided in Appendix A.

We begin by examining qualitative characteristics of subject 3. The sagittal MRI in Figure 3a
illustrates the cerebellar tonsillar herniation and the locations of the PC-MRI acquisition planes for this
subject. Figure 3b shows the spatially averaged tonsillar velocity at the FM throughout the cardiac cycle.
Preoperatively, the tonsils move in the caudal direction over a shorter duration and at a higher speed than
they move in the rostral direction. Effectively, the tonsils rapidly displace downward while their cranial
recovery is slower, a characteristic that has been reported in previous CM-I studies [25]. The cervical CSF
flow rate waveforms shown in Figure 3c are approximately in phase with the tonsillar motion at the FM
and exhibit a similar rapid caudal phase and slower rostral recovery. Figure 3d presents the instantaneous
CSF velocity fields at the C3—C4 level, where the PC-MRI-based inlet boundary condition is prescribed
in subsequent CFD simulations. The velocity fields are shown at three selected instances during the
cardiac cycle: peak rostral flow, flow reversal, and peak caudal flow. Note that flow reversal is defined
as the instance where the flow direction changes from rostral to caudal flow, and a different color scale
(-5 to 5 cm/s) is used here to better resolve the low velocities that occur at this instance. As expected,
CSF at the instance of peak caudal flow exhibits a larger velocity magnitude than at peak rostral flow.
The preoperative CSF flow is anteriorly dominant, with high-velocity jets in the anterior region. During
flow reversal, bidirectional flow is observed, with the anterior jets maintaining rostral flow while the rest

of the CSF has already begun transitioning to caudal, as seen in previous studies [16]. Nozaleda et al.
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Figure 3. Preoperative MRI data for subject 3. a) Sagittal MRI. b) Tonsillar velocity at the FM. c¢) CSF
flow rate at C2—-C3 and C3-C4 throughout a cardiac cycle. Dashed lines indicate peak caudal flow, peak
rostral flow, and flow reversal. d) Instantaneous velocity fields at these instances. At flow reversal, a
narrower color scale (-5 to 5 cm/s) is used to resolve low velocities.

proposed that denticulate ligaments may act as an anterior-posterior flow separation barrier, contributing to
distinct flow patterns in each region. This separation may be particularly relevant in CM-I, where tonsillar
obstruction of the posterior CSF space at the craniocervical junction may exaggerate anterior-posterior
flow differences.

A similar qualitative analysis is performed for subject 6. Figure 4a demonstrates the presence

of a syrinx at the lower cervical levels. Unlike subject 3, Figure 4b shows that the tonsils move in the
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Figure 4. Preoperative MRI data for subject 6. a) Sagittal MRI. b) Tonsillar velocity at the FM. c) CSF
flow rate at C2—-C3 and C3-C4 throughout a cardiac cycle. Dashed lines indicate peak caudal flow, peak
rostral flow, and flow reversal. d) Instantaneous velocity fields at these instances. At flow reversal, a
narrower color scale (-5 to 5 cm/s) is used to resolve low velocities.

caudal and rostral directions with comparable magnitudes and durations. While the caudal phase remains
slightly shorter in duration, similar to subject 3, the peak rostral velocity marginally exceeds the peak
caudal velocity, opposite to the trend observed in subject 3. Nonetheless, in Figure 4c, the CSF flow rate
waveforms remain approximately in phase with the tonsillar motion at the FM. The instantaneous CSF

velocity fields in Figure 4d show less pronounced anterior jets than subject 3, corresponding to the overall

13



lower magnitudes in both CSF and tonsillar velocity that subject 6 exhibits. A different flow reversal
pattern is also observed, as the anterior CSF transitions to caudal flow while the posterior CSF remains

rostral, further demonstrating anterior-posterior differences in CSF flow.

0.2 0.4 0.6 0.8 1
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Figure 5. Postoperative MRI data for subject 3. a) Sagittal MRI. b) Tonsillar velocity at the FM. c) CSF
flow rate at C2—C3 and C3-C4 throughout a cardiac cycle. Dashed lines indicate peak caudal flow, peak
rostral flow, and flow reversal. d) Instantaneous velocity fields at these instances. At flow reversal, a
narrower color scale (-5 to 5 cm/s) is used to resolve low velocities.

The corresponding postoperative PC-MRI data for subject 3 is visualized in Figure 5. Anatomical

changes are evident in Figure 5a, where the cerebellar tonsils exhibit reduced herniation, appear more



round, and assume a more posterior orientation, consistent with previous CM-I studies [26]. Following
surgical decompression, many of the preoperative abnormalities associated with tonsillar motion and CSF
flow tend to normalize toward patterns observed in healthy subjects [27,28]. As shown in Figure 5b,
postoperative tonsillar motion at the FM is substantially reduced. Figure 5c shows a decrease in the
magnitude of cervical CSF flow, and the rostral and caudal flow phases become comparable in both
duration and magnitude. Unlike the rapid caudal displacement and slower rostral recovery observed
preoperatively, the CSF maintains a more balanced flow in each direction. In Figure 5d, posterior CSF
appears to maintain rostral flow throughout the cardiac cycle. However, there is a significant reduction in
the anterior high-velocity jets, consistent with the reduction in both CSF and tonsillar velocities, and the
overall velocity distribution appears more uniform. It is worth noting that for subject 3, the postoperative
CSF flow waveforms appear out of phase with their preoperative counterparts, likely reflecting an MRI
system software upgrade (to GE MR30.1) that occurred between the preoperative and postoperative
acquisitions. Postoperative PC-MRI visualizations for subject 6 are presented in Figure 6, as both
preoperative and postoperative scans for this subject were acquired after the software upgrade, allowing a
more direct comparison of the flow waveforms.

Many postoperative observations for subject 6 are consistent with those of subject 3. Figure 6a
displays similar changes in tonsillar shape and orientation, and Figure 6b demonstrates significant reduc-
tion in tonsillar motion. Unlike subject 3, Figure 6¢ shows a postoperative increase in the magnitude
of CSF flow. The magnitudes and durations of CSF flow remain balanced in the caudal and rostral
directions. Contrasting their preoperative pattern, lower cervical CSF flow appears to be significantly out
of phase with tonsillar motion at the FM. In Figure 6d, the posterior CSF flow maintains a rostral direction
throughout the cardiac cycle following surgical decompression, consistent with subject 3. Most subjects

in the cohort exhibit similar rostral posterior flow, shown in Appendix A.
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Figure 6. Postoperative MRI data for subject 6. a) Sagittal MRI. b) Tonsillar velocity at the FM. c) CSF
flow rate at C2—C3 and C3-C4 throughout a cardiac cycle. Dashed lines indicate peak caudal flow, peak
rostral flow, and flow reversal. d) Instantaneous velocity fields at these instances. At flow reversal, a
narrower color scale (-5 to 5 cm/s) is used to resolve low velocities.

3.2 PC-MRI measurements: quantitative analysis
3.2.1 Tonsillar motion

To quantify the qualitative observations above, Table 4 summarizes the PC-MRI-derived metrics
describing cerebellar tonsillar motion at the FM level for all subjects. We first examine the preoperative

measurements for subject 3 in Table 4a. The peak caudal and rostral tonsillar velocities demonstrate
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significant tonsillar motion (u; ., = 0.79 cm/s and u;_f max = 0.34 cm/s, respectively). Here, the peak
caudal tonsillar velocity is over twice as large as the rostral (u; qy/ u,fmax =2.21). In addition, caudal
displacement occurs for only 38% of the cardiac cycle (At/T = 0.38), while the rostral phase occurs for
62% of the cardiac cycle. These values are consistent with the rapid downward displacement and slower
rostral recovery of the tonsils observed qualitatively. Similar preoperative trends are observed throughout
the cohort, where most subjects present a high peak caudal-to-rostral velocity ratio. Subjects 6 and 7 are
the exception, as their peak rostral velocities exceed their caudal counterpart (u; .,/ u,fmax =0.82 and

0.87, respectively). However, all subjects maintain a shorter caudal duration than rostral.

Table 4. Tonsillar motion metrics at the FM from cardiac-gated PC-MRI. Tonsillar descent z is measured
from the FM (McRae line) to the inferior tonsil tip. Az is the total displacement per cardiac cycle. u; yqx
denotes peak spatially-averaged caudal (-) and rostral (+) velocities, with ratio (-)/(+). The caudal peak
instance within the caudal phase is 7 ek /At, and the duration of the caudal phase is Az/T.

a) Preoperative

Uz max [cm/s] Caudal Phase
() B ) tpear/A AT

18.90 1.41 0.56 025 221 0.40 0.29
20.57 1.86 0.70 0.28 2.55 0.31 0.31
8.25 1.98 0.79 034 231 0.34 0.38
17.25 N/A N/A N/A N/A N/A N/A
9.15 0.55 0.14 0.10 1.33 0.23 0.43
12.08 0.36 0.10 0.12 0.82 0.17 0.44
6.95 0.56 0.12 0.14 0.87 0.55 0.46

Subject z[mm] Az [mm]

NN R W

b) Postoperative

Uz max [cm/s] Caudal Phase
() B O tpea/A AT

13.00 0.08 0.02 0.03 0.70 0.82 0.39
15.80 0.35 0.13 0.12 1.11 0.27 0.39
6.27 0.02 0.01 0.02 0.57 0.51 0.59
11.21 1.58 032 022 144 0.15 0.45
6.50 0.34 0.10 0.15 0.55 0.40 0.58

Subject z[mm] Az [mm]

AN B W=

Post-surgical changes in tonsillar motion are shown in Table 4b. For subject 3, tonsillar velocity
is significantly reduced (u; ,,q, = 0.010 cm/s and u,‘f maxe = 0.017 cm/s), and the peak caudal-to-rostral

tonsillar velocity decreases (u; 4/ u,fmax = 0.57). The caudal duration increases to 59% of the cardiac
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cycle (Ar/T = 0.59). These changes are consistent throughout the cohort, with many subjects exhibiting
reduced tonsillar velocities and a peak caudal-to-rostral ratio that shifts closer to unity after surgery.
Again, subject 6 is the exception, as the reduction in tonsillar motion is considerably smaller than the
remainder of the cohort, and the peak caudal-to-rostral ratio shifts further from unity postoperatively. For
all subjects, the duration of the caudal phase increases and becomes comparable to that of the rostral phase.
These quantitative measurements represent the more balanced bidirectional tonsillar motion observed
qualitatively following decompression.

The maximum distance of tonsillar herniation below the FM, z, is also reported. Following
surgical decompression, the degree of tonsillar herniation is reduced for all subjects, with reductions
ranging from around 23-46% across the cohort, consistent with previous CM-I studies [26]. Tonsillar
displacement during the cardiac cycle, Az, is generally greater preoperatively than the reported values for
healthy subjects (=~ 0.43 mm) [29]. Postoperatively, tonsillar displacement decreases substantially, with
reductions ranging from around 81-99% for most subjects. In subject 6, tonsillar displacement decreases

by only around 6%, likely related to the already small preoperative tonsillar displacement of this patient.
3.2.2 CSF flow

PC-MRI-derived metrics describing CSF flow at the lower cervical levels are summarized in
Table 5. We first examine the preoperative measurements in Table 5a for subject 3. At both the C2—C3 and
C3-C4 levels, the peak caudal CSF flow rate is nearly twice the peak rostral flow rate (Q,,,./O;h. = 1.85
and 1.75, respectively), consistent with the asymmetry observed in tonsillar motion at the FM. Caudal
CSF flow at C2—C3 and C3—C4 occurs for 40% and 41% of the cardiac cycle, respectively, comparable to
the duration of caudal tonsillar motion. Similarly, the timing of peak caudal CSF flow within the caudal
phase (peax /AT = 0.35 and 0.36 at C2-C3 and C3-C4, respectively) is consistent with that of peak caudal
tonsillar motion at the FM (t¢q /AT = 0.38), supporting the qualitative observation that preoperative
cervical CSF flow is in phase with tonsillar motion at the FM. Most subjects display similar behavior,
following the tonsillar motion trends.

We now examine postoperative changes in cervical CSF flow in Table 5b. For subject 3, the CSF

flow magnitude decreases postoperatively. While some subjects in the cohort follow this trend, others

exhibit a postoperative increase in CSF flow, consistent with previous studies reporting variable changes
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Table 5. CSF flow metrics at two lower cervical planes derived from cardiac-gated PC-MRI. Q,.«
represents the peak flow rate in the caudal (-) and rostral (+) directions, and their ratio is (-)/(+). The
instance of peak caudal flow within the caudal phase is 7 ek /At, and the duration of the caudal phase is
At/T. The ratio of the peak to mean velocity at the systolic peak is u,cqx/|it|, and the stroke volume is V.

a) Preoperative

Subject Location Opmax [mL/s] Caudal Flow Phase wpea/Vi Y,
O B ) tpear/At AT
| Cl-C2 296 105 282 0.51 0.23 2.27 0.41
C3-C4 427 178 240 0.44 0.25 1.85 0.63
) Cl1-C2 385 173 223 0.33 0.32 1.34 0.54
C3-C4 419 180 233 0.34 0.32 1.80 0.60
3 C2-C3 525 283 185 0.35 0.40 2.36 0.84
C3-C4 558 319 175 0.36 0.41 2.15 0.89
5 C2-C3 658 6.03 1.09 0.18 0.45 1.88 1.41
C3-C4 412 456 090 0.15 0.51 2.05 1.11
6 C2-C3 2.07 201 1.03 0.19 0.44 2.37 0.39
C3-C4 187 191 0.98 0.18 0.46 2.58 0.35
7 C2-C3 432 284 1.52 0.24 0.39 2.28 1.16
C3-C4 538 297 1381 0.27 0.36 2.49 1.17

b) Postoperative

Subject Location Oumax [ML/s] Caudal Flow Phase Upeat /I V.
) B ) tpea/A AT
| Cl-C2 346 331 1.04 0.19 0.42 1.86 0.67
C3-C4 375 361 1.04 0.21 0.40 1.98 0.73
) C2-C3 1.10 197 0.55 0.12 0.60 2.94 0.15
C3-C4 191 219 0.87 0.19 0.44 2.26 0.29
3 Cc2-C3 179 181 1.01 0.17 0.49 2.12 041
C3-C4 1.88 173 1.08 0.18 0.48 2.49 0.40
4 C2-C3 401 290 1.38 0.18 0.47 2.50 1.08
C3-C4 387 284 1.36 0.18 0.49 2.17 1.08
6 C2-C3 261 257 1.01 0.17 0.46 2.44 0.53
C3-C4 224 232 097 0.16 0.48 2.62 0.52

in CSF flow following surgical decompression [30-32]. Nonetheless, peak caudal CSF flow becomes
comparable to peak rostral CSF flow (Q,,,./QO;".. = 1.01 and 1.08 at C2—C3 and C3-C4, respectively),
and the duration of caudal CSF flow increases (At/T = 0.49 and 0.48 at C2—-C3 and C3-C4, respectively),

trends that align with tonsillar behavior and generally occur throughout the cohort. However, for subject

19



3, while peak caudal tonsillar motion occurs later within the caudal phase (7pcax /AT = 0.51), peak caudal
CSF flow occurs much earlier (#,¢q/AT = 0.17 and 0.18 at C2-C3 and C3-C4, respectively). Unlike
tonsillar motion, where peak caudal motion occurs earlier for some patients and later for others following
surgery, this shift to an earlier peak caudal flow of CSF is consistent throughout the cohort, supporting the
observation that postoperative cervical CSF flow becomes out of phase with tonsillar motion.

The ratio of peak to mean velocity at the systolic peak upeq/|it| was included as a descriptive
measure of the spatial variability of the velocity field. Although this ratio increased in several postoperative
cases, the subjects often exhibited a reduction in the mean velocity magnitude. Consequently, changes
in upeqr /|| reflect variations in both the spatial distribution of the velocity field and the overall flow
magnitude, and should not be interpreted as a direct measure of spatial uniformity alone. The qualitative
visualizations of the velocity fields may provide a better representation of postoperative changes in
the spatial distribution of CSF flow. Additionally, CSF stroke volume across the lower cervical levels,
Vs, showed variable responses across the cohort. For subject 3, the stroke volume decreases following
decompression, whereas subject 6 exhibits a postoperative increase. This patient-specific variability is
observed throughout the remainder of the cohort, with no consistent direction of postoperative change.
Direct comparison with previous studies is limited, as few studies have reported pre- and postoperative

CSF stroke volume at comparable cervical levels.

3.3 CFD: CSF pressure dynamics

To complement the PC-MRI measurements, pressure-based metrics obtained from the CFD
simulations are presented. Note that preoperative simulations and corresponding metrics are not computed
for subject 1 due to unavailable T2-weighted images and subject 4 due to unavailable PC-MRI measure-
ments. Figure 7 shows the evolution of the longitudinal pressure drop, Ap, between the FM and an axial
plane 2.5 cm below, as defined in Eq 2.8. The preoperative cases in Figure 7a demonstrate inter-subject
variability in the shape and magnitude of the pressure-difference waveforms, whereas the postoperative
cases in Figure 7b exhibit more similar pressure drop evolutions across subjects.

The maximum pressure difference, max(Ap), for each subject is listed in Table 6. Preoperative

values ranged from 7.76 to 14.36 Pa, on the same order of magnitude as values previously reported for
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Figure 7. Evolution of the longitudinal pressure difference Ap (Eq 2.8) over the cardiac cycle for the a)
preoperative and b) postoperative cases.

CM-I patients. Martin et al. reported maximum pressure differences of 11.73 Pa (0.088 mmHg) for
one patient (CP1) and 18.13 Pa (0.136 mmHg) for the other (CP2) [18], while Nozaleda et al. reported
a maximum pressure difference of 6.1 Pa in their most PC-MRI-informed model [16]. Nozaleda et al.
partially attributed their reportedly lower pressure difference to the lower PC-MRI-measured flow rates
prescribed in their model relative to those of Martin et al. In the present cohort, however, differences
in peak flow rate and max(Ap) across subjects did not exhibit a consistent relationship, indicating that
differences in flow magnitude alone do not fully explain the observed pressure response. Differences in
craniocervical geometry contributes to CSF pressure dynamics, as reflected in the following longitudinal
impedance discussion. Postoperatively, max(Ap) had a smaller range of values than the preoperative
cases, from 7.64 to 9.59 Pa. Compared to their preoperative counterparts, the postoperative maximum
pressure difference showed no consistent directional change, increasing in some subjects and decreasing
in others, as found in previous works. For instance, Martin et al. reported a postoperative increase to
12.93 Pa (0.097 mmHg) for CP1, whle CP2 showed a decrease to 13.73 Pa (0.103 mmHg) [18].

To further characterize CSF pressure dynamics, longitudinal impedance, computed from the
frequency-domain relationship between pressure drop and volumetric flow rate as described in Section 2.4,
is also reported in Table 6. Preoperative values range from approximately 282 to 365 dyn/cm’, comparable
to results from previous studies. Martin et al. reported longitudinal impedance values of 440 and
335 dyn/cm?® for CP1 and CP2, respectively [18], and Nozaleda et al. reported approximately 331 dyn/cm’

in their most PC-MRI-informed model [16]. In addition, the preoperative longitudinal impedance for all

21



Table 6. Pressure-based metrics derived from CFD simulations. The maximum pressure drop between the
FM and an axial plane 2.5 cm below is denoted as max(Ap). LI represents the integrated longitudinal
impedance, as computed in Section 2.4.

max(Ap) [Pa] LI [dyn/cm’]
Subject Preoperative Postoperative Preoperative Postoperative
1 N/A 7.64 N/A 173.27
2 9.47 8.58 281.67 246.93
3 7.76 9.33 360.99 329.75
4 N/A 9.04 N/A 331.55
5 14.36 N/A 303.62 N/A
6 9.03 9.59 353.58 302.71
7 14.64 N/A 364.57 N/A

subjects is higher than values reported for healthy individuals (~ 143 — 244 dyn/cm’ across previous
studies) [18, 19,33], consistent with reports of elevated longitudinal impedance in CM-I patients. Unlike
the variable postoperative changes observed in max(Ap), longitudinal impedance values for all subjects
decrease compared to their preoperative counterparts, with reductions ranging from approximately 9-14%.
Martin et al. also reported postoperative decreases in longitudinal impedance, although reductions of
approximately 20-30% were observed in their two patients [18]. Nonetheless, postoperative longitudinal
impedance generally remains higher than values reported for healthy controls. Neither the maximum
pressure difference nor longitudinal impedance exhibited a clear association with the PC-MRI-derived
metrics evaluated in the present study or with the symptoms reported in Table 1. Similar variability has
been reported previously, with longitudinal impedance found to correlate with some measures of CM-I

severity but not others [33].
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4 Discussion

The PC-MRI measurements suggest that posterior fossa decompression alters the relationship
between cerebellar tonsillar motion and cervical CSF flow. Preoperatively, the rapid, caudal displacement
of the tonsils and the closely-paralleled CSF behavior support Oldfield’s hypothesis that piston-like
tonsillar motion drives oscillatory CSF flow. Following decompression, the significant reduction in tonsillar
motion likely reflects expansion of the SAS and reduced resistance to CSF flow at the craniocervical
junction. Consequently, tonsillar motion may have less influence on CSF flow further down the spinal
canal, reflected in the postoperative loss of synchrony between tonsillar motion and cervical CSF flow.
One possible explanation is that restoration of a more patent SAS allows the intracranial pressure pulse to
play a larger role in driving postoperative CSF flow, producing flow patterns that more closely resemble
those of healthy individuals [34]. A potential implication of the altered temporal relationship between
the cerebellar tonsils and CSF is its effect on fluid entrance into the spinal cord. Previous studies have
suggested that the timing of CSF pulsations influences fluid transport through the perivascular spaces [8].
Although the MRI software upgrade prevented definitive assessment of the postoperative CSF waveform
phase for some subjects, the timing metrics evaluated in the present study—including the duration of
the caudal phase and the timing of peak caudal flow within the caudal phase—are less dependent on
the absolute waveform phase and may provide preliminary evidence of temporal changes in CSF flow
associated with surgical decompression.

The pressure-based CFD metrics provide further insight into the anatomical changes related to
CM-I. Although the maximum longitudinal pressure difference did not exhibit a consistent change from
the preoperative to postoperative cases, longitudinal impedance consistently decreased following decom-
pression, reflecting reduced resistance to oscillatory CSF flow associated with craniocervical obstruction.
Interestingly, despite variable intrasubject changes in max(Ap) following surgery, postoperative values ex-

hibited less intersubject variability than preoperative values. This may reflect more similar hydrodynamic
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conditions following decompression, although additional subjects would be required to establish whether
this represents a consistent postoperative effect. Nevertheless, the lack of a clear relationship between
these pressure-based markers and the PC-MRI metrics or clinical symptoms in this study suggests that
the parameters evaluated here may only partially characterize the physiological changes associated with
surgical decompression. Fully characterizing craniocervical obstruction and its influence on oscillatory
CSF flow may therefore require complementary physiological markers. Future CFD studies could further
investigate the relationship between CSF flow, pressure dynamics, and anatomical obstruction in CM-I to
better explain inter-subject variability and their potential role in syrinx formation.

Other limtations of the present study should be noted. The relatively small cohort size restricts
the generalizability of these findings to the broader CM-I population. Only one subject presented with
a syrinx, and inclusion of more CM-I patients with syringomyelia may provide additional insight into
the relationship between syrinx formation and the metrics evaluated in this study. As mentioned, the
exclusion of anatomical structures may limit understanding of the spatial distribution of CSF flow in
CM-I, and inclusion of denticulate ligaments in particular may help explain differences between anterior
and posterior CSF flow characteristics. Finally, the CFD model treats the cerebellar tonsils as a rigid body
and does not account for tissue deformation. Future CFD Chiari studies should incorporate fluid-structure
interaction to better capture the effects of tonsillar deformation, which may provide further insight into

CSF dynamics within the narrow region between the tonsils and the spinal cord.
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A Additional PC-MRI Visualiztions

Figures 8.1-8.7 present the MRI visualizations for all other subjects in this cohort. Unless
otherwise noted, each figure follows the same format: a) sagittal MRI showing the anatomy; b) tonsillar
velocity at the FM; ¢) CSF flow rates at the lower cervical levels; d) instantaneous velocity fields at peak
caudal flow, peak rostral flow, and flow reversal. At flow reversal, a narrower color scale (-5 to 5 cm/s) is

used to better resolve low-magnitude velocities.

25



Y ! '
] ]
. Cerebellum /:\/‘—\/_\EJ
I I

0.2 0.4 0.6 0.8 1
Cardiac cycle (t/T)

0.2 0.4 0.6 0.8 1
Cardiac cycle (t/T) |

' |

1

1
e T L.
-10 -5 0 5 10 -5 0 5 -10 -5 0 5 10
[em/s] [em/s] [em/s]
t/T=0.62 t/T=0.90 t/T=1.00

Figure 8.1. Preoperative MRI data for subject 1.
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Figure 8.2. Preoperative MRI data for subject 2.
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Figure 8.3. Overview of preoperative MRI data for subject 5.
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Figure 8.4. Preoperative MRI data for subject 7.
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