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Characterization of the
Discrepancies Between
Four-Dimensional Phase-
Contrast Magnetic Resonance
Imaging and In-Silico
Simulations of Cerebrospinal
Fluid Dynamics
The purpose of the present study was to compare subject-specific magnetic resonance
imaging (MRI)-based computational fluid dynamics (CFD) simulations with time-
resolved three-directional (3D) velocity-encoded phase-contrast MRI (4D PCMRI) meas-
urements of the cerebrospinal fluid (CSF) velocity field in the cervical spinal subarach-
noid space (SSS). Three-dimensional models of the cervical SSS were constructed based
on MRI image segmentation and anatomical measurements for a healthy subject and
patient with Chiari I malformation. CFD was used to simulate the CSF motion and com-
pared to the 4D PCMRI measurements. Four-dimensional PCMRI measurements had
much greater CSF velocities compared to CFD simulations (1.4 to 5.6� greater). Four-
dimensional PCMRI and CFD both showed anterior and anterolateral dominance of CSF
velocities, although this flow feature was more pronounced in 4D PCMRI measurements
compared to CFD. CSF flow jets were present near the nerve rootlets and denticulate lig-
aments (NRDL) in the CFD simulation. Flow jets were visible in the 4D PCMRI measure-
ments, although they were not clearly attributable to nerve rootlets. Inclusion of spinal
cord NRDL in the cervical SSS does not fully explain the differences between velocities
obtained from 4D PCMRI measurements and CFD simulations.
[DOI: 10.1115/1.4029699]
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Introduction

CSF dynamics are thought to play an important role in central
nervous system (CNS) physiology. The investigation of CSF
dynamics in the SSS could help to gain a deeper understanding of
its normal function and significance in the development of CNS

pathophysiologies such as type 1 Chiari malformation (CMI) [1],
syringomyelia [2,3], and hydrocephalus [4] and application to
intrathecal drug delivery [5,6].

For the last few decades, single-slice 2D phase-contrast MR
flow imaging (2D PCMRI) has been the main in vivo approach to
study CSF dynamics in research and clinical routine [7–10].
Usage of 2D PCMRI provides one component of velocity for a
given slice. To obtain all three components of velocity, two addi-
tional scans are required, adding imaging time. Many additional
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2D PCMR image slices would be needed to map a 3D velocity
field within a region of interest (e.g., the complex 3D vortex pat-
terns that may be present in the cervical spine in CMI patients
[8]). Application of 2D PCMRI for this purpose would require an
impractical amount of imaging time. Time-resolved 3D phase-
contrast MRI (4D PCMRI) has been increasingly appreciated as a
rapid and novel approach to investigate complex CSF flow phe-
nomena [11–15] by quantification of three-directional velocity in-
formation within a volume of interest [16].

CFD has been applied in models with varying degrees of ana-
tomical complexity to help understand the underlying physiology
of CSF flow [17–19]. A review of CSF flow studies using CFD
was published by Shaffer et al. [20] and Yiallourou et al. [21]. A
subject-specific CFD model of the cervical SSS CSF flow was
developed by our research group with idealized spinal cord NRDL
[19]. This study showed that NRDL has an important impact on
CSF dynamics in terms of velocity field and flow patterns. Another
study by our research group found that subject-specific CFD simu-
lation of CSF flow in the cervical spine resulted in 3.4 to 8.4�
smaller peak CSF velocities than in vivo 4D PCMRI measurements
[21]. This study provided impetus for a rigorous analysis of the var-
ious reasons that might underpin the differences in CSF flow quan-
tified by CFD simulation and in vivo PCMRI measurements.

The goal of the present variational analysis study was to deter-
mine if addition of NRDL in the CFD modeling approach resulted
in better agreement with the in vivo 4D PCMRI measurements. In
order to account for hydrodynamic complexities present in a dis-
ease state, CFD simulations and in vivo measurements were per-
formed on a healthy subject and a CMI patient. For each case, we
compared various features of CSF motion in CFD simulations and
4D PCMRI measurements.

Materials and Methods

Patients and Subjects. This study was approved by the institu-
tional review board. Written informed consent was obtained prior
to completion of the MRI exams. MRI data were anonymized
prior to postprocessing.

MRI Geometry and 4D PCMRI CSF Flow Measurements.
MRI data acquisition was performed as previously described

[19]. In brief, MRI measurements were acquired on a 1.5-Tesla
MRI (Achieva 2.6, Philips, Best, The Netherlands) with a standard

16-channel head and neck coil. A retrospective electrocardiogram-
triggered, T1-weighted, segmented gradient echo sequence
(T1-TFE) with isotropic 1.5 mm voxel size was used for the 4D
PCMRI measurements. The 3D field of view was adjusted to
cover the craniocervical junction and the entire cervical thecal
sac, laterally and extending beyond the inner confinement of the
foramen magnum (FC). Encoding velocity was set to 10 and 20
cm/s for the healthy and patient case, respectively. The cardiac
cycle was encoded in 13 and ten phases for the healthy and patient
cases, respectively, with a heart rate of 76.9 and 125 beats per mi-
nute (total 4D PCMRI imaging time was 8–14 min) [12]. To
obtain anatomic data for geometric reconstruction of the spinal
cord and dura, a T2-weighted 3D turbo spin-echo (TSE) imaging
sequence was acquired with 0.8 mm isotropic resolution covering
the craniocervical junction and the entire cervical thecal sac. Ac-
quisition time for the TSE imaging was 3–5 min depending on the
field of view. Subjects were advised to remain still during scan-
ning, and no other precautions were used to prevent movement.

Subject-Specific Anatomical Geometries With Addition of
Idealized NRDL. We used subject-specific healthy and CMI ana-
tomical geometries that have been previously reported (a 22-year-
old/male healthy volunteer, HVb, and a 5-year-old/male CMI
patient with mild tonsillar descend below the FM, CM4 in
Yiallourou et al.) [21]. ITK SNAP (version 2.2, PA) was used for the
manual segmentation to reconstruct the three-dimensional anat-
omy of the cervical SSS, containing the dura mater and spinal cord,
from the T2-weighted MRI images. Geometries were segmented
several centimeters beyond the cervical region superiorly and infe-
riorly to avoid issues caused by short entry length or backflow at
the models outlet. The resulting surface models were then smoothed
and idealized NRDL were designed and added using AUTODESK MAYA

(version 2012, Autodesk Inc., Mill Valley, CA) to form a composite
anatomical model of the cervical SSS (Fig. 1). Size and placement of
NRDL within the spinal canal were obtained from anatomical data
found in literature [22–24] and visual inspection of the high-
resolution MRI images (average thickness of nerve rootlets and den-
ticulate ligaments were 1.4 and 0.1 mm, respectively). More details
about this process is described by Pahlavian et al. [19].

CFD Simulations. CFD simulations were carried out based on
the methodology and setup described previously [19]. In brief, a
nonuniform unstructured rigid-walled computational mesh was

Fig. 1 Modeling process for the cervical SSS in the healthy case. (a) MR image segmentation
to reconstruct the SSS. (b) Addition of idealized NRDL. (c) CSF flow simulation using CFD.
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generated for the healthy and patient geometry using ANSYS ICEM

CFD (version 14.0, ANSYS Inc., Canonsburg, PA). ANSYS FLUENT

(version 14.0, ANSYS Inc., Canonsburg, PA) was used to carry
out the CFD simulations. CSF was considered to be an incompres-
sible Newtonian fluid with the same rheological properties as
water at body temperature [25] and its flow was assumed to be
laminar. This assumption was confirmed after calculation of the
Reynolds number, based on the internal flow for each case, which
did not exceed 350. The anatomical boundaries were considered
to be rigid. Uniform velocity inlet and zero pressure outlet bound-
ary conditions were imposed at the caudal and cranial end of the
models, respectively.

Cross sections of the CSF flow domain for the 4D PCMRI
measurements were manually segmented at nine axial slices
below the FM to the first thoracic vertebrae. The CSF flow wave-
form was computed at each axial slice by integration of the veloc-
ity over the cross section (Fig. 2). The CSF flow waveform at
each axial location was offset to obtain the zero net CSF flow per
cycle. The offset values for the two cases were smaller than
0.2 cm3/s. The CSF flow waveform was found to vary along the
spine for the healthy subject and CMI patient. For each case, the
CSF flow waveform with the greatest amplitude was selected as
the unsteady velocity inlet boundary condition for the CFD simu-
lations (C3 for the healthy case and C2M for the CMI patient,
Fig. 2). The rational for selection of the waveforms with greatest
amplitude was because a previous study by our group [21] showed
peak velocities from subject-specific CFD simulations to be 3.4 to
8.4� smaller than 4D PCMRI measurements. Thus, the CSF

waveforms with the greatest amplitude were selected to minimize
any underprediction of CSF velocities in the CFD simulations.

Assessment of CFD and 4D PCMRI Data. The spatial veloc-
ity patterns obtained from CFD were visualized and analyzed in
the healthy and CMI models using ENSIGHT (version 10.0, CEI
Inc., Apex, NC). The maximum value of through-plane velocities
was determined within the nine axial cross sections (FM to C7,
Fig. 1) at two time points; peak CSF flow in the caudal (systole,
negative directed flow) and cranial (diastole, positive directed
flow), directions. Through-plane velocities at each axial plane
were calculated as the components of velocity vectors in the direc-
tion orthogonal to that plane. The average values of the peak sys-
tolic velocities (APVS) and peak diastolic velocities (APVD) were
quantified over the nine axial cross sections.

Four-dimensional PCMRI measurements were visualized using
the GTFLOW software (version 1.6.4, Gyrotools Ltd., Zurich, Swit-
zerland). The flow was quantified at each of the nine axial planes
analysed by CFD located from the FM to C7. The regions of inter-
est (ROIs) excluded regions with blood flow through the vertebral
and intra and epidural vessels by assessing direction of flow over
time when using the PC images as described by Yiallourou et al.
[21].

Results

Through-plane peak systolic and diastolic velocities measured
by 4D PCMRI were 1.4 to 5.6� greater in magnitude than those
computed by CFD (Fig. 3). For the healthy volunteer, the 4D
PCMRI and CFD values of APVS/APVD were �6.0 6 1.7/
3.4 6 0.7 and �3.3 6 1.3/2.0 6 0.8 cm/s, respectively. For the
CMI patient, the 4D PCMRI and CFD values of APVS/APVD

were �12.2 6 4.2/7.2 6 2.2 and�4.4 6 0.4/3.3 6 0.4 cm/s, respec-
tively. Differences between the CFD and 4D PCMRI velocities
were greatest in the caudal direction (systolic) at the C5 and C1
level in the healthy volunteer and CMI patient, respectively,

Fig. 2 In vivo CSF flow waveforms measured by 4D PCMRI for
the healthy subject (top) and CMI patient (bottom) along the
spine from C1 to the 1st thoracic vertebrae (th). Note, the mag-
nitude of CSF flow amplitude changes along the cervical spine;
a change likely due to SSS compliance. For the present study,
the waveform with the greatest amplitude was used as the CFD
flow boundary condition. This waveform was located at C3 for
the healthy volunteer and at C2M for the CMI patient (C2P 5 C2
spinous process, C2M 5 middle of C2 vertebrae).

Fig. 3 Comparison of peak systolic (negative values) and peak
diastolic (positive values) CSF velocities along the cervical
spine between 4D PCMRI and CFD for the healthy volunteer
(top) and CMI patient (bottom). Peak systolic and peak diastolic
velocities were defined as the maximum magnitude of through-
plane velocities that occurred anywhere within the designated
cross sections at the time points corresponding to peak systole
and peak diastole, respectively.
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(Fig. 3). Four-dimensional PCMRI showed greater spatial velocity
variation along the cervical SSS than CFD (Fig. 3).

Greater velocities at the axial measurement planes were
observed in 4D PCMRI results compared to CFD results (Fig. 4).
Also, spatial variation of velocities within the planes was more
evident in the 4D PCMRI measurements than in the CFD. In the
healthy case, the difference in velocity magnitude and distribution
was more noticeable at planes with greater distance from the cra-
nium. In contrast, the difference between the CFD and 4D PCMRI
velocity field was greater at planes near the FM for the patient
case, with unilateral high-velocity jets in these planes detected
only in the 4D PCMRI images.

Despite the differences mentioned above, some similarities
were observed between velocity distribution patterns obtained
from CFD and 4D PCMRI. Greater CSF velocities were observed
by 4D PCMRI for both subjects in the anterior and anterolateral
regions of the SSS. The anterior and anterolateral dominance of
CSF flow was seen in CFD results at some of the planes for both
cases (C1, C4, C5, C6, and C7 in healthy case and FM, C1, C3,
and C5 in patient case). Anterior dominance of flow was less pro-
nounced in the CFD results in comparison to the 4D PCMRI
results. Unlike the 4D PCMRI results, posterior velocity magni-
tudes obtained from CFD were comparable or even greater than
anterior velocities at some planes. The posterior dominance of
CFD velocities at the C5/C6 region is shown in the midsagittal
velocity profiles in Fig. 5 (also see Animation#1 and Animation#2
in supplementary materials (Supplemental videos are available
under the “Supplemental Data” tab for this paper on the ASME
Digital Collection)). In addition, relatively high and concentrated
regions (jets) of CSF flow were evident between NRDL in the
CFD simulations (Fig. 6). The magnitude and intensity of these
jets varied with time and were most prominent at peak systole.

We also observed the formation of vortical structures in the
CFD results during flow reversal (see Animation#3 in supplemen-
tary materials (Supplemental videos are available under the

“Supplemental Data” tab for this paper on the ASME Digital Col-
lection)). These structures were not detected in the 4D PCMRI
results, since they were only present during CSF flow reversal,
when CSF velocities were small compared to the velocity encod-
ing (VENC) value used for the 4D PCMRI sequence. In addition,
the CFD results showed synchronous bidirectional CSF flow.
This was due to the m-shaped Womersley profile that occurred
during CSF flow reversal; an observation that has been reported
in previous CFD studies of CSF flow around the spinal cord
[17–19,26,27].

Discussion

Improvement in our understanding of CSF dynamics has the
potential to aid assessment and treatment options for pathologies
of the CNS such as CMI. To date, there have been a limited num-
ber of systematic comparisons of PCMRI measurements and CFD
simulations for quantification of CSF flow parameters. Recent
application of 4D PCMRI to CSF flows has enabled quantification
of CSF velocity in 3D space and time [11,12,21]. As such, the
comparison between 4D PCMRI and 3D subject-specific CFD
simulations can help to gain a deeper understanding of their
potential for evaluation of CSF dynamics in health and disease.

This study provides the first subject-specific comparison of
CSF velocity fields in the cervical SSS using 4D PCMRI and CFD
simulations that includes NRDL. A previous subject-specific CFD
study by our group without NRDL showed large CSF flow differ-
ences in comparison to 4D PCMRI measurements [21]. Thus,
our approach was to perform a variational analysis to determine if
the use of a more anatomically accurate CFD model, including
idealized NRDLs, resulted in a more favorable comparison to
in vivo 4D PCMRI measurements. We compared the 4D PCMRI
and CFD CSF flow field under two different hydrodynamic condi-
tions by including a single healthy subject and CMI patient in the
study.

Fig. 4 Distribution of through-plane peak systolic velocity magnitude at different locations
along the cervical spine plotted (a) for the healthy case and (b) for the CMI patient. In each set
of contours, the left and right column represents the results obtained from the CFD simulation
and 4D PCMRI measurements, respectively. Note: CFD results are shown in two columns; one
with a velocity range identical to 4D PCMRI and another with a smaller velocity range to show
detail in the CFD velocity profiles.
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Differences in Peak CSF Velocities. CSF velocities were con-
sistently greater for the 4D PCMRI measurements obtained in the
cervical spine compared to the CFD simulations. The discrepancy
between the CFD and 4D PCMRI peak systolic velocities varied
widely depending on the axial level. The greatest differences
between in vivo and CFD velocities was present at regions with
high CSF velocities such as the lower cervical planes (C3–C7) in
the healthy case and upper cervical planes (FM–C2P) in the CMI
patient (Fig. 3). In regions where NRDL were not present, CFD
velocity profiles were relatively blunt compared to 4D PCMRI for

a given axial location (Fig. 4). The heterogeneities of peak veloc-
ity distribution observed in the present study 4D PCMRI results
were similar to those reported in many in vivo studies
[1,8–10,12,21].

The 4D PCMRI values of peak systolic and diastolic velocities
ranged from 1.4 to 5.6� greater than CFD for the healthy and
CMI patient (Fig. 3). This discrepancy was more pronounced in
the CMI patient at the FM where 4D PCMRI peak systolic veloc-
ities were more than 5� greater than CFD. The CFD-simulated
CSF velocities obtained in the present study were maximized by
choosing the subject-specific CSF flow boundary condition based
on the axial level along the spine with the greatest CSF flow
waveform amplitude (Fig. 2). However, even with these CSF flow
boundary conditions, the resulting peak CFD velocities were
much smaller than the 4D PCMRI measurements for the patient
and healthy models. A greater discrepancy in CFD and 4D
PCMRI measurements is expected if the CSF flow boundary
conditions were based on any other axial level with a smaller
waveform amplitude.

Results from this study and a previous study by our group [21]
both show large discrepancy between velocities obtained by CFD
and 4D PCMRI (up to eightfold difference). However, better
agreement between CFD simulations and PCMRI velocities have
been reported [26,28,29]. Cheng et al. [26] measured velocity
waveforms at one point at C2 for a healthy subject and reported
lower values of systolic and diastolic velocities measured by 2D
PCMRI compared to a subject-specific CFD simulation. Clarke
et al. [29] analyzed CSF velocity waveforms from 2D PCMRI
measured at ten monitoring locations at C2 and C5 for one healthy
and two CMI patients. At C2, the velocity waveforms compared
more favorably than at C5. At C5, the 2D PCMRI measurements
showed low CSF velocities on the posterior side of the spinal cord
compared to the anterior side; a similar feature observed in the
present study. At this location the posterior 2D PCMRI measure-
ments of peak CSF velocities obtained by Clarke et al. were up to
�5� smalller than the CSF velocities that were simulated by CFD.

The different comparison techniques (e.g., comparison of
velocity distribution at axial planes versus comparison of veloc-
ities at monitoring points/regions) and CFD modeling boundary
conditions used in the current and previous studies make it

Fig. 5 Distribution of midsagittal peak systolic velocity magnitude for the healthy subject
obtained from CFD (left) and 4D PCMRI (right). Note that the magnitude images used to obtain
the CFD geometry (left) had higher resolution than those obtained by 4D PCMRI (right).

Fig. 6 Formation of concentrated velocity regions (jets)
between nerve rootlets (NR) and denticulate ligaments (DL).
The anterior and posterior side of the geometry is represented
by “A” and “P,” respectively. Note that due to the variable inser-
tion lines of the idealized DLs into the spinal cord, these struc-
tures were not completely extended inferiorly between the
rootlets at some levels, such as the depicted level.

Journal of Biomechanical Engineering MAY 2015, Vol. 137 / 051002-5



difficult to directly compare results. The present study and others
by our group [21] are the first to compare 4D PCMRI and CFD of
CSF flow in the cervical spine. The cited studies used 2D PCMRI
for comparison to CFD and found better agreement. Future studies
with detailed comparison/validation of CFD simulation results
and in vivo 2D and 4D PCMRI measurements of CSF flow are
needed.

Similarities in Velocity Distribution. CSF velocity distribu-
tions obtained from CFD simulations and 4D PCMRI measure-
ments had some similarities. Anterior and anterolateral
dominance of flow was observed in the 4D PCMRI measurements
and CFD simulations (Fig. 4). Similar flow features have been
reported in vivo [7,8,10–12,21]. A previous numerical study dem-
onstrated that it is likely that this flow pattern is present only
when NRDL are added to the CFD model [19]. The anterior and
anterolateral CSF flow dominance occurred at peak CSF flow, as
also observed in vivo [12,30]. These CSF flow features were not
observed in previous CFD studies without NRDL [17,18,21]. This
dominance was less pronounced in the CFD compared to in vivo
which suggests the importance of other factors such as heteroge-
neous resistance against CSF flow in SSS as discussed in the
“Sources of Error” section.

Lateral regions with elevated CSF velocity (jets) between dor-
sal and ventral NRDLs were another flow feature observed in the
CFD simulations (Figs. 4 and 6). These jets were present to a
greater degree in the lower cervical SSS and more noticeable in
the healthy case (C4 to C6). Evidence of these bilateral concen-
trated regions of CSF flow in the lower cervical spine was
detected at some of the 4D PCMRI axial planes (Fig. 4) and in a
previous 4D PCMRI study completed by our group [21]. These
jets have not been observed in CFD simulations without NRDLs.

Sources of Error

The differences between velocity patterns seen in vivo by 4D
PCMRI measurements and by CFD modeling are difficult to rec-
oncile, as the 4D PCMRI technique has not been extensively vali-
dated for CSF flow measurements and thus cannot be considered a
gold standard for comparison. The following factors are thought
to be likely sources for the observed differences:

(1) lack of the heterogeneous resistance against CSF flow in
the CFD model

(2) lack of neural tissue motion in the CFD geometry
(3) lack of tissue compliance in the CFD model
(4) anatomic accuracy of the CFD model
(5) PCMRI VENC value and signal to noise
(6) ROI truncation near the edges of the 4D PCMRI flow field

CFD Modeling Sources of Error

Lack of the Heterogeneous Resistance Against CSF Flow in the
CFD Model. The presence of fine anatomical structures, such as
arachnoid trabeculae, was not considered in the current CFD
model; we believe this to be a major factor leading to the velocity
differences. The large differences in anterior versus posterior CSF
flow velocities observed in the 4D PCMRI measurements, but not
in the CFD simulations, could be due to uneven distribution of
arachnoid trabeculae and the presence of midline septations of the
arachnoid membrane that were not included in the CFD geometry.
Studies in the literature have shown heterogeneous distribution of
arachnoid trabeculae with higher density in the posterior and
upper cervical SSS in dogs [31]. The presence of midline dorsal
and dorsolateral septa and the absence of arachnoid condensations
or septations along the ventral SSS have been reported in cadav-
eric observations [32,33]. Under this condition, resistance against
CSF flow is expected to be lower in the anterior SSS and thus,
CSF velocities in this region would be greater. More detailed
in vivo quantification of the fine structures inside the SSS would
allow implementation of a more accurate CFD model.

Lack of Neural Tissue Motion in the CFD Geometry. The
motion of neural tissues could be an important factor leading to
the observed differences in CFD and 4D PCMRI results, in partic-
ular, near the FM for the patient case. Several studies have quanti-
fied bulk motion of neural tissues. Oldfield et al. [34] reported
abrupt downward movement of the cerebellar tonsils in CMI
patients during decompression surgery using intraoperative ultra-
sound. Oscillatory motion of the cervical spinal cord and cerebel-
lar tonsils has been found to be �1 mm in the craniocaudal
direction in healthy subjects and CMI patients [35,36]. Greater
bulk motion of the spinal cord and cerebellar tonsils in CMI
patients versus healthy controls [36] and CMI patients with and
without syringomyelia [37] has been reported. Milhorat et al. [38]
and Bunck et al. [12] reported pronounced alterations in CSF flow
and peak velocities in CMI patients associated with increased
motion of the cerebellar tonsils for patients with relatively mild
morphological alterations. Bunck et al. [12] reported that elevated
CSF velocities at the craniocervical junction in CMI patients
were accompanied by increased brain stem motion. Similarly,
Yiallourou et al. [21] suggested that the structural motion of the
cerebellar tonsils and the resulting reduction in the cross-sectional
area of the upper SSS may alter CSF velocities near the FM.

We hypothesize that the motion of the cerebellar tonsils, brain
stem, and spinal cord resulted in elevated CSF velocities near the
FM in the patient case and that our CFD simulation had lower
velocities due to a lack of neural tissue motion. NRDL are diffi-
cult to identify by T2-weighted MR images acquired at 3T. It is
possible that the NRDLs move to a small degree over the cardiac
cycle due to the CSF pulsation and motion of the spinal cord. If
present, the structural motion could result in blurred appearance
of the NRDLs on time-averaged T2 MRI measurements. Simula-
tions and MRI measurements could be conducted to understand
the role of neural tissue motion and its impact on CSF velocities
near the FM and along the spinal cord.

Lack of Tissue Compliance in the CFD Model. Compliance of
the SSS may have led to significant differences in the CSF veloc-
ity results. Compliance of the SSS is evident by the CSF flow
amplitude change that was observed along the spine from the FM
to the first thoracic vertebrae (Fig. 2). Similar alterations in CSF
flow amplitude have been documented by our group in another
CSF flow study conducted at multiple axial levels along the spine
[21]. Evidence of SSS compliance was also documented by MRI
quantification of CSF velocity wave speed in the SSS [39]. Cheng
et al. [40] showed that the interaction of CSF and surrounding tis-
sues can impact CSF velocities to a great degree. More studies are
needed to better quantify the elastic properties of neural tissues
and to implement those properties in CFD models.

Anatomic Accuracy of the CFD Model. The CFD model of spi-
nal cord and dura mater geometry was subject-specific, but the
NRDLs were idealized based on ex vivo anatomical measure-
ments in the literature. This was a requirement because these
structures are not reliably detectable on a subject-specific basis
using MRI. Also, a single operator segmented both subject-
specific geometries of the cervical SSS. Although we do not
expect these anatomical inaccuracies to be a factor leading to the
large difference between the 4D PCMRI and CFD velocities,
further studies should be performed to assess the use of high-
resolution 7T MRI [41] to segment SSS geometries with subject-
specific NRDL. In addition, possible interoperator variability of
the segmented geometry, the possible impact of contrast enhance-
ment, and/or other factors that may bias the segmented surfaces
should be evaluated.

A constant pressure boundary condition was imposed at the cra-
nial end of the CFD geometries due to the difficulty in obtaining
pressure in vivo at this location. Due to the complexity of the
geometry at the upper cervical SSS, a uniform pressure outflow
could alter velocity distributions in this region. Future simulations

051002-6 / Vol. 137, MAY 2015 Transactions of the ASME



with more extended geometries that include the cisterns in the
craniovertebral junction could lead to more accurate results.

4D PCMRI Sources of Error. A detailed review of sources of
error for 4D PCMRI is provided by Elkins and Alley [42]. Herein,
we describe some of the key factors leading to error in the present
study.

PCMRI VENC Value and Signal to Noise Ratio (SNR). In
PCMRI, the VENC value is adjusted to avoid phase wrapping arti-
facts (aliasing) while also maintaining a SNR in a reasonable
range for flow within the entire region of interest. The VENC
choice can be difficult when peak velocities vary to a great degree
within the region of interest. For the present study, the VENC was
chosen based on the maximum CSF velocity anticipated through-
out the cervical SSS in each subject. Thus, the 4D PCMRI sensi-
tivity was reduced within regions with low CSF velocities relative
to the VENC (e.g., FM and C1 in the healthy model). At these
regions, CSF flow rate may have been underestimated.

In 4D PCMRI measurements, SNR is linearly related to voxel
volume and can be increased by choosing lager voxels [42]. How-
ever, the increase in voxel size will result in lower spatial resolu-
tion and can decrease the ability of 4D PCMRI measurements to
distinguish complex flow features. SNR is also proportional to the
square root of the length of time over which measurements are
obtained and it can be improved by increasing the acquisition
time [42]. The 4D PCMRI sequence used in the present study was
designed for clinical use (�10 min total acquisition time). Obtain-
ing 4D PCMRI under higher spatial–temporal resolution data with
a longer time acquisition would be helpful to understand how
these factors can impact the in vivo velocity results.

ROI Truncation Near the Edges of the 4D PCMRI Flow Field.
A difference in the CFD model and 4D PCMRI measurement

slice areas was visible at many locations along the cervical spine
(see ROI differences in Fig. 4). These differences were present
because the CFD geometries were created based on the segmenta-
tion of high-resolution T2 MRI images and not based on the lower
resolution PCMRI magnitude images. In addition, the presence of
noise in the 4D PCMRI scan required significant truncation of the
cross-sectional slices near the flow edges and thus resulted in
smaller ROIs relative to the CFD models. We do not expect peak
PCMRI velocities to be impacted by truncation of slices near the
walls, where CSF velocities were nearly zero. However, trunca-
tion of the 4D PCMRI cross-sectional areas may have led to
underestimation of the CSF flow that was used for the CFD simu-
lation, although this is expected to have a relatively small impact
on CFD velocities.

Limitations

A single healthy subject and CMI patient were selected for the
study. The healthy subject was considerably older than the patient
and thus likely to have different flow characteristics [8]. The
intent of this study was not to determine differences between the
patient and healthy case, but rather compare the 4D PCMRI and
CFD simulations within each case to better understand their
potential in evaluating CSF dynamics. As such, the differences in
CSF dynamics measured by 4D PCMRI and CFD within each
model remain relevant to the aim of the study.

The axial variation of CSF flow measured by 4D PCMRI
(Fig. 2) was not accounted for in the rigid-wall CFD models used
in the present study. Fluid structure interaction or moving bound-
ary modeling of the cervical spine could help account for the
measured axial variation of CSF flow.

The relatively small number of time points in 4D PCMRI tech-
nique used in the present study resulted in temporal averaging of
the in vivo CSF velocities within the specified phases and thus
lower peak CSF velocities than reality. We expect that measure-
ment of CSF velocities with a higher temporal resolution 4D

PCMRI sequence would result in an even greater discrepancy
between the CFD and 4D PCMRI results.

Bulk motion of the body over the cardiac cycle could alter the
CSF flow. This possible component of CSF flow was excluded
from the CFD model used in the current study, since our CSF flow
assessment technique did not take into account any bulk motion of
the body and/or neural tissues.

Conclusion

Comparison of in vivo 4D PCMRI measurements and subject-
specific 3D CFD simulations, including idealized NRDL, showed
considerably different CSF flow features and velocity magnitudes.
4D PCMRI showed 1.4–5.6� greater peak CSF velocities than
CFD with the greatest differences present in the CMI patient near
the cerebellar tonsils. Future studies are needed to understand the
differences observed between CFD and 4D PCMRI results by
investigating the sources of error for 4D PCMRI measurements
and CFD simulation of CSF flow in the SSS.
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