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Abstract—Noninvasive measurement of the speed with which the cere-
brospinal fluid (CSF) velocity wave travels through the spinal canal is
of interest as a potential indicator of CSF system pressure and compli-
ance, both of which may play a role in the development of craniospinal
diseases. However, measurement of CSF velocity wave speed (VWS) has
eluded researchers primarily due to either a lack of access to CSF veloc-
ity measurements or poor temporal resolution. Here, we present a CSF
VWS measurement methodology using a novel MR sequence that acquires
unsteady velocity measurements during the cardiac cycle with a time in-
terval <10 ms. Axial CSF velocity measurements were obtained in the
sagittal plane of the cervical spinal region on three subjects referred for
an MRI scan without craniospinal disorders. CSF VWS was estimated by
using the time shift identified by the maximum velocity and maximum tem-
poral velocity gradient during the cardiac cycle. Based on the maximum
velocity gradient, the mean VWS in the three cases was calculated to be
4.6 m/s (standard deviation 1.7 m/s, p < 0.005) during systolic acceler-
ation. VWS computed using maximum velocity alone was not statistically
significant for any of the three cases. The measurements of VWS are close
in magnitude to previously published values. The methodology represents
a new technique that can be used to measure VWS in the spinal canal non-
invasively. Further research is required to both validate the measurements
and determine clinical significance.

Index Terms—Cerebrospinal fluid (CSF) hydrodynamics, cine MR, pulse
wave velocity (PWV), spinal cord pathology assessment, subarachnoid
space (SAS).

I. INTRODUCTION

The pulse wave velocity (PWV) in a compliant vessel increases as
wall stiffness increases and has been of interest since arterial stiffness
is thought to be a risk factor for arterial disease [1]. Craniospinal dis-
orders, such as Chiari malformation, syringomyelia, and others, are
thought to be linked with overall cerebrospinal fluid (CSF) system
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compliance, and hence, PWV measurements would also be of inter-
est [2]–[5]. In vivo PWV has been quantified through invasive mea-
surement of pressure in the CSF system [2]. However, researchers have
found it difficult to obtain CSF PWV noninvasively due to a lack of
accessibility to the skull and spinal vertebrae.

MRI has been employed to measure PWV in various parts of the
circulatory system including the aorta and other major vessels by com-
paring the time to peak velocity between two locations along the vessel
of interest [6]–[8]. Fielden et al. detailed a methodology for quantify-
ing aortic PWV using cross correlation on 2-D probability of correct
message receipt (PCMR) velocity data [9]. In addition, a “COMB”
excitation can be used and time to onset of displacement can be mea-
sured to estimate PWV [10], [11]. These studies have assumed that
the PWV and velocity wave speed (VWS) measured by MR are nearly
equivalent, which is likely a reasonable assumption in cases where
Womersley number is nearly constant along the fluid conduit and the
radial measurement location of the velocity waveform in the vessel is
consistent between measurement locations. Recent improvements in
MR hardware and protocols have reduced the imaging time interval to
values less than 10 ms. Furthermore, in-plane velocity encoding allows
continuous sampling of the VWS propagation in both the temporal
and spatial domains. This MR technique has been shown to produce
a measurement of PWV in the aorta [9]. The present study employs
a similar MR technique to determine the VWS in the cervical spinal
canal.

A number of studies have reported a single value of VWS dur-
ing the CSF flow cycle. VWS in the CSF was found to be 13.5 m/s
by Williams [2], 2.2–4 m/s by Carpenter et al. [3], 4 m/s by Greitz
et al. [4], and 12.4 m/s by Bertram et al. [12]. In an in vitro study of
syringomyelia by Martin et al., the VWS was found to vary during the
CSF flow cycle from 2 to 26 m/s [5].

II. METHODS

Two patients who were referred for MRI because of unspecified back
pain, but without any previously diagnosed craniospinal disorders, and
one patient who had fused vertebrae participated in the study. All three
patients were undergoing a clinically ordered MRI exam of the spine.
The protocol was approved by the University’s Institutional Review
Board (IRB). Patients were placed supine on a six-element spin array
coil in a Philips Medical Systems 3.0 Tesla Intera MRI scanner. ECG
leads or a peripheral pulse (PPU) fingertip gating was used to monitor
heart rate. After a standard MRI spine exam, including T1- and T2-
weighted sagittal and transverse images, a slice location was identified
that passed through the center of the spinal cord and spinal canal in the
sagittal plane. At this slice location, a cine phase contrast velocity scan
was acquired with in-plane velocity encoding in the foot head direction
at a value of 20 cm/s. Retrospective ECG or PPU gating was used to
reconstruct three cases with 134, 154, and 141 frames, respectively,
over the cardiac cycle. The transverse runaway (TR) for the sequence
was 4.4 ms and the TE was 2.4 ms. Slice thickness was 8 mm and in-
plane reconstructed pixel sizes were 1.48 × 1.48 and 1.37 × 1.37 mm
in case 1 and cases 2 and 3, respectively. Overall scan time was
2–3 min, depending on the heart rate.

Image processing was conducted using MATLAB (Mathworks 13.0,
Natick, MA). The distance traveled by the pressure wave in the spinal
canal was determined by tracing the path along the midline of the
anterior subarachnoid space (SAS), as shown in Fig. 1. Axial velocity
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Fig. 1. (a) Sagittal geometry image with region of interest indicated (mag-
nitude image). (b) Region of interest velocity image (phase image) as systole
(T1 weighted). (c)–(e) CSF velocity traces at various levels within center of
anterior spinal canal for patient 1.

(caudal and rostal) information was recorded for each pixel in the
sagittal plane. The gap at the anterior side of the SAS ranged between
two and five pixels. The pixel with the maximum systolic velocity was
selected at each axial position to minimize wall boundary noise. This
was generally near the center of the gap. It is important to select the
pixels near the center of the gap since a phase shift can occur for velocity
traces at different distances from the wall. This is a well-documented
phenomenon for pulsatile (Womersley) flows and would add noise to
the calculation of VWS.

The velocity waveform of each central pixel for all three cases was
extracted for a total of 101, 106, and 124 vertical pixels, each having
high temporal resolution with 6.7, 5.6, and 6.0 ms time intervals, re-
spectively. Time points of maximum velocity (peak systole), minimum
velocity (peak diastole), maximum gradient (systolic acceleration), and
minimum gradient (systolic deceleration) were obtained. At each loca-
tion, the velocity gradient throughout the cardiac cycle was based on
slopes of lines fitted to an 11-time-point window obtained at each time
point. The 11-point line was a fit obtained with linear least squares re-
gression. The time of each computed gradient was considered to be that
at the midpoint of the 11-time-point window. Time point of maximum
acceleration and deceleration along the spinal canal was determined,
and a linear regression was then performed on the time points versus
position. The distance the velocity wave traveled divided by the time
delay, represented by the slope of this linear fit, was assumed to be
representative of the VWS at this time point in the cardiac cycle. Slope
values that had a p-value less than 0.05 were considered to be statisti-
cally significant. A linear fit may not be the best technique to compute
VWS since VWS may vary along the spinal SAS due to compliance
changes. Several other curve fit techniques were examined. However,
the linear fit produced the lowest overall p-values for the three cases.

III. RESULTS

Fig. 2(a)–(c) shows the raw MR velocity data for each volunteer as
a function of time and position. Axial position is indicated in Fig. 1
and begins at the base of the brain and extended caudally. Velocity is
indicated by the grayscale, white and black representing velocity in
the caudal and cranial directions, respectively. Gray represents zero
velocity. An increasing time delay for the velocity front is observed for
each case. Correspondingly, a decreasing time delay for the minimum
velocity was observed for each case. VWS was computed as the slope of
a linear fit for both the maximum and minimum velocity time points,
which correspond to systole and diastole. The VWS was 12.7 and
7.2 m/s (standard deviation 13 and 4 m/s) during systole and diastole,
respectively. Only two [Fig. 2(a) and (b)] of the three cases were
statistically significant (p < 0.05) for the systolic VWS, and none was

Fig. 2. (a)–(c) Raw velocity data for three patients along centerline of the
anterior gap in the spinal canal as indicated in Fig. 1. Velocity scale indicated
in centimeters per second. (d)–(f) Peak systolic acceleration (white) and decel-
eration (black) mappings with a linear fit.

Fig. 3. (a)–(c) Velocity temporal gradient based on the velocity data for
three patients in Fig. 2(a)–(c). Velocity gradient scale indicated in millimeters
per square second. (d)–(f) Peak systolic acceleration (white) and deceleration
(black) mappings with a linear fit and their scale.

statistically significant for diastole. Thus, the maximum and minimum
velocity time points did not provide a good measure of VWS using
linear regression.

Fig. 3(a)–(c) shows the velocity temporal gradient for each patient
as a function of time and position for the velocity data in Fig. 2(a)–(c).
Similar to the velocity plots, the velocity gradient magnitude is indi-
cated by the grayscale, white and black representing acceleration and
deceleration during the cardiac cycle. A second series of plots identifies
the time points at maximum acceleration and maximum deceleration
during the systole [Fig. 3(d)–(f)]. VWS was computed as the slope
of a linear fit for both the maximum and minimum velocity gradient
time points, which correspond to systolic acceleration and decelera-
tion. VWS was 4.6 and 10.6 m/s (standard deviation 1.7 and 11.1 m/s)
during systole and diastole, respectively. Assuming a linear fit for the
data, all acceleration VWS values were statistically significant (aver-
age R2 = 0.244, standard deviation 0.126, p < 0.005), while none of
the deceleration VWS values was shown to be statistically significant
(Tables I and II). The coefficient of determination (R2 ) and p-value
were calculated based on a linear least squares regression fit for each
dataset. These values were computed using MATLAB software with a
function called mregress.m written by G. A. Reina (The Neurosciences
Institute). The results for all cases are detailed in Tables I and II in which
it is clear that only the maximum velocity gradient, corresponding to
systole, produces statistically significant values of VWS.
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TABLE I
CSF VWS IN SPINAL CANAL COMPUTED FROM PEAK VELOCITY METHOD AND

PEAK GRADIENT OF VELOCITY

TABLE II
LINEAR REGRESSION OF PEAK VELOCITY AND VELOCITY GRADIENT DATA

TABLE III
SUMMARY OF WAVE SPEED MEASUREMENTS IN SPINAL SAS

IV. DISCUSSION

VWS was computed for the pressure wave originating in the cranial
compartment during the cardiac cycle. The slope of the peak velocity
measurements during systole was positive, indicating that the wave was
traveling caudally. This is the expected velocity wave direction since
the CSF is moving caudally during systole, i.e., toward the tailbone.
During diastole, the flow is reversed and the pressure in the CSF system
of the spine is lower. Due to the nonlinear stiffening properties of the
spinal tissues, the transient state of lower pressure results in a higher
system compliance during diastole, which manifests itself in a lower
wave speed through the system. However, the results during diastole in
this study were not statistically significant, and thus, we cannot confirm
VWS variation during cardiac cycle. Statistically significant data were
obtained only for the wave traveling caudally using the maximum
velocity gradient (during systole) as a time point marker.

Estimates of the VWS in the spinal SAS are few and the reported
values vary significantly (Table III). The first measurement of wave
speed was by Williams in 1976 via direct puncture into the lumbar and
cervical spinal canals [2]. Phase lag was recorded after the subject was
asked to cough, thereby obtaining an approximate wave speed of 13 m/s.
Carpenter et al. noted that the pressure pulse likely originated between

the lumbar and cisternal regions, which means that the assumption
that the wave traveled from the lumbar to cervical region may not
be correct [3]. Thus, the distance traveled was potentially shorter than
assumed, which would mean that the wave speed was likely smaller than
reported, and in Carpenter et al.’s assessment, “. . . the true value lay in
the range of 4 to 5 m/s” [3]. This value is in agreement with Carpenter
et al.’s computed value from numerical simulations. In 2005, Bertram
et al. also developed a numerical model of the spinal fluid system
and computed wave speed to be approximately 12 m/s [12]. However,
Carpenter et al. and Bertram et al. assumed elastic modulus values and
dimensions for the various tissues, which will likely have a significant
impact on the computed CSF VWS magnitude.

Using an in vitro model representative of syringomyelia, Martin
et al. demonstrated a variation in wave speed through the cardiac cycle
(2–26 m/s) [5]. Because of the linear stiffening of the physical model’s
spinal cord, this VWS variation during the CSF flow cycle could be
different in vivo. This study computed the wave speed within a model
of the spinal SAS in a two-part experiment. First, MR was used to
measure velocity and compute the flow waveform in the model. In a
separate experiment, unsteady pressure measurements were obtained
in the same model in the laboratory. These values were then used to
compute the wave speed employing a modified form of the Moens–
Korteweg equation. In 1999, Greitz et al. reported the CSF VWS of
approximately 4 m/s [4]. This value matches the values from the nu-
merical studies [3], [12]; however, details of how Greitz et al. obtained
this value are not fully explained.

Thus, the paucity of in vivo VWS measurements in the spinal CSF
space is indicative of the difficulty of this measurement. Numerical
models can provide estimates of wave speed; however, the difficulty of
determining tissue elasticity properties as well as accurate dimensions
diminishes the reliability of these estimates. The in vitro study by
Martin et al. was performed on a simplified flow model rather than a
patient, which puts the VWS values in question.

This novel MR methodology with in-plane velocity encoding pro-
vides sufficient spatial and temporal resolution for CSF axial velocity
such that the VWS can be detected by tracking the peak velocity gradi-
ent during systolic acceleration. The statistically significant values of
VWS are similar in magnitude to previously published values. The MR
method and image processing techniques could easily be incorporated
into clinical protocols if found to have clinical relevance. For example,
large values of VWS may provide an indication of elevated intracra-
nial pressure. Chiari I malformation may produce an altered pressure
environment that is detectable by this methodology as well. Further
research is necessary to determine the accuracy of this method using
in vitro models, possible accelerations of image acquisition, and the
clinical importance of VWS in the spinal SAS and its relation to PWV.

It should be noted that one subject [Figs. 2(c) and 3(c)] had two
disks that completely blocked CSF flow on the anterior side. In addi-
tion, there appeared to be artifacts due to subject motion during the
MR scan. Despite these complications, the velocity gradient method
obtained a value of VWS for this subject. This may indicate robustness
of the VWS measurement. However, a large sample population and
in vitro validation will be required to accurately determine the efficacy
of this methodology. In addition, the data processing technique could
be improved through optimization of correlation parameters.

V. CONCLUSION

We present a technique to determine in vivo CSF VWS, a poten-
tially clinically useful parameter, to help understand the biomechanical
environment of the spinal SAS. The methodology requires verification
through phantom model studies and optimization of data processing.
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Nonetheless, the technique shows good promise as it provides robust-
ness, since it factors in many axial positions along the spinal canal.
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