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Accuracy and Reproducibility of Phase-Contrast

ORIGINAL .
reseaRcH | MR Imaging Measurements for CSF Flow
A.L. Wentland BACKGROUND AND PURPOSE: PCMR, widely used for the evaluation of blood flow, has been adopted
0. Wieben for the assessment of cerebrospinal fluid flow in a variety of disorders. The purpose of this study was

F.R. Korosec to evaluate the accuracy and reproducibility of 2 fast PCMR techniques for measuring CSF flow.

V.M. Haughton MATERIALS AND METHODS: Velocities were calculated from RPC and CPC images of fluid flowing in
a tube at a constant velocity. Error and the COV were computed for average and peak velocities.
Additionally, measurements of sinusoidally fluctuating flow and of CSF flow in 5 healthy volunteers

were acquired with the RPC and CPC acquisitions.

RESULTS: For constant velocity experiments, error for the RPC and CPC acquisitions averaged
+1.15% and +8.91% and COVs averaged 1.29% and 3.01%, respectively. For peak velocities of
=12.6 cm/s, error with RPC or CPC ranged from —33.3% to —36.9% and COVs were 0%-4% for RPC
and 1%-7% for CPC. For peak velocities of =6.4 cm/s, RPC and CPC overestimated velocity by
>250%. For fluctuating flow, both acquisitions showed similar flow patterns. In volunteer studies,
peak systolic and diastolic velocities were not significantly different.

CONCLUSIONS: The RPC and CPC sequences measure velocities on the order of CSF flow with an
average error of =9%. The 2 techniques significantly overestimate peak velocities <6.4 cm/s, with
maximum errors of 209% and 276% and maximum COVs of 100% and 73% for the RPC and CPC
sequences, respectively. Measurements of CSF velocities in human volunteers and of sinusoidally

fluctuating phantom velocities did not differ significantly between the 2 techniques.

ABBREVIATIONS: COV = coefficient of variation; CPC = Cartesian-based phase contrast; PCMR =
phase-contrast MR imaging; QA = quality assurance; RBW = receiver bandwidth; RPC = radially
sampled phase contrast; SNR = signal intensity—to-noise ratio; VENC = velocity encoding; vps =

views per segment

CMR, widely used for the evaluation of blood flow," has

been adopted for the assessment of CSF flow in a variety of
disorders, including Chiari I malformation and syringomye-
lia.>® The conventional nonsegmented cardiac-gated PCMR
sequence for measuring blood flow has been modified to re-
duce acquisition time to facilitate the acquisition of images at
multiple levels or during a breath-hold. This work seeks to
validate 2 approaches for cine CSF imaging within <30 sec-
onds: 1) a rectilinearly acquired CPC acquisition, and 2) an
undersampled RPC acquisition.’

Compared with the velocities in blood-flow imaging (50—
300 cm/s), the peak velocities of interest in the imaging of CSF
flow are <20 cm/s and commonly on the order of 1-2 cm/s."°
For slower flow, bipolar gradients are adjusted to achieve a
lower VENC value by means of TE and TR times. An increase
in the magnitude of the gradient may introduce errors due to
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stronger eddy currents. Because of these potential errors, the
accuracy of the acquisition for the measurement of low veloc-
ities must be validated.

The acquisition time of CPC is shortened to approximately
30 seconds by incorporating data segmentation into a conven-
tional cardiac-gated Fourier-encoded sampling scheme.'!
While this approach reduces scan time, the segmentation also
reduces temporal resolution within the cardiac cycle. In this
acquisition, 1 segment, consisting of several phase-encoding
lines of k-space data, is acquired repeatedly throughout the
cardiac cycle to provide information from multiple cardiac
phases. In each subsequent heartbeat, another k-space seg-
ment is acquired until all of the desired k-space is sampled. The
number of cardiac phases is determined by the heart rate (R-R
interval), the number of vps, the TR, and the number of flow
directions sampled. Such CPC sequences, which are available
on most clinical MR imaging systems, have been validated'*
and are routinely used for vascular applications. While the
segmented CPC method has been used for rapid PCMR mea-
surements of CSF flow'? and for relating CSF flow to pres-
sure,'* no validation of its accuracy and precision has been
reported, to our knowledge.

With the RPC method, k-space is sampled as a series of
radial projections, each traversing through the center of k-
space.”'® Spatial resolution is determined by the sample spac-
ing along each radial projection. Reducing the number of ra-
dial projections neither diminishes spatial resolution nor
causes wrap-around artifacts. In certain imaging applications,
a high SNR can be achieved even if the number of acquired
projections is significantly less than the number of projections
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required to fulfill the Nyquist sampling criterion. Therefore,
the RPC acquisition allows higher spatial resolution per unit
time than that achievable with spin-warp encoding meth-
ods.”'®> However, radial undersampling may reduce SNR and
produce streak artifacts. Radial undersampling factors of =12
with good accuracy have been recently reported in a validation
study for renal artery flow."®

The goal of this study was to measure the accuracy and
reproducibility of average and peak velocity measurements
acquired from the 2 phase-contrast methods over the range of
CSF velocities found in the foramen magnum, which is, in
most cases, from 2 to 20 cm/s.'®

Materials and Methods

Construction of the Flow Phantom

A flow phantom was constructed by connecting polyethylene tubing
to a computer-controlled pump, 100060 UHDC Flow System (RG
Shelley, Toronto, Ontario, Canada), which pumps fluid at a preset
flow rate with an accuracy of =19%, as determined by the pump man-
ufacturer. The pump was programmed to deliver temporally constant
or sinusoidally varying flow rates. The tubing had a length of 8 m to
allow pump placement outside the MR imaging scanner room. The
tubing was placed in the scanner bore so that 2 straight segments with
opposing flow directions were parallel to the z-axis of the scanner with
a U-shaped section at the end of the bore (Fig 1). A cubic MR imaging
QA phantom was added for additional coil loading. The cubic MR
imaging QA phantom and the tubing of the flow phantom were situ-
ated in the center of a standard quadrature birdcage head coil of a
clinical 1.5T MR imaging scanner (Fig 1) with high-performance gra-
dients (Signa HDx; GE Healthcare, Waukesha, Wisconsin). For con-
stant velocities of <0.8 cm/s, gadolinium-doped fluid (density = 1.02
g/cm?, viscosity = 4.1 mPa's) was pumped through tubing with an
inner diameter of 12.7 mm. Due to a change in protocol, for constant
velocities >8 cm/s, fluid was pumped through tubing with an inner
diameter of 6.4 mm. Fluid was also pumped at a velocity that varied in
a sinusoidal manner at an average velocity of 3.1 cm/s (peak Reynolds
number = 98.7 and assumed to be laminar).

The setup of the U-shaped region and the analyzed tubing region
was designed so that the imaging plane had fully developed laminar
flow as determined by the minimum distance for the entry length. For
the straight segment of the tubing, entry length is defined as I, =
0.25:a:Re, where a is the radius of the tubing and Re is the Reynolds
number.'” In our study, the required entry length was 15.7 cm, which
was significantly exceeded in the phantom setup (Fig 1).

Phantom Studies: Constant Flow

Images were obtained in an axial orientation perpendicular to the
tubing and through the center of the phantom by using both the RPC
and CPC methods. Multiple images, or phases, were generated
through a simulated 1-second cardiac cycle. Scans were triggered with
a waveform generator, M310 ECG Simulator (Fogg System, Denver,
Colorado), at 60 cycles per minute.

To generate velocities >8 cm/s, the flow pump was set to flow
rates of 2.0, 4.0, 6.0, or 8.0 mL/s, and scans were acquired 3 times with
both of the sequences for each of the specified flow rates. The VENC
value was adjusted to 16, 32, 48, and 64 cm/s for the 4 flow rates,
respectively, to optimize the SNR for images acquired at each velocity.
The actual average velocity was calculated as the flow rates divided by
the cross-sectional area (0.317 cm?) of the tubing. Actual average
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Fig 1. Diagram of the setup used in phantom studies for evaluating CPC and RPC. Tubing
was connected to a computer-controlled flow pump. The tubing was looped around a cubic
MR imaging QA phantom and situated in the horizontal plane of the scanner along the
z-axis.

velocities for flow rates of 2.0, 4.0, 6.0, and 8.0 mL/s were 6.3, 12.6,
19.0, and 25.3 cm/s, respectively. Assuming laminar flow, the actual
peak velocities in the tubing were calculated as the average velocities
multiplied by 2. Actual peak velocities for the set flow rates were 12.6,
25.2,38.0, and 50.6 cm/s, respectively. For scans acquired with veloc-
ities <8 cm/s, the flow pump was set to flow rates of 1.0, 2.0, and
4.0 mL/s. For all scans with velocities of <8 cm/s, the VENC was set to
10 cm/s, as is standard in our clinical examinations. Actual average
velocities for flow rates of 1.0, 2.0, and 4.0 mL/s were 0.8, 1.6, and
3.2 cm/s, respectively. Actual peak velocities for these flow rates were
1.6, 3.2, and 6.4 cm/s, respectively.

RPC images were obtained with the following parameters: flip
angle = 30° number of signal averages = 1, TR = 10.8-13.5 ms
depending on the VENC, TE = 3.7-4.6 ms depending on the VENC,
RBW = =+ 31.25 kHz, FOV = 24 cm, section thickness = 5 mm, flow
encoding in the superior/inferior direction, number of projections =
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Fig 2. Average measurements of constant velocities obtained with the RPC (A) and CPC (B) acquisitions compared with actual velocities. The solid line represents unity. Error bars are

SDs.

64, vps = 2, sample points along the readout direction = 256, number
of cardiac phases = 20-25 depending on the VENC, prospective gat-
ing, and flow compensation and cardiac gating enabled. The CPC
images were acquired with identical parameters except for the follow-
ing differences: TR = 6.7-8.5 ms depending on the VENC, TE =
3.2-4.9 ms depending on the VENC, phase-encoding values = 128,
FOV = 24 X 12 cm?, retrospective gating, and 1420 cardiac phases.
With the above parameters, the scanning time for both acquisitions
was 34 seconds for a heart rate of 60 beats per minute. The chosen
VENC ranged from 10 to 64 cm/s depending on the flow rate selected.

Average and peak velocities were calculated from the RPC and
CPC images with a commercial flow analysis package, CV Flow
(Medis, Leiden, the Netherlands). A region of interest was drawn to
encompass the lumen of the tubing on a magnitude image, and the
region of interest was copied to the phase images across the cardiac
cycle by the software. The average velocity across cardiac phases was
calculated for the region of interest. The software also provided the
peak velocity in each region of interest, in other words, from the
greatest velocity as measured from a single voxel.

As a measure of accuracy, error was calculated as the difference
between the average measured velocity and the known velocity (as
calculated from the pump setting) normalized to the known velocity:

Xavel X

Xk

error =

where x,,,. is the average measured values of velocity and x, is the

ave
known velocity. As a measure of precision, COV was computed as SD

divided by the mean.

Phantom Studies: Sinusoidal Flow

The velocity rate was also set to vary sinusoidally with an average
velocity of 3.1 cm/s, a periodicity of 1 second, and a peak-to-peak
amplitude of 6.2 cm/s to test the lower limit of flow measurements
short of retrograde motion. The sinusoidally varying flow in the
phantom was imaged with RPC and CPC and parameters identical to
those used to image the constant flow in the phantom. The VENC was
set at 10 cm/s for both acquisition methods. The scans were obtained
3 times with each scanning technique. Velocities calculated from the
flow analysis package were recorded for each phase of sinusoidal flow
and were plotted as a function of trigger delay. The data were com-
pared to a sinusoid of the form a + b X sin[27(t — t,)], and the root
mean square differences between the measurements and fit curves
were computed. The measured peak velocities at the zenith and nadir
of the sinusoidal waveform were similarly calculated and tabulated.
The average absolute differences between measurements for the 2

acquisitions were computed and tested for statistical significance with
a Student ¢ test.

Volunteer Studies

Scans were obtained with the RPC and CPC acquisitions on 5 volun-
teers (1 man, 4 women; mean age, 32 * 12 years) with the written
consent of the volunteers. Institutional review board approval for this
prospective study was obtained according to our institutional guide-
lines. Data were handled to comply with Health Insurance Portability
and Accountability Act standards. Sections were prescribed at the
level of the foramen magnum, defined in sagittal images by the tip of
the clivus anteriorly and of the occipital bone posteriorly. RPC scans
were acquired with the following parameters: flip angle = 30°, NEX =
1, TR/TE = 6.0/3.0 ms, RBW = =* 31.25 kHz, FOV = 24 cm, section
thickness = 5 mm, flow encoding in the superior/inferior direction,
number of projections = 64, vps = 2, sample points along the readout
direction = 256, number of cardiac phases = 23, prospective gating,
and flow compensation and cardiac gating enabled. CPC scans were
acquired with identical parameters except for the following differ-
ences: TR/TE = 11.2/5.6 ms, phase-encoding values = 128, /2 FOV,
retrospective gating, and 14 cardiac phases. Acquisition times for the
RPC and CPC acquisitions ranged from 24 to 30 seconds, depending
on the length of time required to scan more than 32 heartbeats. The
VENC was set at 10 cm/s.

Image quality and artifacts were assessed by a neuroradiologist
familiar with CSF flow imaging. Velocities measured from a volunteer
were plotted as a function of trigger delay for both acquisitions. Peak
craniad (systolic) and caudad (diastolic) CSF velocities, that is, the
largest positive and negative velocities in any region of interest, were
tabulated for both acquisitions for all volunteers. The average abso-
lute differences between measurements for the 2 acquisitions in both
systole and diastole were computed and tested for statistical signifi-
cance with a Student  test.

Results

Phantom Studies: Constant Flow
Both the RPC and CPC acquisitions demonstrated good image
quality of the phantom and the tubing, with a spatial resolu-
tion of 0.5 mm. RPC images demonstrated marked streak ar-
tifacts away from the lumen of the tubing. Mild phase ghosting
was apparent in images obtained with the CPC acquisition but
not with the RPC acquisition.

For the actual average velocities of 0.8, 1.6, 3.2, 6.3, 12.6,
19.0, and 25.3 cm/s, the velocities calculated by using the RPC
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Fig 3. Error (A) and coefficient of variation (B) of peak velocity measurements in a constant flow phantom calculated from the RPC and CPC acquisitions. Actual peak velocities ranged
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Fig 4. Velocity (+ SD) calculated from the CPC (A) and RPC (B) acquisition data plotted as a function of time for a sinusoidal flow rate of 1 mL/s at 60 beats per minute. The RPC data
were acquired with 64 projections and 2 vps. The CPC data were acquired with 128 phase-encoding values and a 2 FOV. Three scans were obtained with each acquisition and error bars
are shown. For each set of data, a sinusoidal curve of the form a + b X sin2#(t — t,)] was fitted.

images and averaged from 3 experiments were 0.83 = 0.04,
1.5 = 0.04, 3.0 = 0.02, 6.6 * 0.07, 14.0 * 0.09, 17.9 = 0.15,
and 26.6 * 0.11 cm/s, respectively (Fig 2A). Similarly, the
velocities calculated by using the CPC images and averaged
from 3 experiments were 0.97 * 0.09, 1.8 £ 0.12, 3.4 = 0.14,
6.5 = 0.19, 13.8 = 0.02, 19.6 = 0.28, and 27.1 = 0.31 cm/s,
respectively (Fig 2B). Error for the RPC velocity measure-
ments ranged from —5.8% to 11% (average = 1.15%) and for
CPC varied from 3.2% to 21% (average = 8.91%). COVs for
RPC varied from 0.3% to 3.9% (average = 1.29%) and, for
CPC, varied from 0.1% to 7.6% (average = 3.01%). Errors for
the CPC velocity measurements were largest for the 2 slowest
velocities. The COVs were the greatest for the slowest velocity
in both the RPC and CPC acquisition measurements.

When measuring peak velocities, error and the COV
tended to decrease as velocities increased (Fig 3). Error for
peak velocities measured with RPC or CPC ranged from
—33.3% to —36.9% when the velocity was =12.6 cm/s (Fig 3).
For peak velocities <12.6 cm/s, error in some cases exceeded
250% while the COVs in some cases reached 100% for mea-
surements acquired with the RPC and CPC methods.

Phantom Studies: Sinusoidal Flow

For sinusoidal flow measurements, average velocities mea-
sured by using images obtained with the RPC and CPC acqui-
sitions ranged from 1.8 to 6.5 cm/s and approximated a sinu-
soidal waveform (Fig 4). For the RPC and CPC acquisitions,
the root-mean-square differences between average velocity
measurements and the sinusoidal fit were 0.19 and 0.10, re-
spectively (Fig 4). The RPC acquisition had a greater number
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Table 1: Average and peak velocities at the zenith and nadir of a
sinusoidal waveform measured in a phantom with the RPC and
CPC acquisitions

Absolute

RPC? CpC? Difference
Average velocity at zenith (cm/s) 6.5*0.1 6.4+12 0.1
Average velocity at nadir (cm/s) 18+07 20+11 0.2
Peak velocity at zenith (cm/s) 115+06 102=*=09 1.3
Peak velocity at nadir (cm/s) 43+04 50+06 0.7

Average 06 =06

@Mean values = SDs.

of cardiac phases across the simulated R-R interval (22 phases)
than did the CPC acquisition (20 phases) but did not cover as
much of the simulated R-R interval as did the CPC acquisition
(Fig4). Note that the RPC acquisition was prospectively gated,
whereas the CPC acquisition was retrospectively gated. The
average velocity at the zenith of the sinusoidal waveform for
the RPC images was 6.5 = 0.1 cm/s and 6.4 = 1.2 cm/s for
the CPC images (Table 1). The average velocity at the nadir
of the sinusoidal waveform for the RPC images was 1.8 = 0.7
cm/s and for the CPC images was 2.0 = 1.1 cm/s (Table 1). The
peak velocity recorded at the zenith was 11.5 = 0.6 cm/s for the
RPCimagesand 10.2 = 0.9 cm/s for the CPC images. The peak
velocity recorded at the nadir was 4.3 = 0.4 cm/s for the RPC
images and 5.0 = 0.6 cm/s for the CPC images (Table 1). The
average absolute difference between average velocities and
peak velocities measured with the 2 methods was 0.6 *
0.6 cm/s, a difference that was not significant statistically
(P=.79).



Fig 5. Phase images of CSF acquired at the level of the foramen magnum in 1 healthy volunteer with the CPC (TR/TE = 23.0/6.0 ms) (A) and RPC (TR/TE = 14.8/9.2 ms) (B) acquisitions.

Arrows point to the area of the subarachnoid space at the level of the foramen magnum.
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Fig 6. CSF flow over the R-R interval in the foramen magnum of 1 healthy volunteer as
measured with the RPC and CPC acquisitions.

Volunteers

Images obtained by using the RPC and CPC acquisitions
showed flow in the foramen magnum in both caudad (systole)
and cephalad (diastole) directions. Images acquired by using
the CPC acquisition showed evidence of poor SNR and ghost-
ing artifacts; images acquired by using the RPC acquisition
showed evidence of poor SNR and streak artifacts (Fig 5).
However, the streak artifacts did not appear to affect the por-
tion of the image displaying flow in the foramen magnum. Flow
measurements calculated from the images showed changes in
flow from positive (systole) to negative (diastole) (Fig 6). Peak
systolic and diastolic CSF velocities (Table 2) varied from 0.4 to
4.3 cm/s. The average absolute difference between RPC and CPC
measurements of peak velocity was 0.2 = 0.1 cm/s for systolic
flow and 0.2 = 0.2 cm/s for diastolic flow. Peak systolic and dia-
stolic velocities did not differ significantly for the 2 sequences
(P = .85 and 0.46, respectively).

Discussion

In this study, for constant laminar flow with average velocities
in the range of 0.8—25.3 cm/s, average errors were <11% and
21% and average COVs were 1.29% and 3.01% for the RPC
and CPC acquisitions, respectively. For the measurement of
peak velocities >12.6 cm/s, the RPC and CPC acquisitions had
similar error (~ —35%) and COVs (average = 35.1% and
18.6%, respectively). For peak velocities of =12.6 cm/s, the
acquisition methods significantly overestimated velocities and
had reduced reproducibility. Measurements of CSF velocities
in human volunteers and of sinusoidally fluctuating phantom
velocities did not differ significantly between the 2 techniques.

Table 2: Peak systolic and diastolic CSF velocities in 5 human
volunteers at the level of the foramen magnum defined in sagittal
images by the tip of the clivus anteriorly and the occipital bone
posteriorly

Absolute

RPC CPC Difference
Systolic peak velocity (cm/s)
Volunteer 1 22 24 0.2
Volunteer 2 43 4.0 0.3
Volunteer 3 3.7 3.6 0.1
Volunteer 4 2.1 22 0.1
Volunteer 5 2.0 2.2 0.2
Average® 29+11 29+09 02=+01
Diastolic peak velocity (cm/s)
Volunteer 1 1.0 1.1 0.1
Volunteer 2 0.9 1.0 0.1
Volunteer 3 1.6 1.4 0.2
Volunteer 4 0.4 0.8 0.4
Volunteer 5 0.8 0.8 0.0
Average® 09+04 1.0+03 02+02

@Mean values * SDs.

PCMR techniques may be used in the evaluation of patients
with a Chiari I malformation to determine which patients may
benefit from cranio-occipital decompression. In this applica-
tion, obstructed CSF flow must be distinguished from normal
CSF flow. Normal flow patterns tend to be more homoge-
neous through the subarachnoid space, and normal peak CSF
velocities tend to be <4 cm/s.'® In patients with symptomatic
Chiari I, CSF flow tends to be less homogeneous than that in
healthy subjects and peak velocities tend to be >4 cm/s.' The
average CSF velocities found in healthy subjects, patients with
asymptomatic Chiari I, and those with symptomatic Chiari I
can be measured with a sufficient amount of accuracy and
reproducibility with both the RPC and CPC acquisitions.
However, peak CSF velocities in healthy subjects and patients
with Chiari I differ by a larger amount.'® Elevated peak veloc-
ities, in the range of 12 cm/s, can be measured accurately, but
slower peak velocities typical of healthy subjects may not be
measured accurately or precisely.

The oscillating CSF flow in the foramen magnum may be
measured as average flow in centimeters per second through-
out the cardiac cycle. Average flow is determined by the
change in brain volume during systole and diastole and pre-
sumably does not measure the effect of tonsillar ectopia on
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flow. Because the volume of CSF flowing out of the cranial
vault during systole equals the amount returning during dias-
tole, CSF stroke volume is zero. Peak velocity is a measure of
the inhomogeneity of flow. Assuming no change in cross-
sectional area in the CSF space, the presence of greater peak
velocities indicates the presence of larger flow jets. Therefore,
peak velocity may be an important measure of the complexity
of CSF flow. CSF pressure gradients, shear stresses, and other
parameters of CSF flow that may be important for evaluating
Chiari I malformation may be obtained from computational
flow analysis."”

Limitations include the fact that the noise in PCMR tech-
niques, which limits the accuracy of measuring slower blood
flow rates,?® confounded the measurements in our studies,
especially for average velocities at the nadir of the sinusoidal
flow studies (Fig 4) and for peak velocities. However, the ac-
curacy and reproducibility of the RPC and CPC acquisitions
measured in this study compare well with measurements of
arterial blood flow.?! For example, a reported PCMR tech-
nique had an accuracy of 13% for rapid sinusoidal flow.”?
The reliability of PCMR for vascular velocity and flow mea-
surements has recently become a topic for investigations.”
Inaccuracies in PCMR may partially be attributed to the ad-
vances in gradient performance that also introduce more
eddy currents and phase errors that are not compensated for
by the current pre-emphasis systems. These errors are ampli-
fied in phase-contrast measurements with low VENC settings,
such as in the investigation of CSF flow. In future studies, a
correction could be made by placing a static phantom in the
scanner, measuring the eddy currents effects, and applying the
correction.”*

Furthermore, actual velocities were not known for the ex-
periments on fluctuating flow. Measurements of fluctuating
velocity by the RPC and CPC methods approximated a sinu-
soidal waveform. However, the nadir velocities should have
approached 0 cm/s. The inability of the RPC and CPC acqui-
sitions to accurately demonstrate these velocities is possibly
due to dampening of the sinusoidal waveform over the length
of the tubing or the inaccuracy of the flow measurements
themselves due to noise and the effects of eddy currents. Fi-
nally, flow in the tubing does not reproduce the complex anat-
omy of the subarachnoid space, the complex flow patterns in
vivo, or the physiologic movement of the borders of the fluid
space. However, the magnitude of error measured in these
experiments is likely to estimate the errors in clinical studies to
measure average and peak velocities.

In future studies it may be useful to compare the peak ve-
locities of CSF as measured with the RPC and CPC methods in
healthy subjects and in subjects with a Chiari I malformation.
Such a prospective study would elucidate the ability of these
methods to distinguish healthy subjects from subjects with a
Chiari I malformation. Additionally, newer methods of im-
proving the SNR need to be developed and used with these
PCMR techniques to improve the accuracy and precision at
the lowest velocities studied above.

Conclusions

The RPC and CPC sequences measure velocities on the order
of CSF flow with an average error of =9%. These techniques
overestimate peak velocities <6.4 cm/s. Measurements of CSF
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velocities in human volunteers and of sinusoidally fluctuating
phantom velocities did not differ significantly between the 2
techniques.
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