
Technical Note

In Vitro Validation of Flow Measurement With
Phase Contrast MRI at 3 Tesla Using Stereoscopic
Particle Image Velocimetry and Stereoscopic
Particle Image Velocimetry-Based Computational
Fluid Dynamics

Iman Khodarahmi, MD, PhD,1 Mostafa Shakeri, PhD,1 Melanie Kotys-Traughber, PhD,2

Stefan Fischer, PhD,2 M. Keith Sharp, PhD,3 and Amir A. Amini, PhD1*

Purpose: To validate conventional phase-contrast MRI
(PC-MRI) measurements of steady and pulsatile flows
through stenotic phantoms with various degrees of nar-
rowing at Reynolds numbers mimicking flows in the
human iliac artery using stereoscopic particle image
velocimetry (SPIV) as gold standard.

Materials and Methods: A series of detailed experi-
ments are reported for validation of MR measurements of
steady and pulsatile flows with SPIV and CFD on three
different stenotic models with 50%, 74%, and 87% area
occlusions at three sites: two diameters proximal to the
stenosis, at the throat, and two diameters distal to the
stenosis.

Results: Agreement between conventional spin-warp
PC-MRI with Cartesian read-out and SPIV was demon-
strated for both steady and pulsatile flows with mean
Reynolds numbers of 130, 160, and 190 at the inlet by
evaluating the linear regression between the two methods.
The analysis revealed a correlation coefficient of>0.99
and>0.96 for steady and pulsatile flows, respectively.
Additionally, it was found that the most accurate meas-
ures of flow by the sequence were at the throat of the
stenosis (error<5% for both steady and pulsatile mean
flows). The flow rate error distal to the stenosis was
primarily found to be a function of narrowing severity
including dependence on proper Venc selection.

Conclusion: SPIV and CFD provide excellent approaches
to in vitro validation of new or existing PC-MRI flow mea-
surement techniques.
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PHASE-CONTRAST MRI (PC-MRI) provides a powerful
and noninvasive method for the quantification of blood
velocity (1,2). The major advantage of MR velocity mea-
surement is its unique ability to measure all three
orthogonal components of the velocity vector in an imag-
ing slice. The velocity field can then be used to derive
other clinically useful hemodynamic parameters, such
as wall shear stress and blood pressure gradient (3–5).
PC-MRI has been applied in several clinical scenarios,
such as evaluation of aortic coarctation and dissection,
valvular heart abnormalities, peripheral arterial dis-
eases, and congenital shunt lesions, as well as quantifi-
cation of cardiac function (6).

Quantitative measurements of PC-MRI have been
validated by several other velocity/flow measurement
techniques, the simplest being the fluid collection
method (7,8). Doppler ultrasound has also been used
as a reference technique for both in vitro and in vivo
flow measurements. However, ultrasound suffers from
the inherent problem of only being able to measure
flow velocities in the direction of insonification, which
may have contributed to the mixed correlations with
PC-MRI observed across several studies (9–13).

Electromagnetic flow meters have also been applied to
measure the steady flow rate in a few studies (14,15).
Although this technique is more accurate for steady flows,
it suffers from lack of sufficient accuracy for pulsating
flows.

Alternative methods such as laser Doppler velocim-
etry (LDV) have been used to evaluate the accuracy of
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PC-MRI. Steady flows in straight, stenotic, and aneur-
ysmal models (16–18) and pulsatile flows in aneurys-
mal models (19) revealed a wide range of accuracy for
PC-MRI using LDV for validation. LDV is a well-
established method for analyzing particle movement
at a “single point” in the fluid based on the Doppler
effect. The LDV point measurement technique, how-
ever, requires a significant amount of time to delineate
a three-dimensional (3D) velocity field.

In contrast to single point measurement techniques,
particle image velocimetry (PIV) can concurrently
acquire 2D velocity information across an entire plane
making it possible to detect in-plane 2D flow structures
with excellent spatial and temporal resolution. Previous
studies have compared PC-MRI against PIV for velocity
comparison in phantom models of congenital heart dis-
eases (20) and intracranial aneurysms (21).

Stereoscopic PIV (SPIV), using two cameras rather
than one, provides all three components of the veloc-
ity vector. Consequently, SPIV can serve as a reliable
reference standard for validation of in vitro PC-MRI
measurements in complicated geometries where other
velocity measurement techniques cannot be easily
applied.

In this study, we used a SPIV system as gold stand-
ard for validation of MRI measurements of steady and
pulsatile flows through stenotic phantoms with vari-
ous degrees of narrowing at Reynolds numbers mim-
icking flows in the human iliac artery.

MATERIALS AND METHODS

Flow System

All experiments were carried out using a closed flow
system (Fig. 1a). A MR compatible, computer con-
trolled pump (CardioFlow 1000 MR, Shelley Medical
Imaging Technologies, London, Ontario, Canada) was
used with the capability to generate user-provided
flow waveforms.

Idealized rigid models of axisymmetric Gaussian
shape were machined from transparent acrylic, ini-
tially specified at 50%, 75%, and 90% area occlusion
(Fig. 1b). Later, the exact geometry was measured
with high resolution computed tomography (CT) scans
(0.22 � 0.22 � 0.625 mm3) and the area occlusions
were found to be 50%, 74%, and 87%, respectively.
The inlet diameter for all three models was 25.4 mm.
To ensure fully developed laminar flow at the entrance
of the model, a 75-cm-long straight rigid acrylic tube
was placed upstream of the test section. A solution of
glycerol and water (60:40, w/w) was prepared and
then sodium iodide was added to match its refractive
index to that of acrylic (n¼1.494) to minimize errors
due to refraction. Finally, neutrally buoyant fluores-
cent polymer spheres with mean diameter of 10 mm
were added to the fluid as seeding particles for SPIV
measurements. The final density and viscosity of the
solution were 1600 kg/m3 and 0.022 Pa�s, respec-
tively, at 68

�
F, compared with the corresponding val-

ues of 1060 kg/m3 and 0.0035 Pa�s for the blood. The
T1 and T2 values of the final solution were 500 and
45 ms, respectively, at 3 T.

Flow Regimes

For steady flows, inlet Reynolds numbers (Re) of 190,
160, and 130 corresponding to the range of Reynolds
number typically encountered in the human common
iliac artery (mean 6 20%) were used. We chose to
model flow in the human common iliac artery because
it is one of the most common sites for development of
atherosclerotic lesions. Another steady flow with inlet
Reynolds number of 550 (mimicking the human renal
artery) was used to study the validity of conventional
PC-MRI at high velocities (Table 1).

In addition to steady flows, three biphasic pulsatile
flows with the same mean Reynolds numbers (i.e.,
190, 160, and 130) with peak Reynolds number of
360, 300, and 250 were also studied (Table 1). At a
frequency of 60 beats/min, the Womersley number
was 8.6, similar to that in the human common iliac
artery. By matching both the Reynolds and the
Womersley numbers to those of human iliac artery, it
is ensured that the flow behaves physiologically, irre-
spective of the diameter of the phantom. We note
however that in-vivo flow in a human common iliac
artery has a negative diastolic component which our
in-vitro system is unable to recreate.

PC-MRI Experiments

All PC-MRI experiments were conducted on an
Achieva 3T TX MRI scanner (Philips Healthcare, Best,
Netherlands) with a maximum gradient strength of 80
mT/m and a maximum slew rate of 200 T/m/s using
a multichannel knee coil. A conventional 2D phase
contrast sequence with Cartesian read-out, through-

Figure 1. a: Schematic diagram of the flow apparatus. b:

Three different imaging planes for MR imaging: inlet (two
diameters proximal to the throat), throat and outlet (two
diameters distal to the throat).
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plane velocity encoding, and velocity compensation in
all three directions was used to image three different
sections perpendicular to the long axis of the phan-
tom: two diameters proximal to the stenosis (hereafter
called the inlet), at the throat, and two diameters dis-
tal to the stenosis (hereafter called the outlet, Fig. 1b).
The throat of the stenosis was placed at the iso-center
of the magnet, with the long axis of the phantom par-
allel to the B0 magnetic field.

Imaging parameters were as follows: TE/TR¼3.0/
4.0 ms, slice-thickness¼4 mm, flip angle¼20

�
, Field

of view¼64 � 64 mm, Resolution¼1 � 1 mm, and
velocity encoding (Venc)¼30–120 cm/s for steady flows
and 50–200 cm/s for pulsatile flows, depending on the
flow and imaging section. To avoid aliasing while pro-
viding maximum sensitivity for each section, for steady
flows of Re¼550 (SF-0) and Re¼190 (SF-1), and pul-
satile flow phantom of Re¼190 (PF-1), Venc was chosen
to be roughly 10–20% above the expected peak veloc-
ity. To evaluate the importance of proper Venc selection,
the Venc prescribed for SF-1 was also used for steady
flows of Re¼160 (SF-2) and Re¼130 (SF-3); and the
one prescribed for PF-1 was also used for pulsatile
flows of Re¼160 (PF-2) and Re¼130 (PF-3). Number
of signal averages, NEX, was set to 10 and to 2 for
steady and pulsatile flows, respectively. The ECG trig-
ger for the pump with a frequency of 1 Hz was used to
retrospectively gate for 40 cardiac phase acquisitions,
corresponding to a temporal resolution of 25 ms for
pulsatile flows.

All PC velocity images were corrected for background
phase errors resulting from Maxwell’s concomitant gra-
dient terms and eddy currents. To do this, first degree
polynomials were fitted to no flow images collected
with the pump turned off, at the same locations and
with the same imaging parameters. Later, the resulting
polynomial surface fits were subtracted from the corre-
sponding velocity images.

To remove flow calculation errors due to variations in
the area, a region of interest on every slice was defined
using a circular mask at phantom contours defined
from high resolution CT images. To minimize partial
volume errors, the resolution of MR velocity images was
artificially increased to that of CT images using
nearest-neighbor interpolation before fitting a circular
mask. Subsequently, individual pixels which had more
than 50% of their area contained within the contour
were included in the mask. All of the aforementioned
analyses as well as flow calculation from MRI data were
performed within a software environment written in
MATLAB (The MathWorks, Natick, MA, USA).

Stereoscopic-PIV Measurements

A stereoscopic PIV system (TSI, Inc., MN) was used to
measure velocity vectors in the cross-section of the
phantom model proximal to the stenosis (Fig. 2). The
same experimental conditions with identical phan-
toms and flow connectors were used in SPIV measure-
ments to ensure reproducibility of flow conditions
between MRI and SPIV studies. The SPIV system
included two Nd-YAG lasers and two high-resolution
digital cameras pointed at the laser sheet at 45

�

angles. The laser light sheet illuminated a vertical
plane in the flow perpendicular to the flow direction.
More details about the experimental setup may be
found in (23,24). For each camera, two consecutive
images with a temporal resolution of 80–1200 ms
(depending on the flow regimen) were captured and
the fluid velocity was extracted using a cross-
correlation scheme. The field of view of each camera
(after dewarping) was approximately 50 mm � 27 mm

Table 1

Steady and Pulsatile Flow Cases With Corresponding Reynolds Numbers (Re)

Steady flows Pulsatile flows, Womersley number 8.6

Steady flow

Flow rate (ml/s)/

Venc (cm/s) Inlet Re

Pulsatile

flow

Mean inlet flow rate

(ml/s)/Venc (cm/s) Mean inlet Re Peak inlet Re

SF-0 150/75 550

SF-1 53/30 190 PF-1 53/40 190 360

SF-2 44/30 160 PF-2 44/40 160 300

SF-3 35/30 130 PF-3 35/40 130 250

Figure 2. Isometric view (a) and schematic top view (b) of the
SPIV apparatus for flow measurement showing the laser
sheet (green) and two digital cameras (black) viewing the
intersection of the stenosis (red) with the laser sheet at 45

�
.

Flow direction is from right to left.
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yielding a nominal spatial resolution of 205 mm for
the velocity data points. To reduce optical refraction
mismatches between the fluid and acrylic, the steno-
sis model was immersed in a water-bath enclosure
(length¼24 in, diameter¼8 in) with flat windows and
filled with the same fluid used inside the loop. Also,
two 45

�
prisms were built from transparent acrylic,

filled with the same fluid in the water-bath enclosure,
and placed in front of each camera to make the opti-
cal axis of the cameras perpendicular to the viewing
window (Fig. 2).

Each camera used consecutive images to measure
displacement of the seeding particles perpendicular to
its viewing angle. The displacement over the time
between images provided estimates of velocity. These
two different projections of the velocity, one from each
camera, can be combined to reconstruct the three
components of velocities. In practice, the two-
component particle displacement fields observed by
each camera were first evaluated by standard PIV
cross-correlation methods. Subsequently, the particle
displacement fields were mapped (dewarped) from the
image planes onto the real-world plane of the light
sheet and interpolated on a rectangular grid. Finally,
the displacement vectors from both cameras were com-
bined to reconstruct the three components of particle
displacements based on a calibration procedure (25).

To improve accuracy, each spatial velocimetry
assessment was generated through averaging results
from 30 pairs of images for steady flows and 12 pairs
of images for pulsatile flows, therefore providing more
robust velocity estimation and overcoming possible
artifacts like small equipment vibrations, transient
bubble passages, or slight flow variations. The tempo-
ral resolution of pulsatile flow measurements was 25
ms, corresponding to 40 measurements per second.

SPIV measurements were performed only at the inlet
to evaluate bulk flow, which is constant along the rigid
phantom. In our case, SPIV technique was not possible
for the throat and outlet sections due to difficulties in
the fabrication of an optically clear phantom; however,
the SPIV method in general could be applied to any
optically clear plane of interest. Instead, to spatially
localize the observed errors in the flow, computational
fluid dynamics (CFD) simulations of the flow were per-
formed for identical cross sections.

CFD Simulations

The flow was numerically simulated for the same flow
conditions. The exact geometry obtained from the
high resolution CT data was imported to the mesh
generation preprocessor, GAMBIT 2.4.6 (ANSYS, Inc.,
Canonsburg, PA) and a nonuniform mesh with higher
density at the throat and near-the-wall was created.
To ensure adequate resolution, a finer mesh with
twice the node density was also generated. Differences
between the velocity fields computed on the two
meshes were negligible, verifying mesh independence
of the numerical solution. The finer mesh with more
than 1,200,000 pyramid/wedge-shaped computa-
tional cells was used for all simulation results pre-
sented here.

Velocity distribution over the phantom volume was
computed by solving the 3D Navier-Stokes equations
for an incompressible Newtonian fluid, with rigid walls
using the CFD software package Fluent 12.1 (ANSYS,
Inc.). The SPIV velocity measurements acquired at the
phantom inlet was applied as the inlet boundary
condition.

Analysis

Because the sampling of the flow by the two methods
were performed at different time points within a car-
diac cycle, the SPIV-derived flow waveforms were
interpolated in time using MATLAB cubic spline fitting
(The MathWorks) before comparison with correspond-
ing PC-MRI-derived flow waveforms. Correlation coef-
ficients (R) and linear regression were used to
compare the steady and pulsatile flow rates derived
from conventional PC-MRI and SPIV techniques.

Flow rate error relative to SPIV measurements was
calculated for each of the three phantom locations.
Relative root mean squared error (RRMSE) was calcu-
lated according to:

RRMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
t fMRI tð Þ � fSPIV tð Þð Þ2P

t fSPIV tð Þð Þ2

s
[1]

where f is the flow measurement by either method
and the summation is performed over different time
points (40 measurements for pulsatile flows).

RESULTS

SPIV Reproducibility

SPIV provided a robust measurement of flow for both
steady and pulsatile cases. In repeat experiments, the
coefficient of variation, defined as the standard devia-
tion divided by the mean, was less than 0.5% for
steady flows and less than 1.5% for every time-point
measurement in pulsatile flows determined over mul-
tiple cardiac cycles. In pulsatile flows, the pro-
grammed and measured flow waveforms differed

Figure 3. Programmed and measured flow waveforms.
Dashed curves are applied by the computer controlled pump
and solid curves are the measured flow using SPIV, each
curve with 40 point measurements. Error bars on the meas-
ured flow waveforms show the standard deviation of the
SPIV measurements.
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significantly due to the damping caused by the elastic
connecting tubes. This leads to a delay and smoothing
of the input waveform at the inlet of the phantom (Fig.
3). However, the total actual flow per cycle per minute
remained unchanged.

Correlation of SPIV and Conventional PC-MRI
Measurements at Inlet

Comparison of the flow measured by conventional PC-
MRI and SPIV at the inlet of the three phantoms,
where flow was fully developed, gives an estimate of
the validity of PC-MRI for laminar flows. Results show
good agreement between the two methods. The regres-
sion line approaches the line of identity with
fMRI¼1.01 fSPIV�2.26 mL/s (R>0.99) for steady
flows (Fig. 4a). In pulsatile flows (Fig. 4b), this correla-
tion can be expressed as: fMRI¼0.87 fSPIVþ2.37 mL/s
(R>0.96) (with 40 samples per waveform).

Steady PC-MRI Measurement at Three Sections

Errors (difference in mean values) for steady flow
measurements using conventional PC-MRI are
reported in Table 2. All comparisons are based on

SPIV as ground truth. For SF-0 and SF-1 flows, which
benefit from suitable Venc selection (3,26), the error at
the inlet is less than 5%. Higher errors in SF-2 and
SF-3 show the importance of choosing a proper Venc

(3,26).
Flow rate errors show that for the 87% and 74% sten-

oses, conventional PC-MRI underestimated flow at the
outlet. For the same phantoms, flow measurements at
both the inlet and the throat show very good agreement
between the two methods. Through-plane velocity con-
tours and profiles at the inlet for the 87% area occlu-
sion phantom for flow SF-1 (see Table 1) are shown in
Figure 5a. Both contour plots and velocity profiles show
good agreement between the two methods.

Pulsatile PC-MRI Measurement at Three Sections

Flow waveforms measured by SPIV and gated,
conventional PC-MRI at three sections for 50%, 74%
and 87% phantoms and flows PF-1, PF-2, and PF-3
are shown in Figure 6a. The corresponding mean and
peak flow errors as well as RRMSE are summarized in
Table 3. While the mean flow measurement for the
50% stenosis phantom was relatively accurate at all
three sections, for the other two phantoms the best
accuracy was obtained at the throat. Also, conven-
tional PC-MRI generally detected mean flow better
than peak flow as evidenced by the smaller errors.

Through-plane velocity contours and profiles of pul-
satile flow PF-1 for two time points t¼400 ms (corre-
sponding to the maximum flow rate) and t¼275 ms
(corresponding to the minimum flow rate) at the inlet
are shown in Figure 5b and c for the 87% area occlu-
sion phantom. Both contour plots and velocity profiles
show good agreement between the methods. However,
as Venc was prescribed based on the maximum veloc-
ity in the flow, the near-wall velocities at t¼275 ms
(Fig. 5c) were noisy.

Scatter diagrams comparing gated PC-MRI with
SPIV flow measurements at three different sections for
three different phantoms are shown in Figure 6b. Data
for all flows PF-1, PF-2, and PF-3 were combined for
each section/phantom in order to evaluate the accu-
racy of flow measurement as a function of imaging
section. Correlation coefficients, slopes, and intercepts
specific to each phantom model are summarized in

Figure 4. Scatter diagrams comparing conventional PC-MRI
with SPIV flow measurements. Data for all flow regimes at
the inlet of the three phantoms are combined in this plot. a:

Steady flow (N¼12). b: Pulsatile flow (N¼360). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Table 2

Errors of the Steady Flow as Measured With PC-MRI Compared to

SPIV

Steady flow rate error (%)

SF-0 SF-1 SF-2 SF-3

87% Stenosis Inlet �1.6 �4.7 �7.6 �11.6

Throat �0.8 1.0 2.0 0.7

Outlet �4.6 �16.5 �22.2 �30.6

74% Stenosis Inlet �0.4 �2.8 �6.0 �7.8

Throat 4.9 4.5 3.7 3.3

Outlet �3.4 �7.7 �10.0 �13.1

50% Stenosis Inlet 1.4 1.8 2.4 1.2

Throat 3.8 3.2 3.3 2.1

Outlet 1.4 1.5 1.5 �1.3
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Table 3, showing good agreement between MRI and
gold standard flow from SPIV.

Relative root mean squared error (RRMSE) for all
phantoms, flows, and sections (Table 3) were higher
compared with errors in mean flow measurement of
the corresponding values in all cases. This may sug-
gest decreased ability of the PC sequence which was
used here to detect the high frequency components of
the flow waveform.

DISCUSSION

To avoid long scan time and low signal-to-noise ratio,
phase contrast measurements are usually performed
at relatively low resolutions. This leads to a loss of
flow information because of averaging of the velocity
in a voxel, increased intravoxel dephasing, signal loss
near vessel edges and inaccurate vessel wall definition
as a result of partial volume effects. Furthermore, the
phase velocity mapping technique assumes that veloc-
ity is constant over the measurement time, which
introduces other sources of error to the measure-
ments. Taking all these challenges into account before
any clinical application, the accuracy of PC-MRI
measurements, needs to be evaluated in phantom
models for different pathologic conditions.

Our study provides an assessment of the accuracy
of conventional PC-MRI flow measurements using an
independent modality in a stenotic phantom of com-

mon iliac artery under both steady and pulsatile flow
conditions, and presents a quantitative comparison
between the two modalities. While the phantom hemo-
dynamically recreates the idealized conditions of an
iliac artery stenosis, the ratio of image resolution to
artery dimension is not an accurate recreation. This
leads to less pronounced partial volume errors which
should be taken into account in in vivo cases.

In this study, we have shown that good qualitative
and quantitative agreement exists between PC-MRI
and SPIV measurements of flow patterns in phantom
models of common iliac artery stenosis. For the Reyn-
olds numbers that were studied, agreement was dem-
onstrated for both steady and pulsatile measurements
by evaluating the linear regression between the two
methods, which showed a correlation coefficient of
>0.99 and >0.96 for steady and pulsatile flows,
respectively.

The difference between SPIV and PC-MRI measure-
ments for steady flows with proper Venc selection (SF-0
and SF-1) was less than 5% for both inlet and throat
and showed good agreement in all cases. The agree-
ment, however, was weaker at the outlet especially for
the 87% stenosis. CFD simulations in Figure 7 have
been used to spatially localize the source of error for
steady flow SF-1. Comparison of the velocity contours
at the outlet section fails to show any particular pattern
explaining the errors associated with the higher flow
rate. However, PC-MRI velocity contours at the outlet

Figure 5. Through-plane
velocity contours and pro-
files for steady and pulsatile
flows at the inlet in the 87%
area occlusion phantom: SF-
1 (a), PF-1 (t¼400 ms; max-
imum flow) (b), and PF-1
(t¼275 ms; minimum flow)
(c). Profiles are depicted for
the cross line x¼0.
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are noisier compared with the other two sections. This
may be explained by the fact that flow distal to the ste-
nosis can be unsteady even in the constant flow cases
(see for example (27)), causing spin dephasing. Flow
measurement by each method assumes constant veloc-
ity over a short period of time. In the case of SF-1, this
time period was 200 ms for SPIV (time difference
between two consecutive images) and 3 ms for PC-MRI
(time to collect data for the whole k-space was 256
msec). This time period is longer for pulsatile flows
and/or when multiple signal averages are needed. At
high flow rates, the longer the echo time, the higher the
chance of intravoxel dephasing, fluid mixing, and flow
artifacts distal to an occlusion. This longer time dura-
tion in conventional PC-MRI, due to more incoherent

spin motion in the unsteady regions, may be viewed as
introducing noise in the form of over/underestimation
to the measured flow rates.

The same mechanism leads to errors in flow meas-
urements of increasing magnitude in the distal section
of more severe stenoses where flow unsteadiness is
accentuated. Previous studies have shown an overesti-
mation of flow by over 100% immediately upstream
and downstream of the stenosis throat (18). However,
compared with those studies, we used a reduced echo
time to alleviate some of the problems associated with
flow unsteadiness. For significant reduction, please see
(29,30,31) and (14,15).

As seen in table 2, the steady flow errors for the SF-
2 and SF-3 flow regimes also display more errors at

Figure 6. (a) Flow waveforms measured by SPIV and conventional PC-MRI at inlet, throat, and outlet. Top, middle, and bot-
tom rows show results for 87%, 74% and 50% stenosis phantoms, respectively. Left, middle, and right columns show pulsa-
tile flows PF-1, PF-2, and PF-3, respectively. (b) Scatter diagrams comparing conventional pulsatile PC-MRI with SPIV in the
90% (left), 75% (middle), and 50% (right) stenosis phantoms. Data for all flows PF-1, PF-2, and PF-3 are combined for each
section/phantom (N¼120 for each section in each phantom). Solid, dashed, and dotted lines represent the best line of fit for
inlet, throat, and outlet sections, respectively. Corresponding slopes, intercepts, and correlation coefficients specific to each
phantom model are reported in Table 3.
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the outlet, though the errors were generally larger
than those for the SF-0 and SF-1 waveforms. This
originates from the well-known fact that velocity-to-

noise ratio is proportional to Venc (3,26) and proper
Venc selection in in vivo studies plays a crucial role in
the accuracy of the measurements.

The mean and peak flow rate errors, and RRMSE
for all pulsatile flow regimens are reported in Table 3.
For pulsatile flows, mean and peak flow rate errors
were lowest at the throat section. This pattern, though
less evident, was also observed in RRMSE. RRMSE
was higher than error in the mean flow rate. Also,
RRMSE for all phantoms, pulsatile flow regimes, and
sections was found to be higher compared with steady
flow for all cases, suggesting the decreased ability of
the sequence to detect high frequency components of
the flow waveform. Another factor that may have con-
tributed to the observed results is that flow for inlet
and outlet sections were measured off-center relative
to the iso-center of the magnet. To address this limita-
tion for future studies, it is recommended that all flow
measurements be made at the iso-center.

As evident by the contour plots and profiles in Fig-
ure 5c, near-wall velocities at cardiac phases with low
flow rates (e.g., t¼275 ms) are noisy, leading to
underestimation of the flow for those cardiac phases.
This occurs because in pulsatile studies, Venc is gen-
erally set according to the peak flow rate and is kept
constant over all cardiac phases. MR sequences with
the capability to automatically optimize Venc for indi-
vidual heart phases in pulsatile flow could potentially
prevent this underestimation (28).

In conclusion, SPIV is a robust and accurate in vitro
method for 3D velocity and flow measurement with the
ability to serve as the ground truth for PC-MRI velocity
measurements. In particular, the approach taken here
could serve as basis for validation and optimization of
new and established MR velocimetry techniques. As
shown by our measurements and statistical analyses,
for the Reynolds numbers considered, at different sites

Table 3

Errors of the Mean and Peak Flow Measurements With Conventional PC-MRI for All Pulsatile Flows (Table 1)*

Mean flow rate error (%) Peak flow rate error (%) RRMSE (%)

Linear correlation for all flows

and (P values)

PF-1 PF-2 PF-3 PF-1 PF-2 PF-3 PF-1 PF-2 PF-3 Slope Intercept R

87% stenosis Inlet �10.4 �14.1 �19.2 �9.1 �21.7 �7.0 11.9 23.5 17.3 0.88 �0.71 >0.96

(<0.01) (0.52) (<0.01)

Throat 2.3 1.16 1.5 �4.1 �6.7 �0.6 11.7 17.2 8.3 0.87 6.39 >0.96

(<0.01) (<0.01) (<0.01)

Outlet �10.8 �15.3 �15.3 �6.5 �0.2 �7.3 21.9 15.8 14.8 0.86 0.32 >0.95

(<0.01) (0.80) (<0.01)

74% stenosis Inlet �6.0 �11.4 �13.4 �12.7 �18.0 �11.3 11.5 16.5 14.3 0.87 1.52 >0.97

(<0.01) (0.09) (<0.01)

Throat 0.42 �0.8 �1.0 �6.9 �13.8 �6.8 11.4 14.5 8.8 0.86 6.41 >0.97

(<0.01) (<0.01) (<0.01)

Outlet �8.8 �11.4 �15.5 �11.7 �21.0 �12.4 11.4 20.2 15.8 0.86 1.36 >0.97

(<0.01) (0.17) (<0.01)

50% stenosis Inlet 0.3 �0.6 �0.9 �7.5 �15.7 �2.8 9.3 16.1 8.8 0.86 6.31 >0.97

(<0.01) (<0.01) (<0.01)

Throat 0.9 �1.6 �1.4 �8.3 �24.3 �2.9 13.8 25.4 8.0 0.74 11.50 >0.94

(<0.01) (<0.01) (<0.01)

Outlet �1.6 �2.2 �2.9 �11.0 �19.5 �15.8 15.7 22.7 17.8 0.68 13.50 >0.95

(<0.01) (<0.01) (<0.01)

*Flow rates are compared against SPIV as the gold standard. RRMSE in addition to slope, intercept, and correlation coefficients (R) are

also reported.

Figure 7. Through-plane velocity contours at three sections
of the 87% stenosis phantom model: inlet (a), throat (b), and
outlet (c) for steady flow SF-1.
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in the stenotic model and at different time instants,
there is a good level of correspondence in flow mea-
surement between conventional spin-warp PC-MRI
with Cartesian read-out, and the SPIV method. The
results reported here further supports the use of PC-
MRI for studying stenotic flow behavior and suggests
new avenues for research.
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