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ABSTRACT
The aim of this study was to analyze the characteristics of time-velocity curve acquired by
phase-contrast magnetic resonance imaging (PC-MRI) using an in-vitro flow model as a reference
for hemodynamic studies. The time- velocity curves of the PC-MRI were compared with Doppler
ultrasonography (US) and also compared with those obtained in the electromagnetic flowmeter.
The correlation between techniques was analyzed using an electromagnetic flowmeter as a ref-
erence standard; the maximum, minimum, and average velocities, full-width at half-maximum
(FWHM), and ascending gradient (AG) were measured from time-velocity curves. The correlations
between an electromagnetic flowmeter and the respective measurement technique for the PC-
MRI and Doppler US were found to be high (mean R2> 0.9, p< 0.05). These results indicate that
these measurement techniques are useful for measuring blood flow information and reflect
actual flow. The PC-MRI was the best fit for the minimum velocity and FWHM, and the max-
imum velocity and AG were the best fit for Doppler US. The PC-MRI showed lower maximum
velocity value and higher minimum velocity value than Doppler US. Therefore, PC-MRI demon-
strates more obtuse time-velocity curve than Doppler US. In addition, the time- velocity curve of
PC-MRI could be calibrated by introducing formulae that can convert each measurement value
to a reference standard value within a 10% error. The PC-MRI can be used to estimate the
Doppler US using this formula.
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Introduction

Investigating flow information in vessels is necessary to
diagnosis and treatment of cardiovascular disease [1–3].
The most popular non-invasive methods for measuring
flow related parameters are Doppler ultrasonography
(US) and phase-contrast magnetic resonance imaging
(PC-MRI). Doppler US with better temporal resolution
measures the blood flow in real-time [4,5]. However,
Doppler US highly dependent on operator because it
requires considerable technical ability like entry angle
correction [6]. PC-MRI can be used for measuring blood
flow velocity non-invasively by using phase shifts in
moving spins to quantify the velocity information in the
flow of vessels [7–10]. The PC-MRI is suitable in the

various field because it is user-independent and offers
the possibility of analyzing vascular hemodynamics
without restrictions to anatomic coverage [11].

The major use of the PC-MRI is to provide informa-
tion on the hemodynamic characteristics of blood flow
in vessels. Blood flow measurements to evaluate vessel
stenosis are important for the diagnosis and manage-
ment of patients with vessel-related disease [12]. Wall
shear stress is important to understand atherosclerotic
plaque. WSS, friction exerted on the endothelium of
vessel walls by the circulation, affects the function of
endothelial cells and the development of atheroscler-
osis and aneurysm [13–15]. Low wall shear stress is
prone to developing endothelial dysfunction and
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vascular diseases, like atherosclerosis and intimal
hyperplasia [16]. PC-MRI is applied in many areas and
blood flow information obtained by PC-MRI can be
used to diagnose normal and pathological conditions
[17,18]. Quantitative analysis of blood flow information
of PC-MRI is therefore very important.

Many studies have quantified blood flow informa-
tion using PC-MRI technique to predict disease, and
there have also been attempts to verify blood flow
information compared to Doppler US. Leys et al. [19]
measured blood flow of pig aorta to validate the pre-
cision of the PC-MRI in comparison to ultrasound.
Flow measurements of ultrasound and the PC-MRI
were 2.7 ± 0.6 L/min and 2.8 ± 0.6 L/min(not signifi-
cantly different, p¼ 0.17), respectively. Yzet et al. [20]
measured the hepatic vascular flow of portal vein and
proper hepatic artery. The maximum velocity and
mean velocity of Doppler ultrasound was
49.0 ± 19.4 cm/s and 36.0 ± 13.8 cm/s in the portal vein,
134 ± 53 cm/s and 57± 25 cm/s in the proper hepatic
artery. The maximum velocity and the mean velocity
of PC-MRI for the same blood flows were
28.2 ± 8.8 cm/s and 22.9 ± 6.6 cm/s in the portal vein,
63 ± 25 cm/s and 43± 17 cm/s in the proper hepatic
artery. Powell [21] and Pant [22] reported the result
that the blood flow velocity measured by Doppler US
were higher than there by the PC-MRI. However, the
property for the detailed time-velocity curve of PC-

MRI has not been described, and remain unclear. This
may hamper accurate quantification of the hemo-
dynamic characteristics of this technique, therefore it
is desirable to quantify time-velocity curve for the
PC-MRI.

The purpose of this study was to analyze the char-
acteristics of modalities under a pre-determined in-
vitro environment by minimizing the variables like the
blood, the elastic vessel. In this study, we investigated
the maximum, minimum, and average velocities, full-
width at half-maximum (FWHM) and ascending gradi-
ent (AG) to quantify the time-velocity curve of the PC-
MRI when measuring blood flow. Doppler ultrasound,
commonly used for the quantification of PC-MRI, was
considered insufficient [23,24] and was compared
using an electromagnetic flowmeter as a reference
standard [25]. In- vitro experiment using the phantom
model could overcome limitations in in-vivo measure-
ments. Results from this study may help to predict the
actual value of blood flow acquired from the PC-MRI.

Materials and methods

Pulsatile flow system

A pulsatile flow model was constructed and used for
flow measurements. Two one-way check valves were
used near the inlet and the outlet of the cylinder to

Figure 1. Pulsatile flow system. (a) Pulsatile flow model (front), (b) Pulsatile flow model (side), and (c) diagram of the experimen-
tal apparatus. Pulsatile flow model generating pulsatile flow was produced using a piston pump. The rotation per minute (RPM)
corresponding to heart rate, and duty ratio corresponding to the ratio of systole and diastole was adjusted by DC motor and
encoder. The pulsatile flow was measured using Phase-contrast magnetic resonance imaging, Doppler ultrasonography and elec-
tromagnetic flowmeter at the same location.
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control pulsatile flow output in Figure 1. The rotational
motion of the electric motor was transformed into a
reciprocating motion using a crank and disk to allow
the intake and the ejection of the fluid. The frequency
of reciprocating motion is ranged from 30 rotation per
minute (RPM) to 100 RPM which is corresponding to the
human heart rate range. The duty ratio, the ratio
between the intake and ejection time spans, in the pul-
satile flow pump was set from 2:8 to 8:2 to simulate the
changeable systole-diastole time ratio in the human
body. The internal capacity of the cylinder, representing
left ventricular volume, was adjustable between 40 cc
and 90 cc [26].

For the present study, the rotation speed was ranged
from 40 RPM to 90 RPM and the duty ratio was from 3:7
to 6:4. Details about the eighteen flow patterns used for
flow velocity measurement are summarized in Table 1.
The pattern number indicates the type of flow pattern.
Pattern 1 corresponds to 40 RPM and 3:7 of the duty
ratio. Rotation per minute (RPM) and duty ratio are
equivalent to heart rates and systole/diastole ratio in
vivo. The internal capacity of the cylinder was set to
90 cc. The internal diameter of the flow-conducting
tube was 19mm, similar to that of an aorta. The
Reynolds numbers for the maximum and mean veloc-
ities were ranged from 10,450 to 15,200 and from 4750
to 10,450 for the study, respectively. The Womersley
number (a ¼ R(xq/m)1/2) that characterizes the pulsatile
flow was ranged from 7.8 to 11.6 in RPM used. The pul-
satile flow generated from the present flow system was
evaluated using PC-MRI, Doppler ultrasonography, and
the electromagnetic flowmeter in Table 1. To keep an
experimental consistency, all experiments were per-
formed at a pre-determined location in the flow system
using a flat-height supporting device. During PC-MRI,
an electromechanical part of the flow system was
located outside MR gantry room.

Measurement techniques

In the present study, we acquired time-velocity curves
were acquired using PC-MRI and Doppler US. A 3.0-

Tesla MRI scanner (EXCITE HD, GE Healthcare,
Milwaukee, U.S.A) was used with scan parameter set-
ting: repetition time (TR), 7.7ms; echo time (TE),
3.3ms; matrix size, 256� 256; field of view, 20 cm; and
slice thickness, 6mm. 40 images per data acquisition
series were obtained from PC MR scanning. For the
measurement of the average flow velocity in each
image, the acquired images were transferred to an
independent blood flow measurement system
(ReportCARD, GE Healthcare, Milwaukee, U.S.A) that is
available in clinical practice.

Doppler US was performed by using a practical
ultrasound scanner (HDI 5000 Sono CT, Philips,
Eindhoven, Netherlands) with a linear probe at a
3–5MHz range. We used 0.044-mm silver-coated hol-
low glass spheres (Potters Industries Inc., Malvern,
U.S.A) to measure a velocity of fluid using the Doppler
US. A silicon tube was located inside the Polyvinyl
chloride (PVC) pipe to prevent the pulsation-
related motion.

The device used as a reference standard for com-
parative analysis was an electromagnetic flow meter
(VMZ204, SIKA, Kaufungen, Germany), which uses a
direct measurement technique. The tolerance range of
the electromagnetic flowmeter was 5–100 L/min with
a measurement accuracy of 99%, the reproducibility
error of 1%, and the resolution of 5mL/pulse.
Commercially available software (LabView, National
Instruments, Austin, U.S.A) was used for data record-
ing. To compare with PC-MRI data, 40 measurement
values were obtained per flow cycle. Experiment con-
dition was 40, 50, 60, 70, 80, and 90RPM. A period of
each RPM was 1.5, 1.2, 1.0, 0.857, 0.75, and 0.67 s.
Each of these readings had time intervals of 37, 30,
25, 21, 19, and 17ms. For example, a period of 40RPM
was 1.5 s and time intervals was 37ms.

Data analysis

A Pearson’s correlation coefficient (R2) with SPSS 20
(SPSS Inc, Chicago, IL) was done between the refer-
ence standard data and the time-velocity plots
obtained by PC-MRI and Doppler US. In addition, as
flow velocity characteristics, the maximum, minimum,
and average velocities, full-width at half-maximum
(FWHM) and ascending gradient (AG) were measured
and compared based on the reference standard data.
Agreement was assessed by Bland– Altman analysis.
We aligned the time-velocity curve based on the peak
of a cycle and analyzed comparatively the difference
of shapes in time-velocity curves (Figures 2 and 3).

Table 1. Eighteen flow patterns used for flow velocity
measurement.

RPM

Duty ratio

3:7 4:6 5:5 6:4

40 pattern 1 pattern 2 pattern 3 pattern 4
50 pattern 5 pattern 6 pattern 7 pattern 8
60 pattern 9 pattern 10 pattern 11
70 pattern 12 pattern 13 pattern 14
80 pattern 15 pattern 16 pattern 17
90 pattern 18
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The time-velocity curves of PC-MRI, Doppler US and
the reference standard were obtained. By dividing the
time- velocity plots at the time of the peak value into
two segments, two quartic curve fitting equations
were obtained. A quartic conversion equation was
induced by subtracting coefficients of fitting equations
from modality comparison. Firstly, we acquired a quar-
tic curve fitting equation between electromagnetic
flowmeter and each modality such as PC-MRI and
Doppler US. Secondly, we subtracted quartic equations
of electromagnetic flowmeter and each modality to

induce conversion formulae. Thirdly, we applied con-
version formula to fit each modality to electromag-
netic flowmeter data. The accuracy of a conversion
formula was validated by evaluating the error between
reference time-velocity curve and the converted time-
velocity curve.

Results

Agreement between reference standard and, PC-MRI
and Doppler US was assessed by Pearson’s correlation
coefficient (R2). As for PC-MRI, the R2 is about the
time-velocity variables ranged from 0.929 to 0.993
(mean 0.965, p< 0.05), showing a statistically signifi-
cant positive correlation. The R2 of Doppler US data
ranged from 0.863 to 0.968 (mean 0.935, p< 0.05),
showing a statistically significant positive correlation
in Figure 4. The mean correlation about the time-vel-
ocity curves was higher for PC-MRI. Measurements of
the maximum, minimum, and average velocities,
FWHM and AG values measured in PC-MRI data pre-
sented as Bland-Altman plots demonstrated good
agreement with the reference standard electromag-
netic flowmeter in Figure 5.

The maximum, minimum, and average velocities,
FWHM and AG from the PC-MRI, Doppler US and elec-
tromagnetic flowmeter were measured. The maximum
velocity of flowmeter was mean 66.51 cm/s. Doppler
US had higher maximum velocity (mean 63.97 cm/s)
than PC-MRI (mean 59.21 cm/s). PC-MRI showed higher
minimum velocity (mean 19.33 cm/s) than electromag-
netic flowmeter (mean 17.59 cm/s), while those of
Doppler US was relatively low (mean 10.11 cm/s). The
average velocity for PC-MRI, Doppler US and electro-
magnetic flowmeter were mean 35.83 cm/s, 35.97 cm/s
and 37.3 cm/s, respectively. The PC-MRI and Doppler
US showed lower the average velocity than the refer-
ence standard, while those of a paired t-test between
PC-MRI and Doppler US were not significant difference
(p¼ 0.82). Doppler US had higher AG value (mean
166.29 cm/s2) than PC-MRI (mean 104.98 cm/s2). The
mean AG values for the electromagnetic flowmeter
was 196.09 cm/s2. FWHM did not show a consistent
pattern. FWHM values were larger in PC-MRI and
Doppler US (mean 411.47ms and 488.68ms, respect-
ively) than for the electromagnetic flowmeter (mean
384.88ms) with an exception of few data set in
Figures 6 and 7.

A quartic conversion equation that can approximate
the reference standard was derived. The converted
time-velocity curve is presented overall error rate of
less than 10% based on the reference time-velocity

Figure 3. This time-velocity curves are acquired under condi-
tions of 40 bpm and 4:6 duty ratio. PC-MRI has shown an
obtuse pulsatility and Doppler ultrasonography showed the
closest waveform to the standard waveform by the flowmeter.

Figure 2. Quantitative indices of blood flow pulsation. The
time-velocity curve was obtained through experimental results.
The time-velocity curve acquired 40 data points per period (If
the period is the 1 s, the data interval is 25ms.). y-axis is vel-
ocity and x-axis was the number of data point. a, b, c, d, and
e represent the maximum value, the minimum value, the aver-
age value of 40 data points, the difference between the two
independent variables to be half the maximum of the value of
the time-velocity curve and the gradient between start point
value and maximum value.
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curve in Table 2. y1 was a quartic fitting equation of
electromagnetic flowmeter. y2 was a quartic fitting
equation of other techniques. A quartic equation yt

the conversion formula was derived by subtracting y2
from y1 (i.e. yt ¼ y1�y2). We could convert the time-
velocity curve of other techniques into electromagnetic

Figure 4. The correlation coefficients of the time-velocity curve between flowmeter and PC-MRI and Doppler US. (�p< 0.05).

Figure 5. Bland-Altman plots for maximum, minimum, and average velocities, full-width at half-maximum (FWHM) and ascending
gradient (AG) values measured in PC-MRI data of eighteen patterns compared to the reference standard electromag-
netic flowmeter.
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flowmeter time-velocity curve by substituting the data
acquired through the experiment of other technique to
x of a quartic equation yt in Figure 8.

y1 ¼ ax4 þ bx3 þ cx2 þ dx þ e (1)

y2 ¼ a0x4 þ b0x3 þ c0x2 þ d0x þ e0 (2)
yt ¼ a0 � að Þx4 þ b0 � bð Þx3 þ c0 � cð Þx2 þ d0 � dð Þx þ e0 � eð Þ (3)

Discussion

Hemodynamics has been reported to be closely related
to the occurrence of vascular disease. Understanding
hemodynamics is an important part of predicting vascu-
lar disease. While Doppler ultrasonography has been
used as the standard method for measuring blood flow
velocity in clinical trials, this technique has limitations
such as errors due to ultrasonic entry angle correction
or the inability to penetrate bone and air [23,24]. To
compensate for these limitations, blood flow was meas-
ured using PC-MRI. PC-MRI has proved useful compared

to Doppler US and already used in many fields [27,28].
However, characterization of pulsatile waveforms is
rare. The pulsatile waveform is a very important factor in
the hemodynamic analysis [29,30]. In this study, the
characteristics of the time-velocity curve obtained by PC-
MRI were investigated along with Doppler US. We inves-
tigated the time-velocity curve using the maximum, min-
imum, and average velocities, full-width at half-
maximum (FWHM), and ascending gradient (AG). We first
showed that time-velocity curves of PC-MRI and Doppler
US are useful through the agreement with the reference
standard. On the other hand, we have confirmed that
the measured the maximum, minimum, and average
velocities, FWHM and AG differ from the reference stand-
ard. We also found that there were differences according
to the 18 pulsatile patterns. We proposed a calibrated
value of PC-MRI through the conversion formula. The
study of the characteristics of the time-velocity curve of
PC-MRI is intended to provide quantitative data for
hemodynamic analysis.

Figure 6. Measured values from the three modalities including ㅡ Flowmeter, PC-MRI and Doppler ultrasonography. (a) Flow pat-
tern versus maximum velocity, (b) minimum velocity, (c) average velocity, (d) full-width at half-maximum and (e) ascending gradi-
ent. The experimental condition was the rotation speed ranged from 40 RPM to 90 RPM and the duty ratio ranged from 3:7 to 6:4
on the x-axis. Each graph showing the relationship between reference standard (Flowmeter), PC-MRI and Doppler ultrasonography.
The respective time-velocity curve measurements for the electromagnetic flowmeter, PC-MRI and Doppler ultrasonography
obtained under conditions of 40 bpm and 4:6 duty ratio were 66.9 cm/s, 56.8 cm/s and 64.1 cm/s, and for the maximum velocity
values; 4.3 cm/s, 7.5 cm/s, and 0.5 cm/s for the minimum velocity values; 29.5 cm/s, 28.2 cm/s, and 29.3 cm/s for the average vel-
ocity values.
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The reason that electromagnetic flowmeter was
selected as a reference standard was accuracy and
reproducibility. The electromagnetic flowmeter had
high accuracy and reproducibility (accuracy 99%,
reproducibility error 1%, respectively). Also, the elec-
tromagnetic flowmeter has a high resolution to
acquire a data every 25 nano-seconds. Kieran et al.
showed excellent agreement between PC flow rate
and the gold standard Flowmeter in steady flow of
straight pipe [25].

The pulsatile flow pump has one ventricular struc-
ture and this is designed considering the human body’s
stroke volume, heart rate, and systole-diastole time
ratio. The motor to adjust RPM and duty ratio was con-
trolled by pulse width modulation (PWM) signal with
Labview. We measured the signal of the encoder to see
if the motor was properly controlled. The PWM signal
and encoder signal were matched well. Prior to the
experiment, we validated pulsatile pump. The perform-
ance of the pulsatile pump was validated by measuring

Figure 7. Average maximum, minimum, and average velocities, full-width at half-maximum (FWHM) and ascending gradient (AG)
values by the three modalities. Each graph showing the relationship between reference standard (Flowmeter) and, PC-MRI
and Doppler ultrasonography. Doppler ultrasonography had higher maximum velocity (mean 63.97 cm/s) more PC-MRI (mean
59.21 cm/s). PC-MRI had high minimum velocity (mean 19.33 cm/s). The minimum values of Doppler ultrasonography was
mean 10.11 cm/s. The average velocity for PC-MRI, Doppler US and electromagnetic flowmeter were mean 35.83 cm/s,
35.97 cm/s and 37.3 cm/s, respectively. Doppler ultrasonography had higher gradient value (mean 166.29 cm/s2) more PC-MRI
(mean 104.98 cm/s2). FWHM values of PC-MRI and Doppler ultrasonography were mean 411.47ms and 488.68ms, respectively.

Table 2. Average percent error of 40 points between reference time-velocity curve and converted time-velocity curve.
RPM 40 50

Duty ratio 3:7 4:6 5:5 6:4 3:7 4:6 5:5 6:4

Percent error (%) 4.67 3.01 7.54 3.78 6.34 2.81 3.61 3.76

RPM 60 70 80 90

Duty ratio 4:6 5:5 6:4 4:6 5:5 6:4 4:6 5:5 6:4 5:5

Percent error (%) 3.1 2.39 1.73 2.39 1.1 0.9 1.54 1.8 3.69 1.08
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a cycle time and flow of outlet according to experimen-
tal variables. To validate the RPM corresponding to the
human heart rate, the duty ratio was fixed, and experi-
ments were conducted at 30, 60 and 90 PRM. Twenty
cycles were obtained in each experiment using the
flowmeter. The theoretical periods according to RPMs
of 40, 50, 60, 70, 80, and 90 are 1.5, 1.2, 1, 0.86, 0.75
and 0.67 s. The result of the experimental data was
mean 1.55, 1.21, 1.08, 0.88, 0.76 and 0.67 s and was
consistent with theoretical values with a probability of
more than 90%. To verify the stroke volume, the vol-
ume of the cylinder was fixed at 90 cc, and the actual
flow rate at the outlet was measured for 30 s, also the
flow rate was measured from the time-velocity curve of
the flowmeter. The outlet flow rate according to RPMs
of 40, 50, 60, 70, 80, and 90 were mean 88.5, 89.2, 88.3,
89.1, 88.8, and 89.3 cc, respectively. The flow rates of
flowmeter are mean 88.9, 89.7, 88.9, 90.1, 90, and
91.2 cc, respectively. The error rate was less than 2%.

When we realigned time-velocity curve based on a
mounting point, the difference of the peak-time for
each measurement has appeared. But, we could not
know whether the difference of peak-time was charac-
teristic of each technique or not because we could
not maintain the start point in a cycle when we get a
data per apparatus. Thus, when we compared time-
velocity curve obtained in each modality, we realigned
time-velocity curve based on the peak of each cycle

and analyzed the difference of shapes in time-vel-
ocity curves.

In the time-velocity curves compared with reference
measurements of the electromagnetic flowmeter
results, PC- MRI presents decreased AG value, which
implies that PC-MRI demonstrates more obtuse time-
velocity curve than electromagnetic flowmeter. Also,
PC-MRI shows lower maximum velocity value and
higher minimum velocity value than electromagnetic
flowmeter. The PC-MRI presents the closest minimum
velocity and the FWHM to the electromagnetic flow-
meter. Whereas, Doppler ultrasonography shows the
best fit regarding the maximum velocity and the AG
with the reference standard in Table 3. Also, PC-MRI
shows more obtuse time-velocity curves than those of
Doppler ultrasonography. Yzet et al. [20] showed that
the maximum flow velocity measured by the Doppler
ultrasonography was higher than the PC-MRI values in
both the portal vein and the proper hepatic artery.

Figure 8. ‹ First segment was the start point to peak point. › Second segment was the peak point to end point. A conversion
graph (YFlowmeter1(MRI-t)) was derived to sum quartic fitting equation (YMRI1) of PC-MRI and conversion formula (Yt1) that can con-
version to electromagnetic flowmeter value. The second segment was same.
A conversion graph of first segment was derived by the following equations:

yMRI1 ¼ 0:0006x4�0:0339x3 þ 0:3628x2 þ 1:2255xþ 27:218

yt1 ¼ 0:0027x4�0:0663x3 þ 0:4915x2 þ 0:705x�11:3550

yMRI1 þ yt1 ¼ yMRI�t1 ¼ yFlowmeter1 ¼ 0:0033x4�1:1001x3 þ 0:8543x2 þ 1:9305xþ 15:863

A conversion graph of second segment was derived by the following equations:
yMRI2 ¼ �0:0001x4 þ 0:007x3�0:1163x2�1:598xþ 50:9130

yt2 ¼ �0:0001x4 þ 0:0063x3�0:0819x2�0:0874xþ 7:807

yMRI2 þ yt2 ¼ yMRI�t2 ¼ yFlowmeter2 ¼ �0:0002x4 þ 0:0144x3�0:1982x2�1:6854xþ 58:72

Table 3. Percent error between the reference standard and,
PC MRI and Doppler ultrasonography.

Max Min Aver FWHM Grad Average

Percent error (%)
PC-MRI 11.07 18.95 4.28 8.75 38.35 16.28
Doppler US 3.68 54.13 5.84 27.45 23.65 22.95

Max: maximum velocity; Min: minimum velocity; Aver: average velocity;
FWHM: full-width at half-maximum of time-velocity curve; Grad: ascend-
ing gradient; Average: total average.
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The velocity values presented by PC-MRI are averaged
value of all the pixels in a cross sectional area of the
flow, which may explain why PC-MRI velocity is under-
estimated than Doppler spectrum showing all the
velocities of reflectors within the sampling volume.

In this study, no human subjects or animal parts
were used, since the aim of study was focused on the
difference in measured devices among blood flow
measurement techniques. Using the in vitro model,
common confounding factors in live subject such as
vascular wall elasticity, turbulence, irregular pulsatility,
and structural complexity, could be minimized in this
study. In addition, inherent limitations of Doppler US
and PC-MRI were minimized, which are known to be
influenced by the posture of the subjects and irregular
in-vivo pulsatile flow [31,32]. The working fluid was
water at 25�C and the flow tubes were considered as
rigid instead of non-Newtonian viscous fluid (blood)
and elastic vascular walls. The Reynolds number of
this study was calculated using the maximum velocity
of each pattern, water density and viscosity. Therefore,
the Reynolds number in this study was higher than
the ascending aorta. Reynolds number was not consid-
ered because this study was focused on the difference
between modalities. A limitation of our study is not
considered for viscosity and density like blood. We
created a limited environment because we focused on
the characteristics analysis of each technique, but in
experiments investigating the blood flow patterns,
working fluid is very important factor. The results and
conclusion may differ depending on the working fluid.
Therefore, in future study, if we use a working fluid
such as blood, we will get more meaningful results.

In conclusion, non-invasive blood flow measure-
ment techniques (PC-MRI and Doppler US) were com-
pared by using the electromagnetic flowmeter as a
reference standard. The difference in pulsatile flow
characteristics pattern was confirmed. The result of
this study was showed the similar trend found in the
literature [33,34]. This study has analyzed characteris-
tics of time-velocity curves by measuring the max-
imum, minimum, and average velocities, the full-width
at half-maximum (FWHM) and the ascending gradient
(AG). PC-MRI has shown more obtuse pulsation charac-
teristics and Doppler US showed the closest wave-
forms to the reference patterns. Moreover, we found
conversion equations which allow the measured data
to be compatible with those of a reference electro-
magnetic flowmeter. The conversion equations can
help that the PC-MRI method can achieve bet-
ter results.
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