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ABSTRACT
Evaluating the in vivo accuracy of magnetic resonance phase velocity mapping (PVM)
is not straightforward because of the absence of a validated clinical flow quantification
technique. The aim of this study was to evaluate PVM by investigating its precision,
both in vitro and in vivo, in a 1.5 Tesla scanner. In the former case, steady and
pulsatile flow experiments were conducted using an aortic model under a variety
of flow conditions (steady: 0.1–5.5 L/min; pulsatile: 10–75 mL/cycle). In the latter
case, PVM measurements were taken in the ascending aorta of ten subjects, seven of
which had aortic regurgitation. Each velocity measurement was taken twice, with the
slice perpendicular to the long axis of the aorta. Comparison between the measured
and true flow rates and volumes confirmed the high accuracy of PVM in measuring
flow in vitro ( p > 0.85). The in vitro precision of PVM was found to be very high
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(steady: y = 1.00x + 0.02, r = 0.999; pulsatile: y = 0.98x + 0.72, r = 0.997; x:
measurement #1, y: measurement #2) and this was confirmed by Bland-Altman
analysis. Of great clinical significance was the high level of the in vivo precision
(y = 1.01x − 0.04, r = 0.993), confirmed statistically ( p = 1.00). In conclusion,
PVM provides repeatable blood flow measurements. The high in vitro accuracy and
precision, combined with the high in vivo precision, are key factors for the establishment of PVM as the “gold-standard” to quantify blood flow.
KEY WORDS: Accuracy; Aortic regurgitation; Flow quantification; Magnetic resonance; Magnetic resonance phase velocity mapping; Precision

INTRODUCTION
Magnetic resonance phase velocity mapping (PVM) is
a technique that has been widely used clinically to measure blood flow. Modern PVM was invented in 1982 by
Moran (1). Since then, there have been many in vitro
and clinical studies evaluating PVM as a technique for
flow characterization or quantification. In vitro, the accuracy of PVM was found to be consistently very high
with errors of less than 10% (2–5). Early animal studies
(6) also showed a good correlation between the flow rates
measured with PVM and conventional flow meters. PVM
measurements in humans correlated with conventional
velocimetric techniques, such as Doppler ultrasound,
and with other nonvelocimetric diagnostic techniques
(2,7–12).
The clinical application of PVM to measure blood flow
has been extensive (8,9,13–17). The technique has provided invaluable information about the two-dimensional
velocity profiles in the ascending aorta, the blood flow
in the venae cavae in patients with right heart disease,
the ventricular stroke volumes, the blood flow in the pulmonary artery, the arterial and venous flow, helical and
retrograde secondary flow patterns in the aortic arch, and
the antegrade and retrograde flow in the entire aorta and
in arteries supplying muscles.
Despite the accuracy found in vitro, evaluation of
the reliability of PVM in humans is not straightforward
because of the absence of a validated clinical technique
to measure flow through a vessel with which PVM could
be compared. Clinical correlations of PVM with Doppler
ultrasound do not prove that PVM is accurate in vivo
because Doppler can be affected by a number of technical
factors, such as the beam angle, and thus cannot be
used as the technique of reference. In addition, currently
Doppler can only provide the velocity profile across
a single line of the cross section of a vessel, whereas
PVM acquires the entire cross-sectional velocity profile.
This is very important for reliable flow rate quantification.

In the absence of a gold-standard in vivo technique to
measure blood flow, PVM cannot be evaluated yet for
its clinical accuracy. An indirect alternative approach,
which could show the reliability of PVM clinically, is
to evaluate its precision. Precision is the repeatability
of PVM—in other words, whether successive measurements taken at the same location in a subject agree with
each other. Dulce et al. (10) performed an early PVM
repeatability study, taking measurements in the ascending aorta of patients with aortic regurgitation, twice at
the same location in each patient, with promising results
(r > 0.97).
The present study aims to investigate systematically
the precision of magnetic resonance phase velocity mapping, both in vitro and in vivo. In vitro studies under
steady and pulsatile flow conditions will serve as the
reference data for the level of precision to be achieved
clinically. Subsequently, clinical measurements will evaluate the in vivo precision of PVM. Combination of the
in vivo with the in vitro data will provide important information about the clinical precision and reliability of
PVM.

METHODS
In Vitro Measurements
Steady and pulsatile flow experiments were conducted
using a variety of flow rates. PVM measurements were
taken in a compliant silicone aortic model (ID = 25 mm),
which included the aortic root with the sinuses of Valsalva and a stentless porcine aortic valve (Medtronic,
Inc., Minneapolis, MN). The experiments reproduced the
flow rates observed during diastole in the ascending aorta
in patients with aortic regurgitation (AR). Regurgitation
conditions were reproduced by mounting a tube between
the leaflets of the valve, preventing their complete closure.
Water was used as the blood analog fluid for simplicity. Although the viscosity of water is approximately 3.5 times
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lower than that of blood, its use in this study is justified by the fact that, under the flow conditions used, flow
is predominantly driven by inertia compared to viscous
mechanisms. The aortic model was mounted inside a large
water-filled container in order to provide a stronger MR
signal.
In the first part of the in vitro study, steady flow
conditions were generated and the flow rate was measured with a calibrated rotameter. In the second part
of the in vitro study, pulsatile flow was generated by a
computer-controlled piston pump (SuperPump, SPS 3891
Vivitro Systems Inc., Victoria, BC, Canada). The flow rate
waveform was measured with a brass transit time ultrasonic flow probe (24N in-line, Transonic Systems Inc.,
Ithaca, NY), located 20 cm downstream of the PVM measurements location. The data was acquired by a singlechannel flowmeter (T-108, Transonic Systems Inc.). The
flow waveform was recorded on a PC by digitizing the
analog signal from the flowmeter with an A/D board
(NB-MIO-16, National Instruments Inc., Austin, TX), using the LabVIEW software (Version 3.0, National Instruments, Inc.). The flow conditions of the in vitro experiments can be seen in Table 1 (steady flow) and Table 2
(pulsatile flow).
The entire flow loop was placed in a 1.5 Tesla scanner (NT Gyroscan, Philips Medical Systems, Best, The
Netherlands). Initially, a coronal scout spin-echo image
was acquired [slice thickness (ST): 7-mm; field of view
(FOV): 300 mm; echo time (TE): 25 ms; repetition time
(TR): 432 ms for steady flow, 1000 ms for pulsatile flow;
matrix size: 256 × 256; ECG triggering for pulsatile flow].

13
Table 2
True and PVM-Measured Flow Volumes
Under Pulsatile Flow Conditions
True
(mL/cycle)
27.00
35.00
37.00
48.00
53.00
57.00
75.00

Measured
Series 1
(mL/cycle)

Measured
Series 2
(mL/cycle)

26.67
35.19
37.80
47.86
53.26
57.16
75.11

26.61
34.86
37.02
47.63
53.95
57.65
73.08

The aortic model was identified on the scout image (Fig. 1)
and, for each one of the different flow conditions used, a
transverse velocity-encoded gradient-echo image acquisition was performed 2.0 cm beyond the sinotubular junction of the model (ST: 5 mm; FOV: 200 mm; TR: 30 ms;
TE: 6–9 ms; flip angle: 35◦ ; matrix size: 128 × 128;
pixel size: 1.56 × 1.56 mm). In this way, the distance
between the slice and the regurgitant aortic valve was
long enough to exclude flow acceleration and other complex flows from the region of the velocity measurements.
Flow acceleration and complex flows (turbulence, intense

Table 1
True and PVM-Measured Flow Rates Under Steady
Flow Conditions
Measured Measured
Measured Measured
True
Series 1 Series 2
True
Series 1 Series 2
(L/min) (L/min)
(L/min) (L/min) (L/min) (L/min)
0.200
0.300
0.350
0.400
0.450
0.500
1.100
1.200
1.700
1.800

0.224
0.257
0.298
0.334
0.425
0.436
1.069
1.165
1.612
1.763

0.260
0.301
0.362
0.346
0.345
0.494
1.031
1.179
1.674
1.735

2.200
2.300
2.700
2.800
4.000
4.200
4.300
5.700
5.800

2.280
2.371
2.671
2.802
4.136
4.213
4.292
5.698
5.718

2.312
2.483
2.703
2.894
4.101
4.213
4.284
5.694
5.806

Figure 1. Scout spin-echo image showing the in vitro aortic
model and the slice location for the velocity measurements.
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vortices) cause signal loss, as usually seen in the vicinity
of the regurgitant aortic valve clinically. A range (25–
500 cm/s) of velocity encoding values (VENC) was used,
depending on the studied flow rate to adjust the velocity sensitivity of PVM. In steady flow, a modulus and a
phase image were acquired for each acquisition. In pulsatile flow, retrospective ECG gating was used to acquire
20 time phases per cycle (same imaging parameters as in
steady flow).
Each acquisition (in both steady and pulsatile flow) was
performed twice. After the first measurement, the flow was
reduced until it reached “zero.” Then, it was readjusted to
its initial value.

In Vivo Measurements
To evaluate the in vitro results clinically, measurements
were taken in the ascending aorta of ten subjects. Seven of
these subjects had AR (severity grades I, II, and III, as previously assessed by angiography and echocardiography)
and three were healthy volunteers. The entire aortic flow
throughout the cardiac cycle was measured in the healthy
subjects, using a high VENC (300 cm/s). In the seven
patients with AR, the measurements focused only on
the diastolic part of the cardiac cycle, because systolic
flow turbulence caused signal loss in the ascending aorta.
This turbulence was the result of either increased systolic forward flow (a compensatory mechanism in patients with AR), or concomitant AR and aortic stenosis. A lower VENC (50 cm/s) was used, because the
peak reverse regurgitant flow velocity in the ascending
aorta during diastole is significantly lower than the systolic aortic velocity. The aortic root was located in the
gradient-echo scout image (Fig. 2). The sinotubular junction was identified and PVM measurements (ST: 5 mm;
FOV: 250 mm; TR: 14–30 ms; TE: 6–9 ms; flip angle:
35◦ ; matrix size: 128 × 128) were taken perpendicular
to the long axis of the aorta approximately 2.0 cm beyond the sinotubular junction in order to be relatively far
from the aortic valve. The velocity-encoded acquisition
required approximately 4 min, depending on the heart
rate of the subject. Retrospective ECG gating was used
to provide 13–18 phases during the cardiac cycle. These
measurements were performed twice for each subject.
The second measurement was taken within a few minutes
after the first one. The heart rate was continuously monitored during these successive PVM acquisitions, and only
measurements performed under similar conditions with
regard to heart rate were accepted for analysis in this
study.

Figure 2. Scout gradient-echo image showing the aortic root
of a subject and the slice location for the velocity measurements.

Data and Statistical Analysis
Although the scanner used in this study is designed
to eliminate eddy currents, the phase images were processed to remove any phase offsets present, as described
in our previous studies (4,18). Subsequently, the crosssection of the aorta was identified and selected separately
on each modulus image of the cycle (based on the higher
signal intensity of flowing blood in the aorta) and the selection was applied to the phase images. The phase was
converted to velocity, based on the linearity between MR
signal phase and velocity, and integration of this velocity over the cross-sectional area of the aorta yielded the
flow rate. In the pulsatile flow in vitro cases and in the
in vivo cases, the flow volume was calculated by integrating the instantaneous flow rate curve over the time
period selected. To calculate the flow volumes, the flow
waveform was integrated over the entire cardiac cycle in
the case of the healthy subjects, whereas only the diastolic part of the cycle was considered in the case of AR
patients.
The nonparametric Mann-Whitney test (19) and BlandAltman analysis (20) were applied using the Minitab statistical analysis software (Version 10, Minitab, Inc., State
College, PA) to determine the repeatability of the measurements. It should be pointed out that, for this type of
data, nonparametric statistical analysis is preferred over
the usual t-test, because the amount of data in each case
is not large enough to ensure reliability of the t-test.
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RESULTS
In Vitro
Tables 1 and 2 contain all the in vitro PVM results and
the “true” flow rates and volumes, as measured via the
rotameter and the flow probe. The accuracy of both the
steady and pulsatile flow measurements was excellent, as
confirmed by Mann-Whitney tests ( p > 0.85 in all cases).
Figure 3 shows the correlation between the two
series of the steady flow measurements. As seen, an
excellent correlation (y = 1.00x + 0.02, r 2 = 0.999,
SDE = 0.051 L/min, p = 0.00) was found throughout
the entire range of flow rates studied. The agreement
between the two series of measurements is also seen from
the Bland-Altman analysis plot (Fig. 4) where the mean
of their difference is very close to zero (−0.024 L/min)
and the standard deviation of this difference is small
(0.05 L/min). The scattering of the differences between
the two series is small and random throughout the flow
rate range used. Statistical analysis with a Mann-Whitney
test confirmed that there is no statistically significant
difference between the two series ( p = 0.87, confidence
interval (CI): [−1.318, 1.266 L/min].
Similar to the steady-state situation, the pulsatile
flow data showed great agreement between the two
series of measurements. The correlation found with
regression analysis (Fig. 5) between the two series

Figure 3. Correlation between the two series of in vitro measurements at the same location under steady-flow conditions.

was again excellent (y = 0.98x + 0.72, r 2 = 0.997,
SDE = 0.909 mL/cycle, p = 0.00). Bland-Altman analysis (Fig. 6) showed that the difference between the two series is small (mean of 0.321 mL/cycle, standard deviation
of 0.903 mL/cycle) and generally random throughout the
range of flow conditions studied. A Mann-Whitney test
confirmed the statistical agreement of the data ( p = 0.90,
CI: [−19.86, 21.15 mL/cycle].

Figure 4. Bland-Altman graph showing the agreement between the two series of in vitro measurements at the same location under
steady flow conditions: Notice the small mean and standard deviation of the differences between the two series of measurements.
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close to zero (0.05 mL/beat) and the standard deviation
of this difference is small (2.48 mL/beat). The scattering of the differences between the two series is small
and random throughout the flow rate range used. Statistical analysis with a Mann-Whitney test confirmed that
there is no statistically significant difference between the
two series ( p = 1.00, confidence interval (CI): [−28.29,
25.12 mL/beat].
DISCUSSION

Figure 5. Correlation between the two series of in vitro measurements at the same location under pulsatile flow conditions.

In Vivo
Table 3 contains all the in vivo PVM results. Figure 7
shows the correlation between the two series of measurements. A very good correlation (y = 0.97x + 1.09,
r 2 = 0.993, SDE = 2.472 mL/beat, p = 0.000) was
found. The agreement between the two series of measurements is also seen from the Bland-Altman analysis
plot (Fig. 8) where the mean of their difference is very

Magnetic resonance phase velocity mapping is currently a practical technique for blood flow measurements,
based on the quality of the data acquired. Although the
accuracy of PVM has been demonstrated in vitro, its clinical reliability depends on a combination of parameters,
some of which are related to fluid mechanics. Since there
is no gold standard for blood flow measurements in vivo,
PVM needs to be clinically evaluated with a different approach. In a recent study, Bottini et al. (21) studied the
potential of MRI to assess left ventricular mass. Although
they evaluated the accuracy of MRI by comparing the results with direct ex vivo weight measurements of human
hearts, they determined its precision in order to evaluate
PVM in vivo. Precision was defined as the repeatability
of sequential identical measurements during the same examination. The same pathway was followed in the present
study, investigating the precision of PVM; in other words,
we investigated the repeatability of identically taken

Figure 6. Bland-Altman graph showing the agreement between the two series of in vitro measurements at the same location under
pulsatile flow conditions: Notice the small mean and standard deviation of the differences between the two series of measurements.
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Table 3

In Vivo PVM-Measured Flow Volumes

Condition of Subject
Mild AR (gradea I)
Mild AR (grade I)
Moderate AR (grade II)
Moderate-to-severe AR (grade III)
Moderate AR (grade II)
Moderate-to-severe AR (grade III)
Moderate-to-severe AR (grade III)
Healthy
Healthy
Healthy

Measured
Quantity

Measured
Series 1
(mL/beat)

Measured
Series 2
(mL/beat)

ARVb
ARV
ARV
ARV
ARV
ARV
ARV
SVc
SV
SV

7.0
10.0
17.0
22.0
22.0
39.0
41.0
67.5
68.1
89.2

8.0
11.0
16.0
21.0
22.0
39.0
43.0
71.4
67.3
83.6

a AR

grades determined by angiography and Doppler echocardiography.
Aortic regurgitant volume.
c SV: Stroke volume.
b ARV:

measurements. To characterize a technique as reliable, it
needs to be both accurate and precise.
In this study, the precision was investigated both in
vitro and in vivo. In vitro investigation of the precision of
PVM was necessary regardless of the previously demonstrated accuracy of the technique in order to better evaluate
the clinical data. A systematic experimental study was designed and performed using a variety of flow conditions.
Subsequently, an in vivo study was performed measuring
the flow in the ascending aorta. A number of subjects had
aortic regurgitation, and this allowed for the evaluation of

Figure 7. Correlation between the two series of in vivo measurements at the same location for each subject.

the precision of PVM in measuring not only total stroke
volumes but also the integral of the flow curves (regurgitant volume) over a specific part of the cardiac cycle
(diastole). In the case of AR, reliable blood flow information is essential to better monitor the progress of the
disease and to determine quantitatively the effectiveness
of vasodilators used for pharmacologic treatment.
The very high precision found in vitro was the reference
point for the clinical measurements. The pulsatile flow results were of great importance because the flow conditions
generated approached the physiologic flow environment.
The in vivo results showed very high repeatability, comparable to the experimental. This is of great significance,
considering that the in vivo situation involves factors that
are impossible to control and often not predicted. This
shows the great potential of PVM to provide reliable
in vivo flow measurements.
This study has a number of limitations. Although the
flow rate was varied to cover an extensive range, there was
no simulation of complex flow fields, including vortices
or flow acceleration. Simulating a flow environment with
very disturbed flow would not be very useful at this stage,
because the reproducibility of such an environment for
repeatable measurements would be difficult and because
PVM could not provide reliable results. Nevertheless, future approaches in examining a variety of flow fields would
provide additional information about the degree of precision of PVM.
All sources of error present in all MRI procedures
(artifacts from blood motion, cardiac motion, respiratory
motion, cardiac arrhythmia, and patient motion) could
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Figure 8. Bland-Altman graph showing the agreement between the two series of in vivo measurements at the same location for each
subject. Notice the small mean and standard deviation of the differences between the two series of measurements.

introduce errors in the implementation of PVM, and they
also need to be studied. In the in vivo part of this study, the
measurements were taken at a location where the throughplane velocity-encoded measurements may be affected
by cardiac and respiratory motion. Correction procedures
have lately been proposed (22), and this could improve
the accuracy of these measurements. However, this study
focused on the precision of PVM. The precision of PVM
should not be affected by standard errors (e.g., cardiac
motion), as they will equally affect successive PVM measurements taken under similar conditions. So, although
these errors may affect the accuracy, they should not affect
the precision (repeatability). This is clearly shown in this
study. Further systematic studies will provide additional
information about the degree of motion errors and how
to reduce or even eliminate their effects on the velocity
measurements. Nevertheless, the results of this study
show clearly that PVM is very robust as a flow quantification technique; any possible errors from motion are not
linked to its ability to measure flow. Stronger conclusions
about these effects could be drawn from a large amount
of clinical data, from which more information could be
obtained to improve the reliability of PVM clinically.

The precision of PVM, that is the repeatability of identically acquired successive measurements, both in vitro and
in vivo, was found to be very high. In the absence of a
clinical gold-standard technique for flow measurements
with which PVM could be compared to determine accuracy, the precision is a strong determinant of the reliability
of PVM in quantifying blood flow.

CONCLUSION
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This study investigated the precision of magnetic resonance phase velocity mapping in measuring blood flow.

ABBREVIATIONS
PVM
AR
SDE
CI
ST
FOV
TR
TE
VENC

Magnetic resonance phase velocity mapping
Aortic regurgitation
Standard deviation of error
Confidence interval
Slice thickness
Field of view
Repetition time
Echo time
Velocity encoding value
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