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Normal and Regurgitant Valvular Flow:
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Background: Pseudo-spiral Cartesian sampling with compressed sensing reconstruction has facilitated highly accelerated
4D flow magnetic resonance imaging (MRI) in various cardiovascular structures. However, unlike echo planar imaging (EPI)-
accelerated 4D flow MRI, it has not been validated in whole-heart applications.
Hypothesis: Pseudo-spiral 4D flow MRI (PROUD [PROspective Undersampling in multiple Dimensions]) is comparable to
EPI in robustness of valvular flow measurements and remains comparable as the undersampling factor is increased and
scan time reduced.
Study Type: Prospective.
Population: Twelve healthy subjects and eight patients with valvular regurgitation.
Field Strength/Sequence: 3.0 T; PROUD and EPI 4D flow sequences, 2D flow and balanced steady-state free precession
sequences.
Assessment: Valvular blood flow was quantified using valve tracking. PROUD- and EPI-based measurements of aortic
(AV) and pulmonary (PV) flow volumes and left and right ventricular stroke volumes were tested for agreement with 2D
MRI-based measurements. PROUD reconstructions with undersampling factors (R) of 9, 14, 28, and 56 were tested for
intervalve consistency (per valve, compared to the other valves) and preservation of peak velocities and E/A ratios.
Statistical Tests: We used repeated measures ANOVA, Bland-Altman, Wilcoxon signed rank, and intraclass correlation
coefficients. P < 0.05 was considered statistically significant.
Results: PROUD and EPI intervalve consistencies were not significantly different both in healthy subjects (valve-averaged
mean difference [limits of agreement width]: 3.2 � 0.8 [8.7 � 1.1] mL/beat for PROUD, 5.5 � 2.9 [13.7 � 2.3] mL/beat for
EPI, P = 0.07) and in patients with valvular regurgitation (2.3 � 1.2 [15.3 � 5.9] mL/beat for PROUD, 0.6 � 0.6 [19.3 � 2.9]
mL/beat for EPI, P = 0.47). Agreement between EPI and PROUD was higher than between 4D flow (EPI or PROUD) and
2D MRI for forward flow, stroke volumes, and regurgitant volumes. Up to R = 28 in healthy subjects and R = 14 in patients
with valvular regurgitation, PROUD intervalve consistency remained comparable to that of EPI. Peak velocities and E/A
ratios were preserved up to R = 9.
Conclusion: PROUD is comparable to EPI in terms of intervalve consistency and may be used with higher undersampling
factors to shorten scan times further.
Level of Evidence: 1
Technical Efficacy Stage: 2
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Introduction

4D flow MRI facilitates detailed evaluation of cardiac
hemodynamics in various types of heart disease.1,2

Whole-heart coverage is desirable for the assessment of dis-
eases that affect the blood flow not just locally but through-
out the heart, such as repaired transposition of the great
arteries, repaired tetralogy of Fallot, and multiple or complex
valvular heart disease. In this context, whole-heart 4D flow
MRI has been used for the identification of helical and vorti-
cal flow patterns, increased flow velocities, regions of elevated
wall shear stress, and valvular regurgitation.3–9

Advanced acquisition strategies have enabled whole-heart
coverage at scan times of �10 minutes,7,9,10 such that the acquisi-
tion can be performed in addition to existing clinical protocols. A
recently introduced pseudo-spiral Cartesian sampling strategy with
random undersampling in time and compressed sensing
(CS) reconstruction has facilitated accurate and repeatable 4D flow
MRI in the aorta, carotid arteries, and intracranial arteries.11–13 This
technique allows for artifact-free image recovery up to high
undersampling factors by exploiting image sparsity. Undersampling
factors of 8 (aorta) to 30 (intracranial) have been achieved while
maintaining good agreement in flow measurements with other
accelerated 4D flow MRI techniques and 2D flow MRI measure-
ments. These results encouraged us to investigate the application of
pseudo-spiral sampling 4D flowMRI in a whole-heart setting.

To assess the robustness of intracardiac flow measure-
ments, quantification of forward and regurgitant flow vol-
umes across the heart valves can be performed using
retrospective valve tracking. Various studies have demon-
strated that this analysis technique has good interobserver
agreement.8,9,14,15 These studies used an echo planar imaging
(EPI) readout acquisition technique which has demonstrated
good intervalve consistency of flow measurements and superi-
ority to 4D segmented spoiled gradient echo and 4D k-t
BLAST in terms of image quality and accuracy of intracardiac
flow and velocity measurements.8–10 Hence, we deemed EPI-
accelerated whole-heart 4D flow MRI a meaningful reference
technique for the interpretation of intervalve consistency
results of pseudo-spiral sampling whole-heart 4D flow MRI.

Thus, the aim of this study was to investigate the perfor-
mance of pseudo-spiral Cartesian whole-heart 4D flow MRI in
healthy subjects and patients with valvular regurgitation and to
compare its performance to that of a clinically used EPI read-
out strategy14 based on blood flow measurements across the
heart valves. Specifically, the aim was to assess intervalve con-
sistency and agreement with 2D MRI-based measurements. A
further aim was to investigate the possibility of shortening the
scan time further by increasing the undersampling factor.16,17

Materials and Methods
All healthy subjects gave written informed consent. The requirement
for written informed consent from the patients was waived by our

local medical ethical committee, as the study served as protocol vali-
dation and the data were fully anonymized.

Study Population and Data Acquisition
Twelve healthy subjects (aged 25 � 3 years, seven females) and eight
patients with valvular regurgitation (aged 39 � 18 years, three
females) underwent cardiac MRI at 3.0 T (Philips Ingenia) including
two whole-heart 4D flow MRI acquisitions in the same examination:
1) EPI readout 4D flow MRI and 2) pseudo-spiral Cartesian sam-
pling 4D flow MRI with random undersampling in time and CS
reconstruction aided by total variation regularization in time. The
pseudo-spiral sampling results in incoherently sampled k-space in
time, making it suitable for CS reconstruction. To enable pseudo-
spiral ky/kz-plane acquisition, the scanner was equipped with an in-
house developed software modification called “PROspective
Undersampling in multiple Dimensions (PROUD).”11,12 We will
therefore refer to the pseudo-spiral acquisitions as PROUD 4D flow
scans.

The healthy subjects were prospectively scanned from October
to December 2018. Patient scans were collected consecutively from
August to October 2020. All patients received PROUD 4D flow
MRI as part of their routine clinical MRI examination and had
moderate to severe valvular regurgitation as diagnosed by semiquan-
titative echocardiography, and no intracardiac shunting. EPI 4D
flow MRI was prospectively added to the clinical protocol for com-
parison. Apart from the two 4D flow MRI sequences, cine balanced
steady-state free precession (bSSFP) MRI was acquired (two-chamber
[2CH] left and right, three-chamber, four-chamber [4CH], coronal
aorta view, and sagittal and coronal pulmonary view). In patients
with valvular regurgitation, 2D flow MRI was acquired at the aortic
(AV) and the pulmonary valve (PV) at a spatial resolution of
1.2 � 1.2 � 8.0 mm3 in 40 cardiac phases.

EPI and PROUD 4D flow data were acquired in 30 cardiac
phases during free-breathing with retrospective electrocardiographic
(ECG) gating. Acquired and reconstructed spatial resolutions were
3.0 � 3.0 � 3.0 and 2.8 � 2.8 � 3.0 mm3 in healthy subjects, and
2.5 � 2.5 � 2.5 and 2.4 � 2.4 � 2.5 mm3 in patients (higher than
in the healthy subjects to better capture complex hemodynamics in
pathological areas). Three-directional velocity-encoding sensitivity
(VENC) was set to 150 cm/second in healthy subjects and 150–
300 cm/second in patients, depending on the presence of velocity
aliasing in 2D flow MRI scout images.

EPI 4D flow MRI was acquired with a flip angle of 10� and
echo time/repetition time (TE/TR) of 4.8/8.7 msec in the healthy
subject scans and 4.3–5.4/8.1–10.0 msec in the patient scans. EPI
temporal resolutions were 30.9 (interquartile range [IQR]: 26.6,
35.1) msec in the healthy subjects and 30.8 (IQR: 27.1, 33.4) msec
in the patients. The EPI factor was set to 5 and a SENSE factor of 2
was used.

In the PROUD scans, the flip angle was set to 8� and TE/TR
were 3.0/5.1 msec in the healthy subject scans and 1.9–2.6/3.8–
4.0 msec in the patient scans. PROUD temporal resolutions were
31.6 (IQR: 27.0, 36.6) msec in the healthy subjects and 31.3 (IQR:
27.2, 32.9) msec in the patients. In the healthy subjects, the
PROUD undersampling factor ranged from 5.6 to 8.2 to achieve
equal scan times for both 4D flow scans (9:20 � 1:04 minutes).
The difference in acceleration factors between EPI and PROUD was
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needed because of different phase-encoding directions: right–left for
EPI—to minimize respiration-induced intravoxel phase dispersion
artifacts—and anterior–posterior for PROUD. Furthermore, the
scan time depended on the subject’s heart rate during the EPI scan.
The patients were scanned with a fixed PROUD undersampling fac-
tor of 7 to adhere to the standard clinical protocol, and the field-of-
view (FOV) of the EPI scan was cropped in the craniocaudal dimen-
sion to achieve equal scan times (9:00 � 1:10 minutes).

PROUD-accelerated 4D flow scans were reconstructed offline
using ReconFrame (Gyrotools) and the Berkeley Advanced Recon-
struction Toolbox (BART).5 A sparsifying total variation transform
in time was used with a regularization parameter (r) of 0.001 and 20
iteration steps, as previously described.11,12

Reconstructed 4D flow MRI datasets were inspected for veloc-
ity aliasing in the phase images, and, if needed, unwrapped by a 4D
single-step Laplacian algorithm.18

In all PROUD scans, additional reconstructions of the first
75%, 50%, 25%, and 12.5% of the acquired data were made. These
will be referred by the corresponding undersampling factors (R) of
9, 14, 28, and 56, respectively. The temporal resolutions of these
additional reconstructions were similar to those of the original
(R = 7) reconstructions.

Data Analysis
Data were analyzed by C.P.S.B., who had 3.5 years of experience in
cardiac 4D flow MRI analysis.

4D FLOW MRI. Blood flow across the AV, PV, mitral (MV), and
tricuspid valve (TV) was quantified using semiautomated retrospec-
tive valve tracking including automatic phase offset correction in
CAAS MR Solutions 5v1 – 4D Flow (Pie Medical Imaging BV).
Valve tracking was performed on 2D cine bSSFP images as previ-
ously described.15 The AV was tracked on a sagittal and coronal cine
view of the aortic root, and the PV was tracked on a sagittal and cor-
onal cine view of the pulmonary root. The MV and TV were both
tracked on a 2CH (left-sided or right-sided) and 4CH cine view. 4D
flow MRI velocity data were superimposed on the moving valve
tracking planes, and these color-coded images were used to contour
the flow area in every cardiac phase. The EPI and PROUD datasets
were analyzed based on the same valve tracking planes, but separately
defined contours. The blood flow was quantified in milliliters per
heartbeat, corrected for through-plane valve motion. Streamlines,
originating from within the measurement contours, provided 3D
visualization of measured blood flow patterns over time. Regurgitant
volumes were quantified using semiautomated flow tracking, as pre-
viously described.15 PROUD 4D flow reconstructions with different
undersampling factors were analyzed by loading these into the exis-
ting valve tracking analyses and modifying the measurement con-
tours where needed.

Left ventricular stroke volume (LVSV) was determined by
summing AV forward flow volume and MV regurgitant volume.
Right ventricular stroke volume (RVSV) was determined by sum-
ming PV forward flow volume and TV regurgitant volume. Peak
velocities across the AV and PV and early diastole/atrial contraction
(E/A) ratios across the MV and TV were determined based on time-
resolved peak velocity curves.

Image quality in terms of signal-to-noise ratio (SNR) and lung–
liver edge (LLE) width was assessed across an 8 � 8 � 30
(RL � AP � FH) voxel region of interest containing the lung–liver
interface at the highest point of the liver, as previously described.19 In
short, SNR was determined by measuring the time-averaged mean sig-
nal intensity in an 8 � 8-voxel slice in the liver and dividing this by
the time-averaged standard deviation of the noise in an 8 � 8-voxel
slice in the lung. LLE width was determined by fitting a sigmoid func-
tion to all (64) line profiles between the liver and lung slice.

2D MRI. 2D flow MRI-based blood flow quantification was per-
formed in CAAS MR Solutions 5v1 – 2D Flow with semiautomated
contour definition around the flow regions of interest. Contours
were manually modified where needed.

LVSV and RVSV were quantified in CAAS MR Solutions 5v1
– MRV from short-axis bSSFP images in a semiautomated manner:
upon marking end-systolic and end-diastolic time frames, endocar-
dial contours were automatically generated. These were manually
adapted where needed. Apex-to-base volume correction was per-
formed based on manual delineation of the endocardial border on
2CH and 4CH cine views. All LVSV and RVSV measurements were
checked by a radiologist (R.N.P.) with 13 years of experience in
cardiac MRI.

A combination of 2D short-axis bSSFP MRI and 2D flow
MRI was used to quantify MV and TV regurgitant volumes
(RvolMV = LVSV � AV forward flow volume, RvolTV = RVSV �
PV forward flow volume. AV and PV regurgitant volumes were
quantified directly from 2D flow MRI.

Statistical Analysis
Statistical testing was performed in SPSS Statistics (version 26;
IBM). Valve tracking-based net flows were tested for normality using
Shapiro–Wilk tests. Intervalve differences in net flow were identified
using repeated measures ANOVA. A P-value of <0.05 was consid-
ered statistically significant. For each valve, net flow measurements
were compared with the average measurement over the other three
valves, and Bland–Altman analysis was performed. Mean difference,
95% limits of agreement (LOA), and coefficient of variation (CV)
were calculated. Bland–Altman analysis was used to evaluate inter-
valve and intertechnique (4D flow vs. 2D flow, and PROUD 4D
flow vs. EPI 4D flow) means and differences of measured flow vol-
umes. The Wilcoxon signed-rank test was used to compare inter-
valve consistencies between PROUD and EPI. Net flow volumes,
E/A ratios, and peak velocity measurements were compared between
the increasingly undersampled reconstructions and the original
reconstruction using Bland–Altman analysis and intraclass correla-
tion coefficients (ICC). ICC was determined based on absolute
agreement and a two-way mixed-effects model. ICC was classified
as: poor (<0.5), moderate (0.5–0.75), good (0.75–0.9), and excellent
(>0.9).20 A Student’s t-test was used to compare SNR and LLE
width—averaged over all subjects—between EPI and PROUD, and
between the PROUD R = 7 reconstruction and R = 9, 14, 28, and
56 reconstructions.

Results
Demographics and clinical information on the patient cohort
are listed in Table S1 in the Supplemental Material.
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An example of an EPI and PROUD streamline visuali-
zation in a healthy subject, obtained by means of
semiautomated retrospective valve tracking, is shown in
Fig. 1. This example is representative of a trend we observed
in the healthy subject cohort. In the example, measured flow
volumes are overall lower for PROUD (86.4 � 4.2 mL/beat)
than for EPI (97.1 � 5.7 mL/beat, P = 0.05). Furthermore,
in the EPI acquisition, the flow volume measured across the
TV is somewhat higher than across the other valves, whereas
in the PROUD acquisition, the flow volume across the MV
is somewhat lower than across the other valves. Figure 2
shows streamline visualizations in four different patients in
whom valvular regurgitation was quantified. These examples
reflect our overall findings of slightly lower regurgitant vol-
ume measurements by EPI (34.0 � 17.6 mL/beat) than by
PROUD (39.2 � 20.1 mL/beat, P = 0.10). Valve tracking-
based measurements of net flow across the heart valves have
been summarized in Fig. 3. Group-averaged flow curves can

be found in Fig. S1 in the Supplemental Material. In the
healthy subject group, significant differences were found
between EPI-based measurements of AV and TV net flow,
and between PROUD-based measurements of PV and MV
net flow. In the patient group, no statistically significant mea-
surement differences were found (P = 1.00 for all valve com-
binations). Intervalve consistency analysis of net flow
measurements revealed nonsignificant differences between
PROUD and EPI in terms of CVs, both in healthy subjects
(P = 0.07) and in patients with valvular regurgitation
(P = 0.47; Table 1). Comparing PV and AV forward flow
quantification by 4D flow with 2D flow measurements,
PROUD and EPI had similar mean differences and LOA
(Fig. 4). In the RVSV measurements, PROUD demon-
strated slightly better agreement with 2D MRI than did EPI
(Fig. 4). Variability between 4D flow MRI- (EPI or
PROUD) and 2D MRI-based LVSV measurements was rel-
atively large, both in terms of mean differences and LOA

FIGURE 1: EPI and PROUD 4D flow MRI streamline visualizations of blood flow through the aortic valve (a, b, orange), pulmonary valve
(a, b, blue), mitral valve (c, d, orange), and tricuspid valve (c d, blue) in a 31-year-old healthy subject, resulting from semiautomated
retrospective valve tracking. Measured flow volumes across the valves are listed in the figure. Valve tracking was performed on bSSFP
cine images on two orthogonal views for each heart valve. Four-chamber bSSFP view is visible in the background.
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FIGURE 2: EPI and PROUD 4D flow MRI streamline visualizations in four different patients with (a) pulmonary valve regurgitation, (b)
aortic valve regurgitation, (c) tricuspid valve regurgitation, and (d) mitral valve regurgitation. Semiautomated retrospective valve
tracking was performed on bSSFP cine images on two orthogonal views for each heart valve.

FIGURE 3: Measured net flow per heart valve resulting from valve tracking-based blood flow quantification from EPI (left) and
PROUD (right) 4D flow MRI acquisitions in 12 healthy subjects (top) and 8 patients with valvular regurgitation (bottom).
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(Fig. 4). Mean differences and LOA between the two 4D
flow techniques (Fig. 5) were smaller than between 4D flow
MRI (EPI or PROUD) and 2D MRI for all forward
flow and stroke volume measurements (Fig. 4). Likewise,
regurgitant volume measurements demonstrated better
agreement between the 4D flow techniques than between
4D flow and 2D MRI (Fig. 6).

Net flow measurements obtained from the increas-
ingly undersampled PROUD reconstructions demon-
strated good agreement with the original reconstruction
up to an undersampling factor of 14; mean differences
were small and the CV did not exceed 10% (Fig. 7). The
intervalve consistency remained unaffected in the healthy
subject group up to this undersampling factor of 14, and
comparable to that of the EPI acquisition up to an
undersampling factor of 28 (Table 1). In the patient

group, the intervalve consistency remained comparable to
that of EPI up to R = 14. Valve-specific intervalve consis-
tency parameters can be found in Table S2 in the Supple-
mental Material. Preservation of peak velocities was
excellent in the R = 9 reconstructions (ICC PV/ICC
AV = 0.94/0.96 [healthy subjects], 0.98/0.90 [patients]),
and moderate to excellent in the R = 14 reconstructions
(ICC PV/ICC AV = 0.87/0.95 [healthy subjects], 0.94/
0.71 [patients]) (Fig. 8). Preservation of E/A ratios was
good to excellent in the R = 9 reconstructions (ICC TV/
ICC MV = 0.95/0.81 [healthy subjects], 0.93/0.86
[patients]), and moderate to good in the R = 14 recon-
structions (ICC TV/ICC MV = 0.82/0.58 [healthy sub-
jects], 0.78/0.68 [patients]) (Fig. 9).

In four patients, image quality analysis was not possible
because the FOV did not contain the liver dome. In the remaining

TABLE 1. Bland–Altman Parameters of Intervalve Consistency in Healthy Subjects (Top) and Patients (Bottom),
Resulting from Valve Tracking-Based Blood Flow Quantification from EPI (Left) and PROUD (Right) 4D Flow MRI
Acquisitions

EPI-Based Net Flow Volume PROUD-Based Net Flow Volume

Mean Difference
(mL/Beat)

LOA Width
(mL/Beat) CV (%)

Mean Difference
(mL/Beat)

LOA Width
(mL/Beat) CV (%)

Healthy subjects

AV vs. PV/MV/TV �6.6 11.4 6.1 2.7 7.5 4.2

PV vs. AV/MV/TV �4.5 14.8 7.9 3.7 8.2 4.6

MV vs. AV/PV/TV 2.2 12.3 6.4 �4.1 8.9 5.1

TV vs. AV/PV/MV 8.9 16.4 8.4 �2.3 10.1 5.7

Mean � SD of absolute values 5.5 � 2.9 13.7 � 2.3 7.2 � 1.1 3.2 � 0.8 8.7 � 1.1 4.9 � 0.7

R = 9 1.9 � 0.8 8.6 � 1.6 4.8 � 0.9

R = 14 1.9 � 1.8 8.2 � 1.9 4.6 � 1.1

R = 28 5.3 � 1.1 13.7 � 4.3 7.5 � 2.3

R = 56 6.9 � 6.3 32.8 � 10.2 16.6 � 5.1

Patients

AV vs. PV/MV/TV 0.0 15.4 10.2 �3.6 18.8 12.6

PV vs. AV/MV/TV 1.1 21.0 13.8 �1.0 13.6 9.0

MV vs. AV/PV/TV �1.2 19.0 12.6 2.9 21.0 13.8

TV vs. AV/PV/MV 0.1 22.0 14.5 1.7 7.8 5.2

Mean � SD of absolute values 0.6 � 0.6 19.3 � 2.9 12.8 � 1.9 2.3 � 1.2 15.3 � 5.9 10.2 � 3.9

R = 9 3.6 � 2.2 19.7 � 7.4 13.1 � 5.1

R = 14 2.9 � 2.5 20.7 � 9.9 13.8 � 6.7

R = 28 2.2 � 1.7 22.2 � 3.6 14.6 � 2.5

R = 56 4.3 � 1.4 42.9 � 11.0 30.0 � 8.1
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FIGURE 4: Bland–Altman comparison between 4D flow MRI (EPI = blue circles, PROUD = orange triangles) and 2D flow/bSSFP MRI
measurements of PV and AV forward flow volumes (top) and RV and LV stroke volumes (bottom) in patients with valvular regurgitation.

FIGURE 5: Bland–Altman comparison between EPI and PROUD 4D flow MRI measurements of PV and AV forward flow volumes (top)
and RV and LV stroke volumes (bottom) in patients with valvular regurgitation.
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16 subjects, significantly higher SNRs were found in the PROUD
scans (14.9 � 4.6) than in the EPI scans (11.1 � 3.4). LLEwidths
were smaller for EPI (6.7 � 3.5 voxels) than for PROUD
(8.4 � 2.2 voxels). Bland–Altman parameters of these comparisons
and of those between the PROUD R = 7 reconstruction and
PROUD R = 9, 14, 28, and 56 reconstructions can be found in
Table S3 in the SupplementalMaterial.

Discussion
We compared pseudo-spiral undersampled whole-heart 4D flow
MRI with an EPI readout sequence in a cohort of healthy

subjects and patients with valvular regurgitation. Intervalve con-
sistencies were comparable between PROUD and EPI. Agree-
ment between the two 4D flow techniques was overall higher
than between 4D flow MRI (EPI or PROUD) and 2D MRI in
measurements of forward flow, stroke volumes, and regurgitant
volumes. The observation that increasing the undersampling fac-
tor from 7 to 14 (reducing the scan time by 50%) resulted in
<10% measurement deviation from the original acquisition, and
only slightly decreased intervalve consistencies, suggests that
PROUD 4D flow scan times may be shortened substantially.

The finding of seemingly—although not significantly—
higher intervalve consistency using PROUD 4D flow

FIGURE 6: Bland–Altman comparison of regurgitant volume measurements: between 4D flow MRI (PROUD or EPI) and 2D MRI (left),
and between PROUD and EPI 4D flow MRI (right). 2D MRI entailed a combination of 2D short-axis bSSFP MRI and 2D flow MRI for
MV and TV regurgitant volume measurement (RvolMV = LVSV � AV forward flow volume, RvolTV = RVSV � PV forward flow volume).
AV and PV regurgitant volumes were quantified from 2D flow MRI.

FIGURE 7: Comparison of net flow measurements across the aortic valve (red circles), pulmonary valve (blue squares), mitral valve
(orange up-facing triangles), and tricuspid valve (green down-facing triangles) between the increasingly undersampled
reconstructions and the original reconstruction based on Bland–Altman analysis.
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compared to EPI-based 4D flow is in line with the findings
of a recent multicenter study.9 The reason for this slight dif-
ference in performance can be sought in the limitations that
EPI is known to have: flow displacement and phase accumu-
lation resulting in velocity misregistration, and image distor-
tion artifacts due to eddy currents.21,22 A detailed study on
the former two limitations has shown that phase accumula-
tion results in substantial local reductions of the effective spa-
tial resolutions in frequency- and phase-encoding directions
due to modulation of the point spread function.23 Further-
more, that study found that flow displacement in the order of
several millimeters occurs in high-velocity regions. These lim-
itations find their origin in the relatively long echo times,
long readout times, and unipolar phase-encoding blips that
EPI requires. PROUD 4D flow is less sensitive to flow
displacement than EPI because of shorter echo times, and less
sensitive to phase accumulation because of a different readout
strategy. Another advantage of PROUD compared to EPI is
that it exploits the sparsity of the images, and can therefore
recover images from highly undersampled k-space data with-
out significant (i.e. only noise-like) artifacts.16

Noteworthy is that the intervalve consistencies we
found in the EPI and PROUD patient scans were less good

than previously reported in a large-scale study using EPI,8

presumably because of a difference in the severity of valvular
regurgitation and valvular stenosis. The patients included in
the current study had regurgitation fractions of 29.1 � 9.6%
compared to <10% in the cited study.

Variability between 4D flow MRI- and 2D MRI-based
intracardiac flow measurements has been studied before.7,10

Similar to what we have observed, these studies reported that
2D flow MRI measurements of forward flow were higher than
those obtained with 4D flow MRI. In our study, but not in the
cited studies, this may have been caused by a difference in
frame rate: following the normal clinical scan protocol, 2D flow
MRI was reconstructed into 40 cardiac frames as opposed to
30 in the 4D flow MRI acquisitions. In addition, the lower
spatial resolutions of 4D flow MRI (2.5 � 2.5 � 2.5
vs. 1.2 � 1.2 � 8.0 mm for 2D flow MRI) may have intro-
duced underestimations in flow and peak velocity in patients
with stenotic valves. The wide LOAs seen for the stroke vol-
ume and regurgitant volume measurements cannot be attrib-
uted to these resolution differences. We have previously shown
that 2D MRI-based MV regurgitant volume measurements
(which are based on LVSV and AV forward flow volume) are
subject to substantial interobserver variability, because of

FIGURE 8: Peak velocities measured across the pulmonary (left) and aortic valve (right) in healthy subjects (top) and patients with
valvular regurgitation (bottom), plotted for increasing undersampling factors. Measurements in the same subject are connected by
lines. Intraclass correlation coefficients between each increasingly undersampled reconstruction and the original reconstruction are
shown on the top of each plot.
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differences in LVSV quantification,15 whereas 4D flow MRI-
based valve tracking analysis has demonstrated good inter-
observer agreement.9 Furthermore, stroke volume quantifica-
tion by a combination of short-axis bSSFP volumetry and 2D
flow MRI is sensitive to physiological variability and the
patient’s ability to hold their breath. Although we had no refer-
ence standard available, the availability of four heart valves in a
single whole-heart acquisition allowed for cross-comparisons
that give a good idea of the overall robustness of the
measurements.

In the PROUD reconstructions with different
undersampling factors, peak velocities and E/A ratios were
well preserved up to an undersampling factor of 9 (using
75% of the initially acquired data). These parameters contain
important and clinically used hemodynamic information, and
measurement accuracy should not be sacrificed in favor of a
higher undersampling factor. Therefore, these parameters
should be taken into account when deciding on the maxi-
mum undersampling factor in whole-heart 4D flow MRI.

The EPI acquisition had a higher total acceleration fac-
tor (10: EPI factor 5, SENSE factor 2) than the PROUD
acquisition (factor 7) for approximately the same acquisition
time. In some of the test scans we obtained with the EPI

sequence—prior to data acquisition for this study—intravoxel
phase dispersion artifacts were present at the borders of the
ascending aorta and main pulmonary artery lumen. Changing
the phase-encoding direction from anterior–posterior to
right–left provided a solution, with the drawback of longer
scan times for the same FOV, which is why the EPI accelera-
tion factor had to be set higher. One could argue that the
acceleration factors should be equal for a fair comparison.
However, since the scan time is ultimately decisive for clinical
applicability, we decided to focus on scan times rather than
on acceleration factors. Moreover, our results indicated that
even for an undersampling factor of 28 in healthy subjects
and 14 in patients with valvular regurgitation, PROUD still
had comparable intervalve consistency to EPI.

Limitations
The sample sizes of the healthy subject and patient groups were
small and unequal. All results were presented for the two groups
separately, but drawing conclusions on how the group-specific
results relate to each other is difficult. In the intervalve consis-
tency tests, smaller mean biases, but larger LOAs, were observed
in the patient group which can be partly explained by higher
VENCs, and thus lower velocity-to-noise ratios. A difference in

FIGURE 9: E/A ratios measured across the tricuspid (left) and mitral valve (right) in healthy subjects (top) and patients with valvular
regurgitation (bottom), plotted for increasing undersampling factors. Measurements in the same subject are connected by lines.
Intraclass correlation coefficients between each increasingly undersampled reconstruction and the original reconstruction are shown
on the top of each plot.
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body mass index may also have played a role: more surrounding
tissue can lead to a lower SNR. Moreover, irregular breathing
such as apneas, hypopneas, and variability in breathing frequency
and depth are linked to volume overload heart failure and poor
left ventricular function and cannot be ruled out as another rea-
son for larger LOAs in the patient group.24,25 No respiratory
compensation or correction was performed in the 4D flow MRI
acquisitions, as this is standard for the use of EPI 4D flow for
intracardiac flow quantification. Moreover, scan times had to be
kept predictable at �9 minutes to be able to perform both 4D
flow scans within the allotted time. However, respiratory com-
pensation has been shown to improve image sharpness in
PROUD scans, and to have a small effect on flow measurements
across the TV and PV compared to no respiratory gating.19

Another limitation is that no short-axis bSSFP and 2D
flow MRI were performed in the healthy subjects. As these
scans were not vital for the valve tracking analyses, they were
omitted to save enough time for the two 4D flow MRI scans.

Conclusion
Our results indicate that whole-heart 4D flow MRI using
pseudo-spiral Cartesian sampling with random undersampling in
time (PROUD) and CS reconstruction is a reliable technique
for intracardiac flow quantification in <10 minutes. Even for
75% shorter scan times in healthy subjects and 50% shorter
scan times in patients with valvular regurgitation, PROUD
intervalve consistencies of flow measurements across the heart
valves remain comparable to those of EPI. The current study
adds to previous studies that have demonstrated the robustness
of PROUD-accelerated 4D flow MRI in other cardiovascular
structures.11–13 For application in different cardiac pathologies
than valvular regurgitation, separate investigation is warranted.

Data Availability Statement
PROUD 4D flow data were acquired using our in-house
developed Amsterdam UMC “PROspective Undersampling
in multiple Dimensions” patch. A compiled version of this
patch is available on reasonable request.
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