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Background: Cardiac magnetic resonance (CMR) flow quantification is typically performed using 2D phase-
contrast (PC) imaging of a plane perpendicular to flow. 3D-PC imaging (4D-flow) allows offline quantification
anywhere in a thick slab, but is often limited by suboptimal signal, potentially alleviated by contrast en-
hancement. We developed a non-contrast 4D-flow sequence, which acquires multiple overlapping thin slabs
(MOTS) to minimize signal loss, and hypothesized that it could improve image quality, diagnostic accuracy, and
aortic flow measurements compared to non-contrast single-slab approach.

Methods: We prospectively studied 20 patients referred for transesophageal echocardiography (TEE), who un-
derwent CMR (GE, 3 T). 2D-PC images of the aortic valve and three 4D-flow datasets covering the heart were
acquired, including single-slab, pre- and post-contrast, and non-contrast MOTS. Each 4D-flow dataset was in-
terpreted blindly for =moderate valve disease and compared to TEE. Flow visualization through each valve was
scored (0 to 4), and aortic-valve flow measured on each 4D-flow dataset and compared to 2D-PC reference.
Results: Diagnostic quality visualization was achieved with the pre- and post-contrast 4D-flow acquisitions in
25% and 100% valves, respectively (scores 0.9 = 1.1 and 3.8 = 0.5), and in 58% with the non-contrast MOTS
(1.6 = 1.1). Accuracy of detection of valve disease was 75%, 92% and 82%, respectively. Aortic flow mea-
surements were possible in 53%, 95% and in 89% patients, respectively. The correlation between pre-contrast
single-slab measurements and 2D-PC reference was weak (r = 0.21), but improved with both contrast en-
hancement (r = 0.71) and with MOTS (r = 0.67).

Conclusions: Although non-contrast MOTS 4D-flow improves valve function visualization and diagnostic accu-
racy, a significant proportion of valves cannot be accurately assessed. However, aortic flow measurements using
non-contrast MOTS is feasible and reaches similar accuracy to that of contrast-enhanced 4D-flow.

1. Introduction

Cardiac magnetic resonance (CMR) is the non-invasive reference
standard for the quantification of blood flow, which is typically per-
formed using two-dimensional phase contrast (2D-PC) imaging [1-3].
However, for this technique to be accurate, it requires acquisition of a
carefully selected imaging plane perpendicular to the flow direction, as
well as a breath-hold to avoid respiratory motion. Recently, it has

become possible to acquire a three-dimensional (3D) volume of phase
contrast images resolved over time, commonly referred to as the “4D-
flow” technique [4,5]. Because all of the anatomy within the acquired
dataset is 3D velocity-encoded, it is possible to quantify blood flow in
any structure as a post-processing task, without having to specifically
acquire pre-planned imaging planes. This free-breathing volumetric
imaging technique of flow velocity data is increasingly used to simplify
CMR image acquisition and has been of particular clinical value in

Abbreviations: (CMR), cardiovascular magnetic resonance; (CoV), coefficient of variation; (CNR), contrast-to-noise ratio; (ICC), intraclass correlation; (LOA), limits
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patients with congenital and valvular heart diseases [6-10].

The most common implementation of 4D-flow is acquisition of a
single large slab of data that fully covers the anatomical structures of
interest. While this approach has been used successfully in several re-
cent studies [11-17], it can be associated with poor image quality in
some patients, because blood spins remain in the scan volume for much
longer period of time compared to 2D-PC, generating saturated low
blood signal. This issue is currently resolved in such cases with the use
of either gadolinium- or iron-based contrast agents. Unfortunately,
gadolinium-based contrast agents are problematic in patients with ad-
vanced renal disease, and the Food and Drug Administration has issued
a black-box warning regarding iron-based contrast agents.

Multiple thin-slab acquisition has been successfully applied to im-
prove MR angiography images [18]. Similar to this previous work, we
developed a novel non-contrast 4D-flow imaging approach designed to
circumvent the low blood signal problem, in which multiple over-
lapping thin slabs (MOTS) of data covering the desired anatomy are
acquired instead of the conventional single thick slab. Because the slabs
are thin, the signal generated by the blood entering the scan volume is
refreshed as it crosses into each thin slab, thereby minimizing the above
problem of signal saturation. We hypothesized that this non-contrast
MOTS 4D-flow approach would result in: (i) improved image quality
and diagnostic accuracy compared to non-contrast single-slab 4D-flow
imaging, and (ii) aortic flow measurements superior to the non-contrast
approach.

2. Methods
2.1. Study design

The pilot study included two separate protocols, designed to test the
above hypothesis in two phases. Protocol 1 was designed to compare
the image quality of valve function visualization using the new non-
contrast MOTS acquisition to those of the pre- and post-contrast single-
slab acquisitions, as well as their accuracy for the diagnosis of sig-
nificant valve pathology using transesophageal echocardiography (TEE)
as a reference standard. Protocol 2 was designed to compare the ability
of these three 4D-flow approaches to accurately measure aortic flow
using 2D-PC measurements as a reference.

2.2. Patients

We prospectively recruited 20 patients referred for TEE for the
evaluation of suspected valvular heart disease (Table 1), who agreed to
undergo additional CMR imaging for the purpose of this study.

Table 1

Baseline characteristics of the study patients (N = 20).
Age (years) 53 = 21
Gender 8 M, 12F
Height (cm) 168 + 10
Weight (kg) 75 = 19
BSA (m?) 1.83 = 0.20
Heart rate (bpm) 75 = 14
Systolic blood pressure (mmHg) 125 = 20
Diastolic blood pressure (mmHg) 72 * 13
Cardiac history
Valvular heart disease 15
Coronary artery disease 4
Heart failure 3
Atrial fibrillation 1
Endocarditis 1
Congenital heart disease 2
Left ventricular size and function
End-systolic volume (ml) 173 = 70
End-diastolic volume (ml) 85 + 52
Ejection fraction (%) 52 + 11
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Exclusion criteria included: age < 18 years, severe claustrophobia,
inability to fit into CMR scanner, presence of pacemaker or ICD, glo-
merular filtration rate < 30 mL/min, as well as contra-indications to
CMR such as allergy to gadolinium-based contrast agents, significant
arrhythmias and pregnancy. The Institutional Review Board approved
this study and each patient provided written informed consent.

2.3. CMR imaging

CMR image acquisition was performed on a 3 T scanner (MR750W,
software version DV26, GE Healthcare, Waukesha, Wisconsin) using the
32-channel GEM body coil. The basic CMR protocol included scout
images, steady-state free-precession (SSFP) cine images acquired in the
2-, 3-, 4-chamber, left ventricular short-axis, left ventricular outflow
tract, and aortic valve planes. The cine-images were used to plan a 2D-
PC imaging plane through the aortic valve. Subsequently, prior to the
administration of any contrast, a single thick slab 4D-flow acquisition in
the axial plane covering the entire heart and a MOTS 4D-flow acqui-
sition in the short-axis plane were performed during free breathing. An
additional single thick-slab 4D-flow scan was acquired during the slow
infusion of gadolinium-based contrast agent (Dotarem or Multihance).
A total of 0.2 mmol/kg of the contrast agent was infused. The first 10 ml
were injected at a rate of 2 ml/ s, followed by the remainder of the
contrast dose slowly infused at a rate of 0.1 ml/s.

Typical scan parameters were as follows: (1) For 2D-PC: re-
constructed resolution 1.41 X 1.41 mm, flip angle 25°, TR 5.9 ms, TE
3.6 ms, views/segment 6, VENC 200 cm/s; (2) for non-contrast single
thick slab 4D-flow: acquisition time ~ 5 min, reconstructed matrix
1.48 x 1.48 x 1.2 mm, flip angle 6°, TR 4.2 ms, TE 2.3 ms, views/
segment 3, VENC 200 cm/s; (3) for the contrast-enhanced single thick
slab 4D-flow: same parameters as 2), except higher flip angle of 15-25°
due to shortened blood T1; (4) for the non-contrast MOTS 4D-flow:
acquisition time ~ 8 min, 5 slabs, 24 slices/slab with overlaps of 9
slices, flip angle 6°, TR 4.7 ms, TE 2.5 ms, VENC 200 cm/s. Arrhythmia
rejection technique was employed during all 2D-PC and 4D-flow ac-
quisitions to discard irregular beats. The k-t based acceleration scheme
(~8x) was applied to all 4D-flow acquisitions [19-22].

2.4. CMR image analysis

2D-PC and the above 3 types of 4D-flow images were analyzed to
measure forward aortic valve flow, which was quantified as flow per
beat, i.e. stroke volume (SV) in units of mL. All images were analyzed
using cloud-based processing software (Arterys Inc., San Francisco, CA).
All analyses were performed by an independent observer blinded to all
prior measurements.

In protocol 1, each 4D-flow dataset was interpreted by an expert
blinded to the results of all prior evaluations. For each 4D-flow se-
quence, the quality of flow visualization through each valve was scored
on a 0 to 4 scale, wherein 0 = non-diagnostic (not possible to visualize
valve structure), 1 = poor (limited possibility to visualize valve
structures with minimal confidence), 2 = fair (possibility to visualize
valve structures with reasonable confidence, but with limited detail),
3 = adequate (possibility to visualize valve structures with confidence,
including most detail), and 4 = excellent (as in 3 but including com-
plete detail) (Fig. 1).

These grades were then averaged for all patients, separately for each
of the three 4D-flow acquisitions. The expert evaluation of the images
included detection of at least moderate disease for each valve, which
was compared to the TEE reference diagnosis. To achieve this goal,
images were viewed as follows. For the single thick slab 4D-flow pre-
and post-contrast acquisitions, datasets were initially presented in 4
different planes: thin axial, sagittal and coronal reformats as well as
thicker axial slices. For the MOTS 4D-flow acquisition, the dataset was
also presented in 4 different planes: short-axis, vertical long axis and
horizontal long axis as well as thicker short axis slice. The different
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Fig. 1. Examples of multiple thin-slab 4D-flow images of varying quality of valve visualization, graded as shown in parentheses.

images were then rotated until standard cardiac imaging views were
displayed, while cine images were used to better identify dephasing
acceleration flow jets. Each valve was then interrogated in two ortho-
gonal planes for the presence of at least moderate regurgitation or
stenosis.

In protocol 2, the blood flow through the aortic valve was de-
termined for each of the datasets after applying a semi-automatic eddy-
current correction algorithm to remove background phase off-set errors
prior to image analysis. To analyze the 2D-PC images, a region of in-
terest was manually traced around the aortic valve (Fig. 2, A). For each
of the 4D-flow datasets, multiplanar reconstructions were used to create
an imaging plane representing the cross section of the aortic valve. A
region of interest was then manually traced around the aortic valve
(Fig. 2, B-D). The corrected flow through the aortic valve was then
measured.

Additionally, the signal-to-noise ratio (SNR) and contrast-to-noise
ratio (CNR) were measured for all three 4D-flow imaging techniques to
assess the effects of the different acquisition approaches on the quality
of the resultant images. For each approach, SNR was calculated as a
ratio between the mean tissue pixel value (representing the signal in-
tensity) and its standard deviation (reflecting the noise level), and CNR
was measured as the difference in the mean signal of the aorta and
neighboring myocardium divided by the standard deviation.

2.5. Transesophageal echocardiography

The clinically indicated TEE studies were performed as a standard of
care using the Philips iE33 imaging system with an X7-2t transducer.
TEE images were reviewed by an expert echocardiographer who as-
sessed all cardiac valves and provided reference for presence and nature
of at least moderate disease in each valve, according to the published
guidelines of the American Society of Echocardiography [23]. These
determinations were used as the reference standard in Protocol 1.

2.6. Reproducibility analysis

To test the reproducibility of the 4D-flow analysis, we used all pa-
tients in whom aortic flow measurements were possible using all three
4D-flow approaches. In these patients, all measurements were repeated
by a second observer, as well as by the first reader at least one week
later, both blinded to the results of all prior measurements. Inter- and
intra-observer variability was quantified by calculating intraclass cor-
relation (ICC) and coefficients of variation (CoV), calculated as the
absolute difference between pairs of repeated measurements in percent
of their mean value.

2.7. Statistical analysis

+

Data were expressed as mean SD and p-values <0.05 were
considered significant in two-tailed student's t-tests. Linear regression
and Bland-Altman analyses were used to compare 4D-flow measure-
ments to each other and to those made with the reference standard 2D-
PC technique. All statistical analyses were performed using Microsoft
Excel.

3. Results

Of the 20 patients, one patient was unable to complete the study
prior to receiving gadolinium contrast agent due to symptoms of
shortness of breath and nausea. The remaining 19 patients had under-
gone imaging using 2D-PC and all 4D-flow sequences, including the pre-
and post-contrast thick single-slab, as well as non-contrast MOTS.

In protocol 1, one additional patient was excluded due to refusal to
complete the clinically indicated TEE study. In the remaining 18 pa-
tients, diagnostic quality visualization was achieved with the pre- and
post-contrast 4D-flow acquisitions in 18/72 (25%) and 72/72 (100%)
valves, respectively (scores 0.9 * 1.1and 3.8 * 0.5;p < 0.001), and
in a higher number of valves with the non-contrast MOTS acquisition,
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Fig. 2. Example of aortic flow measurements made in one patient using the 2D-PC imaging (top) and the three different 4D-flow techniques (below). See text for
details.
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Fig. 3. Example of visualization of mitral regurgitation (MR, white arrow) as shown in TEE (A), single slab non-contrast 4D-flow (B), single slab post-contrast 4D-flow
(C), and non-contrast MOTS 4D-flow (D). The signal intensity of the MR jet and aortic flow is worst in the single slab non-contrast, best in the single slab post-

contrast, and intermediate in the non-contrast MOTS.

+

compared to the pre-contrast 4D-flow: 42/72 (58%) (score 1.6 1.1;
p = 0.027 and p < 0.001, respectively), confirming our hypothesis.
The accuracy of the detection of valve disease in images of diagnostic
quality was 75% and 92% with the pre- and post-contrast techniques
respectively, and 82% (both NS) for the non-contrast MOTS, which
again was higher than the pre-contrast 4D-flow. Figs. 3 and 4 show
examples of two patients with mitral and tricuspid regurgitation as
visualized on TEE and the three different 4D-flow acquisitions.

In protocol 2, aortic valve flow measurements were possible in all
19 patients using the 2D-PC technique, in 18/19 patients using the post-
contrast single-slab datasets, in 17/19 patients using the non-contrast
MOTS datasets, and only 10/19 patients using the pre-contrast single-
slab datasets, because of a poor signal intensity over the aortic root in
the remaining 9 patients.

Fig. 2 shows an example of aortic flow measurements made in one
patient using the 2D-PC image and the three different 4D-flow techni-
ques. Compared to the 2D-PC reference values of the aortic valve flow,
the 4D-flow measurements showed: (1) moderate correlation for the
post-contrast single-slab acquisition (r = 0.71;p < 0.002); (2) slightly
lower correlation for the non-contrast MOTS acquisition (r 0.67;
p < 0.01); (3) poor correlation for the pre-contrast single-slab images

even though they involved only a subset of patients with sufficient
image quality to allow measurements (r = 0.21; p = NS), while the
remaining patients' datasets could not even be reliably analyzed
(Fig. 5). Bland-Altman analysis for the three techniques compared to
the 2D-PC reference showed negative biases across the board (Fig. 5
and Table 2), with the smallest bias and narrowest limits of agreement
(LOA) for the post-contrast single-slab technique. While the bias with
the non-contrast MOTS approach was larger, the LOA were comparable.

There was a significant improvement in the CNR with the use of the
post-contrast single-slab and non-contrast MOTS acquisitions, com-
pared to pre-contrast single-slab images, while no significant differ-
ences were noted for SNR (p < 0.005, Table 3).

Table 4 summarizes the results of the reproducibility analysis of the
three 4D-flow approaches in the subgroup of 9 patients in whom aortic
flow measurements were possible using all three approaches. Both ICC
and CoV values for both intra- and inter-observer variability indicated
that the post-contrast single-slab approach was the most reproducible.
While ICC values of the MOTS approach were as high, those of the pre-
contrast single-slab were lower, indicating wider variability of the
latter. On the other hand, the CoV values of these two techniques were
similar.
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Fig. 4. Example of visualization of tricuspid regurgitation (TR, white arrow) as shown in TEE (A), single slab non-contrast 4D-flow (B), single slab post-contrast 4D-
flow (C), and non-contrast MOTS 4D-flow (D). The signal intensity of the TR jet is worst in the single slab non-contrast, best in the single slab post-contrast, and

intermediate in the non-contrast MOTS.

4. Discussion

In this prospective study, we sought to determine whether a novel
MOTS 4D-flow acquisition technique could improve the image quality
of the non-contrast 4D-flow. The main findings of this prospective study
were: (i) the use of a non-contrast MOTS 4D-flow acquisition resulted in
superior image quality and diagnostic accuracy for qualitatively iden-
tifying significant valvular heart disease, when compared to the con-
temporary non-contrast single-slab acquisition, but not when compared
to the contrast-enhanced approach; (ii) the non-contrast MOTS ap-
proach was superior to the non-contrast single-slab approach and si-
milar to the contrast-enhanced single-slab approach for quantifying the
flow through the aortic valve; and (iii) all three 4D-flow approaches had
excellent inter- and intra-observer reproducibility.

2D-PC imaging is an essential CMR tool for the assessment of blood
flow. It is commonly used to measure stroke volume, quantify stenotic
and regurgitant valvular lesions, and to determine the extent of cardiac
shunting [24-28]. However, the technique requires for each desired
measurement a separate image to be acquired in a plane perpendicular
to the direction of blood flow. Using 2D-PC, it is not possible to perform
any quantitative measurement that was not planned for at the time of
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imaging. Recently, with the development the 4D-flow technique, it has
become possible to acquire a single large volume of 3D-PC information
resolved over time. The advantage of such an acquisition is that it en-
ables the visualization of blood flow patterns throughout a large vo-
lume of interest and allows blood flow quantification through any
structure retrospectively, as a post-processing task without the need for
separate dedicated images to be acquired while the patient is being
scanned [4,5,7,29-36]. In additional, recent pulsatile phantom results
demonstrated that the 4D-flow could provide high accuracy and re-
producibility with respect to a ground-truth mass flow measurements
[37]. Because a volume of 4D-flow data covering much of the chest can
be acquired in just 5 min, one can envision image interpretation where
the 4D-flow dataset is qualitatively interrogated for potentially sig-
nificant clinical findings that are then quantified for severity as a post
processing task.

An important limitation of 4D-flow is that the current approach
requires contrast enhancement to overcome poor image quality created
by a loss of signal of the blood flowing into the volume as it reaches the
inner volume. In this study, we proposed a novel MOTS 4D-flow ac-
quisition approach to potentially overcome this limitation. The acqui-
sition is free-breathing with an approximate acquisition time of 8 min.
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Fig. 5. Comparison between the 4D-flow measurements of the aortic valve flow and the 2D phase-contrast reference values: linear regression (left) and Bland-Altman
analyses for pre-contrast single-slab (top), post-contrast single-slab (middle) and non-contrast multi-slice (bottom) techniques. LOA — limits of agreement.
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Table 2

Agreement between aortic flow measurements obtained using three different
4D-flow sequences vs. 2D phase-contrast reference values in all patients in
whom measurements were possible by each technique.

N R-value  Bias Mean-2SD  Mean + 2SD
Single-slice pre-contrast 10 021 -9 -54 36
Single-slice post-contrast 19 071 -6 -41 30
Non-contrast MOTS 18 0.67 -16 -57 26

Table 3
Signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR), measured on
images obtained using the three different 4D-flow sequences.

SNR CNR
Single-slice pre-contrast 0.16 + 0.06 0.16 = 0.07
Single-slice post-contrast 0.17 + 0.47 0.47 + 0.28
Non-contrast MOTS 0.17 * 0.06 0.27 = 0.13"

* p < 0.05 compared to pre-contrast single-slice.
" p < 0.05 compared to post-contrast single-slice.

Table 4
Results of the reproducibility analysis of the three 4D-flow approaches.

Intra-observer Inter-observer

ICC CoV ICC CoV
Single-slice pre-contrast 0.98 52 = 1.7 0.94 7.0 + 4.4
Single-slice post-contrast 0.99 45 = 1.9 0.99 43 = 1.5
Non-contrast MOTS 0.99 6.5 = 2.4 0.99 6.1 + 2.2

Abbreviations: ICC - intraclass correlation; CoV - coefficient of variation (see
text for details).

Because multiple thin slabs are acquired, the signal loss from the blood
is considerably reduced as it transitions through the respective thin
slab. Indeed, we found that the MOTS approach significantly improved
both image quality and the diagnostic ability to detect significant
valvular heart disease, when compared to the non-contrast single-slab
acquisition approach. In fact, all but two patients had interpretable
MOTS 4D-flow images, whereas over half of the patients had in-
sufficient image quality for reliable analysis using the contemporary
single-slab 4D-flow technique without contrast. Of note however, our
implementation of the MOTS approach remained inferior to the stan-
dard of care contrast-enhanced approach for the visual assessment of
4D-flow images to detect valvular heart disease. On the other hand, it
was equivalent to the contrast-enhanced 4D-flow approach for quanti-
fying the flow through the aortic valve. A limitation of both of the 4D-
flow techniques is that they require adequate ECG gating, without
which image quality would be substantially impacted.

Our study shows that the sub-optimal image quality of the MOTS
approach is related to a relatively poor contrast-to-noise ratio, com-
pared to the contrast-enhanced single-slice approach. In order to opti-
mize image contrast, we had placed the MOTS acquisition in the cardiac
short-axis plane to maximize the inflow signal through the mitral valve
and designed the pulse sequence with what we believed to be the op-
timal flip angle. Although it is possible that the use of thinner slabs
would improve image contrast, this maneuver would likely result in
considerably longer acquisition times that would be impractical for
clinical use. It remains to be seen if the application of deep learning
could potentially make non-contrast 4D-flow robust enough to use in
routine clinical practice. For now, the MOTS approach is a reasonable
alternative to be used when there is a contra-indication to contrast
agents. However, in the foreseeable future, it is likely that the use of
deep learning algorithms to reduce noise in both k-space and in image
space will not only improve the image quality of non-contrast 4D-flow
acquisitions but also reduce acquisition times.
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Another interesting observation from our study was that the quan-
tification of aortic flow using the standard of care contrast-enhanced
4D-flow approach resulted in only a modest correlation with and un-
derestimation compared to 2D-PC measurements. The non-contrast
MOTS technique demonstrated the same pattern. Although some pre-
vious publications [38] have reported an outstanding correlation be-
tween the two approaches, others have shown some degree of dis-
cordance between 2D-PC and 4D-flow measurements [39]. Some
potential factors that may have contributed to the inter-technique dis-
cordance in our study likely include the following: (1) use of a lower
relaxivity gadolinium-based contrast agent; (2) difference in temporal
and/or spatial resolution, (3) flow difference between 2D-PC imaging
during breath-hold and free-breathing 4D-flow scans, and (4) change in
heart rate and the occurrence of arrhythmia. Although we used a
commercially available and robust eddy-current correction algorithm
for our analysis, the impact of residual eddy current on our flow mea-
surements is difficult to assess. The underestimation of the 4D-flow
measurements compared to 2D-PC may be due to inability to define
regions of interest that encompass the entire cross-section of the aorta
because of the differences in image quality.

4.1. Limitations

There are several limitations to our study. First, this is a single-
center study with a small sample size. However, including more pa-
tients is unlikely to change the overall findings of the study demon-
strating that the MOTS acquisition significantly improves image quality
and diagnostic performance of 4D-flow imaging compared to a non-
contrast approach, but should not be routinely be used in lieu of con-
trast-enhancement. Secondly, we excluded patients with severe ar-
rhythmias, since the 4D-flow acquisition depends on periodic heart-
beats and arrhythmia rejection scheme was employed for the
acquisition. The acquisition time for patients with severe arrhythmias
could result in prolonged scan times, which are not clinically feasible.
Recent research work of 2D real-time PC may provide a potential so-
lution for blood flow visualization and quantification in patients with
severe arrhythmias [40,41]. Additionally, we did not acquire any
images enhanced with an iron-based contrast agent, which may have
yielded a better correlation with 2D-PC imaging. This was not part of
our study because these agents currently have an FDA black box label
due to safety concerns. Another limitation of the study is that there is no
ground truth available to know with certainty which technique might
be most correctly measuring the flow. Finally, we only compared
quantification of flow through the aortic valve and did not directly
quantify flow through the other valves because it would have required
additional three 4D-flow acquisitions using a lower aliasing velocity
and additional 2D-PC images making the overall imaging protocol un-
reasonably long. Future studies are needed to determine its ability to
quantify flow in other structures.

4.2. Conclusion

Our study shows that the use of non-contrast MOTS 4D-flow sig-
nificantly improves the diagnostic accuracy of detecting significant
valvular disease when compared to the contemporary non-contrast
single slab technique, but the technique remains inferior to the con-
trast-enhanced 4D-flow approach. Importantly, non-contrast MOTS can
accurately measure aortic flow. In situations when there is a contra-
indication or preference against the use of a contrast agent, non-con-
trast MOTS 4D-flow may be a reasonable alternative for quantifying
aortic flow.

Authors' contributions

Nina Rashedi: acquired data, analyzed images, drafted the manu-
script.



N. Rashedi, et al.

Luis Landeras: acquired data, critically reviewed the manuscript.

Victor Mor-Avi: concept development, statistical analysis and
drafting the manuscript.

Davide Genovese: analyzed images, critically reviewed the manu-
script.

Peng Lai: software development and support, critically reviewed the
manuscript.

Kalie Kebed: analyzed images, critically reviewed the manuscript

Isla McClelland: analyzed images, critically reviewed the manu-
script.

Anja Brau: software development and support, critically reviewed
the manuscript.

Martin Janich: software development and support, critically re-
viewed the manuscript.

Karima Addetia: analyzed images, critically reviewed the manu-
script.

Roberto M. Lang: concept development and critical review of the
manuscript.

Amit R. Patel: all aspects of study.

Declaration of Competing Interest

The study was funded by GE Healthcare and supported with soft-
ware by Arterys, Inc.

References

[1] Hofman MB, van Rossum AC, Sprenger M, Westerhof N. Assessment of flow in the
right human coronary artery by magnetic resonance phase contrast velocity mea-
surement: effects of cardiac and respiratory motion. Magn Reson Med
1996;35:521-31.

Markl M, Fluckiger J, Lee DC, Ng J, Goldberger JJ. Velocity quantification by
electrocardiography-gated phase contrast magnetic resonance imaging in patients
with cardiac arrhythmia: a simulation study based on real time transesophageal
echocardiography data in atrial fibrillation. J Comput Assist Tomogr
2015;39:422-7.

Wong KK, Kelso RM, Worthley SG, Sanders P, Mazumdar J, Abbott D. Cardiac flow
analysis applied to phase contrast magnetic resonance imaging of the heart. Ann
Biomed Eng 2009;37:1495-515.

Dyverfeldt P, Bissell M, Barker AJ, Bolger AF, Carlhall CJ, Ebbers T, et al. 4D flow
cardiovascular magnetic resonance consensus statement. J Cardiovasc Magn Reson
2015;17:72.

Markl M, Kilner PJ, Ebbers T. Comprehensive 4D velocity mapping of the heart and
great vessels by cardiovascular magnetic resonance. J Cardiovasc Magn Reson
2011;13:7.

Cheng JY, Hanneman K, Zhang T, Alley MT, Lai P, Tamir JI, et al. Comprehensive
motion-compensated highly accelerated 4D flow MRI with ferumoxytol enhance-
ment for pediatric congenital heart disease. J Magn Reson Imaging
2016;43:1355-68.

Driessen MMP, Schings MA, Sieswerda GT, Doevendans PA, Hulzebos EH, Post MC,
et al. Tricuspid flow and regurgitation in congenital heart disease and pulmonary
hypertension: comparison of 4D flow cardiovascular magnetic resonance and
echocardiography. J Cardiovasc Magn Reson 2018;20:5.

Rose M, Rahman O, Schnell S, Robinson J, Rigsby C. 4D flow MRI demonstrates
changes in cardiovascular haemodynamics in complex congenital heart disease. Eur
Heart J Cardiovasc Imaging 2017;18:114.

Vasanawala SS, Hanneman K, Alley MT, Hsiao A. Congenital heart disease assess-
ment with 4D flow MRI. J Magn Reson Imaging 2015;42:870-86.

Zhong L, Schrauben EM, Garcia J, Uribe S, Grieve SM, Elbaz MSM, et al.
Intracardiac 4D flow MRI in congenital heart disease: recommendations on behalf
of the ISMRM flow & motion study group. J Magn Reson Imaging 2019;50:677-81.
Uribe S, Beerbaum P, Sorensen TS, Rasmusson A, Razavi R, Schaeffter T. Four-
dimensional (4D) flow of the whole heart and great vessels using real-time re-
spiratory self-gating. Magn Reson Med 2009;62:984-92.

Carlsson M, Toger J, Kanski M, Bloch KM, Stahlberg F, Heiberg E, et al.
Quantification and visualization of cardiovascular 4D velocity mapping accelerated
with parallel imaging or k-t BLAST: head to head comparison and validation at 1.5
T and 3 T. J Cardiovasc Magn Reson 2011;13:55.

Frydrychowicz A, Wieben O, Niespodzany E, Reeder SB, Johnson KM, Francois CJ.
Quantification of thoracic blood flow using volumetric magnetic resonance imaging
with radial velocity encoding: in vivo validation. Invest Radiol 2013;48:819-25.
Nordmeyer S, Riesenkampff E, Crelier G, Khasheei A, Schnackenburg B, Berger F,
et al. Flow-sensitive four-dimensional cine magnetic resonance imaging for offline
blood flow quantification in multiple vessels: a validation study. J Magn Reson
Imaging 2010;32:677-83.

Toger J, Bidhult S, Revstedt J, Carlsson M, Arheden H, Heiberg E. Independent
validation of four-dimensional flow MR velocities and vortex ring volume using
particle imaging velocimetry and planar laser-induced fluorescence. Magn Reson
Med 2016;75:1064-75.

Garg P, Westenberg JJM, van den Boogaard PJ, Swoboda PP, Aziz R, Foley JRJ,

[2

—

[3]

[4

=

[5]

[6

=

[7

—

[8]

o

[}

[10]

[11]

[12]

[13]

[14]

[15]

[16]

231

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Magnetic Resonance Imaging 74 (2020) 223-231

et al. Comparison of fast acquisition strategies in whole-heart four-dimensional flow
cardiac MR: two-center, 1.5 tesla, phantom and in vivo validation study. J Magn
Reson Imaging 2018;47:272-81.

Bock J, Toger J, Bidhult S, Markenroth Bloch K, Arvidsson P, Kanski M, et al.
Validation and reproducibility of cardiovascular 4D-flow MRI from two vendors
using 2 x 2 parallel imaging acceleration in pulsatile flow phantom and in vivo with
and without respiratory gating. Acta Radiol 2019;60:327-37.

Parker DL, Yuan C, Blatter DD. MR angiography by multiple thin slab 3D acquisi-
tion. Magn Reson Med 1991;17:434-51.

Kim D, Dyvorne HA, Otazo R, Feng L, Sodickson DK, Lee VS. Accelerated phase-
contrast cine MRI using k-t SPARSE-SENSE. Magn Reson Med 2012;67:1054-64.
Sun A, Zhao B, Ma K, Zhou Z, He L, Li R, et al. Accelerated phase contrast flow
imaging with direct complex difference reconstruction. Magn Reson Med
2017;77:1036-48.

Giese D, Schaeffter T, Kozerke S. Highly undersampled phase-contrast flow mea-
surements using compartment-based k-t principal component analysis. Magn Reson
Med 2013;69:434-43.

Knobloch V, Boesiger P, Kozerke S. Sparsity transform k-t principal component
analysis for accelerating cine three-dimensional flow measurements. Magn Reson
Med 2013;70:53-63.

Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al.
Recommendations for cardiac chamber quantification by echocardiography in
adults: an update from the American Society of Echocardiography and the European
Association of Cardiovascular Imaging. J Am Soc Echocardiogr 2015;28:1-39.
[e14].

da Silveira JS, Smyke M, Rich AV, Liu Y, Jin N, Scandling D, et al. Quantification of
aortic stenosis diagnostic parameters: comparison of fast 3 direction and 1 direction
phase contrast CMR and transthoracic echocardiography. J Cardiovasc Magn Reson
2017;19:35.

Debl K, Djavidani B, Buchner S, Heinicke N, Poschenrieder F, Feuerbach S, et al.
Quantification of left-to-right shunting in adult congenital heart disease: phase-
contrast cine MRI compared with invasive oximetry. Br J Radiol 2009;82:386-91.
Defrance C, Bollache E, Kachenoura N, Perdrix L, Hrynchyshyn N, Bruguiere E,

et al. Evaluation of aortic valve stenosis using cardiovascular magnetic resonance:
comparison of an original semiautomated analysis of phase-contrast cardiovascular
magnetic resonance with Doppler echocardiography. Circ Cardiovasc Imaging
2012;5:604-12.

Lin HY, Freed D, Lee TW, Arora RC, Ali A, Almoustadi W, et al. Quantitative as-
sessment of cardiac output and left ventricular function by noninvasive phase-
contrast and cine MRI: validation study with invasive pressure-volume loop analysis
in a swine model. J Magn Reson Imaging 2011;34:203-10.

Sagmeister F, Weininger M, Herrmann S, Bernhardt P, Rasche V, Bauernschmitt R,
et al. Extent of size, shape and systolic variability of the left ventricular outflow
tract in aortic stenosis determined by phase-contrast MRI. Magn Reson Imaging
2018;45:58-65.

Adriaans BP, Westenberg JJM, van Cauteren YJM, Gerretsen S, Elbaz MSM, Bekkers
S, et al. Clinical assessment of aortic valve stenosis: comparison between 4D flow
MRI and transthoracic echocardiography. J Magn Reson Imaging 2020;51:472-80.
Calkoen EE, Westenberg JJ, Kroft LJ, Blom NA, Hazekamp MG, Rijlaarsdam ME,
et al. Characterization and quantification of dynamic eccentric regurgitation of the
left atrioventricular valve after atrioventricular septal defect correction with 4D
flow cardiovascular magnetic resonance and retrospective valve tracking. J
Cardiovasc Magn Reson 2015;17:18.

Feneis JF, Kyubwa E, Atianzar K, Cheng JY, Alley MT, Vasanawala SS, et al. 4D flow
MRI quantification of mitral and tricuspid regurgitation: reproducibility and con-
sistency relative to conventional MRI. J Magn Reson Imaging 2018;48:1147-58.
Garcia J, Barker AJ, Markl M. The role of imaging of flow patterns by 4D flow MRI
in aortic stenosis. JACC Cardiovasc Imaging 2019;12:252-66.

Geiger J, Rahsepar AA, Suwa K, Powell A, Ghasemiesfe A, Barker AJ, et al. 4D flow
MRI, cardiac function, and T1 -mapping: association of valve-mediated changes in
aortic hemodynamics with left ventricular remodeling. J Magn Reson Imaging
2018;48:121-31.

Hsiao A, Lustig M, Alley MT, Murphy MJ, Vasanawala SS. Evaluation of valvular
insufficiency and shunts with parallel-imaging compressed-sensing 4D phase-con-
trast MR imaging with stereoscopic 3D velocity-fusion volume-rendered visualiza-
tion. Radiology 2012;265:87-95.

Kamphuis VP, Westenberg JJM, van den Boogaard PJ, Clur SB, Roest AAW. Direct
assessment of tricuspid regurgitation by 4D flow cardiovascular magnetic resonance
in a patient with Ebstein’s anomaly. Eur Heart J Cardiovasc Imaging
2018;19:587-8.

Suwa K, Saitoh T, Takehara Y, Sano M, Saotome M, Urushida T, et al. Intra-left
ventricular flow dynamics in patients with preserved and impaired left ventricular
function: analysis with 3D cine phase contrast MRI (4D-flow). J Magn Reson
Imaging 2016;44:1493-503.

Solana AB, Hafalir F, Ghedin P, Lai P, Shiwakawa A, Anja C, et al. Not just 2D but
also 4D flow measurements in pulsatile phantom are accurate and reproducible
(abstract). Eur Heart J Cardiovasc Imaging 2016;17:i1-80.

Hsiao A, Alley MT, Massaband P, Herfkens RJ, Chan FP, Vasanawala SS. Improved
cardiovascular flow quantification with time-resolved volumetric phase-contrast
MRI. Pediatr Radiol 2011;41:711-20.

Bollache E, van Ooij P, Powell A, Carr J, Markl M, Barker AJ. Comparison of 4D
flow and 2D velocity-encoded phase contrast MRI sequences for the evaluation of
aortic hemodynamics. Int J Cardiovasc Imaging 2016;32:1529-41.

Joseph AA, Merboldt KD, Voit D, Zhang S, Uecker M, Lotz J, et al. Real-time phase-
contrast MRI of cardiovascular blood flow using undersampled radial fast low-angle
shot and nonlinear inverse reconstruction. NMR Biomed 2012;25:917-24.

Sun A, Zhao B, Li Y, He Q, Li R, Yuan C. Real-time phase-contrast flow cardiovas-
cular magnetic resonance with low-rank modeling and parallel imaging. J
Cardiovasc Magn Reson 2017;19:19.


http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0005
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0005
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0005
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0005
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0010
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0010
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0010
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0010
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0010
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0015
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0015
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0015
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0020
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0020
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0020
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0025
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0025
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0025
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0030
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0030
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0030
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0030
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0035
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0035
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0035
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0035
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0040
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0040
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0040
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0045
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0045
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0050
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0050
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0050
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0055
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0055
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0055
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0060
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0060
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0060
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0060
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0065
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0065
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0065
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0070
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0070
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0070
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0070
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0075
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0075
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0075
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0075
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0080
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0080
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0080
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0080
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0085
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0085
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0085
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0085
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0090
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0090
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0095
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0095
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0100
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0100
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0100
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0105
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0105
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0105
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0110
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0110
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0110
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0115
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0115
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0115
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0115
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0115
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0120
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0120
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0120
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0120
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0125
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0125
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0125
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0130
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0130
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0130
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0130
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0130
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0135
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0135
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0135
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0135
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0140
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0140
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0140
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0140
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0145
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0145
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0145
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0150
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0150
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0150
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0150
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0150
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0155
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0155
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0155
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0160
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0160
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0165
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0165
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0165
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0165
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0170
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0170
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0170
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0170
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0175
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0175
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0175
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0175
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0180
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0180
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0180
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0180
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0185
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0185
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0185
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0190
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0190
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0190
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0195
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0195
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0195
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0200
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0200
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0200
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0205
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0205
http://refhub.elsevier.com/S0730-725X(20)30607-X/rf0205

	Validation of non-contrast multiple overlapping thin-slab 4D-flow cardiac magnetic resonance imaging
	1 Introduction
	2 Methods
	2.1 Study design
	2.2 Patients
	2.3 CMR imaging
	2.4 CMR image analysis
	2.5 Transesophageal echocardiography
	2.6 Reproducibility analysis
	2.7 Statistical analysis

	3 Results
	4 Discussion
	4.1 Limitations
	4.2 Conclusion

	Authors' contributions
	Declaration of Competing Interest
	References




