Journal of
Cardiovascular

Development and Disease

Review

Evaluation of Left Ventricular Function Using
Four-Dimensional Flow Cardiovascular Magnetic Resonance: A
Systematic Review

Jiaxing Jason Qin %%, Ben Indja 2%, Alireza Gholipour 12, Mustafa Gok >? and Stuart M. Grieve 124*

Citation: Qin, J.J.; Indja, B.;
Gholipour, A.; Gok, M.; Grieve, S.M.
Evaluation of Left Ventricular
Function Using Four-Dimensional
Flow Cardiovascular Magnetic
Resonance: A Systematic Review.

J. Cardiovasc. Dev. Dis. 2022, 9, 304.
https://doi.org/10.3390/jcdd9090304

Academic Editors: Concetta Zito and

Yeon Hyeon Choe

Received: 17 August 2022
Accepted: 9 September 2022
Published: 12 September 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Imaging and Phenotyping Laboratory, Charles Perkins Centre, University of Sydney,
Sydney, NSW 2006, Australia

2 Faculty of Medicine and Health, University of Sydney, Sydney, NSW 2006, Australia

3 Department of Radiology, Faculty of Medicine, Aydin Adnan Menderes University,
Aydin 09010, Turkey

¢ Department of Radiology, Royal Prince Alfred Hospital, Sydney, NSW 2006, Australia

Correspondence: stuart.grieve@sydney.edu.au

1t These authors contributed equally to this work.

Abstract: There is increasing recognition of the value of four-dimensional flow cardiovascular mag-
netic resonance (4D-flow MRI) as a potential means to detect and measure abnormal flow behaviour
that occurs during early left ventricular (LV) dysfunction. We performed a systematic review of
current literature on the role of 4D-flow MRI-derived flow parameters in quantification of LV func-
tion with a focus on potential clinical applicability. A comprehensive literature search was per-
formed in March 2022 on available databases. A total of 1186 articles were identified, and 30 articles
were included in the final analysis. All the included studies were ranked as “highly clinically appli-
cable”. There was considerable variability in the reporting of methodologies and analyses. All the
studies were small-scale feasibility or pilot studies investigating a diverse range of flow parameters.
The most common primary topics of investigation were energy-related flow parameters, flow com-
ponents and vortex analysis which demonstrated potentials for quantifying early diastolic dysfunc-
tion, whilst other parameters including haemodynamic forces, residence time distribution and tur-
bulent kinetic energy remain in need of further evaluation. Systematic quantitative comparison of
study findings was not possible due to this heterogeneity, therefore limiting the collective power of
the studies in evaluating clinical applicability of the flow parameters. To achieve broader clinical
application of 4D-flow MRI, larger scale investigations are required, together with standardisation
of methodologies and analytical approach.

Keywords: 4D-flow MRI; left ventricular function; flow quantification; clinical application;

cardiovascular magnetic resonance

1. Introduction

Assessment of left ventricular (LV) function is a key component of multiple disease
processes. LV functional assessment conventionally includes ventricular size and vol-
umes, wall thickness, contractile function motion and strain. Impairment of LV function
is an important prognostic marker and measure of treatment effect in valvular heart dis-
eases, ischaemic heart disease, and other acquired or congenital causes of cardiomyopa-
thy [1]. It is known that LV dysfunction is associated with significant changes in diastolic
and systolic flow; hence, direct measurement of LV flow represents a good candidate for
sensitive early detection of LV dysfunction.

Conventional quantification of LV function includes measurements of LV ejection
fraction (LVEF); LV size metrics such as end diastolic volume (EDV), end systolic volume
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(ESV), stroke volume (SV); and myocardial parameters such as wall thickness, strain, or
regional wall motion abnormalities. Transthoracic echocardiogram (TTE) is one of the
most commonly used imaging modalities in clinical practice. However, TTE has inherent
limitations in imaging quality and reproducibility due to patient factors and operator de-
pendence. In addition, TTE is a two-dimensional (2D) modality which can limit its assess-
ment of complex three-dimensional features within the LV [2]. The presence of valvular
pathology may also influence the accuracy of LV function measurements [3]. Three-di-
mensional (3D) TTE has been shown to be superior to its 2D counterpart in quantifying
LV volumes and LVEF; however, the technique remained limited in temporal and spatial
resolutions and underestimated cardiac volumes compared to gold standard cardiac mag-
netic resonance (CMR) [4]. Transoesophageal echocardiogram (TOE) is able to obtain bet-
ter image quality; however, it is an semi-invasive procedure requiring a team of medical
specialists to perform and is therefore less readily available in routine clinical use [5].
Computed tomography (CT) is capable of acquiring high-resolution anatomical images,
but is limited in functional evaluation and uses ionising radiation [6].

Increasingly, the potential of four-dimensional flow cardiovascular magnetic reso-
nance (4D-flow MRI) in cardiovascular applications is being recognised [2,7]. Compared
to conventional CMR, 4D-flow MRI has the added benefit of being a time-resolved, three-
dimensional (3D) technique, and is capable of acquiring functional flow data in true 3D
fashion in addition to anatomical data. Furthermore, 4D-flow MRI enables the visualisa-
tion and measurement of velocity vectors and flow paths, quantification of flow volumes
as well as conventional and novel flow parameters [2]. In early LV dysfunction, remodel-
ling may be absent or subtle and therefore not readily detected by conventional CMR
measurements of LV volumes and EF, yet alterations in flow dynamics may be more evi-
dent [8]. As a result, 4D-flow measured flow parameters may be superior in detecting
subtle early LV pathologies compared to conventional CMR, with potential benefits of
early treatment and intervention. In addition, the quantification of flow as well as ana-
tomical parameters will provide insights into the correlation between structure and func-
tion, adding to a more detailed understanding of cardiovascular function and pathologies
[2,9]. However, current clinical utilisation of 4D-flow MRI remains limited, especially in
the quantification of LV function. Several factors are important for clinical translation of
new diagnostic techniques, including cost effectiveness, reproducibility, and diagnostic
equivalence [10].

The aim of this systematic review is to examine the role of 4D-flow MRI to date in
quantifying LV function using novel flow parameters and the challenges limiting its
broader clinical applications. Recognising the heterogeneity within this field, we also aim
to examine the acquisition, analysis and reporting differences in the available literature to
evaluate inter-study comparability.

2. Materials and Methods
2.1. Systematic Review Registration

This systematic review was prospectively registered (CRD42022329941) with the in-
ternational database of prospectively registered systematic reviews (PROSPERO).

2.2. Search Strategy

A systematic review of the literature was performed independently by JQ and BI with
searches carried out in electronic databases (PubMed, Medline and Google Scholar) for
relevant articles using the Preferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) checklist [11]. Key search terms included “Magnetic resonance imag-
ing”, “ventricular function, Left”, “Heart ventricle/diagnostic imaging”, “Ventricular
function/physiology”, “Ventricular dysfunction, Left”, “Magnetic resonance imaging,
cine/methods”. Reference lists of relevant studies were also reviewed for further articles.
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2.3. Eligibility Criteria

Included studies were those that used 4D-flow MRI to derive novel flow parameters
to assess LV function in adult populations in healthy and diseased states. Exclusion crite-
ria included studies with a focus on aortic, valvular, atrial or right ventricular (RV) blood
flow patterns, studies that only investigated non-flow parameters such as LV mass, LV
volumes, LVEF or conventional flow parameters such as velocity or flow volumes, studies
with exclusively paediatric populations (<16 years), phantom studies, review articles,
meta-analyses, letter to the editor, conference posters or abstracts, and purely technical
feasibility studies.

2.4. Data Extraction

Data extraction was performed by 2 researchers (J.Q. and B.I.) and included first au-
thor, institution and year of publication. Key data points collected included population
characteristics (age, sex, healthy or disease states), 4D-flow-derived novel flow parame-
ters, key findings and conclusions, imaging analysis tools used, and any validation, inter-
nal consistency and reproducibility analyses. Furthermore, 4D-flow MR pulse sequence
parameters were also collected from each study.

2.5. Quality Assessment

Quality assessment was performed by J.Q. and B.I. using a modified version of the
Critical Appraisal Skills Program (CASP) tools which focused on evaluation of the clinical
reproducibility based on the completeness of methodologies reported and the clinical rel-
evance of the study outcomes rather than criticism of the validity of the methodologies
presented [12]. Answers of “yes” scored 1 point, answers of “no” scored 0 points. A per-
centage of the maximum available score was calculated, and studies were allocated to one
of three categories based on their percentage: highly clinically applicable (67-100%), po-
tentially clinically applicable (34-66%), less clinically applicable (0-33%) [12].

2.6. Quantitative Assessment

Due to the heterogeneity in study design and outcome, a generalised meta-analysis
was not possible for this systematic review. However, analysis of similarities in reported
outcomes was performed, and a narrative review is provided.

3. Results
3.1. Search Strategy

An initial search in the databases yielded 1263 articles. After removal of duplicates,
1186 articles remained. Based on eligibility criteria, screening of title and abstract was per-
formed, resulting in 58 articles remaining. Further evaluation of these articles through
review of the full-text manuscript excluded a further 28 articles, resulting in 30 articles for
inclusion based on selection criteria (Figure 1).
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Figure 1. PRISMA flow diagram showing studies inclusion process [11].

3.2. Description of the Included Studies

A total of 30 studies were included in the final review with a total of 1070 participants.
A detailed summary of the studies is provided in Table S1 (Supplementary Material).
There was 100% agreement between observer assessment of clinical applicability, with all
included studies ranked as “highly clinically applicable” by both investigators. All of the
studies were observational studies, with one case-controlled study [13], one retrospective
study [14], and the remaining 28 were cross-sectional studies. Ten studies were conducted
with healthy volunteers only, and one study compared pre- and post-dobutamine stimu-
lation in a healthy cohort. Two studies compared elite athletes with sedentary healthy
controls. Four studies included patients with ischaemic heart disease. One study included
patients following surgical correction of atrioventricular septal defect (AVSD). The re-
maining 12 studies included patients with heart failure secondary to various aetiologies.

3.3. Study Population

Participant demographics were variable across studies. The lowest participant num-
ber per study was 9 and the highest was 108 participants (total participants across all stud-
ies = 1070). The range of reported age mean was 24-71 years (standard deviation of re-
ported means 16 years). For studies with a comparator cohort, three studies had statistical
differences in age between comparator and control cohorts. One study with statistical dif-
ferences in age was investigating the effect of ageing on LV function [15], another study
had the control cohort drawn from a previously recruited population for another study
[16], the third study had age-matched controls but also included a second younger control
cohort [17].
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3.4. 4D-Flow MR Pulse Sequence Parameters

There was considerable variability in the reported values of the 4D-flow sequence
parameters and in the parameters reported between studies, these are detailed in Table S2
(Supplementary Material). Reported spatial resolution ranged between 1.25-8 mm, and
temporal resolution ranged between 35-90 ms. Echo time (TE) ranged between 1.9-6 ms,
repetition time (TR) ranged between 3.4-68 ms, flip angle 5-15° velocity encoding
(VENC) 60-250 cm/s. Scan time was reported to range between 5-57 min; however, this
was inconsistently reported as scan time for 4D-flow sequence only, total scan time in-
cluding other sequences, or including or excluding respiratory gating efficiency. The ma-
jority of the studies had retrospective electrocardiogram (ECG) gating and navigator res-
piratory gating. Ten studies performed 4D-flow acquisition following a single bolus injec-
tion of gadolinium contrast, while the remainder of the studies did not specifically report
on the use of contrast.

3.5. Image Analysis Tools and Methodologies

Image analysis tools were variable across studies, with many studies utilising multi-
ple platforms for analysis. For segmentation of LV contour, Segment (Medviso, Lund,
Sweden) was the most commonly used commercially available software. Several studies
also reported the use of in-house modules within Segment. For flow and flow parameter
visualisation, Ensight (CEI Inc., Research Triangle Park, NC, USA) was commonly used
(eight studies). Other flow visualisation software utilised included GTFlow (one study;
GyroTools, Zurich, Switzerland), Paraview (one study; Kitware, Clifton, NY, USA), and
iTFlow (two studies; Cardio Flow Design Inc., Tokyo, Japan). MATLAB (11 studies; Math-
works, Natick, MA, USA) was also commonly used for computation of flow parameters.
One research group used an in-house software MASS (Leiden University Medical Center,
Leiden, The Netherlands) to perform their analysis. Prior to analysis, images were cor-
rected for aliasing, phasing offsets and errors using either scanner or in-house algorithms.
Where reported, segmentation of LV contour was performed manually or semi-manually
using 2D cine data on a specialised platform, then registered with 4D-flow data manually
or with dedicated software. Further quantification, analysis and visualisation were then
performed on one or more additional software. Analysis time was generally not reported,
although one study reported a total post-processing time of around 60 min per subject
[18].

3.6. Scan—Rescan Reproducibility

Scan-rescan reproducibility was the primary aim of two studies [19-21] and was re-
ported as a secondary analysis in a third study [21]. In Kamphuis et al. [19], twelve vol-
unteers underwent two 4D-flow MRI scans 10 min apart, with repositioning and replan-
ning performed for the second scan. Reproducibility was analysed for kinetic energy (KE),
energy loss (EL) and vorticity. Reproducibility was good to strong for KE and EL but with
a wide range of agreement (intraclass correlation (ICC): 0.64-0.95, coefficients of variation
(CV) < 25%). Reproducibility was good to excellent for vorticity (ICCs: 0.83-0.95, CVs <
11%). Stoll et al. [20] evaluated the measurement reproducibility of LV flow components
and the KE of each component in 45 healthy subjects. Ten subjects underwent two scans
on the same day (“scan-rescan”) while 25 different subjects underwent the second scan at
least 10 days after the first scan (“interval scan”, median 52 days, interquartile range (IQR)
28-57 days). The scan—rescan reproducibility was good for flow components volume ratio
(CV: 2.5-9.2%) but was more variable for KE (CV: 13.5-17.7%), with the direct flow com-
ponent having the lowest and delayed ejection flow having the highest variation in both
volume ratios and KE. The interval scan reproducibility had greater variability than the
scan-rescan cohort for both flow components volume ratio (CV: 6.2-16.1%) and KE (CV:
16.9-29.0%). In this cohort, direct flow had the lowest variation for both volume ratio and
KE, but retained flow and residual volume had the highest variation for volume ratio and
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KE, respectively. The variations observed especially in the interval scan cohort were at-
tributed to normal physiological variations, especially heart rate, but also fluid status, vas-
cular tone and hormonal status. The CV range reported for KE was within the same mag-
nitude reported by Kamphuis et al. [19]. Carlsson et al. [21] attempted to quantify KE in
the LV and RV over the entire cardiac cycle in nine healthy individuals. Six individuals
were imaged in both a 1.5 T and a 3 T scanner on the same day. Bias in energy peak be-
tween the two scanners was 0.58 + 1.28 m] for the six individuals, which was similar to
the bias reported in Kamphuis et al. (0.1 + 2.3 m]). Outliers were only commented on in
one study [19], where two subjects were found to be outliers with significantly higher
variability between scans, which was attributed to possible physiological variations be-
tween scans.

3.7. Intra-/Inter-Observer Reproducibility

Intra- or inter-observer reproducibility analysis was mentioned or specifically re-
ported in 11 studies. One study [22] briefly mentioned in the manuscript narrative that
qualitative intra-/inter-observer reproducibility assessment of the image segmentation
process was performed but did not report specific methodology or outcome of the repro-
ducibility assessment. Reproducibility of measurement of the flow parameters investi-
gated in this study was not reported. The remaining 10 studies all reported using standard
statistical methodologies (e.g., Bland-Altman analysis, paired t tests) and presented the
results of their analysis on the 4D-flow derived LV parameters investigated in their stud-
ies. Three studies performed reproducibility analysis on KE [17,23,24], two reported on
LV flow components [20,25], two reported on vortex core features [18,26], one on ventric-
ular residence time distribution [3], one on LV vorticity [27], one on qualitative assessment
of streamline but not on EL which was also investigated in the study [14]. Good intra-
and/or inter-observer reproducibility was reported in all studies that performed the anal-
yses (Table 1).

Table 1. Intra-/inter-observer reproducibility methodologies and results.

Intra-/Inter-Observer Reproducibility

Study Methodology Reproducibility Results
Intra-observer: LV 0.901 (p < 0.001),
RV 0.7 =0.004);
Costello et al., 2018 [3] ICC of LV and RV RTDc V' 0.768 (p =0.004)

Crandon et al., 2018 [23]

Elbaz et al., 2014 [26]

Inter-observer: LV 0.881 (p < 0.001),
RV 0.728 (p = 0.008)

Average CV for all variables: 6 +
2%;
Intra-observer CV: global KE 3.5%,
systolic KE 3.9%, diastolic KE 6.0%,
CV; 10 cases for intra- and 20 cases for in-  peak E-wave KE 4.4%, peak A-
ter-observer wave KE 5.5%;
Inter-observer CV: global KE 7%,
systolic KE 11%, diastolic KE 6.4%,
peak E-wave KE 6.6%, peak A-

wave KE 6.3%
Intra-observer: repeat measurements by
same observer one week apart; Intra-observer: ICC =0.97, p <0.001,
Inter-observer: two observers inde- CV 1-3%;
pendently assessed same database; Inter-observer: ICC = 0.96, p <0.001,
ICC of C, L, R coordinates and orienta- CV 1-8%

tion of vortex ring cores
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Garg et al., 2018 [24]

Garg et al. 2019 [17]

Miyajima et al. 2021 [14]

Nakaji et al. 2021 [22]

Schifer et al. 2016 [27]

Stoll et al. 2018 [20]

Sundin et al. 2020 [25]

Suwa et al. 2016 [18]

Overall ICC for all global KE pa-
rameters: average 0.99, p > 0.9;
TD to peak E-wave KE ICC = 0.94,
observers independently; 95% C10.88 t0_0'97
Intra-observer: ICC of KE computed from Intra-observer: mean bias for KE,,,

Inter-observer: ICC of KE computed from
short-axis LV contours segmented by two

short axis LV contours segmented by 3+ 9%;
same observer 3 months apart Inter-observer: mean bias for KE,,
2+ 9%;

Intra-observer: global KE parame-
ters bias 2%, precision —16%;
Inter-observer: global KE parame-

Inter-observer: ICC of KE computed from
short-axis LV contours segmented by two
observers independently;
Intra-observer: ICC of KE computed from
short axis LV contours segmented by
same observer 3 months apart;
Inter-rater reliability « of KE and TD;

ters bias 4%, precision —20%;
Inter-rater reliability weighted
kappa: in-plane KE k =1, distal A-
wave KE drop 1k =0.63, and TD
from base to mid k = 0.67

Inter-observer: « of inflow pattern analy-
nrewP Y =068
sis
Qualitative assessment of segmentation
process by radiologist, cardiac surgeon, Small qualitative differences

masters student in more than 3 cases

E-wave vorticity ICC =0.94;

Inter-observer: ICC of LV vorticity A-wave vorticity ICC = 0.93

Intra-observer: two blinded assessments

Intra-observer: CV of flow compo-
by same observer one month apart;

nents 3.6-6.1%;
Inter-observer: CV of flow compo-
nents: 2.6-5.7%

Inter-observer: two observers performed
assessment on same dataset inde-
pendently

Intra-observer: LV flow component
with dobutamine ICC =0.99;
Inter-observe: LV flow component
with dobutamine ICC = 0.80-0.91

Determination of presence of vor-
tex: k =0.867;
Estimation of vortex features: CV
distance to vortex core, 0.83; vortex
area, 0.85; sphericity index of the
vortex, 0.94; p <0.01

ICC of LV flow component

Inter-observer: k or CV for the determina-
tion of the presence of an intra-LV vortex
and vortex features

CV: coefficient of variability; ICC: intra-class correlation coefficient; i: Cohen’s weighted kappa; KE:
kinetic energy; RTDc: residence time distribution constant; TD: time difference.

3.8. Validation Methods

Validation of 4D-flow derived flow parameters was specifically reported in only one

study through the use of a separate phantom experiment performed using the same meth-
odology [28]. In this study, KE was evaluated in the four heart chambers in athletes and
sedentary healthy individuals. KE was validated using a phantom setup consisting of a
water tank for vortex ring generation and a water pump. Velocities were then measured
using 4D-flow and particle imaging velocimetry (PIV). Downsampling of measured data
was also performed to assess effects of reduced temporal and spatial resolutions. Very
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high correlation was found between KEs measured by 4D-flow and PIV (R? = 0.99, mean
+25D: -0.02 + 0.12 m]). Reduced temporal and spatial resolutions both resulted in lower
KE peak using both methods (by approx. 1-2 m]). Mitral E/A ratio is a well-established
parameter for quantification of diastolic function [29] and was evaluated in one study for
comparison between two-dimensional phase-contrast (2D-PC) and 4D-flow parameters
[23]. While not reported specifically as validation, the authors compared 4D-flow meas-
ured diastolic KE,,,, (KE indexed to EDV) with 2D-PC measured mitral E/A ratio and

found statistically significant positive correlation between the two parameters (r = 0.77, p
<0.01), suggesting the validity of the 4D-flow derived parameter for quantifying diastolic
function [23].

3.9. Novel Flow Parameters

Novel LV flow parameters investigated by the included studies were ventricular ki-
netic energy (12 studies), LV flow components (5 studies), LV vortex morphology (4 stud-
ies), LV vorticity (4 studies), viscous energy loss (4 studies), LV haemodynamic forces (4
studies), residence time distribution (1 study), and turbulent KE (1 study). Table 2 sum-

marises the flow parameters and their clinical applications in the studies.

Table 2. Summary of flow parameters and clinical applications.

Novel Flow . Number Clinical e Metrlcs Most
Definition . . . Current Limitations Likely to Have
Parameter of Studies Applications . . .
Clinical Potential
Work per- Ageing; is- Reported Variab'ly
formed on . as raw value or in- .
Kinetic en- blood to accel- chaemic heart dexed values, and KE indexed to
. rate it from 12 disease; heart raced ! Fat LVEDV at peak E-
crey erate It o failure; sex dif- asaveragec ora and A-filling
stationary to a specific cardiac
. ferences; athletes
specific speed phases
R ted variabl
. eportec variably Flow component
Blood compo- Ischaemic heart as volume propor-
1 . . volume as a propor-
Flow com nents with dif- disease; heart tional to total flow tion of total flow
ferent flow 5 failure; LV dys- volume or LVEDV;
ponents .. . volume or LVEDV;
paths over a synchrony; do- limited studies .
cardiac cycle butamine stress uantifying compo- component KE in-
y quantiiying comp dexed to LVEDV
nent KE
h 1 i
5 .a pe ?catlon, AVSD; heart fail- o . .
orientation and . . Limited studies; no Vortex location rela-
Vortex mor- . . ure; diastolic . .
dimension of 4 . standardised meas- tive to MV, vortex
phology . . dysfunction; LV . .
the LV diastolic urement approach dimensions
dyssynchrony
vortex
Diastolic dys-
function associ-
Limited studies; un-
o Tendency for a ated with COPD it .e s'u. 168 u.n ..
Vorticity . 4 certain clinical util- Vorticity
fluid to rotate and pulmonary it
hypertension; y
sex differences
Viscous en- Loss of me- 4 AVSD; LV dys- Limited studies; re- EL indexed to SV,
ergy loss chanical energy synchrony ported variably as EDV or BSA
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due to fluid indexed to SV, EDV
viscosity and or BSA; uncertain
friction value as a
standalone metric
Forces ex-
changed be- Dilated cardio- Limited studies; un- .
Haemody- L. ) Haemodynamic
. tween the myo- myopathy; LV certain clinical util- )
namic forces . . force ratio
cardium and dyssynchrony ity

Residence
time distri-
bution

Turbulent
kinetic en-

ergy

blood

Cumulative
distribution of
time it takes for
blood to transit
through a heart
chamber and
exit

Kinetic energy
that counts for
variations in
the magnitude

Dilated cardio-
myopathy

Dilated cardio-

Limited studies, un-
certain clinical util-

ity

Limited studies, un-

Residence time dis-
tribution constant

Turbulent kinetic

of blood flow certain clinical util-
velocity that myopathy ity energy
leads to the ap-
pearance of
vortices

3.9.1. Ventricular Kinetic Energy

Transient kinetic energy (KE) or kinetic energy due to the time-varying components
of the flow velocity is the work performed on blood in order to accelerate it from station-
ary to a specific speed. The transition in the flow velocity is associated with energy dissi-
pation of the whole blood circulation; therefore, KE can be seen as a measure of blood
flow efficiency. It has been suggested that by quantifying KE within the left ventricle, sub-
tle and early changes in cardiac function may be detected prior to any clinical symptoms
or obvious ventricular remodelling or dysfunction that is detectable by conventional
means, potentially benefiting early diagnosis and intervention [2]. LV KE can be calcu-
lated using velocity measurements obtained from 4D-flow MRI by summation of KE of
each voxel element over the total number of voxels covering the LV [24]:

KE = 2%, pv?W, (1)

where p is blood density, v is the blood velocity vector, V;, is the n-th voxel volume. Re-
porting of KE in literature is heterogeneous, with outcomes reporting variably as raw val-
ues, or indexed to various LV parameters including EDV, SV and LV mass, or to body
surface area (BSA). KE has been investigated in normal physiological ageing [15,23], is-
chaemic heart disease and heart failure [13,17,24,30], different sex [31,32], athletes [28],
and healthy individuals [19,21,22].

Two studies reported LV KE measurements for ageing. Ageing has been associated
with decreasing LV compliance, which in turn has an important role in ventricular filling
efficiency [21,33]. Both studies found a decrease in KE relating to ageing, especially during
early diastolic filling. Wong et al. [15] quantified LV KE in 35 healthy adults and children
(age 1 to 67 years) and 10 adults with LV dysfunction (age 28-79 years). In the healthy
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cohort, peak early diastolic KE indexed to instantaneous ventricular volume showed a
negative correlation with age (R? = 0.545, p < 0.0001), while peak systolic KE was very
weakly positively correlated with age (R?=0.206, p = 0.007). Mean early diastolic KE was
significantly different between age groups (p = 0.0001) but there was no significant differ-
ence in mean systolic KE. Peak early diastolic KE in the LV dysfunction cohort showed
similar magnitude to older healthy adults (p = 0.254). KE indexed to LV mass was found
to be distinctively different between either end of the LV mass spectrum, suggesting a
potential confounding effect on KE measurements of different heart sizes. Similar associ-
ation between diastolic KE and age was found in 53 healthy adults aged 45 + 17 years by
Crandon et al. [23], who reported diastolic KE indexed to LVEDV (KE_ ), found that

increasing age resulted in statistically significant decline in peak E-wave KE,_ , while

peak A-wave KE, increased, resulting in declining KE_  E/A ratio with increasing age

EDV

(p <0.05). Importantly, the 4D-flow measured KE_, E/A ratio showed good correlation

EDV
with the 2D mitral inflow E/A ratio (r = 0.77, p < 0.01). There was no association between
systolic KE .., and age. When reported as raw values (i.e., without indexation to any LV

volume), there was no statistically significant age-related difference in any of the reported
KE parameters.

Ischaemic heart disease is highly prevalent globally and carries significant mortality
and morbidity [34]. LV remodelling secondary to acute myocardial infarction (AMI) or
chronic ischaemic heart disease plays an important role in LV haemodynamics and overall
prognosis [24]. Whilst regional wall motion, LV size and LVEF can be characterised with
conventional methods, these metrics may not correlate adequately with clinical compen-
sation and prognostication [35,36]. KE has been proposed in four studies as a novel
method to quantify cardiac function in patients with ischaemic heart disease. The studies
found reduced early diastolic KE in patients, which potentially contributed to the for-
mation of LV thrombus (LVT). Findings were less consistent with late diastolic or systolic
KE. Garg et al. [24] examined 48 patients (22 post-AMI, 26 with chronic ischaemic heart
disease) against 20 healthy controls. Global, systolic and diastolic peak E-wave KE.

iEDV
were all found to be significantly lower in patients compared to controls (p =0.02, p <0.01,
p = 0.02 respectively). Peak A-wave KE_ was not different between the two groups (p =

0.22). In addition, systolic KE,_ = decreased significantly with decreasing LVEF. Time dif-

ference (TD) to peak E-wave KE was significantly higher in the patient group (p < 0.01).
Differences in KE were also observed between patients with preserved LVEF and controls,
suggesting the presence of cardiac dysfunction despite apparently normal LVEF. In a sep-
arate study, Garg et al. [17] quantified KE in post-MI patients with or without LVT and
compared against age-matched and younger controls. The most significant finding was
the delayed wash-in of LV during diastole as quantified by TD of peak E-wave KE prop-
agation from LV base to mid-cavity which increased from healthy controls to patients
without LVT, and further increased from patients without LVT to those with LVT (overall
ANOVA between groups <0.001). No difference in TD was observed between younger
and aged-matched controls (p = 0.52). Furthermore, in-plane KE as a proportion of total
KE was higher in patients with LVT than those without (p = 0.002), further supporting the
notion that patients with LVT had reduced through-plane flow hence global wash-in. Re-
duced through-plane flow in post-MI patients was also identified by Corrado et al. [13].
Their study did not find a difference in KE, between patients and healthy controls;

however, only the KE,_ averaged over the entire cardiac cycle was reported, while dif-
ferences in KE_, were identified at specific cardiac phases by the other two studies. In

Kanski et al. [30], KE was quantified in patients with ischaemic heart disease with LVEF
< 40% and healthy controls. Systolic averaged KE,,,, was found to be lower in patient

cohorts (p = 0.025) but no difference between patients and controls in diastolic averaged



J. Cardiovasc. Dev. Dis. 2022, 9, 304

11 of 19

KE,,, (p = 0.41). When indexed to SV, both systolic- and diastolic-averaged KE, were

higher in patients compared to the control (p < 0.0001).

Other usage of KE has been in comparing diastolic function between elite athletes
and healthy but sedentary individuals (higher early diastolic KE reported as raw values
in athletes, p = 0.04 likely associated with larger LV mass) [28]. Studies comparing cardiac
function between healthy males and females were less consistent. One study reported
higher peak systolic KE in males than females (p = 0.047) when reported as a raw value,
but when indexed to SV, the difference was not significant (p = 0.353) [31]. A second study
by the same research group found statistically significantly higher systolic and diastolic
KE,, in males than females (p =0.04, p = 0.07 respectively), but no difference when KE was

indexed to EDV [32]. Potential reasons for the discrepancies included inadequate sample
size, physiological variations between studies, and potential confounding effects of dif-
ferent heart sizes and volumes, making some KE metrics less suitable for reporting.

3.9.2. Flow Components

LV flow components were first identified and delineated using 4D-flow MRI and
particle trace analysis by Bolger et al. [37] in 17 healthy individuals. By tracing the flow
paths of imaginary particles through the velocity field acquired by 4D-flow MRI within
the LV, pathlines were created to visualise the movement of blood over a cardiac cycle.
Four components of LV flow were identified as direct flow (DF), retained inflow (RI), de-
layed ejection flow (DE), and residual volume (RV), with DF and DE constituting ejecting
volume, and RI and RV the non-ejecting volume. KE of each component can also be cal-
culated by integration over the path lengths. DF was found to be the most efficient com-
ponent with the shortest path length from mitral orifice to the LV outflow tract (LVOT)
while retaining most of its KE, thus requiring the least LV energy for ejection. Alterations
in the relative makeups of the flow components as well as their KEs have since been used
to quantify ischaemic heart disease and heart failure [8,13], LV dyssynchrony [38], and the
effect of dobutamine on cardiac efficiency in healthy subjects [25].

DF component was the most impacted in patients with ischaemic heart disease with
or without reduced systolic function and LV remodelling. Svalbring et al. [8] attempted to
use flow components to detect subtle LV remodelling in a study involving 26 patients
with no to mild LV remodelling or reduced systolic function and no more than New York
Heart Association (NYHA) Class II symptoms, with 10 healthy subjects. The volume of all
four components increased with LVEDV (r = 0.64, 0.77, 0.75 and 0.86 for DF, DE, RI and
RV, respectively; p < 0.005 for all four comparisons). Proportion of DF relative to LVEDV
decreased with increased LVEDV index (LVEDVI) and LVESV index (LVESVI). Propor-
tions of DF and non-ejecting components KEs relative to total EDV KE at end diastole
decreased and increased, respectively, with increased LVEDVI and LVESVI. LVEF was
positively correlated with DF volume and KE (r = 0.68, p < 0.001 and r = 0.47, p < 0.05,
respectively), while negatively correlated with non-ejecting volume and KE (r=-0.74, p <
0.001 and r = -0.44, p < 0.05, respectively). Similarly, Corrado et al. [13] found in patients
post-AMI with reduced EF vs. healthy controls, DF volume as a proportion of total flow
volume was significantly lower in the patient cohort, while all the other flow components
were higher compared to controls (DF: 26% vs. 58%, p =4 x 10-8; RI: 24% vs. 15%, p=0.0003;
DE: 18% vs. 16%, p = 0.005; RV: 29% vs. 7%, p = 6 x 10).

Heart failure with left bundle branch block (LBBB) results in dyssynchronous LV
contraction and relaxation and is associated with higher mortality and morbidities. Car-
diac resynchronisation therapy (CRT) is a potentially beneficial therapy with proven mor-
tality benefits in heart failure patients with LBBB, but a significant proportion of patients
remain non-responders [39,40]. Zajac et al. [38] proposed flow components as potential
functional biomarkers for better characterisation of LV dyssynchrony that may also pre-
dict response to CRT. The study included 22 patients with or without LBBB (50:50 split),
and quantified LV flow by its four components, and for each component quantified
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contribution from E- and A-filling. The study found that while there was no difference in
the volume of each flow component between the two groups, the end diastolic KE of DF
overall and the E-filling component of DF was lower in the LBBB group (p = 0.008, p =
0.017 respectively). There was no difference between groups in the end diastolic KE of the
A-filling component of DF and the remaining flow components. The findings suggested
that LV dyssynchrony impacted on early diastolic filling, while late diastolic filling was
less affected due to reliance on atrial contraction. The authors speculated that impaired
DF KE could potentially be investigated as a predictor of responsiveness to CRT. Sundin
et al. [25] investigated the effect of dobutamine in 12 healthy subjects and found that DF
as a proportion of LVEDV increased by 16% (p < 0.001) post-dobutamine administration,
while DE and RV reduced by 4% (p < 0.001) and 11% (p < 0.001) respectively, and RI had
no significant change (p = 0.43). However, KE_ , at end-diastole increased for all four flow

components (DF from 7.7 + 3.0 to 21.0 £ 5.4 uJ/mL; RI from 3.7 £ 1.4 t0 9.6 + 3.1 pJ/mL; DE
from 5.8 £2.5t0 13.6 = 6.0 pJ/mL; RV from 1.5+ 0.5 to 2.8 + 1.0 pJ/mL; p <0.001 for all four
components). Overall, there appears to be consistency between studies on finding the im-
pact of LV function on DF volume proportional to LVEDV and flow component KE.

3.9.3. LV Vortex Morphology

A vortex is a 3D structure where fluid particles rotate about a common axis [26]. Con-
centrated vortices are observed in many natural phenomena, and a frequently observed
type of concentrated vortex is the vortex ring, which is a tube-like vortical structure closed
in a ring moving in isolation to the surrounding fluid known for its compactness and sta-
bility [26,41,42]. LV diastolic filling vortex ring is a well-recognised structure which is
thought to contribute critically to blood pumping efficiency [43]. Furthermore, 4D-flow
MRI has been proposed as a suitable modality to characterise this complex, dynamic 3D
structure in the LV. In 24 healthy subjects, Elbaz et al. [26] identified two distinctly sepa-
rate vortex rings associated with E-filling and A-filling. Both vortex rings were compact
and quasi-torus shaped and related closely to the mitral valve leaflets with the A-filling
ring located closer to the valve. Orientations of the two vortex rings in relation to the LV
axes were similar. E-filling is associated with the passive diastolic filling of the LV due to
ventricular relaxation, while A-filling is associated with the contraction of the atrium in
late diastole (Figure 2). Abnormalities of E- and A-filling are markers of diastolic dysfunc-
tion [44], which may be reflected in abnormal vortex formation. Calkoen et al. [45] found
that mitral valve morphology impacted on vortex formation. In 32 patients with surgically
corrected AVSD, 26 patients had a compact albeit more deformed E-filling vortex and
similar vortex formation time (VFT) compared to healthy controls, while 6 patients did
not have an E-filling vortex. These patients had altered or smaller mitral valve opening,
higher peak velocity through valve and prolonged VFT compared to healthy control, sug-
gesting that surgical approach and impact on mitral valve morphology during AVSD re-
pair could potentially impact on diastolic filling efficiency. Suwa et al. [18] analysed vortex
morphology comparing patients with preserved and impairment LV function. In LV with
preserved function, compact vortex rings were again identified located close to the mitral
valve leaflets during both E- and A-filling without continuation between the two phases.
No vortex was seen during systole. In the setting of impaired LV function, the diastolic
vortex formed more distally to the mitral valve towards the apex and was larger and less
compact. The vortex formed during E-filling and continued throughout diastole without
dissipation. In addition, 57% of the patients exhibited a systolic vortex. Distance to vortex
core (from atrio-ventricular junction) and vortex area both correlated strongly with
LVEDV (r=0.66 and 0.73, p <0.01), LVEF (r=-0.74 and —0.68, p < 0.01), LV sphericity index
(r=-0.60 and —0.65, p < 0.01), and peak filling rate (r =-0.61 and —0.64, p <0.01). Miyajima
et al. [11] found that in the presence of LBBB vortex rotational direction was reversed and
was associated with higher energy loss, potentially indicating less efficient LV haemody-
namics from non-physiological vortex rotation due to LV dyssynchrony.
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Figure 2. LV vortex structures visualised as isosurfaces in red colour using the Lambda2 method
over the diastolic phase of a sample normal subject (f1-19), with E-filling onset (x), peak (y) and end
(z), and A-filling onset (u), peak (v), and end (w) marked on the flow rate time curve (top panel).
The compact vortex ring formed between early (£3) and late (f7) diastolic filling became most devel-
oped during early- (£5) and A-filling (f18), and continued to the end of late filling (£19) [26]. Permis-
sion to reproduce obtained under the Creative Commons Public Domain Dedication waiver via
Springer Nature.

3.9.4. LV Vorticity

Vorticity is the measurement of the tendency for a fluid to rotate. In two studies,
Schifer et al. [27,46] investigated the potential of LV vorticity as a biomarker for diastolic
dysfunction. Both studies found that peak E-wave vorticity was significantly lower in the
patient cohort but with no difference in peak A-wave vorticity between patients and con-
trols. In one study with patients with pulmonary hypertension [27], E-wave vorticity was
correlated with LV eccentricity index, and diastolic vortex was absent in patients, suggest-
ing an interventricular interdependence between LV and RV, and reduced LV vorticity
and vortex formation due to septal deviation. No correlation was found between E-wave
vorticity and LV chamber size, volumes or cardiac output. In the other study with patients
with chronic pulmonary obstructive disease (COPD) [46], E-wave vorticity was lower in
patients compared to controls even in the absence of apparent diastolic dysfunction (DD)
as assessed by TTE (COPD with LVDD vs. COPD without LVDD vs. control: 2419 vs. 4075
vs. 7891, p <0.0001 for both patient cohorts comparison with controls), suggesting the po-
tential of vorticity in diagnosing subclinical LV dysfunction. In healthy subjects, Pewowa-
ruk et al. [32] and Rutkowski et al. [31] both found that healthy females had higher LV
vorticity than males; however, they did not appear to influence cardiac output or energy
transfer from LV to the aortic outflow tract.

3.9.5. Viscous Energy Loss

Viscous energy loss (EL) is the loss of mechanical energy mainly to thermal energy
due to fluid viscosity and friction. The preservation of energy within the LV is thought to
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be indicative of blood pumping efficiency [47]. In Elbaz et al. [47], two peaks of EL,, were

identified during diastole which correlated with E-filling and A-filling peaks of flow rate
and KE. Patients with corrected AVSD had significantly higher EL,, than healthy controls

during peak and average E- and A-filling (p < 0.001). Patients with higher EL. also had

an abnormally oriented diastolic vortex ring, while vortex ring orientations were similar
between patients and controls with similar EL . The highest EL , was found in patients

without a vortex ring, highlighting the role of diastolic vortex in LV diastolic efficiency.
Miyajima et al. [14] also found higher EL in patients with LBBB than those without LBBB,
again suggesting the impact of LV dyssynchrony on cardiac efficiency. The role of dias-
tolic vortex in preserving LV energy was also evaluated in Nakaj et al. [22]. The vortex in
healthy subjects appeared to facilitate smooth ejection of blood out of the LV with minimal
change in EL . In addition, there appeared to be a statistically significant but weak to

moderate association between RV SV and LV EL (r =0.4795, p = 0.040), suggesting that RV
plays a role in regulating systemic blood flow energy dynamics. However, this association

was not found with LV EL . ,, highlighting the uncertainty around reporting of the metric.

Pewowaruk et al. [32] did not find significant differences in EL, or EL_  between

healthy females and males (p = 0.24 and 0.13 respectively).

3.9.6. LV Haemodynamic Forces

Haemodynamic forces are exchanged between the myocardium and blood which
drive intracardiac blood flow. LV haemodynamic forces are computed by integrating the
pressure gradient over ventricular volume [48]. Direction and the degree of dispersion of
haemodynamic forces appeared to be important metrics. Eriksson et al. [49] found that in
patients with dilated cardiomyopathy (DCM), distribution of force directions measured
by force ratio (short-axis max force/long-axis max force) were greater compared to healthy
controls in both early and late diastolic filling (p <0.0001, p <0.03, respectively). Force ratio
during early diastolic filling was also higher when comparing DCM patients with appar-
ently normal diastolic function and healthy controls (p < 0.0001), but not during late dias-
tolic filling (p =0.0903). Similar findings were also reported in a separate study by Eriksson
et al. and by Arvidsson et al., and both found early diastolic force ratio to be higher in
patients with LBBB compared either to patients without LBBB [50] or healthy controls [16].
The findings suggested that in a pathological LV, greater proportion of the haemody-
namic forces were distributed transversely orthogonal to the main flow directions in the
ventricle, reducing LV pumping efficiency. Heart size apparently had no impact on hae-
modynamic forces as investigated by Arvidsson et al. [48] in athletes and non-athletic
healthy subjects.

3.9.7. Residence Time Distribution

Costello et al. [3] proposed residence time distribution (RTD) as a novel metric for
ventricular function. RTD is the cumulative distribution of time it takes for blood to transit
through a heart chamber and exit. It is routinely used in chemical reactors to evaluate
mixing and flow efficiency. In 32 patients with dilated cardiomyopathy and healthy sub-
jects, RTD was found to be significantly higher and more variable in patients compared
to controls (2.2 + 0.80 vs. 1.2 £ 0.13, p < 0.001). There was also strong correlation between
RTD and LVEF (R =-0.843, p <0.001) across both patients and controls, and strong corre-
lation between RTD and global longitudinal strain (R = 0.786, p < 0.001), suggesting a
strong relationship between myocardial deformation and blood flow efficiency. The au-
thors suggested that RTD may have diagnostic values in early LV dysfunction but will
require further evaluation.
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3.9.8. Turbulent Kinetic Energy

Turbulent kinetic energy (TKE) is the kinetic energy that counts for variations in the
magnitude of the blood flow velocity, where the flow’s viscous forces dominate over in-
ertial forces and lead to the appearance of vortices, resulting in the dissipation of kinetic
energy and drop in pressure gradient. High values of TKE can be interpreted as an indi-
cation of blood flow abnormalities which can cause regional or global adverse effects on
the cardiovascular system [51]. Zajac et al. [51] found that in patients with dilated cardio-
myopathy, peak TKE was significantly higher during late diastolic filling compared to
healthy controls (3.0 + 1.8 vs. 1.5 + 0.8 m], p = 0.02). However, there was no difference in
peak TKE between groups during early diastolic filling. LV diameter during diastole was
greater (p <0.001), and mitral annular diameter was larger during late diastolic filling (p =
0.09) but not early diastolic filling (p = 0.35) in DCM patients compared to control. The
reason for TKE differences between patients and controls only being observed during late
diastolic filling was suggested to be due to higher or rising LV pressure from greater re-
tained flow and abnormal vortex formation during late diastole in DCM patients.

4. Discussion

In this systematic review, we analysed current literature using 4D-flow MRI-derived
flow parameters to quantify LV function. To the best of our knowledge, this is the first
review which systematically summarised the use of 4D-flow derived parameters for the
quantification of LV function with a clinical focus [2,7,12,52-54]. Overall, we found that
all studies that met our criteria were small-scale, cross-sectional feasibility or pilot studies
establishing the potential of the flow parameters. The large amount of heterogeneity be-
tween studies greatly limited quantitative inter-study comparison, limiting the evaluation
of the readiness of any of the flow parameters for clinical application. The main findings
of the review are: (1) the generalisation of 4D-flow MRI in clinical applications has been
limited by the lack of standardisation in protocol, methodology and analysis approaches,
which also limited the inter-study assessment of clinical applicability of 4D-flow derived
flow parameters; (2) energy related flow parameters, flow components and LV vortex
were most studied and showed potential in detecting early diastolic dysfunction or subtle
LV remodelling; (3) other flow parameters remain in early exploratory stage and will re-
quire further studies to evaluate their clinical utilities.

A major factor currently limiting the broader clinical use of 4D-flow MRI is the lack
of standardisation in protocol, methodology and analysis [10,55], which is consistent with
our findings. The pulse sequence parameters and resultant image resolutions were heter-
ogeneous across the studies but were within recommended parameters [56], likely due to
differences in scanner types, magnet strength, acceleration methods, and local experience
(Table S2, Supplementary Material), and it was not possible to directly compare the clini-
cal impact of these differences between studies. Image analysis tools were various with
many in-house modules and methodologies that would be difficult to generalise or trans-
late. Quantification of intraventricular flow is challenging, and the process of segmenta-
tion, image registration, visualisation and quantification is typically onerous and requires
considerable training and expertise. Each of these steps entails considerable detail, which
is often not fully reported, and variations in analysis or measurement approach could lead
to a large variance in measurements. Homogenisation of acquisition and processing are
clearly key for future translation in this space [55].

Reporting of reproducibility was variable, although some studies referenced previ-
ous works where intra- or inter-observer reproducibility was performed on conventional
MR parameters. Scan-rescan reproducibility is considerable especially for KE (CV up to
29%), with differences attributed primarily to physiological variations. There is a lack of
validation of novel flow parameters; however, this is difficult in view of the lack of appro-
priate gold standard comparators. Another limiting factor for clinical applicability is the
long scan time. Despite most studies reporting the use of parallel imaging and acceleration
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methods, the range of reported scan times was mostly 5-25 min, with one outlier study
reporting scan time up to 57 min [49]. The upper end of this range may still be too long
for some clinical settings.

Many novel flow parameters have been proposed, amongst which KE appeared to
be the most studied. While there was overall consistency in findings between studies, it
was not possible to quantitatively compare the results due to significant heterogeneity in
study design, subject demographics and metrics reported. KE was reported variably as
raw values, or indexed to LV volumes, LV mass or to flow component volumes, and as
peak or averaged values, with occasionally confounding results between the metrics. As
a result, it remains unclear which is the most suitable and clinically applicable method for
reporting, although KE,,, measured at peak E- and A-filling appeared to show most con-

sistency based on the included studies. Other energy-related metrics (EL and TKE) also
showed promise but will require further evaluation to demonstrate their standalone val-
ues. Based on the reported findings in relevant studies, each parameter may only be suit-
able for quantification of certain cardiac phases. For example, there was no difference
found in TKE between patients and controls during early diastolic filling, while significant
difference in EL was found across the whole diastolic phase. Significant differences in KE
between patients and controls were also primarily found in early diastolic filling and were
less consistently in late diastolic filling and systole. Flow components analysis is a novel
method for quantitative assessment of LV diastolic function, and other parameters such
as KE can be computed on each component to provide further insights. While there ap-
pears to be consistency between studies on flow components analysis, the small sample
size limited their study power. Further splitting of flow components may also be useful
in regional flow analysis. Similarly, LV vortex morphology is a promising qualitative and
quantitative method which has the potential to provide insight into flow behaviour in
healthy and pathological states as well as interaction between blood flow and anatomical
structures including the mitral valve, which may have implications on future surgical ap-
proaches. Limited studies exist for vorticity, haemodynamic forces and RTD, and these
parameters will require further investigation to assess clinical relevance and applicability.

Furthermore, 4D-flow MRI remains a relatively new technique, and the use of 4D-
flow MRI-derived flow parameters to evaluate the LV is still in an exploratory phase.
Based on existing literature, it remains unclear how these flow parameters can be best
applied in clinical applications. Future directions of research will likely need to involve
larger-scale, prospective studies to further validate the diagnostic values of each novel
parameter. To enable this, the development and standardisation of acquisition and anal-
ysis protocols, methodologies and software tools will be required. A large-scale, multi-
centre trial (4D-flow MRI for Cardiovascular Evaluation (4DCarE), Australia and New
Zealand Clinical Trials Registry number 382990, Universal Trial Number U1111-1270-
6509) currently underway in our research group aims to address some of these aspirations.
Furthermore, 4DCarE, with a target recruitment size of 800-1000 participants, aims to
evaluate the non-inferiority of 3D (4D-flow and 3D-cine) to 2D (2D-phase contrast and
short-axis cine) acquisition techniques in clinical evaluation of cardiac function and pa-
thologies. The trial also aims to evaluate the feasibility of a standardised image analysis
process using commercially available analysis software to improve cost-effectiveness and
generalisation. Leveraging the size of the study cohort, the trial will also aim to investigate
the clinical applicability of 4D-flow derived novel flow parameters through a series of
sub-studies. Achieving the trial objectives will potentially make possible broader clinical
application of 4D-flow acquisitions, reduced time, effort and cost of image acquisition and
analysis, and broader systematic evaluation of novel flow parameters derived by 4D-flow.
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5. Conclusions

In summary, 4D-flow MRI has great potential to provide invaluable insights into LV
function, and many novel flow parameters have been proposed. Current relevant litera-
ture consists of small-scale feasibility or pilot studies with considerable heterogeneity in
study design, methodology and data reporting. There remains considerable work to
standardise image acquisition protocols and analysis methodologies, and larger-scale
studies are required before any novel LV flow metrics can be translated to clinical appli-
cations.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/jcdd9090304/s1, Table S1—Study list, clinical applicability,
population demographics, and quantitative parameters; Table S2—4D-flow MRI sequence parame-
ters.
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