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to derive peak mitral inflow diastolic velocities
using short-axis cine stack: two centre validation
study against echocardiographic pulse-wave
doppler
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Ahmed Maiter*, Gareth Archer?, Peter P. Swoboda®, Chris Sawh?, Alisdair Ryding? Faye Nelthorpe?,
Bahman Kasmai?, Fabrizio Ricci®, Rob J. van der Geest’, Marcus Flather', Vassilios S. Vassiliou'?,
Andrew J. Swift** and Pankaj Garg'**"

Abstract

Background Measurement of peak velocities is important in the evaluation of heart failure. This study compared the
performance of automated 4D flow cardiac MRI (CMR) with traditional transthoracic Doppler echocardiography (TTE)
for the measurement of mitral inflow peak diastolic velocities.

Methods Patients with Doppler echocardiography and 4D flow cardiac magnetic resonance data were included
retrospectively. An established automated technique was used to segment the left ventricular transvalvular flow using
short-axis cine stack of images. Peak mitral E-wave and peak mitral A-wave velocities were automatically derived using
in-plane velocity maps of transvalvular flow. Additionally, we checked the agreement between peak mitral E-wave
velocity derived by 4D flow CMR and Doppler echocardiography in patients with sinus rhythm and atrial fibrillation
(AF) separately.

Results Forty-eight patients were included (median age 69 years, IQR 63 to 76; 46% female). Data were split into
three groups according to heart rhythm. The median peak E-wave mitral inflow velocity by automated 4D flow

CMR was comparable with Doppler echocardiography in all patients (0.90 £ 0.43 m/s vs 0.94 £ 048 m/s, P=0.132),
sinus rhythm-only group (0.88 +0.35 m/s vs 0.86£0.38 m/s, P=0.54) and in AF-only group (1.33£0.56 m/s vs
1.184+0.47 m/s, P=0.06). Peak A-wave mitral inflow velocity results had no significant difference between Doppler
TTE and automated 4D flow CMR (0.81 £0.44 m/s vs 0.81 +0.53 m/s, P=10.09) in all patients and sinus rhythm-only
groups. Automated 4D flow CMR showed a significant correlation with TTE for measurement of peak E-wave in all
patients group (r=0.73, P<0.001) and peak A-wave velocities (r=0.88, P<0.001). Moreover, there was a significant
correlation between automated 4D flow CMR and TTE for peak-E wave velocity in sinus rhythm-only patients (r=0.68,
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both parameters.

underestimate peak velocity in patients with AF.

P<0.001) and AF-only patients (r=0.81, P=0.014). Excellent intra-and inter-observer variability was demonstrated for

Conclusion Automated dynamic peak mitral inflow diastolic velocity tracing using 4D flow CMR is comparable to
Doppler echocardiography and has excellent repeatability for clinical use. However, 4D flow CMR can potentially

Keywords 4D flow CMR, Artificial intelligence, Peak velocity, Mitral valve, Doppler echocardiography

Introduction

The prevalence of heart failure (HF) is rising glob-
ally, affecting around 64.3 million people, with an
age-standardised prevalence rate of 831 per 100 000
people [1, 2]. Echocardiography is usually the first
imaging test performed to obtain information about
left ventricular (LV) size and function, including LV
ejection fraction (LVEF). Regardless of LVEF, which is
preserved in almost half of the patients (heart failure
with preserved ejection fraction, HFpEF) [3], an ele-
vated LV filling pressure (LVFP) is almost always pre-
sent in patients with HF to compensate and maintain
the cardiac output [4]. Cardiac catheterisation remains
the gold standard for LVFP estimation, although non-
invasive methods of assessment have shown promis-
ing results [5, 6]. One of the diastolic indices used in
haemodynamic measures for LVFP estimation is the
mitral peak E-wave (peak velocity of transmitral blood
flow in early LV diastole) and A-wave (peak mitral
inflow velocity in late diastole due to atrial contrac-
tion) velocities. Mitral E-wave velocity represents the
passive blood flow from the left atrium (LA) to LV,
and mitral A-wave velocity reflects blood flow gener-
ated by active atrial contraction [7]. Any changes in
LA contractility, LV compliance, or pressure gradient
between LA and LV will result in an abnormal LVFP.
Estimation of LVFP is crucial to diagnose and monitor
the response to treatment in patients with HF.

Four-dimensional (4D) flow cardiac magnetic reso-
nance imaging (CMR) is emerging as an important tool
for LVFP estimation [5]. Compared to traditional Dop-
pler echocardiography, 4D flow CMR provides a more
precise and reproducible assessment of cardiac cham-
ber function and volumes [8—11], especially in cases
where echocardiographic windows can be challenging,
yielding unreliable results [12].

This multicenter study sought to develop and evalu-
ate the feasibility and accuracy of automated 4D flow
CMR against Doppler echocardiography in estimating
peak mitral inflow diastolic velocities using short-axis
cine stack and examine its reproducibility.

Methods

Study cohort

This retrospective observational study included
patients from the multicentre EurValve project (http://
www.eurvalve.eu/) at Sheffield, UK and the Norfolk and
Norwich University Hospital in Norwich, UK.

Inclusion criteria

Adult patients with diagnosed HF who were sta-
ble as outpatients and had 4D flow CMR and stand-
ard Doppler echocardiography data were recruited
for both sites. The exclusion criteria were limited to
patients with severe aortic regurgitation and any MRI
contraindications.

Echocardiography

All echocardiograms were performed according to the
British Society of Echocardiography guidelines for TTE
examination [13]. For peak E-wave (early-filling) and
peak A-wave (late-filling during atrial contraction) flow
velocity measurements, pulsed-wave doppler TTE was
used. Both measures were taken at the level of the tips
of the mitral valve leaflets.

Cardiac magnetic resonance

For Norwich data, CMR was done on a 3 Tesla Discov-
ery 750w GE system (GE Healthcare, Milwaukee, WI,
USA) equipped with an 8-channel cardiac coil. For
Sheffield data, CMR was performed on a 3 Tesla Philips
Healthcare Ingenia system equipped with a 28-channel
coil and Philips dStream digital broadband MR archi-
tecture technology.

CMR protocol

The CMR protocol used included a baseline survey and
cines. Cine images were obtained during end-expira-
tory breath-hold with a balanced steady-state free pre-
cession (bSSFP) and single-slice breath-hold sequence.
This protocol also included short axis cine and long
axis cine SSFP in two-chamber, three-chamber and
four-chamber views. For each pulse sequence, images
with aliasing artefacts were repeated until any artefact
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Fig. 1 Peak mitral inflow velocity tracking on MASS using 4D flow CMR. The software automatically computes in-plane velocity maps within the
contoured area for the complete cardiac cycle. Automated analysis of the LV volumes from short-axis cine stack of images using standard methods
of endocardial and epicardial contours (a). Three-dimensional multi-planar reformatted plane showing the LV geometry in 3D (b). Short-axis cine
stack view and three-directional blood flow images showing mitral inflow as color-coded velocity maps on 4D flow CMR during diastole (c, d). Peak
mitral inflow velocity trace demonstrating peak E-wave and peak A-wave velocities (e)

was removed or excluded, and only the highest-quality
images were used for analysis.

4D flow CMR acquisition

The initial VENC setting was 150-200 cm/sec for all 4D
flow CMR acquisition cases. Generic MRI parameters
were similar on both Philips and GE systems. The field of
view was planned to cover the whole heart, aortic valve
and ascending aorta. The Philips system used echo-planar
imaging (EPI) acceleration factor of 5 with no respiratory
gating [10, 14]. On the GE system, HYPERKAT accelera-
tion with a factor of 2 was used [15]. Other standard scan
parameters were: field-of-view=340 mm x 340 mm,
acquired voxel size =3 x 3 x 3mm3, reconstructed voxel
size=1.5 x 1.5 x 1.5 mm3, echo time (TE)=3.5 ms, rep-
etition time (TR) =10 ms, flip angle=10°, and 30 cardiac
phases.

4D flow CMR image analysis

Transvalvular 4D flow analysis through the mitral valve
and peak velocity quantification were post-processed
with the in-house developed MASS research software

(MASS; Version 2019-EXP, Leiden University Medical
Center, Leiden, The Netherlands). The protocol we used
for peak mitral inflow velocity assessment is described
in Fig. 1. LV volumes were segmented in the stack of
short-axis cine images. Prior to quantification, any
spatial misalignment with cine superimposition was
manually corrected throughout the cardiac cycle. Peak
E-wave and peak A-wave mitral inflow velocities were
identified during diastole in the 4D flow data set and
were recorded.

The steps taken to identify the peak mitral inflow
diastolic velocities were as follows:

1. A multi-planar reformatted (MPR) stack of short-axis
cine images with 60 slices, 0 mm thickness, 2—3 mm
spacing and 90-degree angle was generated using the
initial centerline method.

2. Automated analysis of the LV volumes from cine
images using standard methods of endocardial and
epicardial contours in all phases was performed [16].

3. The software automatically computed in-plane veloc-
ity maps within the contoured area of mitral inflow
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and identified the peak velocity with the streamlines
for the complete cardiac cycle.

4. Finally, peak E-wave and peak A-wave velocities were
recorded from the maximum velocity graph gener-
ated by the software. Only the peak E-wave velocity
was recorded for atrial fibrillation (AF) patients.

More details of these steps are described in Additional
file 1: Figure S1.

Intra- and inter-observer variability

For intraobserver analysis, H.A. (2-years CMR expe-
rience) repeated the analysis for 30 cases after three
months. For interobserver analysis, a second investigator
R.L. (3-months CMR training), performed the analysis in
20 random cases.

Statistical analysis

Data analyses were performed using SPSS (version 28.0,
IBM, Chicago, Illinois, USA) and confirmed in MedCalc
(MedCalc Software, Ostend, Belgium version 20.011).
Continuous variables were expressed as median % inter-
quartile range (IQR). Normality and lognormality testing
was performed for all data using the Shapiro—Wilk test
before the analysis. The Wilcoxon test was performed to
compare the difference between the median mitral inflow
velocities measured by Doppler TTE and 4D flow CMR.
Correlations between the two imaging modalities were
evaluated using Spearman’s coefficient of rank correla-
tion (r) and reported with 95% confidence intervals (95%
CI). Bland—Altman plots were constructed to evaluate
the agreement between Doppler TTE and 4D flow CMR.
For intra-and inter-observer variability, reproducibility
analyses were performed and reported by the coefficient
of variation (CoV) using the logarithmic method. The sig-
nificance threshold was set at P<0.05.

Results

Patient characteristics

Forty-eight patients were included in this study (32 from
the EurValve project and 16 from Norwich). Patient
demographics and clinical characteristics are summa-
rised in Table 1. The median age was 69 years (IQR 63 to
76 years), and 54% were males. 83% were in sinus rhythm,
35% were hypertensive, and 20% were diabetic. Nearly
half of the patients (42%) were smokers. One-third were
in New York Heart Association (NYHA) class I (35%) and
IT (31%); 8% were in NYHA class III, and 4% had a pre-
vious history of myocardial infarction. Patients were on
a range of long-term medications, including beta-block-
ers and diuretics (45%), angiotensin-converting enzyme
inhibitors (19%), angiotensin receptor antagonists (8%),
and calcium channel blockers (6%).
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Table 1 Demographic variables of the 48 patients included in

this study
Characteristics Median £1QR
or N (%)
Age (years) 69+12
BSA (m?) 18403
Gender (Male) 26 (54%)
Co-morbidities
Atrial fibrillation 8 (17%)
Diabetes mellitus 10 (20%)
Hypertension 17 (35%)
Previous myocardial infarction 2 (4%)
Current or Ex-smoker 20 (42%)
NYHA classification
NYHA| 17 (35%)
NYHA I 15 (31%)
NYHAII 4 (8%)
Medications
Beta-blockers 12 (25%)
Loop diuretics 5(10%)
Other diuretics 5(10%)
Calcium-channel antagonists 3 (6%)
Angiotensin-receptor antagonists 4 (8%)
Angiotensin-converting enzyme inhibitors 9 (19%)

Correlation

Automated 4D flow CMR strongly correlated with Dop-
pler TTE when measuring peak E velocity in all patients
(r=0.73, 95% CI 0.56-0.84, P<0.001) and peak A mitral
inflow velocity (r=0.88, 95% CI 0.79-0.94, P<0.001).
Moreover, there was a significant correlation between
automated 4D flow CMR and TTE for peak-E wave
velocity in the sinus rhythm-only group (r=0.68, 95% CI
0.47-0.82, P<0.001) and AF-only group (r=0.81, 95% CI
0.24-0.96, P=0.014). (Fig. 2).

Agreement

No significant differences were observed between Dop-
pler TTE and 4D flow CMR when measuring peak
mitral E-wave velocity in all cases (0.9440.48 m/s vs
0.90+0.43 m/s, P=0.13) and peak mitral A-wave veloc-
ity (0.81+0.44 m/s vs 0.81£0.53 m/s, P=0.09), respec-
tively. Moreover, the agreement remained the same
when measuring peak E-wave velocity in sinus rhythm-
only group (0.8840.35 m/s vs 0.86£0.38 m/s, P=0.54)
and in AF-only group of patients (1.33+0.56 m/s vs
1.18£0.47 m/s, P=0.06) (Table 2).

On Bland-Altman analyses, the mean bias in peak
E-wave velocity between Doppler TTE and auto-
mated 4D flow CMR in all patients was 0.05 m/s (95%
CI —0.37 to 0.46 m/s, P=0.14), sinus rhythm-only
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Fig. 2 Scatter plots demonstrating correlations between Doppler TTE peak mitral inflow velocity readings and 4D flow CMR peak mitral inflow
velocity measurements. A, B All patients. C, D Sinus rhythm-only patients. E AF-only patients

patients 0.02 m/s (95% CI —0.04 to 0.08 m/s, P=0.6)
and AF-only patients 0.18 m/s (95% CI 0.02 to 0.34 m/s,
P=0.03). For peak A-wave velocity, the mean bias
between Doppler TTE and automated 4D flow CMR in
all cases was —0.06 m/s (95% CI —0.47 to 0.35 m/sec,

P=0.07). Bland—Altman plots and bar charts illustrat-
ing the agreement between Doppler TTE and 4D flow
CMR methods in both measured parameters of peak
diastolic mitral inflow velocity in the three groups are
shown in Fig. 3 and Fig. 4.
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Table2 Comparison  between  median  mitral  inflow
peak diastolic velocity measurements by transthoracic
echocardiography and automated 4D flow CMR using Wilcoxon
test

Peak E-wave velocity Peak A-wave

(m/s) velocity (m/s)
TTE
All 0.94+048 0.81+£044
Sinus rhythm 0.88+0.35 0814044
AF 1.33£0.56 -
4D flow CMR
All 090+£043 0.81+0.53
Sinus rhythm 0.86+0.38 0814053
AF 1.18+£047 -
Pvalue
All 013 0.09
Sinus rhythm 0.54 0.09
AF 0.06 -
Median £1QR

Intra- and inter-observer variability

Measures of intra- and inter-observer variability are pro-
vided in Table 3. On a subgroup of 30 patients selected
randomly from both centres, the intra-observer CoV
for E-wave and A-wave velocities were 2.2% and 3.5%,
respectively. On a subgroup of 20 patients, inter-observer
CoV for peak E-wave and peak A-wave velocities were
4.9% and 4.3%, respectively. The 4D flow CMR post-pro-
cessing times took about 12—15 min.

Discussion

Our study sought to investigate the agreement between
Doppler TTE and automated 4D flow CMR for deriving
peak mitral inflow diastolic velocities using the short-axis
cine stack. We have demonstrated that automated 4D
flow CMR yields similar peak E-wave and peak A-wave
velocities as standard Doppler pulse-wave TTE. Further-
more, automated 4D flow CMR displayed excellent intra-
observer and interobserver repeatability for peak mitral
inflow velocities.

HFpEF is associated with poor prognosis [17-19] and
can be challenging to diagnose and manage [20]. Peak
mitral inflow diastolic velocities are vital for estimating
diastolic function and LVFP measurements and have
substantial prognostication value when done accurately
[7]. Although echocardiography has been a cornerstone
in diastolic function assessment for decades, a range of
limitations (including operator dependency and nar-
row acoustic windows) make it an imprecise technique
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for clinical application [21]. With new medications like
SGLT2 inhibitors likely to be beneficial in HFpEF, it
would be important to identify this early on [22]. CMR
is an advanced imaging tool and is the gold standard for
non-invasive assessment of cardiac chamber volumes,
function and structure. CMR offers an unrestricted
field of view and excellent spatial resolution compared
to TTE for an improved assessment of structural abnor-
malities. It can also assist assessment of cardiac func-
tion in patients with structural abnormalities, offering
a complementary role to echocardiography [23]. 4D
flow CMR classifies intracardiac flow into direct flow
(blood entering and exiting chambers), retained inflow
(blood entering but not exiting), delayed ejection flow
(blood exiting on the next heartbeat) and residual vol-
ume (blood residing for more than one cycle) [24]. Flow
differences missed by echocardiography are easily rec-
ognisable by 4D flow CMR. Automated 4D flow offers
feasible and rapid operator-independent flow quanti-
fication, with excellent reproducibility for clinical use
[25-27].

Previous studies have investigated the performance
of 4D flow CMR for assessing peak diastolic velocities
in cases where TTE is suboptimal. Njoku et al. [12]
demonstrated that 4D flow CMR could easily quantify
peak mitral inflow velocities in aortic regurgitation,
where echocardiography falls short. They used novel
3D peak velocity tracing by 4D flow CMR and were able
to track blood flow at the mitral annulus [12]. Other
studies compared different 4D flow CMR methods
that have been user-dependent and time-consuming.
Kamphuis et al. presented a single automated method
demonstrating rapid analysis with strong intra and
interobserver variability to overcome those limitations
[25]. Other studies have investigated the accuracy and
reproducibility of peak diastolic velocities using 4D
flow CMR against Doppler echocardiography [28-31].
Our study showed a strong correlation and excellent
intraobserver and interobserver repeatability with no
significant differences in peak mitral inflow diastolic
velocities. The results of our study confirm the findings
of our previous study using the four-chamber cine stack
and further supports the adoption of 4D flow CMR for
routine assessment of LV diastolic function [31]. Pre-
vious literature has also demonstrated that CMR offers
superior results to echocardiography when measuring
LVFP compared with invasive methods in patients with
suspected HF [5]. Additionally, the prognostic value
of peak E wave velocity in patients with asymptomatic
mitral regurgitation (MR) and preserved LV function
has been demonstrated in a study by Okamoto et al
[32] using Doppler echocardiography, which needs to
be investigated using 4D flow CMR.
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Table 3 Intraobserver and interobserver repeatability analysis

for 4D flow CMR
Intraobserver (CoV*) Interobserver
(%) (CoV*) (%)
MV peak E-wave velocity 22 4.9
MV peak A-wave velocity 35 43

Coefficient of variation*®

Limitations

Firstly, manual adjustments of spatial misalignment
and aliasing artefacts are current limitations of CMR
and may introduce user-dependent variation. Qual-
ity improvements with CMR acquisition may eliminate
this limitation and further improve reproducibility. Sec-
ondly, echocardiography and CMR were not performed
simultaneously, which may introduce haemodynamic
variation. The average time difference across all cases
was 19 months which could explain the broader limits of
agreement shown in our Bland—Altman analysis. How-
ever, despite this, we have demonstrated a significant
correlation which could have been improved if the CMR
and echo were done on the same day. Thirdly, patients
with severe aortic regurgitation were excluded from our
study as our technique tends to overestimate the peak
flow velocities in these patients. We hope that in the
future, we will be able to exclude the reverse flow from
the LV outflow tract into our model. Finally, contrary
to echocardiography, 4D flow CMR is yet to become a
standard component in clinical practice because of the
lengthy post-processing protocol and exorbitant analy-
sis software. More work must be done to develop a more
user-friendly, accessible analysis software to support its
adoption in routine practice.

Conclusion

Automated dynamic peak mitral inflow diastolic velocity
tracing using automated 4D flow CMR is comparable to
Doppler echocardiography and has excellent repeatabil-
ity for clinical use. We propose that the clinical utility of
4D flow CMR for routine assessment might be viewed as
equivalent to that of Doppler echocardiography. Future
prospective studies are needed to investigate the diagnos-
tic and prognostic yield of automated 4D flow CMR in
patients with HFpEF and patients with MR.

Abbreviations

4D flow Four-dimensional flow

AF Atrial fibrilation

CMR Cardiac magnetic resonance imaging
CoV Coefficient of Variation

HF Heart failure

LA Left atrium

Page 9 of 11

LVEF Left ventricular ejection fraction
LVFP Left ventricular filling pressure
MV Mitral valve

NYHA New York Heart Association

TTE Transthoracic echocardiography

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512872-023-03052-x.

Additional file 1: Supplementary Figure 1. Steps taken to identify the
peak mitral inflow diastolic velocities.

Acknowledgements
Not applicable.

Author contributions

HA: conceptualisation, data curation, formal analysis, quality assessment,
methodology, validation, visualisation, writing-original draft preparation,
writing-review and editing. RL: conceptualisation, data curation, formal analy-
sis, visualisation, writing review and editing. CGC: critical contextual review,
independent review and editing. BU: critical contextual review, independent
review and editing. SA: data curation, formal analysis, methodology, writing
review and editing. AM: data curation, formal analysis, methodology, writing
review and editing. GA: critical contextual review, independent review and
editing. PPS: critical contextual review, independent review and editing. CS:
critical contextual review, independent review and editing. AR: critical con-
textual review, independent review and editing. FN: critical contextual review,
independent review and editing. BK: data curation, critical contextual review,
independent review and editing. FR: critical contextual review, independent
review and editing. RvdG: software, validation, methodology, critical contex-
tual review, independent review and editing. MF: investigation, critical contex-
tual review, independent review and editing. VSV: investigation, supervision,
critical contextual review, independent review and editing. AJS: funding
acquisition, investigation, methodology, project supervision, critical contextual
review, writing review and editing. PG: conceptualisation, data curation, fund-
ing acquisition, project administration, resources, investigation, methodology,
critical contextual review, project supervision, validation, visualisation, writing
review and editing. All authors listed have contributed sufficiently to the
project to be included, and all those qualified to be authors are listed in the
author byline. All authors read and approved the final manuscript.

Funding

PG and AJS are funded by Wellcome Trust Clinical Research Career Develop-
ment Fellowships (220703/2/20/Z & 205188/7/16/Z). For the purpose of Open
Access, these authors have applied a CC BY public copyright licence to any
Author Accepted Manuscript version arising from this submission. The funders
had no role in study design, data collection and analysis, publishing decisions,
or manuscript preparation.

Availability of data and materials

The datasets generated and analysed during the current study are not
publicly available. Access to the raw images of patients is not permitted since
specialised post-processing imaging-based solutions can identify the study
patients in the future. Data are available from the corresponding author upon
reasonable request.

Declarations

Ethics approval and consent to participate

The EurValve prospective programme was approved by the National Research
Ethics Service (17/L0/0283) in the UK. Patients written informed consent was
obtained. The Norfolk and Norwich University Hospital and the University of
East Anglia approved the study for the Norwich cohort as an audit and obser-
vational retrospective study (2020/21-075). Because this was an observational
retrospective study, patient consent was waived by Norfolk and Norwich
University Hospital and the University of East Anglia. The study complied with
the Declaration of Helsinki.


https://doi.org/10.1186/s12872-023-03052-x
https://doi.org/10.1186/s12872-023-03052-x

Assadi et al. BMC Cardiovascular Disorders (2023) 23:24

Consent to publish
Not applicable.

Competing interests
Dr P. Garg is a clinical advisor for Pie Medical Imaging and Medis Medical Imag-
ing. All other authors have no competing interests to declare.

Author details

"Norwich Medical School, University of East Anglia, Norwich Research Park,
Norwich NR4 7UQ, UK. “Norfolk and Norwich University Hospitals NHS Foun-
dation Trust, Norfolk, UK. *Department of Infection, Immunity and Cardiovas-
cular Disease, University of Sheffield Medical School and Sheffield Teaching
Hospitals NHS Trust, Sheffield, UK. “Department of Clinical Radiology, Sheffield
Teaching Hospitals NHS Foundation Trust, Sheffield, UK. *Leeds Institute of Car-
diovascular and Metabolic Medicine, University of Leeds, Leeds, UK. ®Depart-
ment of Neuroscience, Imaging and Clinical Sciences, “G.d’Annunzio” Univer-
sity of Chieti-Pescara, Chieti, Italy. ' Department of Radiology, Division of Image
Processing, Leiden University Medical Center, Leiden, The Netherlands.

Received: 17 August 2022 Accepted: 9 January 2023
Published online: 16 January 2023

References

1. GBD 2017 Disease and Injury Incidence and Prevalence Collaborators.
Global, regional, and national incidence, prevalence, and years lived with
disability for 354 diseases and injuries for 195 countries and territories,
1990-2017: a systematic analysis for the Global Burden of Disease Study
2017. Lancet Lond Engl. 2018;392(10159):1789-858.

2. BragazziNL, Zhong W, Shu J, Abu Much A, Lotan D, Grupper A, Younis A,
Dai H. Burden of heart failure and underlying causes in 195 countries and
territories from 1990 to 2017. Eur J Prev Cardiol. 2021;28(15):1682-90.

3. OwanTE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL, Redfield MM.
Trends in prevalence and outcome of heart failure with preserved ejec-
tion fraction. N Engl J Med. 2006;355(3):251-9.

4. Brutsaert DL, Sys SU, Gillebert TC. Diastolic failure: Pathophysiology and
therapeutic implications. J Am Coll Cardiol. 1993;22(1):318-25.

5. Garg P, Gosling R, Swoboda P, Jones R, Rothman A, Wild JM, Kiely DG,
Condliffe R, Alabed S, Swift AJ. Cardiac magnetic resonance identifies
raised left ventricular filling pressure: prognostic implications. Eur Heart J.
2022 May 4,ehac207.

6. Andersen OS, Smiseth OA, Dokainish H, Abudiab MM, Schutt RC, Kumar
A, Sato K, Harb S, Gude E, Remme EW, Andreassen AK, Ha JW, Xu J, Klein
AL, Nagueh SF. Estimating left ventricular filling pressure by echocardiog-
raphy. J Am Coll Cardiol. 2017,69(15):1937-48.

7. Mitter SS, Shah SJ, Thomas JD. A test in context: E/A and E/e'to
assess diastolic dysfunction and LV filling pressure. J Am Coll Cardiol.
2017,69(11):1451-64.

8. Gardner Bl, Bingham SE, Allen MR, Blatter DD, Anderson JL. Cardiac
magnetic resonance versus transthoracic echocardiography for the
assessment of cardiac volumes and regional function after myocardial
infarction: an intrasubject comparison using simultaneous intrasubject
recordings. Cardiovasc Ultrasound. 2009;18(7):38.

9. Grothues F, Smith GC, Moon JCC, Bellenger NG, Collins P, Klein HU,
Pennell DJ. Comparison of interstudy reproducibility of cardiovascular
magnetic resonance with two-dimensional echocardiography in normal
subjects and in patients with heart failure or left ventricular hypertrophy.
Am J Cardiol. 2002;90(1):29-34.

10. Archer GT, Elhawaz A, Barker N, Fidock B, Rothman A, van der Geest RJ,
Hose R, Briffa N, Hall IR, Grech E, Bissell M, Al-Mohammad A, Treibel TA,
Swift AJ, Wild JM, Garg P. Validation of four-dimensional flow cardio-
vascular magnetic resonance for aortic stenosis assessment. Sci Rep.
2020;10(1):10569.

11. Fidock B, Barker N, Balasubramanian N, Archer G, Fent G, Al-Mohammad
A, Richardson J, O'Toole L, Briffa N, Rothman A, van der Geest R, Hose
R, Wild JM, Swift A, Garg P. A systematic review of 4D-flow MRI derived
mitral regurgitation quantification methods. Front Cardiovasc Med.
2019,6:103.

12. Njoku P, Wardley J, Garg P. Streamline-based three-dimensional peak-
velocity tracing of transvalvular flow using four-dimensional flow cardiac

20.

AR

22.

23.

24,

25.

26.

27.

28.

29.

Page 10 of 11

magnetic resonance imaging for left ventricular diastolic assessment in
aortic regurgitation: a case report. J Med Case Reports. 2022;16(1):205.
Robinson S, Rana B, Oxborough D, Steeds R, Monaghan M, Stout M,
Pearce K, Harkness A, Ring L, Paton M, Akhtar W, Bedair R, Battacharyya S,
Collins K, Oxley C, Sandoval J, Schofield MBChBR, Siva A, Parker K, Willis

J, Augustine DX. A practical guideline for performing a comprehensive
transthoracic echocardiogram in adults: the British Society of Echocardi-
ography minimum dataset. Echo Res Pract. 2020;7(4):G59-93.

Fidock B, Archer G, Barker N, Elhawaz A, Al-Mohammad A, Rothman A,
Hose R, Hall IR, Grech E, Briffa N, Lewis N, van der Geest RJ, Zhang JM,
Zhong L, Swift AJ, Wild JM, Gdrate ED, Bucciarelli-Ducci C, Bax JJ, Plein

S, Myerson S, Garg P. Standard and emerging CMR methods for mitral
regurgitation quantification. Int J Cardiol. 2021;15(331):316-21.

Assadi H, Uthayachandran B, Li R, Wardley J, Nyi TH, Grafton-Clarke C,
Swift AJ, Solana AB, Aben JP, Thampi K, Hewson D, Sawh C, Greenwood
R, Hughes M, Kasmai B, Zhong L, Flather M, Vassiliou VS, Garg P. Kat-ARC
accelerated 4D flow CMR: clinical validation for transvalvular flow and
peak velocity assessment. Eur Radiol Exp. 2022;6(1):46.

van der Geest RJ, Reiber JHC. Quantification in cardiac MRI. J Magn Reson
Imaging. 1999;10(5):602-8.

Assadi H, Jones R, Swift AJ, Al-Mohammad A, Garg P. Cardiac MRI for

the prognostication of heart failure with preserved ejection frac-

tion: A systematic review and meta-analysis. Magn Reson Imaging.
2021;1(76):116-22.

Tribouilloy C, Rusinaru D, Mahjoub H, Souliere V, Lévy F, Peltier M, Slama
M, Massy Z. Prognosis of heart failure with preserved ejection fraction: a 5
year prospective population-based study. Eur Heart J. 2008;29(3):339-47.
Garg P, Assadi H, Jones R, Chan WB, Metherall P, Thomas R, van der Geest
R, Swift AJ, Al-Mohammad A. Left ventricular fibrosis and hypertrophy are
associated with mortality in heart failure with preserved ejection fraction.
Sci Rep. 2021;11(1):617.

Nikitin NP, Witte KKA, Thackray SDR, de Silva R, Clark AL, Cleland JGF. Lon-
gitudinal ventricular function: normal values of atrioventricular annular
and myocardial velocities measured with quantitative two-dimensional
color doppler tissue imaging. J Am Soc Echocardiogr. 2003;16(9):906-21.
Fyrenius A, Wigstrém L, Bolger AF, Ebbers T, Ohman KP, Karlsson M,
Wranne B, Engvall J. Pitfalls in doppler evaluation of diastolic function:
insights from 3-dimensional magnetic resonance imaging. J Am Soc
Echocardiogr. 1999;12(10):817-26.

Tsampasian V, Elghazaly H, Chattopadhyay R, Ali O, Corballis N, Chousou
PA, Clark A, Garg P, Vassiliou VS. Sodium glucose co-transporter 2 inhibi-
tors in heart failure with preserved ejection fraction: a systematic review
and meta-analysis. Eur J Prev Cardiol. 2022;29(6):e227-9.

Leong DP, De Pasquale CG, Selvanayagam JB. Heart failure with normal
ejection fraction: the complementary roles of echocardiography and
CMR imaging. JACC Cardiovasc Imaging. 2010;3(4):409-20.

Webb J, Fovargue L, Toandel K, Porter B, Sieniewicz B, Gould J, Rinaldi CA,
Ismail T, Chiribiri A, Carr-White G. The emerging role of cardiac magnetic
resonance imaging in the evaluation of patients with HFpEF. Curr Heart
Fail Rep. 2018;15(1):1-9.

Kamphuis VP, Roest AAW, Ajimone Marsan N, van den Boogaard PJ, Kroft
LUM, Aben JP, Bax JJ, de Roos A, Lamb HJ, Westenberg JJM. Automated
cardiac valve tracking for flow quantification with four-dimensional flow
MRI. Radiology. 2019;290(1):70-8.

Assadi H, Alabed S, Maiter A, Salehi M, Li R, Ripley DP, Van der Geest RJ,
Zhong Y, Zhong L, Swift AJ, Garg P. The role of artificial intelligence in
predicting outcomes by cardiovascular magnetic resonance: a compre-
hensive systematic review. Medicina (Mex). 2022;58(8):1087.

Gorecka M, Bissell MM, Higgins DM, Garg P, Plein S, Greenwood JP.
Rationale and clinical applications of 4D flow cardiovascular magnetic
resonance in assessment of valvular heart disease: a comprehensive
review. J Cardiovasc Magn Reson. 2022;24(1):49.

Buss SJ, Krautz B, Schnackenburg B, Abdel-Aty H, Santos MFB, Andre F,
Maertens MJ, Mereles D, Korosoglou G, Giannitsis E, Katus HA, Steen H.
Classification of diastolic function with phase-contrast cardiac magnetic
resonance imaging: validation with echocardiography and age-related
reference values. Clin Res Cardiol. 2014;103(6):441-50.
Thavendiranathan P, Guetter C, da Silveira JS, Lu X, Scandling D, Xue H,
Jolly MP, Raman SV, Simonetti OP. Mitral annular velocity measurement
with cardiac magnetic resonance imaging using a novel annular tracking



Assadi et al. BMC Cardiovascular Disorders

30.

31

32.

(2023) 23:24

algorithm: validation against echocardiography. Magn Reson Imaging.
2019;1(55):72-80.

Bollache E, Redheuil A, Clément-Guinaudeau S, Defrance C, Perdrix L,
Ladouceur M, Lefort M, De Cesare A, Herment A, Diebold B, Mousseaux

E, Kachenoura N. Automated left ventricular diastolic function evaluation
from phase-contrast cardiovascular magnetic resonance and comparison
with Doppler echocardiography. J Cardiovasc Magn Reson. 2010;12(1):63.
Njoku P, Grafton-Clarke C, Assadi H, Gosling R, Archer G, Swift AJ, Morris

P, Albaraikan A, Williams G, Westenberg J, Aben JP, Ledoux L, Alabed S,
Flather M, Cameron D, Cabrero JB, Val JRD, Nair S, Ryding A, Sawh C, Swo-
boda PP, Levelt E, Chowdhary A, Vassiliou V, Zhong L, Garg P. Validation of
time-resolved, automated peak trans-mitral velocity tracking: Two center
four-dimensional flow cardiovascular magnetic resonance study. Int J
Cardiol. 2022 Jun 15;0(0).

Okamoto C, Okada A, Kanzaki H, Nishimura K, Hamatani Y, Amano M,
Takahama H, Amaki M, Hasegawa T, Fujita T, Kobayashi J, Yasuda S, Izumi
C. Prognostic impact of peak mitral inflow velocity in asymptomatic
degenerative mitral regurgitation. Heart. 2019;105(8):609-15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

B BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Automated 4D flow cardiac MRI pipeline to derive peak mitral inflow diastolic velocities using short-axis cine stack: two centre validation study against echocardiographic pulse-wave doppler
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study cohort
	Inclusion criteria
	Echocardiography
	Cardiac magnetic resonance
	CMR protocol
	4D flow CMR acquisition
	4D flow CMR image analysis
	Intra- and inter-observer variability
	Statistical analysis

	Results
	Patient characteristics
	Correlation
	Agreement
	Intra- and inter-observer variability

	Discussion
	Limitations

	Conclusion
	Acknowledgements
	References


