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ORIGINAL ARTICLE

Kat-ARC accelerated 4D flow CMR: clinical 
validation for transvalvular flow and peak 
velocity assessment
Hosamadin Assadi1,2*  , Bhalraam Uthayachandran3, Rui Li1,2, James Wardley1,2, Tha H. Nyi2, 

Ciaran Grafton-Clarke2, Andrew J. Swift4, Ana Beatriz Solana5, Jean-Paul Aben6, Kurian Thampi2, David Hewson2, 

Chris Sawh2, Richard Greenwood2, Marina Hughes2, Bahman Kasmai1,2, Liang Zhong7,8, Marcus Flather1,2, 

Vassilios S. Vassiliou1,2 and Pankaj Garg1,2,4 

Abstract 

Background: To validate the k-adaptive-t autocalibrating reconstruction for Cartesian sampling (kat-ARC), an exclu-

sive sparse reconstruction technique for four-dimensional (4D) flow cardiac magnetic resonance (CMR) using conser-

vation of mass principle applied to transvalvular flow.

Methods: This observational retrospective study (2020/21-075) was approved by the local ethics committee at the 

University of East Anglia. Consent was waived. Thirty-five patients who had a clinical CMR scan were included. CMR 

protocol included cine and 4D flow using Kat-ARC acceleration factor 6. No respiratory navigation was applied. For 

validation, the agreement between mitral net flow (MNF) and the aortic net flow (ANF) was investigated. Additionally, 

we checked the agreement between peak aortic valve velocity derived by 4D flow and that derived by continuous-

wave Doppler echocardiography in 20 patients.

Results: The median age of our patient population was 63 years (interquartile range [IQR] 54–73), and 18/35 (51%) 

were male. Seventeen (49%) patients had mitral regurgitation, and seven (20%) patients had aortic regurgitation. 

Mean acquisition time was 8 ± 4 min. MNF and ANF were comparable: 60 mL (51−78) versus 63 mL (57−77), p = 

0.310). There was an association between MNF and ANF (rho = 0.58, p < 0.001). Peak aortic valve velocity by Doppler 

and 4D flow were comparable (1.40 m/s, [1.30−1.75] versus 1.46 m/s [1.25−2.11], p = 0.602) and also correlated with 

each other (rho = 0.77, p < 0.001).

Conclusions: Kat-ARC accelerated 4D flow CMR quantified transvalvular flow in accordance with the conservation of 

mass principle and is primed for clinical translation.

Keywords: Aortic valve, Blood flow velocity, Echocardiography (Doppler), Magnetic resonance imaging, Mitral valve

© The Author(s) under exclusive licence to European Society of Radiology 2022. Open Access This article is licensed under a Creative 
Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, 
and indicate if changes were made. The images or other third party material in this article are included in the article’s Creative Commons 
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Key points

• k-adaptive-t autocalibrating reconstruction for Car-

tesian sampling (Kat-ARC) is a spatiotemporal-corre-

lation-based autocalibrating parallel imaging method 

with cardiac motion adaptive temporal window 

selection.

• Using Kat-ARC in 35 patients, the mitral net flow 

was in agreement with the aortic net flow.
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• In 20 patients, peak velocity at Kat-ARC 4D flow and 

Doppler echocardiography were comparable and sig-

nificantly correlated.

Background

Four-dimensional (4D) flow cardiovascular magnetic res-

onance (CMR) is emerging as the reference standard for 

intracardiac flow imaging [1–6]. 4D flow CMR reduces 

assumptions made by several standard flow imaging 

methods and allows valve motion to be factored in to 

measure transvalvular flow more accurately [7–9]. This is 

particularly important for the precise assessment of val-

vular heart disease [10].

When compared to two-dimensional (2D) phase-con-

trast acquisition, 4D flow offers better visualisation of 

flow in the whole heart and great vessels. Also, it allows 

us to generate reformatted flow plane in the region of 

interest after scans [11–14]. This allows flexibility to 

explore flow patterns in more detail without the require-

ment of patient being in the scanner all the time. Espe-

cially in congenital heart disease, where composite flow 

is calculated in several planes through complex vascular 

associations, 4D flow allows the patient to be scanned on 

a non-clinically supervised list with full coverage of the 

chest [1] In addition to flow quantification, 4D flow can 

be used to assess novel emerging haemodynamic param-

eters [15–17].

However, 4D flow has had issues with long scanning 

time and several magnetic resonance imaging (MRI) ven-

dors are progressively updating their 4D flow sequences 

for faster and accelerated imaging to save time. Several 

imaging acceleration methods on magnetic resonance 

systems from a variety of vendors have been validated for 

this purpose [18–23]. The transvalvular flow quantifica-

tion, particularly for mitral and tricuspid valves, is retro-

spectively gated to avoid temporal blurring [10].

MRI hardware vendors have made significant iterative 

development in 4D flow sequences. One such 4D flow 

sequence uses both parallel imaging and compressed 

sensing acceleration called k-adaptive-t-autocalibrating 

reconstruction for Cartesian sampling (Kat-ARC). Pre-

vious versions of this sequence, using L1-SPIRiT, have 

been tested for both inlet and outlet flow quantifications 

[20, 24] or shunt evaluation [25, 26]. However, the cur-

rent iterative 4D flow sequence has not been externally 

validated using commercially available 4D flow post-

processing software solutions. This is an important step 

in establishing the validity and clinical translation of the 

available 4D flow sequence.

The main objective of this research study was to clini-

cally validate Kat-ARC4D flow CMR for transvalvu-

lar flow quantification using the conservation of mass 

principle. In addition, in a subcohort of patients where 

transthoracic echocardiography (TTE) data was availa-

ble, we aimed to investigate the agreement of aortic valve 

peak velocity between TTE and 4D flow CMR.

Methods

Study cohort

For this study, we retrospectively included 35 cases from 

our routine CMR service. Inclusion criteria were baseline 

functional cine images and 4D flow CMR assessment. 

Only patients who were outpatients and clinically stable 

were recruited. The exclusion criteria were limited to any 

MRI contraindications.

Ethics approval

This study was approved by the local ethics committee at 

the University of East Anglia as an observational retro-

spective study (2020/21-075). Consent was waived. The 

study complied with the Declaration of Helsinki.

CMR protocol

CMR studies were conducted on a 3-T Discovery 

MR750w GE system (GE Healthcare, Milwaukee, WI, 

USA), equipped with an 8-channel HD cardiac Array 

coil. The protocol included baseline survey images and 

30-phase cine sequences. Cine images were acquired 

during end-expiratory breath-hold with an electrocardio-

graphically gated 2D fast imaging employing steady-state 

acquisition (FIESTA) single-slice breath-hold sequence. 

Long-axis electrocardiographically gated 2D FIESTA 

cine in four-chamber, three-chamber, and two-chamber 

planes and short-axis electrocardiographically gated 2D 

FIESTA cine images were also acquired. The number 

of left ventricular (LV) short-axis slices was dependent 

on the size of each patient’s heart. LV short-axis images 

were post-processed to calculate functional status as per 

standard techniques.

4D flow CMR acquisition

The initial velocity encoding (VENC) setting for 4D 

flow CMR was 150−400 cm/s for all cases. This was 

optimised depending on previously available echo-

cardiography data. If there was no history of valvular 

heart disease, then we choose a VENC of 150 cm/s. In 

the context of known valvular heart disease, we choose 

the VENC at the maximum velocity recorded during 

echocardiography assessment. Table  1 describes the 

technical details of the 4D flow Kat-ARC (or HyperKat), 

a spatiotemporal-correlation-based autocalibrating 

parallel imaging method with cardiac motion adap-

tive temporal window selection [27]. The k-t sampling 

scheme used variable density to improve accuracy and 

reduce coherent residual artefacts (Fig. 1). Additionally, 
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a static tissue removal scheme was used to identify 

voxels with no flow or motion and remove the signal 

from such static voxels prior to Hyperkat processing. 

This reduces residual aliasing artefacts at their high 

acceleration during the reconstruction. Field-of-view 

was planned to cover the whole heart, aortic valve, 

and proximal ascending aorta only. HyperKat accelera-

tion with a factor of 6 was used. Other standard scan 

parameters were as follows: field-of-view 340 mm × 

340 mm; acquired voxel size 3 × 3 × 3  mm3 and recon-

structed voxel size 1.5 × 1.5 × 1.5  mm3. The number 

of phases was kept consistent to cine sequences at 30 

cardiac phases.

4D flow CMR analysis

Post-processing was done on a commercially available 

software package (CAAS MR, version 5.1, Pie Medi-

cal Imaging, Maastricht, The Netherlands). Automated 

velocity offset corrections were applied. Automated 

valve tracking was done for two orthogonal views of the 

mitral and aortic valves. If necessary, the valve plans 

were corrected for some cardiac phases. The automated 

region of interest contours on the reformatted planes 

was manually corrected for both systolic and diastolic 

phases. The following was recorded: mitral forward 

flow (MFF), mitral backward flow (MBF), aortic for-

ward flow (AFF), and aortic backward flow (ABF). Aor-

tic net flow was calculated as AFF minus ABF. Mitral 

net flow was calculated as MFF minus MBF. For the 

peak velocity assessment, we used a prototype software 

solution from Pie Medical Imaging (CAAS MR, version 

5.2), which automatically traces the peak velocity of the 

flow streamlines emitted from the dynamic valve plane.

Echocardiography

All echocardiograms were performed according to the 

British Society of Echocardiography guidelines for TTE 

examination [28], using 3 x GE E95, 4 x Philips Epiq 7, 

and 1 X Philips CX50. Continuous-wave Doppler TTE 

was used to measure the peak velocity through the aor-

tic valve in apical 3-chamber views (Fig. 2).

Statistical analysis

Test for normal distribution was done using Shapiro-

Wilk test. Due to non-normal distribution, continuous 

variables were reported as median and interquartile 

range (IQR). As flow data was non-parametric, we have 

used non-parametric statistics. Wilcoxon paired t test 

was performed to compare the difference between 

the different flows. Correlations were evaluated using 

Spearman’s coefficient of rank correlation (rho). Bland-

Altman plots were constructed to assess the agree-

ment between methods. A p-value of less than .05 

was deemed to be statistically significant. Data analy-

ses were performed using MedCalc® Statistical Soft-

ware version 20.011 (MedCalc Software Ltd., Ostend, 

Belgium).

Results

The mean acquisition time for 4D flow CMR using the 

Kat-ARC sequence was 8 ± 4 min. The median age of 

our patient population was 63 years (IQR 57−77), and 

18 (51%) were males. Seventeen (49%) patients had 

mitral regurgitation (MR), and 7 (20%) patients had 

aortic regurgitation (AR). The demographic data for all 

35 patients are detailed in Table 2.

Table 1 Technical parameters of the four-dimensional flow 

sequence

Acceleration method HyperKat factor 6 
with compressed 
sensing

Flip angle (degrees) 8

Velocity encoding (cm/s) 150

Field of view (mm) 350–400

Slice thickness (mm) 3

Echo time (ms) 2.14

Repetition time (ms) 4

Number of excitations 4

Electrocardiographic gating Retrospective

Respiratory compensation Free-breathing

Acquisition temporal resolution (ms) 48

Reconstructed number of phases 30

Spatial resolution, acquired  (mm3) 3 × 3 × 3 (isotropic)

Fig. 1 A scheme of the k-space acquisition using the HyperKat/

Kat-ARC sequence. ACS Autocalibration signal
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Median LV end-diastolic volume was 132 mL (IQR 

112−187) and LV end-systolic volume was 48 mL (IQR 

33−76). On Kat-ARC 4D flow CMR, median MNF 

and ANF were comparable: 60 mL (51−78) versus 63 

mL (57−77), p = 0.310). The median aortic valve for-

ward and backward flow measurements were 70 mL/s 

(IQR 59−77) and 0.2 mL/s (IQR 0−3.5), respectively. 

Moreover, 4D flow CMR-derived MFF and MBF for 

these patients were 71 mL/s (IQR 58−90) and 8 mL/s 

(IQR 4−13), respectively. Median Doppler’s peak aor-

tic valve velocity and 4D flow CMR derived peak aor-

tic valve velocity were comparable with no significant 

differences (1.40 m/s, [1.30−1.75] versus 1.46 m/s 

[1.25−2.11], p = 0.602). The CMR study findings are 

summarised in Table 3.

In a subcohort of 20 patients with echocardiography 

data (12 males, 60%; median age 62 years (IQR 59−76), 

their median LV ejection fraction, mass and stroke vol-

ume were 66 mL (IQR 53−73), 140 mL (IQR 114−190), 

and 88 mL (IQR 72−105), respectively. Moreover, 

median LV end-diastolic volume was 129 mL (IQR 

111−154) and median LV end-systolic volume was 45 

mL (IQR 30−70).

As shown in Fig. 3, there was a significant association 

between MNF and ANF (rho = 0.58, p < 0.001). More-

over, a significant positive correlation was observed 

between peak aortic velocity by Doppler and 4D flow 

CMR (rho = 0.77, p < 0.001). Both groups demonstrated 

minimal differences on violin-plots when compared to 

each other.

Fig. 2 A case example from the study. Flow streamlines of aortic forward flow (a). Quantification of aortic forward flow using the reformatted 

phase-contrast plane (b). Mitral inflow quantification using retrospective valve tracking procedures (c, d). Demonstration of total flow and 

conservation of mass principle, i.e., mitral forward flow (MFF) minus mitral backward flow (MBF) is equal to aortic forward flow (AFF) minus aortic 

backward flow ABF (e). Peak velocity through the aortic valve using three-dimensional streamlines to automatically trace the transvalvular peak (f). 

Echocardiography continuous Doppler method for peak velocity assessment through the aortic valve (g)

Table 2 Patient characteristics (n = 35)

IQR Interquartile range

Clinical variable Values

Age (years) (median, IQR) 63 (57−77)

Height (cm) (median, IQR) 169 (163−177)

Weight (kg) 80 (68−92)

Male gender (%) 18 (51)

Hypertension (%) 13 (37)

Diabetes mellitus (%) 3 (9)

Hypercholesterolaemia (%) 6 (17)

Ischaemic heart disease (%) 9 (26)

Mitral regurgitation (%) 17 (49)

Aortic regurgitation (%) 7 (20)
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In Fig.  4, Bland-Altman analysis used to assess the 

agreement between the net aortic/mitral flows and the 

peak velocity through the aortic valve using echocardiog-

raphy and 4D flow CMR is shown. No significant biases 

were observed between groups (-2.7 mL, p = 0.310) and 

(-0.05 m/s, p = 0.603), respectively.

Discussion

In this study, we aimed to test the Kat-ARC sequence for 

4D flow imaging to quantify transvalvular flow using a 

commercially available software solution. The first result 

was a good agreement in mitral and aortic transvalvu-

lar flow as evaluated by this sequence. In addition, the 

peak velocity assessment through the aortic valve was 

in agreement with continuous-wave Doppler echocar-

diography. The findings of this study play in favour of a 

broader adoption of the Kat-ARC 4D flow sequence for 

valvular heart disease assessment.

Our group has previously validated echo-planar imag-

ing (EPI) accelerated 4D flow sequence (acceleration fac-

tor 5) using similar conservation of mass principle [18]. 

The acquisition time by both EPI and Kat-ARC sequences 

are similar, roughly 8 min. Similar to EPI acceleration, all 

image quality using the Kat-ARC 4D flow sequence was 

adequate for postprocessing and quantification. How-

ever, EPI underestimates peak velocity, especially when 

the flow is parallel to the readout or blip phase-encoding 

gradient. Using the Kat-ARC 4D flow sequence, we did 

not observe any underestimation of peak velocity com-

pared to Doppler methods. Notably, several studies have 

now established that respiratory navigation is not essen-

tial for intra-cardiac flow quantification using 4D flow 

CMR [18, 19, 22], especially in the adult population. This 

study builds on that evidence and gives similar results. 

Non-respiratory navigated 4D flow almost halves acqui-

sition time, making it more clinically feasible in routine 

practice.

One of the relevant differences in previous studies and 

the current work is that this work solely involves patients 

with possible valvular heart disease in routine clinical 

practice. The conservation of mass principle in patients 

with mitral regurgitation and aortic regurgitation was 

observed in this study. This builds confidence in 4D flow 

CMR in a real-world setting to assess valvar heart disease. 

In addition, this study uniquely compares echocardiogra-

phy acquired peak velocity through the aortic valve with 

4D flow CMR derived peak velocity. A study by Hälvä 

et al. [29] debates the reliability of 4D flow for peak veloc-

ity assessment. However, their work used prospectively 

gated 4D flow sequences, which have the issue of tempo-

ral blurring. Importantly, it is noteworthy that Doppler 

echocardiography is by no means a ‘reference standard’ 

and can overestimate the peak velocity, as shown by a 

previous work, against the invasive assessment reference, 

demonstrated that Doppler overestimates peak velocity, 

and 4D flow CMR was consistent with invasively acquit-

ted peak pressure drop [30]. 4D flow application beyond 

cardiology have been demonstrated and has shown 

promising results in the assessment of abdominal haemo-

dynamics such as changes in flow and vessel morphology 

[31, 32], risk stratification [33] and presurgical planning, 

and follow-up [34].

We acknowledge this study has limitations. Firstly, this 

study mainly quantified flow for the left-sided valves, 

notably because the data did not include right-heart mul-

tiplanar cine sequences. Secondly, we did not carry out 

any ex vivo phantom experiments to check the robust-

ness of the sequence. However, the 4D flow sequence 

was tested in a clinical environment, which is arguably 

the strength of this work. This study is also limited to 

one centre and one MRI field strength (3 T). In addition, 

we did not quantify right-heart flows as we had limited 

right-heart cine sequences to do robust valve tracking 

and we did not compare Kat-ARC with other 4D flow 

sequences. Finally, this study does not represent patients 

with arrhythmias in whom temporal blurring may hap-

pen due to arrhythmia rejection algorithms. Hence, the 

findings of this study should not be applied in patients 

with significant arrhythmias.

In conclusion, we showed that Kat-ARC accelerated 4D 

flow CMR enables to quantify transvalvular flow accord-

ing to the conservation of mass principle and is primed 

for clinical translation.

Table 3 Cardiovascular magnetic resonance (CMR) functional/

flow quantification and echocardiographic peak aortic valve 

velocity

IQR Interquartile range, LV Left ventricle

CMR Cine functional parameters Median (IQR)

LV end-diastolic volume (mL) 132 (112−187)

LV end-systolic volume (mL) 48 (33−76)

LV stroke volume (mL) 89 (72−106)

LV mass (g) 135 (115−186)

LV ejection fraction (%) 64 (51−69)

CMR four-dimensional flow parameters

 Mitral valve forward flow (mL) 71 (58−90)

 Mitral valve backward flow (mL) 8 (4−13)

 Aortic valve forward flow (mL) 70 (59−77)

 Aortic valve backward flow (mL) 0.20 (0−3.5)

 Aortic net flow (mL) 63 (57−77)

 Mitral net flow (mL) 60 (51−78)

 Peak Aortic valve velocity (m/s) 1.46 (1.25−2.11)

Echocardiographic peak aortic valve velocity (m/s) 1.40 (1.30−1.75)
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Fig. 3 a, b Scatter plots with 95% confidence interval demonstrating a correlation between mitral and aortic flows and peak velocity through the 

aortic valve by echocardiography and four-dimensional flow cardiovascular magnetic resonance (a, b). Violin-plot showing minimal differences 

between each group (c, d)

Fig. 4 Bland-Altman plots demonstrating no significant bias between each group



Page 7 of 8Assadi et al. European Radiology Experimental            (2022) 6:46  

Abbreviations

2D: Two-dimensional; 4D: Four-dimensional; ABF: Aortic backward flow; AFF: 

Aortic forward flow; ANF: Aortic net flow; CMR: Cardiovascular magnetic 

resonance; EPI: Echo-planar imaging; FIESTA: Fast imaging employing steady-

state acquisition; IQR: Interquartile range; Kat-ARC : k-adaptive-t autocalibrat-

ing reconstruction for Cartesian sampling; LV: Left ventricular; MBF: Mitral 

backward flow; MFF: Mitral forward flow; MRI: Magnetic resonance imaging; 
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Authors’ contributions

Conceptualisation: PG, AJS, BK, LZ, MF, VSV; data curation: PG, HA, RL; formal 

analysis: HA, PG; acquisition: PG, HA, CS, RG; investigation: PG, BU, ABS, JPA; 

methodology: all authors; writing: all authors. The authors read and approved 

the final manuscript.

Funding

PG and AJS are funded by Wellcome Trust Clinical Research Career Devel-

opment Fellowships (220703/Z/20/Z & 205188/Z/16/Z). LZ is funded by 

the National Medical Research Council of Singapore (Grant Nos. NMRC/

OFIRG/0018/2016, MOH-000351). 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, decision to publish, or 

preparation of the manuscript

Availability of data and materials

This study uses patient data and, as such, is not available. However, some post-

process and fully anonymised data can be made available at the discretion of 

the corresponding author.

Declarations

Ethics approval and consent to participate

This study was approved by the local ethics committee at the University of 

East Anglia as an observational retrospective study (2020/21-075). Consent 

was waived. The study complied with the Declaration of Helsinki.

Consent for publication

Not applicable.

Competing interests

PG is a clinical advisor for Pie Medical Imaging and Medis Medical Imaging. JPA 

is an employee of Pie Medical Imaging. ABS is an employee of GE Healthcare.

Author details
1 University of East Anglia, Norwich Medical School, Norfolk, UK. 2 Norfolk 

and Norwich University Hospitals NHS Foundation Trust, Norfolk, UK. 3 Divi-

sion of Molecular and Clinical Medicine, University of Dundee, Dundee, UK. 
4 Department of Infection, Immunity and Cardiovascular disease, University 

of Sheffield Medical School and Sheffield Teaching Hospitals NHS Trust, Shef-

field, UK. 5 ASL Europe, GE Healthcare, Munich, Germany. 6 Pie Medical Imaging 

BV, Maastricht, the Netherlands. 7 National Heart Centre Singapore, 5 Hospital 

Drive, Singapore, Singapore. 8 Duke-NUS Medical School, 8 College Road, 

Singapore, Singapore. 

Received: 6 April 2022   Accepted: 24 July 2022

References

 1. Paddock S, Tsampasian V, Assadi H et al (2021) Clinical translation of 

three-dimensional scar, diffusion tensor imaging, four-dimensional flow, 

and quantitative perfusion in cardiac MRI: a comprehensive review. Front 

Cardiovasc Med. 8:682027. https:// doi. org/ 10. 3389/ fcvm. 2021. 682027.

 2. Juffermans JF, Minderhoud SCS, Wittgren J et al (2021) Multicenter 

consistency assessment of valvular flow quantification with automated 

valve tracking in 4D flow CMR. JACC Cardiovasc Imaging. 14:1354–1366. 

https:// doi. org/ 10. 1016/j. jcmg. 2020. 12. 014.

 3. Mills MT, Grafton-Clarke C, Williams G et al (2021) Feasibility and valida-

tion of trans-valvular flow derived by four-dimensional flow cardiovas-

cular magnetic resonance imaging in patients with atrial fibrillation. 

Wellcome Open Res. 6:73. https:// doi. org/ 10. 12688/ wellc omeop enres. 

16655.2.

 4. Fidock B, Archer G, Barker N et al (2021) Standard and emerging 

CMR methods for mitral regurgitation quantification. Int J Cardiol. 

331:316–321. https:// doi. org/ 10. 1016/j. ijcard. 2021. 01. 066.

 5. Chowdhary A, Garg P, Das A, Nazir MS, Plein S (2021) Cardiovascular 

magnetic resonance imaging: emerging techniques and applications. 

Heart. 107:697–704. https:// doi. org/ 10. 1136/ heart jnl- 2019- 315669.

 6. Saunderson CED, Paton MF, Chowdhary A et al (2020) Feasibility and 

validation of trans-valvular flow derived by four-dimensional flow 

cardiovascular magnetic resonance imaging in pacemaker recipients. 

Magn Reson Imaging. 74:46–55. https:// doi. org/ 10. 1016/j. mri. 2020. 08. 

024.

 7. Fidock B, Barker N, Balasubramanian N et al (2019) A systematic review 

of 4D-flow MRI derived mitral regurgitation quantification methods. 

Front Cardiovasc Med. 6:103. https:// doi. org/ 10. 3389/ fcvm. 2019. 00103.

 8. Zhong L, Schrauben EM, Garcia J et al (2019) Intracardiac 4D flow MRI 

in congenital heart disease: recommendations on behalf of the ISMRM 

Flow & Motion Study Group. J Magn Reson Imaging. 50:677–681. 

https:// doi. org/ 10. 1002/ jmri. 26858.

 9. Garg P, van der Geest RJ, Swoboda PP et al (2019) Left ventricular 

thrombus formation in myocardial infarction is associated with altered 

left ventricular blood flow energetics. Eur Heart J Cardiovasc Imaging 

20:108–117. https:// doi. org/ 10. 1093/ ehjci/ jey121.

 10. Garg P, Swift AJ, Zhong L et al (2020) Assessment of mitral valve 

regurgitation by cardiovascular magnetic resonance imaging. Nat Rev 

Cardiol. 17:298–312. https:// doi. org/ 10. 1038/ s41569- 019- 0305-z

 11. Assadi H, Grafton-Clarke C, Demirkiran A et al (2022) Mitral regurgitation 

quantified by CMR 4D-flow is associated with microvascular obstruction 

post reperfused ST-segment elevation myocardial infarction. BMC Res 

Notes. 15:181. https:// doi. org/ 10. 1186/ s13104- 022- 06063-7.

 12. Grafton-Clarke C, Njoku P, Aben J-P et al (2022) Validation of aortic 

valve pressure gradient quantification using semi-automated 4D 

flow CMR pipeline. BMC Res Notes. 15:151. https:// doi. org/ 10. 1186/ 

s13104- 022- 06033-z.

 13. Njoku P, Wardley J, Garg P (2022) Streamline-based three-dimensional 

peak-velocity tracing of transvalvular flow using four-dimensional 

flow cardiac magnetic resonance imaging for left ventricular diastolic 

assessment in aortic regurgitation: a case report. J Med Case Rep 16:205. 

https:// doi. org/ 10. 1186/ s13256- 022- 03422-7.

 14. Wardley J, Swift A, Ryding A, Garg P (2021) Four-dimensional flow cardio-

vascular magnetic resonance for the assessment of mitral stenosis. Eur 

Heart J Case Rep. 5:ytab465. https:// doi. org/ 10. 1093/ ehjcr/ ytab4 65

 15. Zhao X, Hu L, Leng S et al (2022) Ventricular flow analysis and its associa-

tion with exertional capacity in repaired tetralogy of Fallot: 4D flow 

cardiovascular magnetic resonance study. J Cardiovasc Magn Reson. 24:4. 

https:// doi. org/ 10. 1186/ s12968- 021- 00832-2.

 16. Zhao X, Tan R-S, Garg P et al (2021) Impact of age, sex and ethnicity on 

intra-cardiac flow components and left ventricular kinetic energy derived 

from 4D flow CMR. Int J Cardiol. 336:105–112. https:// doi. org/ 10. 1016/j. 

ijcard. 2021. 05. 035.

 17. Kaur H, Assadi H, Alabed S et al (2020) Left Ventricular Blood Flow Kinetic 

Energy Assessment by 4D Flow Cardiovascular Magnetic Resonance: A 

Systematic Review of the Clinical Relevance. J Cardiovasc Dev Dis. 7(3):37. 

https:// doi. org/ 10. 3390/ jcdd7 030037

 18. Garg P, Westenberg JJM, van den Boogaard PJ et al (2017) Comparison of 

fast acquisition strategies in whole-heart four-dimensional flow cardiac 

MR: Two-center, 1.5 Tesla, phantom and in vivo validation study. J Magn 

Reson Imaging. 47:272–281. https:// doi. org/ 10. 1002/ jmri. 25746.

 19. Zhang J-M, Tan RS, Zhang S et al (2018) Comparison of Image Acquisition 

Techniques in Four-Dimensional Flow Cardiovascular MR on 3 Tesla in 

Volunteers and Tetralogy of Fallot Patients. Annu Int Conf IEEE Eng Med 

Biol Soc. 2018:1115–1118. https:// doi. org/ 10. 1109/ EMBC. 2018. 85124 12.

 20. Hsiao A, Tariq U, Alley MT, Lustig M, Vasanawala SS (2015) Inlet and outlet 

valve flow and regurgitant volume may be directly and reliably quantified 

with accelerated, volumetric phase-contrast MRI. J Magn Reson Imaging. 

41:376–385. https:// doi. org/ 10. 1002/ jmri. 24578.

https://doi.org/10.3389/fcvm.2021.682027
https://doi.org/10.1016/j.jcmg.2020.12.014
https://doi.org/10.12688/wellcomeopenres.16655.2
https://doi.org/10.12688/wellcomeopenres.16655.2
https://doi.org/10.1016/j.ijcard.2021.01.066
https://doi.org/10.1136/heartjnl-2019-315669
https://doi.org/10.1016/j.mri.2020.08.024
https://doi.org/10.1016/j.mri.2020.08.024
https://doi.org/10.3389/fcvm.2019.00103
https://doi.org/10.1002/jmri.26858
https://doi.org/10.1093/ehjci/jey121
https://doi.org/10.1038/s41569-019-0305-z
https://doi.org/10.1186/s13104-022-06063-7
https://doi.org/10.1186/s13104-022-06033-z
https://doi.org/10.1186/s13104-022-06033-z
https://doi.org/10.1186/s13256-022-03422-7
https://doi.org/10.1093/ehjcr/ytab465
https://doi.org/10.1186/s12968-021-00832-2
https://doi.org/10.1016/j.ijcard.2021.05.035
https://doi.org/10.1016/j.ijcard.2021.05.035
https://doi.org/10.3390/jcdd7030037
https://doi.org/10.1002/jmri.25746
https://doi.org/10.1109/EMBC.2018.8512412
https://doi.org/10.1002/jmri.24578


Page 8 of 8Assadi et al. European Radiology Experimental            (2022) 6:46 

 21. Hanneman K, Sivagnanam M, Nguyen ET et al (2014) Magnetic resonance 

assessment of pulmonary (QP) to systemic (QS) flows using 4D phase-

contrast imaging: pilot study comparison with standard through-plane 

2D phase-contrast imaging. Acad Radiol. 21:1002–1008. https:// doi. org/ 

10. 1016/j. acra. 2014. 04. 012.

 22. Kanski M, Töger J, Steding-Ehrenborg K et al (2015) Whole-heart four-

dimensional flow can be acquired with preserved quality without respira-

tory gating, facilitating clinical use: a head-to-head comparison. BMC 

Med Imaging 15:20. https:// doi. org/ 10. 1186/ s12880- 015- 0061-4.

 23. Petersson S, Sigfridsson A, Dyverfeldt P, Carlhäll C-J, Ebbers T (2016) Retro-

spectively gated intracardiac 4D flow MRI using spiral trajectories. Magn 

Reson Med. 75:196–206. https:// doi. org/ 10. 1002/ mrm. 25612.

 24. Isorni MA, Martins D, Ben Moussa N et al (2020) 4D flow MRI versus 

conventional 2D for measuring pulmonary flow after Tetralogy of Fallot 

repair. Int J Cardiol. 300:132–136. https:// doi. org/ 10. 1016/j. ijcard. 2019. 10. 

030.

 25. Horowitz MJ, Kupsky DF, El-Said HG, Alshawabkeh L, Kligerman SJ, Hsiao 

A (2021) 4D flow MRI quantification of congenital shunts: comparison to 

invasive catheterization. Radiol Cardiothorac Imaging. 3:e200446. https:// 

doi. org/ 10. 1016/ 10. 1148/ ryct. 20212 00446.

 26. Chelu RG, Horowitz M, Sucha D et al (2019) Evaluation of atrial septal 

defects with 4D flow MRI—multilevel and inter-reader reproducibility for 

quantification of shunt severity. MAGMA. 32:269–279. https:// doi. org/ 10. 

1016/ 10. 1007/ s10334- 018- 0702-z.

 27. Lai P, Shimakawa A, Cheng JY, Alley MT, Vasanawala S, Brau AC (2015) Sub-

8-minute cardiac four dimensional flow MRI using kat ARC and variable 

density signal averaging. J Cardiovasc Magn Reson. 17:Q36

 28. Robinson S, Rana B, Oxborough D et al (2020) A practical guideline for 

performing a comprehensive transthoracic echocardiogram in adults: the 

British Society of Echocardiography minimum dataset. Echo Res Pract. 

7:G59–G93. https:// doi. org/ 10. 1530/ ERP- 20- 0026.

 29. Hälvä R, Vaara SM, Peltonen JI et al (2021) Peak flow measurements in 

patients with severe aortic stenosis: a prospective comparative study 

between cardiovascular magnetic resonance 2D and 4D flow and tran-

sthoracic echocardiography. J Cardiovasc Magn Reson. 23:132. https:// 

doi. org/ 10. 1186/ s12968- 021- 00825-1.

 30. Archer GT, Elhawaz A, Barker N et al (2020) Validation of four-dimensional 

flow cardiovascular magnetic resonance for aortic stenosis assessment. 

Sci Rep. 10:10569. https:// doi. org/ 10. 1038/ s41598- 020- 66659-6

 31. Bane O, Peti S, Wagner M et al (2019) Hemodynamic measurements 

with an abdominal 4D flow MRI sequence with spiral sampling and 

compressed sensing in patients with chronic liver disease. J Magn Reson 

Imaging. 49:994–1005. https:// doi. org/ 10. 1002/ jmri. 26305.

 32. Stankovic Z (2016) Four-dimensional flow magnetic resonance imaging 

in cirrhosis. World J Gastroenterol 22:89–102. https:// doi. org/ 10. 3748/ wjg. 

v22. i1. 89.

 33. Motosugi U, Roldán-Alzate A, Bannas P et al (2019) Four-dimensional 

flow MRI as a marker for risk stratification of gastroesophageal varices in 

patients with liver cirrhosis. Radiology. 290:101–107. https:// doi. org/ 10. 

1148/ radiol. 20181 80230.

 34. Rutkowski DR, Reeder SB, Fernandez LA, Roldán-Alzate A (2018) Surgical 

planning for living donor liver transplant using 4D flow MRI, compu-

tational fluid dynamics and in vitro experiments. Comput Methods 

Biomech Biomed Eng Imaging Vis. 6:545–555. https:// doi. org/ 10. 1080/ 

21681 163. 2017. 12786 19.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-

lished maps and institutional affiliations.

https://doi.org/10.1016/j.acra.2014.04.012
https://doi.org/10.1016/j.acra.2014.04.012
https://doi.org/10.1186/s12880-015-0061-4
https://doi.org/10.1002/mrm.25612
https://doi.org/10.1016/j.ijcard.2019.10.030
https://doi.org/10.1016/j.ijcard.2019.10.030
https://doi.org/10.1016/10.1148/ryct.2021200446
https://doi.org/10.1016/10.1148/ryct.2021200446
https://doi.org/10.1016/10.1007/s10334-018-0702-z
https://doi.org/10.1016/10.1007/s10334-018-0702-z
https://doi.org/10.1530/ERP-20-0026
https://doi.org/10.1186/s12968-021-00825-1
https://doi.org/10.1186/s12968-021-00825-1
https://doi.org/10.1038/s41598-020-66659-6
https://doi.org/10.1002/jmri.26305
https://doi.org/10.3748/wjg.v22.i1.89
https://doi.org/10.3748/wjg.v22.i1.89
https://doi.org/10.1148/radiol.2018180230
https://doi.org/10.1148/radiol.2018180230
https://doi.org/10.1080/21681163.2017.1278619
https://doi.org/10.1080/21681163.2017.1278619

	Kat-ARC accelerated 4D flow CMR: clinical validation for transvalvular flow and peak velocity assessment
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Key points
	Background
	Methods
	Study cohort
	Ethics approval
	CMR protocol
	4D flow CMR acquisition
	4D flow CMR analysis
	Echocardiography
	Statistical analysis

	Results
	Discussion
	References


