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SYNOPSIS 

 

 
TITLE: “Four-dimensional cardiovascular magnetic resonance flow analysis and 

velocity mapping of alterations of right heart flow patterns and main pulmonary artery 

hemodynamics in patients with repaired Tetralogy of Fallot.” 

 

 

AIMS AND OBJECTIVES 

The aim and objectives of the study are: 

(1) To assess whether 4-D flow MRI-derived parameters can differentiate repaired TOF 

patients with controls. 

(2)  To assess if 4D flow derived hemodynamic parameters are associated with disease 

severity in repaired  TOF patients . 

(3) To compare 2D flow versus 4D flow in repaired TOF patients  

Methods and Materials: Ours was a single-center retrospective cross-sectional, 

observational study done from June 2021 to June 2023 after obtaining institutional ethics 

committee approval (IEC No:1790) on all patients of TOF who underwent ICR (either 

transannular patch repair or pulmonary annulus preserving surgery) in the institute 5 years 

prior to cardiac MRI, irrespective of any gender or ethnicity bias. Those persons who 

were referred for CMR and had normal CMR findings were taken as controls. The control 

group all had no prior cardiovascular disease, pulmonary disease, hypertension, or 

diabetes mellitus and no history of cardiac surgery. The symptomatology, QRS duration 

and associated results of cardiopulmonary exercise test (CPET) of the enrolled patients 
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were recorded.  The standard clinical TOF CMR protocol consisted of scout images 

followed by functional assessment of the RV and LV using cine steady-state free 

precession (SSFP) techniques and post contrast Late Gadolinium enhancement (LGE) 

images using Phase sensitive inversion recovery (PSIR) sequence. This was followed by 

phase contrast flow study of MPA and branch pulmonary arteries and 4D flow study of 

whole heart. Qualitative 4D flow analysis included              gross visualization of the flow, 

velocity vectors, streamlines, and path lines. Quantitative analysis involved flow 

calculation, calculation of wall shear stress (WSS), pressure difference, viscous energy 

loss (EL) as well as kinetic energy related parameters. 

Results: Advanced 4D flow parameters such as maximum and average WSS were 

significantly elevated in repaired TOF patients in RVOT, MPA, RPA and LPA in 

comparison to controls (p value<0.001). When comparing maximum and average EL with 

controls, repaired TOF patients showed elevated values in MPA, RPA and LPA (p value 

<0.001) with more significant losses observed at the proximal region of the artery and 

bifurcation regions.  A medium positive and a statistically significant correlation between 

QRS duration and Maximum WSS (p value=0.001) and average WSS RVOT (p 

value=0.002) was noted. A Pearson correlation showed  a high, positive correlation 

between PR by 2DPCMRI and 4D flow , r(28) = 0.87, p = <0.001. A statistically 

significant and positive correlation was found between RVEDV and PR by 2D PCMRI 

(p value 0.015) and 4D flow (p value <0.001).However the correlation coefficient was 

higher for 4D as compared to 2D PCMRI (r=0.835 on 4D versus 0.442 on 2D). Internal 

validation was done between aortic root total volume and total Pulmonary venous flow 

on 4D.  Spearman Rank correlation analysis showed a statistically significant and positive 

correlation between these variables (r = 0.861, p value <0.001). Correlation analysis 



 

xxiii 
 

between aortic root total volume  and total Volume of MPA blood flow  on 2D and 4D 

sequences showed a stronger correlation (r = 851) and a much higher coefficient of 

determination (R2 = 0.819) on 4D flow as compared to the 2D sequence (r = 670, R2 = 

0.508). The mean difference was significantly lower in the 4D flow, as compared to the 

2D PCMRI. (Mean 2.5 ± 4.92 on 4D versus -7.2 ± 13.81 on 2D PCMRI) while assessing 

the total pulmonary venous blood flow via MPA total volume. While assessing the total 

pulmonary venous blood flow on 4D via  RPA+LPA total volumes by 4D flow, the mean 

difference was significantly lower distal to the vortex, as compared to at the vortex (Mean 

-0.32 ± 5.83 versus 4.55+_13.49).There was a statistically significant difference between 

the PVR versus non-PVR subjects when PR was measured by 4D flow as compared to 

2D PCMRI. The average value of PR by 4D flow was significantly higher in the group 

who had undergone PVR as compared to those who had not (Mean 57.53 versus 43.92, p 

value- 0.007). However, the average value of PR by 2D PCMRI was comparable in both 

the groups ( p value 0.09). When EL in MPA, RPA and LPA were compared between 

patients who underwent PVR versus no PVR, we could not find a statistically significant 

difference between the two groups. Our analysis showed non-PVR group to have higher 

EL values and peak systolic velocities in MPA, RPA and LPA. RVEF showed statistically 

significant difference between the two groups with  PVR group showing lower mean 

values as compared to non-PVR group (48.30±8.20 versus 57.22 ±5.58)  
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Conclusion 

 4D flow is highly applicable to repaired TOF patients in a single free-breathing 10–

15  min acquisition. Particular strengths are better volumetric and velocity 

quantification. 

 Calculations by 4D flow scores over 2D PCMRI as  seen by our  4D flow analysis of 

total pulmonary venous blood flow and comparison between the total volume of 

blood in MPA on 2D PCMRI versus 4D flow. This  method has the potential to 

compensate for the limitations of conventional PR measurements. 

 Positive correlation of QRS duration with WSS in the RVOT but no significant 

correlation with RVEDVi may suggest that hemodynamic stress in the RVOT due to 

constant PR even in asymptomatic repaired TOF patients may be the initiating factor 

leading to subsequent RV dilation and dysfunction.  Thus, alteration in the 4D flow 

derived hemodynamic parameters such as WSS may be associated with disease 

severity and may help in predicting patients who are prone to progressive RV failure, 

thus subjecting them to earlier interventions. More prospective, randomized, multi-

centered studies are required to investigate the application of these methods in patient 

management. 

 Identification of lower EL in the PVR group in comparison with non-PVR  group 

was a new finding and may need better evaluation with larger samples to find if lower 

EL corresponds to early onset RV dysfunction. 
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                                              INTRODUCTION 

 
 

Tetralogy of  Fallot (TOF)  is the most common form of cyanotic heart disease. TOF has 

an incidence of  4 in 10,000 live births constituting   5–7% of all congenital heart disease 

(CHD) , affecting males and females equally(Zhao et al., 2022) (Smith et al., 2019).  

Pulmonary regurgitation (PR) is the most common complication in repaired TOF. PR is 

seen especially with transannular patch repair and  occurs many years after the surgery 

(Isorni et al., 2020) . PR induces right ventricle (RV) volume overload leading to RV 

dilation and dysfunction resulting in exercise intolerance,  arrhythmia, and even sudden 

death (Tsuchiya et al., 2021) (Burchill et al., 2011). The timing of  reintervention in the 

form of pulmonary valve replacement (PVR) continues to vary greatly.  

Most of the patients present late with dilated right ventricular outflow tract (RVOT) and 

RV and are not good  candidates for percutaneous PVR, thus resorting to surgical PVR. 

Hence, in light of the globally increasing number of adults with intracardiac repair (ICR), 

a detailed analysis of blood flow in the heart and vessels is needed in order to acquire a 

thorough understanding of the underlying pathomechanisms.  

4D-flow is a time-averaged three-dimensional flow imaging which seems to be a 

promising tool providing functional information in addition to the morphological 

visualization of vessels(Sträter et al., 2018). It helps in assessing velocities, flow volumes 

and kinetic energy (KE) in RV and pulmonary artery (Robinson et al., 2019).  A few 

studies have compared 4D (four dimensional) flow with 2D PCMRI ( Two dimensional 

2D phase contrast MRI)  blood flow quantification in children and young adults with 

repaired TOF(Jacobs et al., 2020) (Geiger et al., 2011). However, 4D flow MRI is not a 

validated technique with poor standardization at present. There is also a lack of  definite 
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evidence in  4D flow MRI for repaired TOF patients to predate RV dysfunction. Current 

cardiac MR (CMR)  risk assessment is based on volumetric and functional parameters 

that is rather a late expression of underlying physiological changes. As severe RV 

dysfunction presents late, factors other than PR such as RV KE losses may underpin 

functional deterioration in repaired TOF patients(Robinson et al., 2019). Our study is 

aimed in bridging these lacunae by  assessing  the relation of flow parameters in 4D flow 

using various parameters  
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AIMS AND OBJECTIVES 

 

The aim and objectives of the study are: 

(1) To assess whether 4-D flow MRI-derived parameters can differentiate repaired TOF 

patients with controls. 

(2)  To assess if 4D flow derived hemodynamic parameters are associated with disease 

severity in repaired  TOF patients . 

(3) To compare 2D flow versus 4D flow in repaired TOF patients  
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LITERATURE REVIEW 

 

TOF is the most common form of cyanotic CHD accounting for one in 3600 live births 

and 5–7% of all CHD(Zhao et al., 2022). The embryological basis of TOF  is antero-

cephalad deviation of the developing outlet ventricular septum(or its fibrous remnant 

)leading to obstruction of the RVOT, override of the ventricular septum by the aortic root, 

ventricular septal defect (VSD) and right ventricular hypertrophy(Fratz et al., 2013). 

Surgical correction of TOF involves VSD closure, resection of obstructive RVOT 

musculature, and pulmonary valvotomy or placement of a transannular patch(Jeong et al., 

2015).  There is a  steady increase in longevity of these post-operative patients with 

around 85% surviving well into adulthood (Bailliard and Anderson, 2009). Marelli et al 

observed  that the number of adults with repaired TOF in the province of Québec (Canada) 

exceeds the number of children(Marelli et al., 2007).  However, repaired TOF patients 

often have residual anatomic and hemodynamic abnormalities resulting in increasing 

rates of morbidity and mortality in late adulthood.  

 Hemodynamics in repaired TOF patients 

PR is a common complication in repaired TOF patients , especially with transannular 

patch repair, that may develop within few years after the primary repair owing to 

monocusp valve. In a large multicentre study involving patients with corrected TOF, 54% 

of patients had at least moderate PR(Gatzoulis et al., 2000).  Progression of PR in various 

patients over the years is different and hence there is no clear time lines available for 

Pulmonary valve replacement. PR initiates a cascade of pathophysiologic events leading 

to RV dilatation and dysfunction. Other abnormalities that can adversely affect the 
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clinical course in these patients include RVOT or pulmonary artery stenosis, RVOT 

aneurysm, tricuspid regurgitation (TR) , residual VSD, left ventricular (LV) dysfunction, 

aortic valve regurgitation, and severe aortic dilatation. Adverse RV remodeling because 

of volume, pressure, or mixed volume and pressure overload results in varying degrees 

of dilatation and hypertrophy, increased wall stress, interstitial fibrosis, and dyssynchrony 

(both intra- and interventricular). Adverse remodelling initially involves RV but 

eventually affects the LV. 

Risk assessment in repaired TOF patients- issues with clinical parameters and 2D 

PCMRI 

Ventricular size and function in many of the repaired TOF patients may remain stable 

over many years with others showing progressive RV dilation and dysfunction over a 

short period of time.  Outcome predictors can be grouped into the following 3 

categories:(1) clinical factors (eg, syncope, older age at repair) (2) electrophysiological 

markers (eg, prolonged QRS duration, sustained atrial tachyarrhythmias, and sustained 

Ventricular tachycardia (VT)(Valente and Geva, 2017) and (3) imaging biomarkers of 

adverse ventricular remodeling (eg, RV dilation and RV or LV dysfunction)(Geva, 2011).   

In a study of 793 patients from 6 centres, Gatzoulis et al. found that older age at repair 

and QRS duration > 180 ms were independent predictors of sudden cardiac death 

(SCD)(Gatzoulis et al., 2000). This finding was later supported by findings from Khairy 

et al(Mbbs, 2008). However, these studies lacked tools to measure RV size and function. 

A study utilizing CMR for measuring ventricular size and function found that severe RV 

dilation and RV and/ or LV dysfunction were independent predictors of heart failure, 

sustained VT and SCD(Knauth et al., 2008).   
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As PR is the main contributor to dilated RVOT and RV dysfunction, accurate 

quantification of regurgitation is important.  PR severity is reflected by the pulmonary 

regurgitant fraction [PRF (%)] measured on 2D PCMRI.  The RVOT , main pulmonary 

artery (MPA) and RV are modified by the surgical procedures in a way that varies from 

patient to patient , creating challenges in identifying the correct acquisition planes in such 

complex geometries. Multiple studies have shown discrepancy between the PRF value, 

which can be underestimated, and symptom severity or RV function on 2D PCMRI. One 

reason for an underestimation of the PR is the presence of backward flow within a systole 

that is affected by turbulence or stagnation due to the dilation or stenosis of the MPA in 

repaired TOF patients (Tsuchiya et al., 2021). Moreover, 2D PCMRI doesn’t allow the 

tracking of the valve plane, while 4D flow CMR does, thus improving reliability and 

accuracy of flow measurements by 4D flow (Isorni et al., 2020). Though 2D PCMRI is 

widely used in clinical practice , it has several limitations including prolonged breath 

holding, immobility during scan, and lengthy scan times requiring sedation in patients 

younger than 6–8 years of age and/or those with developmental delay . Each exam 

requires a highly trained CMR technologist familiar with pediatric CHD and oversight 

from a radiologist to determine scan planes and acquisition parameters(Vasanawala et al., 

2015). At present, asymptomatic patients with indexed RV end-diastolic volume  

(RVEDVi) >150 ml/m2 and/or  indexed RV end-systolic volume index (RVESVi) >80 

ml/m2 qualify for PVR(Geva, 2011). Although PVR at guideline-recommended RV 

volume threshold values may reverse RV remodelling, the evidence for mortality benefit 

is less firm. Hence the  indications and timing of PVR in repaired TOF patients with PR 

are still under debate. Thus we need better studies for assessing the parameters of early 

RV dysfunction in such patients. 
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Need for better study in repaired TOF patients 

The point of reintervention in the form of PVR continues to remain very heterogenous 

and the various factors leading to progressive RV dilation and dysfunction still needs to 

be analysed.  

4D flow MRI 

4D flow is a novel technique that provides flow-related information in all three directions. 

It helps in qualitative analysis in the form of vortex visualisation as well quantitative 

analysis of velocities, flow volumes (forward flow and reverse flow) and KE in RV and 

MPA and right (RPA) and left (LPA) pulmonary arteries in repaired TOF patients. 

Velocity information in the MRI can be achieved with either 2D PCMRI or 4D flow. In 

the 2D PCMRI, images are obtained with single direction encoding velocity (VENC) 

during breath hold. The plane should be exactly perpendicular to the flow in the vessel to 

obtain correct velocity information(Wymer et al., 2020). Blood flow through the cavities 

of the heart and great vessels is pulsatile and is subject to time and multidirectional 

variations. Hence, acquisition in case of complex CHD like TOF is difficult and requires 

scans to be repeated multiple times in multiple planes to attain true orthogonal image 

acquisition as well as true VENC selection in tortuous anatomy(Sträter et al., 2018). 4D 

flow MRI is a time-resolved, three-dimensional phase contrast MRI sequence that 

provides 3D volume information over a period(Azarine et al., 2019). It has three velocity 

images in 3 directions and one magnitude image.  Field of view should be as large as 

necessary and as small as possible to include the region of interest (ROI). Spoiled 

gradient echo sequences with short echo (TE) and repetition (TR) are used for 4D flow 
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measurement. Due to the short TR, the signal maximum of the blood is weighted inversely 

with respect to the T1 relaxation time. Therefore, 4D-flow measurement does not usually 

require contrast agent administration(François et al., 2011). However, acquiring the 4D 

Flow data after the contrast study takes advantage of the enhanced signal to noise ratio 

(SNR) , velocity to noise ratio (VNR) and contrast between blood and surrounding tissue 

(François et al., 2011) (Bock et al., 2010). But contrast agents that wash out during the 

4D Flow can result in time-varying blood T1 times and the effects of this variability on 

PC-CMR velocity data is not fully known(Sträter et al., 2018). The results of a study by 

Bock et al(Bock et al., 2010) and Hess et al(Hess et al., 2015) demonstrated that the 

application of contrast agent affected image quality of phase contrast MR angiography 

(PC-MRA) positively especially in smaller vessels and provided improved background 

suppression in 4D flow. But SNR in data with contrast agent showed significantly higher 

variation presumably due to different scan timing and contrast agent elimination rates. 

Since such variances may affect image quality, future studies should include the effect of 

scan timing and duration in more detail. 

The advantage of 4D flow over 2D PCMRI is that the plane of velocity assessment can 

be retrospectively selected at any location due to its ability to make calculations 

perpendicular to the flow vector anywhere within the acquisition volume in the post-

processing software in the 4D flow(Elsayed et al., 2021).  Despite longer scan times, 4D 

Flow CMR may be advantageous and faster especially in cases where multiple 2D 

PCMRI scans would be needed especially in CHD. Further, the option of valve tracking 

may improve assessment of flow through heart valves. Compared to 2D  PCMRI, 4D 

Flow CMR measures velocity in all spatial directions and has superior spatial coverage 
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and may therefore also be better at capturing the peak velocity of a stenotic jet 

(Nordmeyer et al., 2010). This is due to the segmentation technique in 4D flow calculation 

in an entire vessel segment rather than relying on 2D analysis planes which do not 

coincide with the location of the maximum systolic velocity. Studies with 2D PCMRI 

have shown that at least 5–6 voxels across the vessel lumen are needed for accurate flow 

volume quantification(Hofman et al., 1995) 

A high spatial resolution is required for accurate determination of flow parameters and to 

be able to record even small flow phenomena. However, the smaller the voxel size, the 

longer the scan time and the lower the SNR. Therefore, a compromise must be made on 

an individual basis for each patient. A voxel size with an isotropic edge length of 2.5 – 

3.0 mm for the heart has been established(Dyverfeldt et al., 2015). The highest possible 

temporal resolution of approximately 40 ms per 3D dataset is needed to be able to record 

even brief flow phenomena(François et al., 2013).  

4D Flow CMR data processing usually involves the use of automated or semi-automated 

corrections of known artefacts as several sources of error can compromise its analysis. 

Similar to 2D PCMRI, the major sources of errors include eddy current effects (switching 

of time-varying magnetic field gradients result in changes in magnetic flux), concomitant 

gradient field effects (Maxell terms- spatially varying background phase offsets) , 

gradient field nonlinearity  and phase wraps resulting in velocity aliasing(Dyverfeldt et 

al., 2015). Correction factors for the concomitant gradient field correction can be directly 

derived from the gradient waveforms used for the data acquisition. However, not all eddy 

current effects can be compensated for and there currently is no definite solution to 

remove all eddy current induced background phase offsets(Bissell et al., 2023) .  During 
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flow analysis, it is not always possible to predict the maximum velocity. Hence the use 

of a phase-unwrapping algorithm in 4D flow helps in identification of abrupt phase shifts 

in the temporal domain. Though 2D PCMRI also provides the option of background and 

phantom correction, it is not robust and may lead to additional errors. 

Quality control is important for every clinical and research study. Screening of 4D Flow 

CMR source images can reveal phase wraps, background phase offsets (by using narrow 

color-window), fold-over, and other image artifacts(Bissell et al., 2023) (Dyverfeldt et 

al., 2015).  4D Flow CMR offers several opportunities for internal data consistency due 

to its volumetric coverage which is not possible with 2D PCMRI. For flow volume 

quantification, the conservation-of-mass principle can be employed to assess pulmonary 

vs. systemic flow volume ratios and flow volume in vs. out of the ventricles. Similarly 

quality control of pathlines analysis can be done as the number of pathlines that enter and 

leave a specified ROI should be the same (e.g., ventricles).  Other advantages of 4D flow 

MRI over 2D PCMRI is to screen data for streamlines or pathlines that abruptly change 

direction or slowly drift out of the lumen, which can be indicative of phase wraps or 

uncompensated background phase offsets, respectively. Similarly, the presence of 

uncompensated background phase offsets can be suspected if pathlines emitted from the 

chest or back move in a non-random fashion. Hence, preprocessing step is of utmost 

importance during 4D flow analysis. 

However, as compared to 2D PC-CMR which is widely available and a standardised 

technique, 4D flow CMR currently remains technically challenging and is rarely used in 

clinical routine settings, mainly due to the long scan time which is further increased by 

the need for respiratory motion compensation(Neuhaus et al., 2019). A whole heart and 
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an aortic acquisition takes approximately 15 min by using standard parallel imaging 

techniques on a typical clinical CMR system. Therefore, a range of acceleration 

techniques that exploit spatio-temporal correlations have been applied to 4D flow of the 

heart and/or surrounding vessels including k-t BLAST, k-t GRAPPA or k-t PCA allowing 

for acceleration factors in the order of 5 to 8. Acceleration techniques based on 

compressed sensing (CS) − often combined with non-Cartesian sampling, with and 

without exploitation of spatio-temporal correlations − have also been applied to 4D flow 

CMR achieving similar acceleration rates (Carlsson et al., 2011) (Schnell et al., 2014) 

(Giese et al., 2014). One major disadvantage of most proposed CS techniques is their 

relatively long off-line reconstruction time, being in the range of 45 to 60 min(Valvano 

et al., 2017) (Cheng et al., 2016). A study by Neuhaus et al (Neuhaus et al., 2019) 

demonstrated a six- to eightfold acceleration of 4D flow CMR using CS in patients with 

aortopathies.  However, the magnitude images visually suffer from increased artefacts for 

higher CS factors. The main benefits are scan-time savings and direct on-line 

reconstruction. 

Radial 4D Flow MRI (PC-VIPR- ,vastly undersampled isotropic projection 

reconstruction ) is another promising approach for accelerated PC MRI. With this 

approach, data points in k-space are recorded on a radial trajectory. In contrast to 

traditional Cartesian sampling with parallel lines in k-space, spatial resolution is 

preserved even if fewer radial lines are acquired than dictated by the Nyquist limit(Markl 

et al., 2012). Instead of a compromised resolution, the tradeoffs for scan time reductions 

are streak artifacts and a loss of SNR. 
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Figure 1Basic acquisition of 2D PCMRI (Image courtesy (Markl et al., 2012)) 

 

 

 

 

Figure 2 Basic acquisition of 4D flow MRI (Image courtesy (Markl et al., 2012)) 

 

Analysis of the 4D flow: 

It involves qualitative and quantitative analysis. The qualitative analysis includes                gross 
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visualization of the flow, velocity vectors, streamlines, and path lines. Quantitative 

analysis involves flow calculation, calculation of wall shear stress (WSS), pressure 

difference, viscous energy loss (EL) as well as KE related parameters. 

Evidence for 4D flow MRI in repaired TOF patients – current scenario 

Studies conducted by Van der Hulst et al(Van Der Hulst et al., 2010), Hsiao et al(Hsiao 

et al., 2011), Tariq et al(Tariq et al., 2013), Giese et al(Giese et al., 2014), Gabbour et 

al(Gabbour et al., 2013), Hirtler et al(Hirtler, 2016) have shown that 4D flow MRI helps 

in accurate flow quantification and provides information regarding intracardiac and 

vascular vorticity and helps in better outcome predictions as compared to 2D PCMRI.  In 

all the above mentioned studies, strong correlations between the 2D and 4D flow MRI 

measurements of PRF were observed with 4D flow giving more accurate effective flow 

measurements. Ha et al(Ha et al., 2016) demonstrated helical or vortical streamlines in 

repaired  TOF patients due to acceleration of blood flow in the RV, MPA, RPA and LPA. 

This causes turbulence resulting in high-velocity  jet impinging focally on the wall. 

Turbulent kinetic energy is the energy stored in the turbulent flow and this is dissipated as 

heat. Blood flow turbulence is expressed as rapid velocity fluctuations within a single 

imaging voxel(Robinson et al., 2019). Isorni et al(Isorni et al., 2020), Jacobs et al(Jacobs 

et al., 2020), Lee et al(Lee et al., 2019), Fredriksson et al(Fredriksson et al., 2018) have 

evaluated the 4D flow patterns in MPA, RPA, LPA and RV. These studies indicate altered 

flow patterns with higher intravascular vorticity and increased KE losses in the RV. 

Robinson et al (Robinson et al., 2019) demonstrated increased KE in MPA in repaired 

TOF children vs. controls across the entire cardiac cycle (12.5 mJ/m2 vs. 8.2 mJ/m2, 

P<0.01 in systole; and 2.3  mJ/m2 vs. 1.4mJ/m2, P<0.01 in diastole ).  Jeong et al (Jeong 
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et al., 2015) showed that greater ventricular KE was necessary to generate flow in the 

pulmonary and aortic circulations in repaired TOF patients with higher peak systolic KE 

in RV and LV (6.06±2.27mJ and 3.55±2.12mJ, respectively) than healthy volunteers 

(5.47±2.52mJ and 2.48±0.75mJ, respectively). Francois et al(François et al., 2012) also 

showed increased vortical flow patterns in the right atrium (RA) and in the RV during 

diastole, and increased helical or vortical flow features in the MPA in repaired TOF 

subjects. Regarding  other advanced 4D flow parameters, Francois et al (François et al., 

2012) showed increased WSS in the MPA of repaired TOF patients, consistent with the 

Bedard et al(Bédard et al., 2009) observation of the histological abnormalities present in 

the pulmonary trunk of such patients. However, one major limitation of these studies was 

limited number of cases. Few of the studies have been summarised in the table below 
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Table 1 Summary of 4D flow studies 

Author Parameter 

 

Studied 

Study 

 

Characteristics 

Key Results 

Nordmeyer et 

al(Nordmeyer 

et al., 2010) 

To validate the 

quantitative use of 

flow sensitive 4-D  

velocity encoded 

cine MRI for 

simultaneously 

acquired venous 

and arterial blood 

flow in healthy 

volunteers and for 

abnormal flow in 

patients with 

CHD. 

19 patients and 

7 healthy 

volunteers 

4-D flow MRI is accurate in 

arterial, venous, and pathological 

flow. 

 

Robinson et 

al(Robinson 

et al., 2019) 

4-D flow MRI-

derived measures 

of blood KE 

between repaired 

TOF patients and 

controls and 

whether these 

parameters were 

associated with 

disease severity 

Pediatric 

patients post 

TOF repair 

(n=21) and 

controls 

(n=24)  

Increased KE in pulmonary artery 

(PA) in children post TOF vs. 

controls across the entire cardiac 

cycle 12.5 mJ/m2 vs. 8.2 mJ/m2, 

P<0.01 in systole; and 2.3  mJ/m2 

vs. 1.4mJ/m2, P<0.01 in diastole ).  

KE had a direct, non-linear 

relationship with traditional 

measures of disease progression. 

Jeong et 

al(Jeong et 

al., 2015) 

To assess 

differences in 

ventricular KE 

with 4D Flow MRI 

between patients 

with repaired TOF 

and healthy 

volunteers. 

10 subjects 

with repaired 

TOF and 9 

healthy 

volunteers 

Peak systolic KE (RV) and KE 

(LV) were higher in repaired TOF 

subjects (6.06±2.27mJ and 

3.55±2.12mJ, respectively) than 

healthy volunteers (5.47±2.52mJ 

and 2.48±0.75mJ, respectively) but 

not statistically significant (p= .65 

and p= .47, respectively)  

Greater ventricular KE was 

necessary to generate flow in the 

pulmonary and aortic circulations 

in repaired TOF patients. 

Geiger et 

al(Geiger et 

al., 2011) 

Comprehensive 

analysis of 

haemodynamics 

by 4-D flow 

visualization and 

10 patients and 

4 healthy 

controls 

4-D flow analysis provides valuable 

data on both intracardiac and 

pulmonary vascular flow 
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retrospective flow 

quantification in 

patients after 

repair of TOF. 

 

 

Francois et 

al(François et 

al., 2012) 

To assess changes 

in right heart flow 

and pulmonary 

artery 

hemodynamics in 

patients with 

repaired TOF 

11 subjects 

and 10 normal 

volunteers 

Right heart flow patterns in repaired 

TOF subjects were characterized by 

increased vortical flow patterns in 

the right atrium (RA) and in the RV 

during diastole, and (c) increased 

helical or vortical flow features in 

the PA. Differences in main PA 

retrograde flow, resistance index, 

peak flow, time-to-peak flow, peak 

acceleration, and mean wall shear 

stress were statistically significant. 

Helps in outcome prediction 

 

Summary of review of literature with lacunae in literature 

2D PCMRI provides information related to the RV, LV morphological parameters 

including RVEDV, RVESV and PR. Treatment is also based on these anatomical 

parameters keeping the patient on regular clinical follow up till the threshold volume is 

reached. However, these anatomical parameters are not able to predict which patient can 

have early RV failure. Imaging of the flow dynamics like velocities and vortex analysis 

in RV and MPA and stress exerted on the walls of the RV, MPA, RPA and LPA by 

turbulent blood are not extensively studied to provide data on the deterioration of RV. In 

addition, many of the studies are retrospective with limited number of subjects and 

controls. The present cross-sectional study aimed to fill these lacunae to derive 4D flow 

parameters which can predict the long-term outcomes in repaired TOF patients so that 

timely intervention can be done in those subsets who are at high risk of early RV failure. 
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3 MATERIALS AND METHODS 
 

Study type: 

Ours was a single-center retrospective cross-sectional, observational study done from 

June 2021 to June 2023 after obtaining institutional ethics committee approval (IEC 

No:1790) on all patients of TOF who underwent ICR (either transannular patch repair or 

pulmonary annulus preserving surgery) in the institute 5 years prior to cardiac MRI, 

irrespective of any gender or ethnicity bias. Informed consent was obtained from all the 

patients. For minor participants, written informed consent was taken from either the 

parents or guardian. Those persons who were referred for CMR and had normal CMR 

findings were taken as controls. The control group all had no prior cardiovascular disease, 

pulmonary disease, hypertension, or diabetes mellitus and no history of cardiac surgery 

Inclusion criteria: 

                 Consecutive Patients of TOF who underwent either transannular patch repair 

or pulmonary annulus preserving surgery in the institute with CMR done  at least 5 years 

after the surgery. 

 Exclusion criteria: 

 Associated shunt lesions including major aortopulmonary collaterals and residual 

VSD. 

 Patients with moderate or severe TR 
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 Claustrophobic patients, patients with MR incompatible metallic implants, 

pacemakers or cochlear implants and other contraindications to CMR. 

 Patients with history of renal disease and eGFR < 30mL/min/1.73 m2 or other 

contraindications for intravenous gadolinium contrast. 

 Studies with inadequate image quality. 

 Patients who were unable to lie down for a prolonged period. 

 Patients or relatives declining consent. 

 

 Study design: 

Study population  

60 post TOF ICR patients and 35 age matched controls were included in the study . After 

applying the elimination and exclusion criteria (Fig ) as per the STROBE guidelines 

(Strengthening the Reporting of Observational Studies in Epidemiology) for retrospective 

cohort, 30 repaired TOF patients (13 pediatric; 17 adult) and 15 age matched controls 

with normal ventricular function were selected to be included in the current analysis. The 

control group all had no prior cardiovascular disease, pulmonary disease, hypertension, 

or diabetes mellitus and no history of cardiac surgery.
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Figure 3 STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) flowchart of our studied population.  
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Clinical data 

  The symptomatology, QRS duration and associated results of CPET of the enrolled 

patients were recorded.  All patients underwent treadmill exercise testing as per Bruce 

protocol to maximal volition within one week of the CMR. Symptoms such as muscle 

fatigue, exhaustion, extreme dyspnea, and light‐headedness were taken as end points of 

test termination.  Cardiac arrhythmias were not an indication to stop the test unless 

sustained tachyarrhythmias developed.  The exercise was stopped when 85% of 

maximum heart rate was achieved or 10.10 metabolic equivalents (METS).  Patients were 

stratified by peak oxygen uptake (VO2) values into two groups: low risk: peak VO2 > 

15  ml/kg/min; medium to high risk: peak VO2 ≤ 15  ml/kg/min (Farina et al., 2018).  

 

Cardiovascular magnetic resonance protocol 

CMR examinations were done on 1.5 T Siemens (MAGNETOM Avanto , Siemens 

Healthcare, Erlangen, Germany) equipped with a 36-element dedicated cardiac array.  

CMR was done for assessing the RV and LV functional parameters and qualitative and 

quantitative hemodynamic parameters of MPA, RPA, LPA and RVOT. The standard 

clinical TOF CMR protocol consisted of scout images followed by functional assessment 

of the RV and LV using cine steady-state free precession (SSFP) techniques and post 

contrast Late Gadolinium enhancement (LGE) images using Phase sensitive inversion 

recovery (PSIR) balanced SSFP sequence. This was followed by phase contrast flow 

study of MPA and branch pulmonary arteries and 4D flow study of whole heart. 
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2D CMR sequences 

Cine images  

Cine images were obtained using retrospective electrocardiographic (ECG)- gating in 

short axis, four chamber, two chamber and three chamber RV outflow tract imaging 

planes. A total of 25 cardiac phases were acquired during one R–R interval with temporal 

resolution of approximate 60 ms between phases. Bright blood imaging technique using 

balanced SSFP (TruFISP) sequence was applied to obtain CINE images. Short axis stack 

covered the heart from its base to apex, which allowed for the assessment of global and 

regional ventricular function, calculation of LV and RV volumes, ejection fraction (EF). 

Cut-off values of RV remodeling index(RVEDVi/LVEDVi ) for moderate to-severe and 

severe RV remodelling were 1.41 and 2.0, respectively(Zhao et al., 2022). TR was 

visually graded as none, mild, moderate, or severe. 

LGE sequence 

LGE images were obtained 10 minutes after administrating intravenous Gadolinium-

based contrast medium (Gadoterate Meglumine, Vivere Imaging, India) intravenously at 

0.1 mmol/kg body weight. Breath-hold segmented ECG gated PSIR b-SSFP sequence 

performed in the same orientation as the cine images. The inversion time was adjusted to 

completely null normal myocardium (typically 250-400 ms). 

Pulmonary artery angiogram  

Dynamic time resolved MR angiography (TWIST) acquisition was performed with 

contrast agent injected intravenously at 0.1 mmol/kg body weight sufficient to create 

enough T1-shortening during the course of data acquisition. This enabled  visualization 
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of the passage of a contrast bolus from the venous system, across the MPA and branch 

pulmonary arteries. 

2D Phase contrast flow study of main pulmonary artery and branch pulmonary 

arteries 

VENC was adapted individually to yield images without aliasing artefacts (200-400 

cm/s). Imaging plane was selected from the oblique axial and sagittal planes of dynamic 

contrast pulmonary MR angiogram and the point between the pulmonary valve and MPA 

bifurcation was selected for acquisition. The usual VENC selected was about 120–

150 cm/s. The encoding velocity for branch pulmonary arteries selected was about 120-

180  cm/s. The right pulmonary artery plane was selected from the oblique axial and 

coronal images of dynamic pulmonary MR angiogram. The imaging plane was selected 

between the origin and first order bifurcation. Since the left pulmonary artery has a more 

sagittal course, the imaging plane was selected from oblique axial and sagittal image. 

Patients with aorta pulmonary collaterals were excluded from the study, hence combined 

RPA plus LPA flow was taken as the total pulmonary artery flow (Qp). 
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Figure 4 Reconstructed PCMRI showing the planning for MPA proximal to the 

bifurcation. 

 

Figure 5 Reconstructed PCMRI images showing the planning for RPA (yellow arrow in 

A and green line in B) and LPA ( red arrow in C and green line in D) between their 

respective origins and bifurcations.  
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Table 2 Routine 2D sequences acquired in a repaired TOF patient 

 

Parameter Scout Cine images TWIST 

MR 

angiograp

hy 

15 min LGE 

PSIR 

TE 1.12 ms 1.19 ms 1 ms 1.21 

TR 269.99ms 36.14 2.73 ms 657 

Flip angle  60° 58° 33° 40° 

FOV 400x400 mm 230x208.4 mm 340x340 

mm 

360x270 mm 

Matrix size 240x158 174x192  

 

246x352 

 

164x272  

Slice 

thickness 

8 6 mm 1 mm 8 mm 

Time of 

inversion 

- - - Adjusted to null 

the myocardium 

ECG gating Prospective  Retrospective - Prospective 

Breath hold Yes Yes No Yes 

Spatial 

resolution 

1.7x1.7x8 mm 1.2x1.2x6 mm 

 

1x1x1 mm 

 

1.3x1.3x8 mm 

Interslice 

gap 

16 mm 1.5 mm - 4 mm 

SNR 1 1 1 1 

 

Image analysis using routine 2D CMR sequences 

Absolute and indexed RV and LV volumes, LV, and RV ejection fractions, myocardial 

LGE, flow quantification across MPA, RPA and LPA were measured using cvi42 Version 

5.13 (Circle Cardiovascular Imaging, Calgary, Alberta, Canada) by a single experienced 
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reader (3 years of CMR experience). Cine images were used to measure RV and LV 

ejection fraction and volumes by tracing the endocardial and epicardial boundaries at the 

end-diastole and end-systole. EF was obtained using the semi-automated technique. For 

flow quantification, the automatic contour detection was used for drawing the contour 

towards the vessel borders based on the information from all phases and the contour was 

forwarded to all phases. Quantification of 2D flows and flow pattern calculations (forward 

flow, backward flow, regurgitation fraction (RF) and net flow) were analysed as shown 

in Figure 6. 

 

Figure 6 Right pulmonary artery flow assessment using 2D PCMRI in a young adult with 

pulmonary regurgitation 12 years after TOF repair. A and B  phase-contrast and 

magnitude images of right pulmonary artery with C and D showing a regurgitation 

fraction of 35.30 %. 
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4D flow acquisition protocol and parameters: 

 

Scanning was performed in the axial plane from thoracic inlet  up to the diaphragm in the 

free-breathing mode using retrospective ECG gating to enable coverage of the entire 

cardiac cycle and respiratory gating techniques (respiratory navigator echo) . It included 

one magnitude image and 3 phase images in 3 directions.  The sequence used for 4D flow 

was a spoiled gradient sequence with short TE and TR (Geiger et al., 2011). Scanning 

parameters included: Slice thickness- 2.5 mm, spatial resolution-2.5 mm, temporal 

resolution- 40 milliseconds, TE-2.3 milliseconds, TR-38.80 milliseconds, flip angle-15°, 

spatial resolution-2.4x2.4x2.5 mm,   single VENC of 200 cm/s. Cartesian reconstruction 

algorithm was used. Contrast agent was used as part of a comprehensive CMR study for 

visualization of the pulmonary artery and its branches. 4D flow was acquired 

approximately 12 minutes after dynamic contrast MR pulmonary angiography. Scanning 

time ranged from 8-10 minutes. Total acquisition time including 4D flow was around 45 

minutes , depending on the heart rate and breath hold. 

Table3 Comparison between the imaging  parameters of 4D  CMR and 2D PCMRI flow 

acquisition 

 

Parameter 2D PCMRI Flow study  

(MPA,RPA,LPA) 

4D flow  

TE 2.91 ms 2.3 ms 

TR 42.16 ms 38.80 ms 

Flip angle  20° 15° 

FOV 340x233mm 380x304mm 

Matrix size 119x192 90x160 

Slice thickness 6 mm 2.5 mm 
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ECG gating Retrospective Retrospective 

 

Breath hold Yes Respiratory navigator triggered 

Spatial resolution 1.2x1.2x 6mm 

 

2.4x2.4x2.5mm 

Interslice gap - - 

SNR 1 1 

 

All CMR images were stored in picture archiving and communication system (PACS). 

For the purpose of the study, CMR images were retrieved from PACS, anonymized and 

stored separately in numbered folders. These images were post-processed and analysed 

by a reader with 3 years of experience in interpreting CMR studies. The post-processing 

in 4D flow was reviewed by another cardiac radiologist with 9 years of experience. The 

calculations were checked for inter-observation discrepancies by recalculating part of the 

data set.  
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4D flow MRI processing: 

 

 

 
Figure 7 Flow chart showing basic steps in the 4D flow study 

 

 

Figure 8 Overview of a typical 4D flow workflow 
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Preprocessing- After cropping the data, offset and anti- aliasing correction were applied 

before further processing.  Velocity offset correction was verified by identifying the 

uniform distribution of the static tissue mask (yellow) across the image.. Voxels 

representing noise (air) or spatial aliasing were excluded. A polynomial surface was fitted 

to the velocities of static tissue voxels and then subtracted from the whole image. This 

was based on the assumption that there is no flow in static tissue. Anti-aliasing (phase 

unwrapping) were applied to correct velocities that exceeded the VENC, however it 

corrected only velocities upto 2x VENC. Static tissue (yellow) and noise (blue) were not 

altered by this correction. The threshold value for mask correction was set to 50% of the 

maximum value in the magnitude data.  

 

Figure 9 Steps used in pre-processing of  4D flow data 

Calculation of PC-MRA was performed using the pixelwise squared absolute velocity 

values combined with noise masking and additional magnitude weighting. The resulting 

data were then averaged over time for further enhancement of vascular regions with high 

blood flow and suppression of the background signal. 
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Segmentation- The Center line in MPA was drawn from the pulmonary valve level upto 

its bifurcation into RPA and LPA. Similar centerline extraction was done for RPA, LPA 

and four pulmonary veins, starting from their respective origins upto the first branch which 

was verified for its true central position and modified manually for accurate measurements. 

High flow analysis was used for MPA, RPA and LPA. Low flow analysis was used for 

pulmonary veins. This was followed by qualitative and quantitative flow analysis in the 

segmented vessels. A visual assessment of streamlines and pathlines in MPA, RPA, LPA 

and RVOT was performed, paying attention to laminar flow, spiral or vortex flow. The 

visualization of the path line and the stream line were performed in continuous emission 

mode with 50 particles/10 ml and 5 particles/ml, respectively, and a speed of 20 

frames/second.. The hemodynamic parameters of regurgitation, peak velocity and total 

volume of blood flow were calculated perpendicular to the vessel axis in MPA, avoiding 

areas of vortex flow.  

RPA and LPA were divided into three segments each (proximal-1, mid-2, and distal-3). 

Quantitative parameters in RPA and LPA were taken at the following positions: at the 

level of vortex and distal to the vortex.  

Total volume in right upper and right lower and left upper and left lower pulmonary veins 

was taken into consideration.  As patients with aorta pulmonary collaterals were excluded 

from the study, combined RPA plus LPA flow was taken as the total pulmonary artery 

flow (Qp) and was postulated to be equal to the total volume of pulmonary venous blood 

flow. WSS and EL was calculated at the sites of vortical flow.  
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Figure 10 Technique for centerline extraction in MPA (A), RPA(B) and LPA(C) 

 

Analysis of the 4D flow:  

It involves qualitative and quantitative analysis. The qualitative analysis includes  gross 

visualization of the flow, velocity vectors, streamlines, and path lines. 

Qualitative analysis: 

Color-coded velocity images: They provide information related to the gross visualization 

of the direction and velocity of the flow (Fig A) 
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Velocity vectors: provide information related to the speed and direction of the  flow. The 

arrow of the vector points to the direction of flow, the color of the vector determines 

magnitude of flow (Fig B) 

 

Figure 11 Color coded velocity images showing higher velocities in MPA of a repaired 

TOF patient (red color in A), (B) demonstrates the velocity vectors in the same patient. 

Peak velocity in the region of red color was 202.78 cm/s. 

Streamlines determine the path a particle takes when it is released into the velocity field. 

Normal flow in the arteries is laminar. In vortical flow, blood will be recirculated from 

the main flow direction resulting in the swirling motion as in whirlpools. Vortical flow 

was graded as follows. Grade 0- laminar flow with no helices or vortices. Grade 1- mild 

helical or vortical flow (< 360 degrees of rotation), Grade 2- severe helical or vortical 

flow(>/= 360 degrees of rotation)(Sieren et al., 2019). 

Path lines show blood flow in the 3-dimensional plane over one or more heartbeats. 

Normal flow in the arteries is laminar with high velocity noted in the center of the lumen 

as compared to the periphery(Azarine et al., 2019). 
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Figure 12 3D particle trace visualization illustrating the dynamics of main   pulmonary 

artery in repaired TOF patients. White arrowhead in A shows moderate vortex (flow 

rotation <360°) = grade 1 and pronounced vortex (flow rotation >360°) =  grade 2 (white 

arrow in B) 

 

Figure 13 3D particle trace visualization illustrating the dynamics of right  pulmonary 

artery in repaired TOF patients. White arrowhead in A shows moderate vortex (flow 

rotation <360°) = grade 1 and pronounced vortex (flow rotation >360°) =  grade 2 (white 

arrow in B) 
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Figure 14 3D particle trace visualization illustrating the dynamics of left pulmonary artery 

in repaired TOF patients.  White arrow in A shows moderate vortex (flow rotation <360°) 

= grade 1 and pronounced vortex (flow rotation >360°) =  grade 2 (white arrow in B) 

 

Figure 15 3D particle trace visualization in a control illustrating the dynamics of main 

pulmonary artery. Vortical flow was graded as Grade 0- laminar flow with no helices or 

vortices. PR was 0.00%. 
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Quantitative analysis: 

They include 

Basic quantitative parameters: After segmentation of the part where the flow information 

is to be studied, an ROI was  drawn on the vessel of interest. The software automatically 

propagates the ROI in all the cardiac frames. All the frames were cross-checked to avoid 

measurement errors from the inclusion of nearby field. Various flow parameters obtained 

were forward flow (ml/beat), peak systolic velocity of that vessel (centimetres/second), 

reverse flow (ml/beat), and regurgitation fraction(percentage)(Azarine et al., 2019).  

 

 

Figure 16 Color coded velocity images showing higher velocities in MPA (red color in 

A), (C) Peak velocity in the region of red color was 202.78 cm/s with PR of 64.35%. 

Flow assessment in RPA and LPA and pulmonary veins 

Internal validation was done with total volume of pulmonary venous blood flow with total 

volume of aortic root blood flow on 4D sequence. Similarly internal validation was done 

with total volume of MPA blood flow with total volume of aortic root blood flow on 2D 

and 4D sequences respectively. 
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Based on the observation of abundance of the vortices in proximal RPA and LPA, 

quantitative parameters in RPA and LPA were taken at the following positions: at the 

level of vortex (proximal aspect of artery) and distal to the vortex (could be either mid or 

distal aspects of artery) . Total volume of blood flow in right upper and right lower and 

left upper and left lower pulmonary veins was taken into consideration.   

 

Figure 17 RPA flow measurements at three regions (proximal- red arrow, mid-green 

arrow and distal- blue arrow in A). Corresponding graph in B showing progressive 

reduction in the regurgitation fraction from proximal to distal aspect of the vessel 
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Figure 18 LPA flow measurements at three regions (proximal- blue arrow, mid- brown 

arrow and distal- green arrow in A). Corresponding graph in B showing progressive 

reduction in the regurgitation fraction from proximal to distal aspect of the vessel 

 

Figure 19 4D flow MRI with streamlines demonstrating vortical flow in LPA (white 

arrow in A and B). Flow measurements were taken at two regions (at the vortex, white 

arrow in A and B, flow 8 and 5 in B) and distal to the vortex (red arrow in A and B, flow 

7 in B). Corresponding graphs in C  

As patients with aorta pulmonary collaterals were excluded from the study, combined 

RPA plus LPA flow was taken as the total pulmonary artery flow (Qp) and was postulated 

to be equal to the total volume of pulmonary venous blood flow.  Accuracy was internally 
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validated through employing the ‘conservation of mass’ principle, comparing volumes 

that are expected to be equal in absence of valvular malfunction or shunts(Elsayed et al., 

2021).  

Total pulmonary venous blood flow on 4D was considered as ground truth or benchmark 

to analyze with total volume of blood flow in MPA on 2D PCMRI versus 4D flow.  The 

bias in this technique was measured by the difference between the values (The true value, 

which was Total pulmonary venous blood flow) and the measured value (MPA total 

volumes by 2D and 4D).  

Total pulmonary venous blood flow on 4D  was analyzed with the total volume of 

RPA+LPA on 4D at the vortex versus distal to the vortex. The bias in this technique was 

measured by the difference between the values. (The true value, which is Total pulmonary 

venous blood flow ) and the measured value (RPA+LPA volumes at the vortex or Distal 

to the vortex).  

Differential flow to the lungs was calculated for both patients and controls using 

RPA/LPA flow ratio(Geiger et al., 2011). For patients, flow distal to the vortex in RPA 

and LPA was used for the analysis. 

 

Wall shear stress- WSS is the shear force exerted tangentially on the vessel wall by the 

moving viscous blood(Fogel et al., 2012). Maximum and  average WSS, average axial 

WSS (through plane) and  average circumferential WSS(in-plane) were the parameters 

derived from 4D flow. WSS was measured in the following three regions: -above the 

pulmonary valve, mid MPA and pre bifurcation level. The highest of the three values was 

taken into consideration for analysis.  
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Figure 20 Technique for calculation of WSS. WSS in MPA in a repaired TOF patient 

with PR of 64.35 5%. (A) WSS 1 shows red color indicating turbulent flow.  Axial section 

of MPA shows increased WSS (White arrow in B) with maximum and average values of 

0.77 Pa and 0.31 Pa respectively.  (D)WSS 5 in the same patient in the region of laminar 

flow. Axial section of MPA (White arrow in E) shows lesser values of WSS (F) with 

maximum and average WSS of 0.44 Pa and 0.17 Pa respectively   

Energy loss across lumen: EL was calculated at the sites of vortical flow. Viscous energy 

loss is the non-turbulent mechanical energy converted irreversibly into heat. It is 

measured per volume units. Here viscous dissipation is calculated using reformulation of 

the viscous portion of the incompressible Navier-Stokes energy equation(Zajac et al., 
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2015) (Robinson et al., 2019). EL due to complex flow can be accounted as well as 

regions of permanent energy loss are visualized(Zajac et al., 2015). 

 

Figure 21 Technique for calculation of EL in MPA in a repaired TOF patient with PR of 

47.95 %. (A) EL 1 shows red color indicating turbulent flow with increased values  of 

maximum and average EL of  2.17 and 0.65 mW respectively in (B). EL in the same 

patient in a region of laminar flow (EL 5 in C) shows lesser values of EL (D) with 

maximum and average EL of 0.37 and 0.14 mW respectively. 
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Pressure loss across lumen: It is relative pressure measurements that can be achieved with 

the 4D flow. Color maps show distribution of pressure in the vessel during the cardiac 

cycle(François et al., 2012). 

 

Figure 22 Pressure visualization in MPA in a repaired TOF patient with PR of 47.95 %. 

(A) Relatively higher values are noted in the region of turbulent flow (RPM2) as 

compared to areas with laminar flow. B shows the values of maximum and average 

pressure loss across the MPA. 

Analysis of results: 

 

The collected data was entered in Microsoft Excel spreadsheet and analysis was done 

using Epi-Info, JASP and Statistical Package for Social Sciences (SPSS) version 23.0. 

Continuous variables are represented as mean ± SD or medians with Inter-quartile range. 

Categorical variables are represented as number and percentage (%). 
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The variables were tested for normality with the Kolmogorov-Smirnov test for normality, 

Q-Q plots, visual inspection of the histograms and the z-scores for the degree of skewness 

and kurtosis.  

Scatter diagrams were used to describe the relationship between two quantitative 

variables. 

Comparison of EL and WSS between cases and controls was done using parametric 

Student’s T Test if the variable was normally distributed in the various subgroups.  

Not all variables met the assumptions required for parametric; therefore, non-parametric 

test (i.e., Mann-Whitney test) was used for all analyses for consistency.  

The Bland Altman analysis was performed to ascertain the level of agreement between 

the 2D and 4D sequences for the measurement of PR and  peak velocity in MPA, RPA 

and LPA.  

The Spearman correlation coefficient was determined to assess the correlation between 

demographics (age at the time of surgery), ECG (QRS duration) and RV CMR parameters 

(RV remodeling Index (RVEDV/LVEDV), RVESVi and RVEDVi. The Spearman 

correlation coefficient was determined to assess the correlation between WSS in RVOT 

and RV CMR parameters, between RVOT dimension and WSS in RVOT, between QRS 

duration and WSS in RVOT, between PR and RVEDV, between RVEDV and EL in 

MPA, between total volume of aortic root blood flow and total pulmonary venous blood 

flow on 4D, between total volume in MPA and total volume of aortic root blood flow on 

2D and 4D sequences.  

For assessment of total pulmonary venous blood flow via MPA volume by 2D versus 4D 

flow, the mean difference was calculated using Student’s Paired T test.  
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For assessment of total pulmonary venous blood flow via RPA+LPA volume (at the  

vortex versus distal to the vortex) on 4D flow,  the mean difference was calculated using 

Student’s Paired T test. Statistical significance was defined as P < 0.05. Appropriate 

graphs such as pie charts, bar diagrams and histograms have been constructed. 
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RESULTS AND OBSERVATIONS 

 

Demographics of repaired TOF patients 

A total of 30 cases was included in our study, of which 20 (66.67%) were males and 10 

(33.33%) were females(Fig ). 26 patients belonged to New York Heart Association 

classification (NYHA) FC I, 3 patients belonged to FC II and 1 was FC III.  Pulmonary 

valve replacement was performed in 12 patients (40%). The mean age at the time of 

surgery was 3.86±3.63 years. The mean age at the time of CMR was 26.2±11.1 years. 

Table 4 Demographics of repaired TOF patients (clinical and ECG parameters) 

 Mean Standard deviation Median 

Age at the time of 

CMRI (Years) 

26.2 11.1 22 

Age at the time of 

surgery (years) 

3.86 3.63 2.54 

Bruce time 

(minutes) 

8.05 1.17 8.41 

METS 9.7 1.5 10.1 

VO2 (ml/kg/min) 29.2 4.7 29.3 

QRS duration 140.86 26.75 150 
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Table 5 Demographics of repaired TOF patients (CMR parameters) 

 

 Mean Standard deviation Median 

LVEF % 57.44 6.97 57.73 

LVEDVi(mL/m2) 67.28 16.15 64.60 

LVESVi (mL/m2) 28.85 9.19 28.27 

RVEF% 53.66 7.97 52.99 

RVEDVi(mL/m2) 137.85 38.90 136.63 

RVESVi (mL/m2) 65.36 25.58 60.95 

RV remodeling Index 2.12 0.70 2.04 

RVOT (mm) 26.60 5.52 27.20 

MPA Area (cm2) 6.60 2.97 5.69 

MPA Diameter (mm) 26.5 5.8 26.5 

Peak Velocity MPA by 

2D (cm/s) 

157.17 36.75 149.64 

Peak Velocity MPA by 

4D (cm/s) 

175.79 29.47 169.56 

Peak Velocity RPA 2D 

(cm/s) 

137.04 

 

54.37 

 

132.73 

 

Peak Velocity RPA 4D 

(cm/s) 

154.11 

 

34.17 

 

158.14 

 

Peak Velocity LPA 2D 

(cm/s) 

146.93 

 

52.32 

 

143.52 

 

Peak Velocity LPA 4D 

(cm/s) 

170.36 

 

36.73 

 

167.51 

 

PR% MPA by 2D 50 15 50 

PR % MPA by 4D 49.37 14.08 50.11 
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Table 6 Demographics of controls (clinical and ECG parameters) 

 Mean Standard deviation Median 

Age at the time of 

CMRI (Years) 

 

25.13 

 

 

6.87 

 

23 

 

 

 

QRS duration 
 

93.2 

 

 

10.16 

 

 

90 
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Table 7  Demographics of controls (CMR parameters) 

 

 

 

 Mean Standard deviation Median 

LVEF %  

67.48 

 

 

6.61 

 

 

67.91 

 

LVEDVi(mL/m2)  

65.40 

 

 

11.37 

 

 

61 

 

LVESVi (mL/m2)  

20.74 

 

 

5.04 

 

 

19 

 

RVEF% 65.41 

 

6.57 

 

65.5 

 

RVEDVi(mL/m2) 55.17 

 

11.77 

 

52.53 

 

RVESVi (mL/m2) 17.66 

 

5.35 

 

16.35 

 

RV remodeling Index 0.81 

 

0.10 

 

0.77 

 

MPA Diameter (mm) 18.53 

 

2.60 

 

18.94 

 

Peak Velocity MPA by 

4D (cm/s) 

96.81 

 

23.39 

 

96.21 

 

PR % MPA by 4D 0.84 

 

0.88 

 

1 
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COMPARISON OF CASES AND CONTROLS  

Comparison of demographics (Clinical, ECG and CMR parameters) between cases 

and controls  

There was no significant difference between the mean ages of repaired TOF patients and 

controls (26.2±11.1 versus 25.13±6.87). Repaired TOF patients had significantly larger 

RV volumes and lower RVEF and LVEF compared with controls. Mean PR was 

49.37±14.08 among repaired TOF patients. There were significant differences in CMR 

parameters between repaired TOF patients and controls except for LVEDV and RPA/LPA 

ratio  

Table 8 Comparison of demographics (Clinical, ECG and CMR parameters) between 

cases and controls  

 Repaired TOF 

patients(n=30) 

Controls (n=15) P value 

Age at the time of 

CMRI (Years) 

26.2±11.1 

 

 

 

25.13±6.87 

 

0.055 

Gender(male/female) 20:10 8:7  

QRS duration 140.86±26.75 93.2±10.16 

 

<.001 

LVEF %  

57.44±6.97 

 

67.48±6.61 

 

 

<.001 

LVEDVi(mL/m2)  

67.28±16.15 

 

65.40±11.37 

 

 

0.952 

LVESVi (mL/m2)  

28.85±9.19 

 

20.74±5.04 

 

 

.002 

RVEF% 53.66±7.97 65.41±6.57 <.001 

RVEDVi(mL/m2) 137.85±38.90 55.17±11.77 <.001 
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RVESVi (mL/m2) 65.36±25.58 17.66±5.35 

 

<.001 

 

RV remodeling Index 2.12±0.70 0.81±0.10 

 

<.001 

 

MPA Diameter (mm) 26.5±5.8 18.53±2.60 

 

<.001 

Peak Velocity MPA by 

4D (cm/s) 

175.79±29.47 96.81±23.39 

 

<.001 

PR % MPA by 4D 49.37±14.08 0.84±0.88 

 

<.001 

 

RPA/LPA ratio on 4D 2.08±3.86 1.43±0.24 0.549 

Comparison of WSS between cases and controls  

 

Patients with repaired TOF showed elevated maximum and average WSS values as 

compared to controls in RVOT, MPA, RPA and LPA with significant p value (<0.001) 

Table 9 Comparison of maximum and average WSS between cases and controls 

  Cases  Controls  P value 

Maximum 

WSS RVOT 

Mean (SD) 0.23(0.06) 0.14(0.01) <0.001 

Average 

WSS RVOT 

Mean (SD) 0.12 (0.03) 0.06 (0.01) <0.001 

Maximum 

WSS MPA 

Mean (SD) 0.46 (0.11) 0.22 (0.04) <0.001 

Average  

WSS MPA 

Mean (SD) 0.22 (0.05) 0.08 (0.02) <0.001 

Maximum 

WSS RPA 

Mean (SD) 0.58(0.23) 0.26(0.02) <0.001 

Average  

WSS RPA 

Mean (SD) 0.26 (0.08) 0.12 (0.01) <0.001 

Maximum 

WSS LPA 

Mean (SD) 0.47 (0.08) 0.25 (0.03) <0.001 

Average  

WSS LPA 

Mean (SD) 0.2 (0.05) 0.11 (0.02) <0.001 
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Comparison of EL between cases and controls  

Patients with repaired TOF showed elevated maximum and average EL values as 

compared to controls in MPA, RPA and LPA with significant p value (<0.001) 

Table  10 Comparison of maximum and average EL between cases and controls 

  Cases  Controls  P value 

Maximum EL 

(MPA) 

Mean (SD) 2.2(0.84) 0.26(0.09) <0.001 

Average EL 

(MPA)  

Mean (SD) 0.81(0.26) 0.1(0.03) <0.001 

Maximum EL 

(RPA) 

Mean (SD) 1.47(1.3) 0.08(0.02) <0.001 

Average EL 

(RPA) 

Mean (SD) 0.45(0.34) 0.03(0.01) <0.001 

Maximum EL 

(LPA) 

Mean (SD) 1.3(0.75) 0.08 (0.07) <0.001 

Average EL 

(LPA) 

Mean (SD) 0.33(0.21) 0.03(0.03)  <0.001 
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CORRELATION ANALYSIS  

2D VS 4D FLOW 

Pulmonary regurgitation fraction between 2D and 4D sequences 

A Pearson correlation showed  a high, positive correlation between PR in MPA by 

2DPCMRI and 4D flow , r(28) = 0.87, p = <.001. 

 

 

 

Figure 23 Pearson correlation between PR by 2DPCMRI and 4D flow  

Level of agreement between 2D PCMRI and 4D flow with respect to PR 

 

Using Bland Altman analysis, 4D flow reported lower value than 2D PCMRI by about 

0.948%.  
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Figure 24 Bland Altman plot showing the Limits of Agreement between 2D and 4D 

CMRI sequence for measuring PR. 

Correlation analysis between Pulmonary regurgitation on 2D and 4D sequences with 

RVEDV 

A statistically significant and positive correlation was found between these two variables 

(p value <0.001). Thus, RVEDVi tends to have higher values with increasing values of 

PR. However the correlation coefficient was higher for 4D as compared to 2D PCMRI 

(r=0.835 versus 0.442) 

Table 11 Spearman Rank correlation analysis between the variables RVEDVi (mL/m2) 

and PR by 2D PCMRI and 4D flow 

 PR by 2D  PR by 4D  

RVEDVi (mL/m2) 

Correlation 

Coefficient 
0.442 0.835 

P Value 0.015 <.001 
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Peak velocity (cm/s) in MPA, RPA and LPA with 2D PCMRI and 4D flow MRI 

 

There were significant differences between the peak velocities in MPA ( p value=0.034) 

,RPA (p value=0.017) and LPA ( p value=0.049) with higher velocities seen in 4D flow 

as compared to 2D PCMRI 

Table 12 Peak velocity (cm/s) in MPA, RPA and LPA with 2D PCMRI and 4D flow MRI  

 

 Peak velocity(cm/s) 2D Peak velocity(cm/s) 4D P value  

MPA 157.17 ± 36.75 175.79± 29.47 0.034 

RPA 137.04 ± 54.37 154.11± 34.17 

 

 

0.017 

LPA 146.93± 52.32 

 

 

170.36± 36.73 

 

 

0.049 

 

Correlation analysis between variables Aortic root Total volume (mL) and Total 

Volume MPA (mL) on 2D and 4D sequences 

4D flow had a stronger correlation (r = 851) and a much higher coefficient of 

determination (R2 = 0.819) as compared to the 2D sequence (r = 670, R2 = 0.508). 

Table 13 Correlation analysis between variables Aortic root total volume (mL) and Total 

Volume MPA (mL) on 2D and 4D sequences 

 Total Volume 

MPA 2D (mL) 

Aortic root Total 

volume 2D (mL) 

Correlation 

Coefficient 
0.670 

P Value <0.001 

  
Total Volume 

MPA 4D (mL) 

Aortic root Total 

volume 4D (mL) 

Correlation 

Coefficient 
0.851 

P Value <0.001 
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Correlation analysis between aortic root total volume 4D (mL) and Total Pulmonary 

Venous flow 4D (mL) 

Internal validation was done between aortic root total volume with total Pulmonary 

Venous flow on 4D.  Spearman Rank correlation analysis showed  a statistically 

significant and positive correlation between these variables (r = 0.861, p value <0.001). 

Table 14 Correlation analysis between variables aortic total volume 4D (mL) and Total 

Pulmonary Venous flow 4D (mL) 

 
Total Pulmonary 

Venous flow 4D 

(mL) 

Aortic root total 

volume 4D (mL) 

Correlation 

Coefficient 
0.861 

P Value <0.001 

 

Bland Altmann plot showed good agreement between aortic root total volume 4D (mL) 

and Total Pulmonary Venous flow 4D (mL)  

 

 

Figure 25 Bland Altmann plot between aortic root total volume 4D (mL) and Total 

Pulmonary Venous flow 4D (mL) 
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Assessment of total pulmonary venous blood flow on 4D versus total volume of blood 

flow in MPA on 2D PCMRI and 4D flow sequences 

The mean difference/bias was significantly lower in the 4D flow, as compared to the 2D 

PCMRI. (Mean 2.5 ± 4.92 on 4D versus -7.2 ± 13.81 on 2D PCMRI) while assessing the 

total pulmonary venous blood flow via MPA total volume. 

Table 15 Mean differences between Total pulmonary venous blood flow and MPA 

volumes as measured by 2D PCMRI and 4D flow. 

 ∆ (PVBF-MPA 

2D) 

∆ (PVBF-MPA 

4D) 
P value 

Mean± Standard 

Deviation 
-7.20±13.81 2.50±4.92 

<0.001 

Median -7.55 3.38 

 

 

Figure 26 Boxplot comparing the Mean differences between Total pulmonary venous 

blood flow and MPA total volume as measured by 2D PMCRI and 4D flow. 
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Correlation between the clinical and ECG parameters and RV parameters 

No significant correlation was noted between the age at the time of surgery and QRS 

duration with  right ventricular parameters  

Table 16 Spearman’s rank correlation between the clinical and ECG parameters and right 

ventricular parameters 

Clinical and 

ECG 

parameters 

 RV remodeling 

Index 

(RVEDV/LVEDV) 

RVEDVi 

(mL/m2) 

RVESVi 

(mL/m2) 

Age at the 

time of 

Surgery 

(Years) 

Correlation 

Coefficient 

0.150 0.000 -0.071 

P value 0.427 0.999 0.711 

 

QRS 

Duration 

(ms) 

Correlation 

Coefficient 

0.251 0.190 0.120 

P value 0.181 0.313 0.529 

 

4D flow CMR parameters in  repaired TOF patients 

No significant correlation was noted between the WSS in RVOT and RV parameters  

Table 17 Spearman’s rank correlation between the 4D flow CMR and right ventricular 

parameters 

4D CMR 

parameters 

 RV remodeling Index 

(RVEDV/LVEDV) 

RVEDVi 

(mL/m2) 

RVESVi 

(mL/m2) 

 

Average WSS 

RVOT 

Correlation 

Coefficient 

0.165 0.046 0.156 

 

 

P value 0.384 0.808 0.409 

Maximum WSS 

RVOT 

Correlation 

Coefficient 

0.028 -0.002 0.15 

 P value 0.884 0.993 0.937 
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Correlation between the  RVOT dimension and QRS duration with WSS RVOT 

A medium positive and a statistically significant correlation between QRS duration and 

Maximum WSS (p value=0.001) and average WSS RVOT (p value=0.002) was noted. 

Thus, higher or lower values of QRS duration are associated with respectively higher or 

lower values of both average as well as Maximum WSS RVOT. 

Table 18 Spearman’s rank correlation between the  RVOT dimension and QRS duration 

with WSS RVOT 

 Average WSS 

RVOT 

Maximum WSS 

RVOT 

RVOT (mm) 

Correlation Coefficient 0.227 0.008 

P value 0.228 0.965 

QRS Duration 

(ms) 
Correlation Coefficient 0.536 0.559 

 P value 0.002 0.001 

 

 

Figure 27 Scatterplot between QRS duration and WSS RVOT 
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Correlation analysis between RVEDVi (ml/m2) and maximum and average WSS in 

MPA 

A statistically significant and positive correlation between the variables RVEDV and 

maximum and average WSS in MPA (p value <0.001) was noted. Thus, RVEDVi tends 

to have higher values with increasing values of Maximum and average WSS in MPA and 

vice versa.  

Table 19 Spearman correlation between RVEDVi (ml/m2) and maximum and average 

WSS in MPA 

 Max WSS MPA 

RVEDVi (mL/m2) 

Correlation 

Coefficient 
0.61 

P Value <0.001 

  Average  WSS MPA 

RVEDVi (mL/m2) 

Correlation 

Coefficient 
0.66 

P Value <0.001 

 

Location of WSS in MPA among repaired TOF patients 

Patients with repaired TOF had higher values of WSS in prebifurcation region of MPA 

(N=24, 80%) followed by proximal MPA (N=5, 16.67%). 

Table 20 Location of WSS in MPA among repaired TOF patients 

Location of WSS in 

MPA 
Number 

Pre-bifurcation 24 

Mid MPA 1 

Proximal MPA 5 

 30 
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Correlation analysis between variables RVEDVi (mL/m2) and Maximum EL and 

average EL in MPA 

A statistically significant and positive correlation between the variables RVEDV and 

maximum and average EL in MPA (p value <0.001) was noted. Thus, RVEDVi tends to 

have higher values with increasing values of Maximum and average EL in MPA and vice 

versa.  

Table 21 Correlation analysis between variables RVEDVi (mL/m2) and Maximum EL 

and average EL in MPA 

 Maximum EL in 

MPA 

RVEDVi (mL/m2) 

Correlation 

Coefficient 
0.648 

P Value <0.001 

  
Average EL in 

MPA 

RVEDVi (mL/m2) 

Correlation 

Coefficient 
0.594 

P Value <0.001 

 

Branch vessel assessments with 4D flow 

 

The mean vortex severity in the MPA and LPA was (average grading=1.83+_0.379) and 

(average grading=1.8+_0.406) respectively in the repaired TOF patients. RPA showed 

average grading of 1.43+_0.504. Mean vortices were maximum in MPA and LPA with  

less severe vortices in the RPA.  Grade 2- severe helical or vortical flow(>/= 360 degrees 

of rotation) was seen in MPA and LPA in 25(83.33%) and 24 (80%) of repaired TOF 

patients  respectively.  Grade 1- mild helical or vortical flow (< 360 degrees of rotation) 

was seen in 5 (16.67%) and 6 (20%) patients in MPA and LPA respectively. RPA 

predominantly showed moderate vortices (grade 1) in 17 (56.67%) repaired TOF patients. 

None of the patients demonstrated grade 0- laminar flow with no helices or vortices in 

either of MPA, RPA or LPA. 
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Table 22 Vorticity grading in MPA, RPA and LPA 

Vessel  Vorticity grading 

MPA 1.83+_0.379 

RPA 1.43+_0.504 

LPA 1.8+_0.406 

 

Correlation analysis between the vessel diameter and respective vorticity grading in 

MPA, RPA and LPA 

No statistically significant difference was demonstrated between the vessel diameter and 

their respective vorticity grading in MPA, RPA and LPA. 

Table 23 Spearman correlation between the variables vessel diameter and respective 

vorticity grading in MPA, RPA and LPA 

  Vortex severity MPA  

MPA diameter  Correlation 0.29 

 P value  0.11 

  Vortex severity RPA 

RPA diameter Correlation 0.24 

 P value  0.20 

  Vortex severity LPA 

LPA diameter Correlation 0.08 

 P value  0.66 
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Division of RPA and LPA into three segments 

RPA and LPA were arbitrary divided into three segments each and labelled as follows 

(proximal-1, mid-2, and distal-3). Regurgitation fraction was calculated as depicted in Fig  

and Fig  for RPA and LPA each respectively. 

 

 Figure 28 Progressive reduction in the regurgitation fraction in RPA and increase in the 

total volume of blood across RPA from proximal to distal aspect of the artery. 

 

 
 

Figure 29 Progressive reduction in the regurgitation fraction in LPA and increase in the 

total volume of blood across LPA from proximal to distal aspect of the artery. 
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Table 24 Correlation between total pulmonary venous blood flow on 4D versus total 

volume of RPA+LPA on 2D versus 4D sequences 

 
Total pulmonary 

venous blood flow 

on 4D 

Total volume of 

RPA+LPA on 2D  

(mL) 

Correlation 

Coefficient 
0.37 

P Value 0.044 
 

Total volume of 

RPA+LPA at the 

vortex on 4D  

(mL) 

Correlation 

Coefficient 
0.35 

P Value 0.054 

Total volume of 

RPA+LPA distal 

to  the vortex on 

4D  (mL) 

Correlation 

Coefficient 
0.79 

P Value <0.001 
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Assessment of total pulmonary venous blood flow on 4D versus total volume of 

RPA+LPA on 4D (at the vortex versus distal to the vortex) 

While assessing the total pulmonary venous blood flow on 4D via  RPA+LPA total 

volumes by 4D flow, the mean difference/bias was significantly lower distal to the 

vortex, as compared to at the vortex (Mean -0.32 ± 5.83 versus 4.55+_13.49) 

Table 25 Mean differences between Total pulmonary venous blood flow and  RPA+LPA 

total volume at the Vortex versus Distal to the vortex 

 
∆ (PVBF-

RPA+LPA at the 

Vortex) 

∆ (PVBF-

RPA+LPA 

Distal to the 

Vortex) 

P value 

Mean 4.55 -0.32 

0.019 
Standard 

Deviation 

13.49 5.83 

Median 5.30 -1.87 

 

 

 

Figure 30 Boxplot comparing the Mean differences between Total pulmonary venous 

blood flow  on 4D and RPA+LPA  volume at the Vortex versus Distal to the vortex on 

4D  
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Assessment of right sided  pulmonary venous blood flow on 4D versus total volume 

of blood flow in RPA (at the vortex versus distal to the vortex) on 4D  

Higher correlation was noted between right sided pulmonary venous blood flow with 

RPA total volume (distal to the vortex versus at the vortex) 

Table 26 Correlation between the right sided pulmonary venous blood flow and  RPA 

total volume at the Vortex versus Distal to the vortex 

  
Total volume of blood in Right 

sided pulmonary veins 4D (ml) 

RPA Total vol at 

the vortex on 

4D  

Correlation 0.4 

P value  0.031 

RPA Total vol 

distal to the 

vortex on 4D 

Correlation 0.59 

P value 0.001 

 

Assessment of left sided  pulmonary venous blood flow on 4D versus total volume of 

blood flow in LPA (at the vortex versus distal to the vortex) on 4D  

Higher correlation was noted between left sided pulmonary venous blood flow with LPA 

total volume (distal to the vortex versus at the vortex) 

Table 27 Correlation between the Left sided pulmonary venous blood flow and  LPA total 

volume at the Vortex versus Distal to the vortex 

   
Total volume of blood in left 

sided pulmonary veins 4D (ml) 

LPA total vol 

at the vortex 

on 4D 

Correlation 0.34 

P value  0.063 

LPA total vol 

distal to the 

vortex  on 4D 

Correlation 0.83 

P value  <.001 
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RPA/LPA ratio on 4D flow MRI in repaired TOF patients and controls 

RPA showed consistently elevated flows as compared to LPA in both cases and controls, 

however no statistically significant correlation was noted 

Table 28 RPA/LPA ratio on 4D flow MRI in repaired TOF patients and controls 

 RPA/LPA ratio on 4D P Value 

Repaired TOF patients 2.08±3.86             

                0.54 Control 1.43±0.24 

 

Comparison of PVR VS non-PVR groups in 4D flow with respect to PR 

The average value of PR by 4D flow was significantly higher in the group who had 

undergone Pulmonary valve replacement as compared to those who had not (Mean 57.53 

versus 43.92, p value- 0.007). However, the average value of PR by 2D PCMRI was 

comparable in both the groups ( p value 0.09) 
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Table 29 Comparison between the subjects who had undergone Pulmonary valve 

replacement and those who had not with respect to PR by 2D PCMRI versus 4D. 

PR by 2D 

PCMRI  

Pulmonary Valve Replacement 
P Value 

Yes No 

Mean (SD) 55.87 (10.61) 46.61 (15.4) 

0.09 Median (IQR) 
54.0 (48.65-

65.4) 

48.03 (35.34-

57.5) 

Min-Max 35.6-71.77 21.74-79.23 

PR by 4D flow 
Pulmonary Valve Replacement 

     P Value 
Yes  No 

Mean (SD) 57.53 (7.94) 43.92 (14.25) 

       0.007 Median (IQR) 
60.08 (51.29-

64.39) 

45.01 (36.56-

52.48) 

Min-Max 45.61-68.92 18.18-74.56 

 

 

Figure 31 Boxplot showing the comparison between the subjects who had undergone 

Pulmonary valve replacement and those who had not with respect to PR by 4D flow 
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Comparison of PVR VS non-PVR groups with respect to EL in MPA, RPA and LPA 

No statistically significant difference was found in the maximum and average values of 

EL in MPA, RPA and LPA between the PVR and non-PVR groups with higher EL in 

non-PVR group 

Table 30 Comparison between the subjects who had undergone Pulmonary valve 

replacement and those who had not with respect to Maximum and average EL in MPA, 

RPA and LPA 

 Pulmonary Valve Replacement 
P value 

Yes No 

MPA  

Maximum 

EL 
Mean (SD) 2.02 (0.84) 2.32 (0.82) 0.354 

Average EL Mean (SD) 0.77 (0.26) 0.85 (0.25) 0.435 

RPA 

Maximum 

EL 
Mean (SD) 1.26 (0.6) 1.61 (1.64) 1.0 

Average EL Mean (SD) 0.41 (0.21) 0.47 (0.41) 0.602 

LPA 

Maximum 

EL 
Mean (SD) 1.2 (0.98) 1.37 (0.6) 0.172 

Average EL Mean (SD) 0.31 (0.25) 0.34 (0.19) 0.346 

 

Comparison of PVR VS non-PVR groups with respect to RVEF and peak systolic 

velocity in MPA, RPA and LPA 

RVEF was significantly lower in PVR group as compared to non-PVR group(48.30±8.20 

versus 57.22±5.58, p value=0.017), however the peak systolic velocity in MPA, RPA and 

LPA was comparable between the PVR and non-PVR groups  
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Table 31 Comparison of PVR VS non-PVR groups with respect to RVEF and peak 

systolic velocity in MPA, RPA and LPA 

 
Pulmonary Valve Replacement 

P value 

Yes No 

  RVEF  Mean (SD) 48.30(8.20)   57.22(5.58) 0.017 

MPA PSV   Mean (SD) 166.74 (19.24) 181.81 (33.84)    0.226 

RPA PSV Mean (SD) 147.66 (25.71) 158.41 (38.92) 0.259 

LPA PSV Mean (SD) 159.85 (33.42)  177.37(38.06)   0.24 

 

Comparison of PVR VS non-PVR groups with respect to WSS in MPA  

 

Maximum and average WSS in MPA were comparable between the PVR and non-PVR 

groups  

Table 32 Comparison of PVR VS non-PVR groups with respect to WSS in MPA  

 Pulmonary Valve Replacement 
P value 

Yes No 

MPA  

Maximum 

WSS 
Mean (SD) 0.45 (0.15) 

 

 0.47(0.083) 

 

0.404 

Average 

WSS 
Mean (SD) 0.22 (0.05) 

  

0.23 (0.049) 

 

0.264 

 

 

Reproducibility analysis / interobserver variation 
 

The segmentation and flow analysis were done by 2 observers with 3 years and 9 years 

of experience in cardiac CMR. The flow parameters -Total pulmonary venous flow on 

4D, Aortic root total volume on 4D,  Total vol RPA +LPA (at the vortex) and Total vol 



 

69 
 

RPA +LPA (distal to the vortex) were compared between the two observers. Interobserver 

variation was measured by Bland Altman plots 

Table 33 Interobserver variability related to Total pulmonary venous flow (ml) between 

Observer 1 and observer 2 

 Total 

pulmonary 

venous flow 

(ml)-Observer 

1 

Total pulmonary venous flow (ml)-

Observer 2 

Mean 38.52 38.324 

Standard deviation 11.82 11.93 

Minimum 23.5 24.34 

Maximum 70.42 70.23 

 

 
Figure 32 Bland Altman plot for Total pulmonary venous flow on 4D between observer 

1 and 2 
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Aortic root total volume 4D (ml): Aortic root total volume 4D (ml) analysis was 

performed by the two observers and Bland Altmann plot was drawn  which showed no 

significant interobserver variability. 

Table 34 Interobserver variability related to Aortic root total volume 4D (ml) between 

Observer 1 and observer 2 

 Aortic root total 

volume 4D (ml) 

Observer 1 

Aortic  root total 

volume 4D (ml) 

Observer 2 

Mean 37.73 

 

37.63 

 

Std. Deviation 11.47 

 

11.13 

 

Minimum 17.68 

 

19.12 

 

Maximum 69.73 

 

67.34 

 

 

 

 Figure 33 Bland Altman plot for Aortic root total volume (ml) on 4D between observer 

1 and 2 
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Total vol RPA +LPA (at the vortex)  

Total vol RPA +LPA (at the vortex) was performed by both the observers and Bland 

Altmann plot was drawn which showed good agreement between two observers with no 

interobserver variability 

Table 35 Interobserver variability related to Total vol RPA +LPA (at the vortex) 

 Total vol RPA +LPA (at the 

vortex)  (observer 1) 

Total vol RPA +LPA (at the 

vortex) (observer 2) 

Mean 33.97 

 

33.30 

 

Std. Deviation 14.00 

 

13.91 

 

Minimum 11.72 

 

13.1 

 

Maximum 63.56 

 

65.9 

 

 

 

Figure 34 Bland Altman plot for Total vol RPA +LPA (at the vortex) between observer 1 

and 2 
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Total vol RPA +LPA (distal to the vortex)  

Total vol RPA +LPA (distal to the vortex) was performed by both the observers and Bland 

Altmann plot was drawn which showed good agreement between two observers with no 

interobserver variability 

Table 36  Interobserver variability related to Total vol RPA +LPA (distal to the vortex) 

 
 

Total vol RPA +LPA (distal to 

the vortex) 

(Observer 1) 

Total vol RPA +LPA (distal to 

the vortex) 

(observer 2) 

Mean 38.83 

 

38.18 

 

Std. Deviation 11.85 

 

11.62 

 

Minimum 24.53 

 

22.76 

 

Maximum 72.86 

 

70.8 

 

 

 

Figure 35 Bland Altman plot for Total vol RPA +LPA (distal to the vortex) between 

observer 1 and 2 
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Representative cases showing differences between 2D PCMRI and 4D flow         

 

Figure 36 Pulmonary artery flow assessment using 2D PCMRI in a young adult with 

pulmonary regurgitation 15 years after tetralogy of Fallot repair. A and B  phase-contrast 

and magnitude images in a plane axial to the main pulmonary artery, C showing a 

pulmonary regurgitation fraction of 74.58%. 

 

 

Figure 37 4D flow MRI with streamlines in the same young adult as in Fig with 

pulmonary regurgitation, demonstrates vortical flow (white arrow in A) in the main 

pulmonary artery. Streamline visualization allows avoidance of areas of vortical flow 

(flow 5 in B) , thus improving positioning accuracy for assessment of pulmonary 
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regurgitation severity. Pulmonary regurgitation (C) was estimated to be 70.95 % (flow 5 

in B and C at the vortex) and 53.71% (flow 4 in B and C distal to the vortex) 

 

 

Figure 38 Right pulmonary artery flow assessment using 2D PCMRI in a young adult 

with pulmonary regurgitation 12 years after tetralogy of Fallot repair. A and B  phase-

contrast and magnitude images of RPA with C and D showing a regurgitation fraction of 

35.30 %. 

 

Figure 39 4D flow MRI with streamlines in the same young adult as in Fig demonstrates 

vortical flow (flow 7 and flow 4 in A) in the proximal and distal segments of RPA, sparing 

the mid portion. Streamline visualization allows avoidance of areas of vortical flow (flow 

7 and flow 4 in A) , thus improving positioning accuracy for assessment of RPA 

regurgitation severity (flow 6 in A). RPA regurgitation (flow 6 in A) in mid segment 

(devoid of vortex) was estimated to be 40.19% with total volume of 23.71 ml.  
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Figure 40 Left pulmonary artery flow assessment using 2D PCMRI in a young adult with 

pulmonary regurgitation 10 years after tetralogy of Fallot repair. A and B  phase-contrast 

and magnitude images of LPA with C showing a regurgitation fraction of 69 %. 

 

 

Figure 41 4D flow MRI with streamlines in the same adult as in Fig demonstrates vortical 

flow (white arrow in A) in the LPA. Streamline visualization allows avoidance of areas 

of vortical flow (flow 8 and flow 5 in B) , thus improving positioning accuracy for 

assessment of LPA regurgitation severity (flow 7 in B and C). LPA regurgitation (C) 

distal to the vortex was estimated to be 61.08% (flow 7 in B and C) with total volume of 

17.96 ml. 
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DISCUSSION 

This single center study aimed to investigate the potential role of 4D flow CMR in a 

specific pathophysiologic state: PR-induced RV volume overload in a small cohort of 

repaired TOF patients. The main findings are 

 Advanced 4D flow parameters such as WSS and EL were significantly higher in the 

repaired TOF patients in comparison to the controls (p value <0.001) 

 There was a statistically significant difference between the PVR versus non-PVR 

subjects when PR was measured by 4D flow as compared to 2D PCMRI (p value 

<0.007)      

 This is to our knowledge the first study which has considered internal validation of 

4D flow with total volume of pulmonary venous blood flow and total aortic root 

blood flow. 

 Based on the observation of abundance of vortices in the proximal RPA and LPA,  

our study showed that accurate calculations of 4D flow in the branch pulmonary 

arteries could be made distal to the vortex thus avoiding vortices and underestimation 

of blood volume.  

 QRS duration showed a medium positive correlation with WSS in the RVOT. Thus 

this study demonstrated that repaired TOF patients exhibited altered hemodynamics 

in the pulmonary arteries and RV as characterized by peak velocity, PR, WSS and 

EL using 4D flow. 
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 There was high positive correlation and good level of agreement between 2D PCMRI 

and 4D flow with respect to PR in our study. Earlier 2D PCMRI studies have shown 

lack of reproducibility in the PR measured in just one transverse cross-section. It is 

postulated that 2D PCMRI may overestimate the regurgitation and underestimate the 

volume of blood flow due to vortices in MPA,  because of intravoxel dephasing and 

loss of signal(Zoghbi et al., 2017). Furthermore, it is difficult to accurately scan the 

orthogonal cross-section of the dilated and tortuous MPA. The indirect calculation 

method for PRF using RV stroke volume (RVSV) and branch pulmonary flow 

(RVSV- MPA flow/ RVSV) is unreliable in many repaired TOF cases because of RV 

dilation and resulting functional TR which is often remarkable. A study by Wald et 

al (Wald et al., 2008) says that PR volume may be more important, reflecting the 

severity of regurgitation better than PRF alone. Though, there was a 

high, positive correlation between RVEDVi and PR on both 2D PCMRI and 4D flow, 

the correlation coefficient r value was higher on 4D flow, further indicating that 4D 

flow sequences may be superior in calculation of flow assessment. This is in 

accordance with a study by Isorni et al(Isorni et al., 2020). In contrast to other studies 

which showed overestimated results on 4D flow MRI, our study presented with a 

tendency towards lower values of PR in 4D than in 2D PCMRI (Mean ± Standard 

Deviation-49.37±14.08 on 4D Vs 50.32 ± 14.42 on 2D PCMRI)(Elsayed et al., 2021). 

Van der Hulst et al. (Van Der Hulst et al., 2010) also showed that 4D-flow plane 

measurements are more accurate than single direction 2D PCMRI for valvular flow 

and assessment of RV diastolic function. Also studies by Hanneman et al(Hanneman 

et al., 2014) and Wentland et al (Wentland et al., 2013) in other patient groups found 
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greater inconsistency in 2D PCMRI. Thus, similar to the above studies, our results 

also showed that 4D flow can retrospectively assess standard flow metrics at any 

heart location.  

 In the present study, there was a statistically significant difference between the two 

groups (PVR versus subjects not undergoing PVR) when PR was measured by 4D 

flow (p Value 0.007) as compared to 2D PCMRI (p Value 0.09).  The average value 

of PR by 4D flow was  significantly higher in the group who had undergone PVR as 

compared to those who had not ( 57.53 ± 7.94 versus 43.92±14.25). This may be due 

to the advantages of 4D flow MRI providing both anatomical and hemodynamic 

values as well as blood flow visualization, thus resulting in the accurate placement 

of the imaging plane in MPA avoiding vortices and avoiding overestimation of PRF. 

Studies by Hirtler et al(Hirtler, 2016) and Geiger et al(Geiger et al., 2011) have also 

recommended 4D flow over multiple 2D PCMRI acquisitions for evaluating residual 

pulmonary stenosis, branch artery stenosis, and PR in candidates for PVR. 

 Several studies have compared 4D flow with 2D PCMRI as 2D acquisition is 

historically well validated and standardized. However, 2D slices need to be 

accurately localized and the results are often inconsistent (e.g. the flows in the RPA 

and LPA may not add up to the flow in the MPA) due to separate breath-hold 

acquisitions(Elsayed et al., 2021). Hence, to avoid calculation errors, accuracy was 

internally validated through employing the ‘conservation of mass’ principle, 

comparing volumes that are expected to be equal in absence of valvular malfunction 

or shunts(Elsayed et al., 2021).  All the patients in our study had mild TR and none 

of them had aortopulmonary collaterals. Hence, total volume of pulmonary venous 

blood flow was internally validated with total volume of aortic root blood flow on 
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4D. Similarly, total volume of aortic root blood flow was compared with net 

pulmonary blood flow on 2D and 4D sequences respectively (Geiger et al., 2011). 

Total pulmonary venous flow correlated significantly and with good level of 

agreement with total volume of aortic root flow on 4D. Similarly,  the mean 

differences in the total volume of aortic and  pulmonary flows on 4D were lesser as 

compared to 2D PCMRI. Based on the above results, total pulmonary venous blood 

flow on 4D was considered as ground truth or benchmark. This is, to our knowledge, the 

first study that quantified the total volume of pulmonary venous blood flow on 4D 

flow MRI and analyzed with total volume of flow across MPA on 2D PCMRI versus 

4D flow MRI. This analysis showed significantly lower mean differences (Mean 2.5 

± 4.92 on 4D versus -7.2 ± 13.81 on 2D PCMRI), thus further indicating superiority 

of 4D flow in repaired TOF patients for assessment of total volume of blood across 

the MPA. In contrast, studies by Nordmeyer et al(Nordmeyer et al., 2010),  Gabbour 

et al(Gabbour et al., 2013) reported no significant differences between 2D PCMRI 

and 4D flow for both antegrade and retrograde flow in pulmonary artery.  Thus with 

a  growing body of studies comparing 4D and 2D PCMRI, both over and 

underestimation of hemodynamic parameters measured with 4D Flow MRI have 

been reported for different vendors and systems in literature(Sieren et al., 2019). 

 Our study reported higher peak velocities in MPA (p value-0.034), RPA (p value- 

0.017) and LPA ( p value-0.049) on 4D as compared to 2DPCMRI  similar to other 

studies by Nordmeyer et al(Nordmeyer et al., 2010) and Gabbour et al(Gabbour et 

al., 2013). The same studies also noted better correlation with echocardiography with 

4D flow than 2D PCMRI.  This may be due to 4D flow assessment of the entire vessel 

volume(Elsayed et al., 2021). In contrast, Chelu et  al(Chelu et al., 2016) reported 



 

80 
 

underestimated 4D flow peak systolic velocities. 

Qualitative advanced 4D flow parameters 

 As previously described , an important feature of 4D Flow MRI is the visualization 

of blood flow patterns in the vessels. With respect to the involvement of  the MPA, 

RPA and LPA by vortices, we found that higher WSS and higher grades of vorticity 

extended from MPA into the branch pulmonary arteries in all the patients in our 

study. Pronounced vortices (grade 2) -severe helical or vortical flow(>/= 360 

degrees of rotation) in the MPA were seen in 25 patients and moderate vortices 

(grade 1) in 5 patients. This was in  agreement with studies done by Tsuchiya et 

al(Tsuchiya et al., 2021), Hudani et al(Hudani et al., 2023) and Geiger et al(Geiger 

et al., 2011).  Mean vortices were maximum in MPA (average 

grading=1.83+_0.379) and LPA (average grading=1.8+_0.406) than RPA (average 

grading=1.43+_0.504). There was extension of non-laminar flow into mid and 

distal branch vessels in almost all cases of repaired TOF patients in contrast with a 

study by Geiger et al (Geiger et al., 2011). However, when vorticity was correlated 

with the diameter of the branch vessel, no significant p value was noted in our study, 

could be due to small sample size. This is in contrast to the study by Reiter et al in 

which he demonstrated that preexisting vortices may lead to pulmonary artery 

dilation(Reiter et al., 2008). He also detected a correlation between pulmonary 

hypertension and the appearance of vortex flow, followed by elevated pulmonary 

arterial pressure. This concept is also confirmed by previous 4D-MRI studies of the 

aorta, showing that vortices are associated with shear force alterations on the vessel 

wall, thus leading to changes in endothelial function, which is a predisposing factor 

for vascular remodelling and aortic dilatation(Frydrychowicz et al., 2008).  
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Quantitative advanced 4D flow parameters 

 Advanced 4D flow parameters such as maximum and average WSS were 

significantly elevated in repaired TOF patients in RVOT, MPA, RPA and LPA in 

comparison to controls (p value<0.001). This finding is similar to a study done by 

Hudani et al (Hudani et al., 2023) who also reported similar values of WSS in MPA 

and branch pulmonary arteries. In our study, WSS was measured in the following 

three regions – at the proximal MPA above the pulmonary valve, mid MPA and pre 

bifurcation level. Maximum and average WSS in MPA were found to be of 

consistently higher values at the prebifurcation level in 24 patients and in proximal 

MPA in 5 patients. Only 1 patient showed higher WSS in mid MPA. Hudani et al 

(Hudani et al., 2023) reported in his study of an elevated maximum WSS with greater 

differences with controls at the pulmonary valve, MPA, and pre-bifurcation (p 

value<0.001). Average WSS was consistently elevated along the MPA at all plane 

locations (p ≤ 0.05) in his study.  Though we analysed the location of WSS in the 

repaired TOF patients, similar analysis was not done for the controls. We also found 

a statistically significant and positive correlation between the variables RVEDVi 

(mL/m2) and maximum and average WSS in MPA (p value <0.001). 

 When comparing maximum and average EL with controls, repaired TOF patients 

showed elevated values in MPA, RPA and LPA (p value <0.001) with more 

significant losses observed at the proximal region of the artery and bifurcation 

regions. Hudani et al (Hudani et al., 2023)  in his study also reported similar values 

of maximum and average EL in MPA and branch pulmonary arteries. 

 Hudani et al (Hudani et al., 2023) reported that higher EL was found to be associated 
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with higher pulmonary peak velocity, which is expected as peak velocity increasing 

the energetic dissipation. In our study, we found a statistically significant and positive 

correlation between the variables  RVEDVi (mL/m2) and maximum and average EL 

in MPA (p value <0.001).  Thus, patients with higher EL in MPA tend to have  higher 

RVEDV. As expected, due to constant pulmonary regurgitation, there is a significant 

expenditure of energy in MPA. Thus, EL can provide meaningful insights into the 

hemodynamic performance of RV.   

 Evaluation of EL which basically reflects the viscous energy dissipation was an 

important aspect of our study(Barker et al., 2014).  On the other hand,  Zhao et 

al(Zhao et al., 2022), Zajac et al (Zajac et al., 2015), Jeong et al(Jeong et al., 2015), 

Robinson et al (Robinson et al., 2019) had explored the use of turbulent KE instead 

of EL, with higher KE in repaired TOF patients in MPA as compared to the controls. 

There are important differences between turbulent KE and EL. KE is given by 0.5× 

mV2, where m is the mass and V is the velocity and it represents the energy of an 

object because of its motion. 

 However,  when EL in MPA, RPA and LPA were compared between patients who 

underwent PVR versus no PVR, we could not find a statistically significant 

difference between the two groups. If Higher EL is related to higher RVEDV, then 

theoretically PVR group should have higher EL,  but  our analysis showed non-PVR 

group to have higher EL values and peak systolic velocities in MPA, RPA and LPA. 

RVEF showed statistically significant difference between the two groups with  PVR 

group showing lower mean values as compared to non-PVR group (48.30±8.20 

versus 57.22 ±5.58). As EL is the difference of KE in proximal versus  distal aspect 

of the vessel, if proximal pumping which is represented by RVEF is low, proximal 
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KE generated will be low. This can also be validated by the lower values of peak 

systolic velocity in MPA, RPA and LPA in the PVR group. Another possibility of 

lower EL is conversion to laminar blood flow which is definitely is not the situation 

in repaired TOF patients due to intracardiac and intravascular vortices. However, 

statistically significant differences could not be achieved indicating either a study 

with more participants needs to be done to show the significance or factors other than 

EL are important in causing RV dilation. 

 While assessing WSS in MPA between the patients who underwent PVR versus no 

PVR, we could not find a statistically significant difference between the two groups. 

which could be due to smaller sample size. The mean values of maximum and 

average WSS were comparable between the two groups, thus WSS may not be 

helpful in differentiating between PVR versus non- PVR group. 

 The present assessment of RVOT on 2D sequence relies on its dimension. However, 

RVOT is a three -dimensional dilated curved structure and the accurate measurement 

of size can be challenging in the repaired TOF patients due to the anatomic 

complexity. In the present study,  we found that the QRS duration showed a medium 

positive correlation with maximum and average WSS in the RVOT. However, QRS 

duration did not show any significant correlation with RVEDVi. This suggests that 

hemodynamic stress in the RVOT due to constant PR even in asymptomatic repaired 

TOF patients may be the initiating factor leading to subsequent RV dilation and 

dysfunction.  Thus, alteration in the 4D flow derived hemodynamic parameters such 

as WSS may be associated with disease severity and may help in predicting patients 

who are prone to progressive RV failure, thus subjecting them to earlier 

interventions.  
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Branch vessel assessment with 4D flow 

 

 There was a tendency to higher blood flow in the RPA in repaired TOF patients as 

compared to the controls ( 2.08±3.86 versus 1.43±0.24), however we could not find 

a statistically significant difference between the two groups which could be due to 

smaller sample size. This differential flow to the right and left lungs is similar to 

findings in previous study by Geiger et al(Geiger et al., 2011). Thus, we postulate 

that differential flow assessment should be practiced on a regular basis in addition to 

the PR assessment in MPA. RVEDVi, RVESVi, RVEF and LVEF are used for used 

for deciding the PVR based on Tal Geva criteria in asymptomatic patients. 

Differential flow also contributes to development of lung vascular changes, PAH and 

finally RV remodelling and thus can be included while deciding PVR among the 

repaired TOF patients. 

 Routine 2D PMCRI calculation of blood flows in branch pulmonary arteries is done 

in the mid  aspect where there could be vortices or turbulences.  Due to capability of 

4D flow to take multiple calculations, we observed the branch pulmonary artery flow 

analysis in three regions with progressive reduction in the regurgitation fractions and 

increase in the total volume of flow from proximal to distal aspects. Based on this 

observation, analysis was made between the total volume of pulmonary venous blood 

flow on 4D flow MRI and total volume of RPA +LPA flow (at the vortex versus 

distal to the vortex). Similar analysis was made between the right and left sided 

pulmonary veins with RPA and LPA (at the vortex and distal to the vortex) 

respectively.  All the above analyses showed significantly lower mean differences 

with total pulmonary venous as well as ipsilateral pulmonary venous flow in the 4D 

sequence, as compared to the 2D PCMRI while using the 4D flow distal to vortices. 
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Thus, 4D flow helps in calculating the measurements in regions devoid of vortices. 

RPA and LPA showed higher regurgitation fractions  in the proximal aspect with 

lower total volumes of blood flow in the region of vortices. Most of the vortices with 

heterogeneous flow patterns were noted in the proximal and distal segments of RPA. 

In our study, 24 patients showed relatively lesser degrees of vortex formation in the 

mid segment of RPA. Remaining 6 patients had lesser degrees of vortex formation 

in the distal segments of RPA. LPA showed higher vortices in the proximal segment 

with equal distribution of vortices in the mid and distal aspects. 
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SUMMARY AND CONCLUSION 

 

 In this single-center retrospective cross-sectional, observational study 30 repaired 

TOF patients were included. The symptomatology, QRS duration and associated 

results of cardiopulmonary exercise test (CPET) of the enrolled patients were 

recorded.  All the patients underwent standard clinical TOF CMR protocol followed 

by 4D flow study of whole heart. Qualitative 4D flow analysis included              gross 

visualization of the flow, velocity vectors, streamlines, and path lines. Quantitative 

analysis involved flow calculation, calculation of wall shear stress (WSS) and 

viscous energy loss (EL).Advanced 4D flow parameters such as maximum and 

average WSS were significantly elevated in repaired TOF patients in RVOT, MPA, 

RPA and LPA in comparison to controls (p value<0.001). When comparing 

maximum and average EL with controls, repaired TOF patients showed elevated 

values in MPA, RPA and LPA (p value <0.001) with more significant losses observed 

at the proximal region of the artery and bifurcation regions.  A medium positive and 

a statistically significant correlation between QRS duration and Maximum WSS (p 

value=0.001) and average WSS RVOT (p value=0.002) was noted. 

A Pearson correlation showed a high, positive correlation between PR by 2DPCMRI 

and 4D flow , r(28) = 0.87, p = <0.001. A statistically significant and positive 

correlation was found between RVEDV and PR by 2D PCMRI (p value 0.015) and 

4D flow (p value <0.001).However the correlation coefficient was higher for 4D as 

compared to 2D PCMRI (r=0.835 on 4D versus 0.442 on 2D). Internal validation was 

done between aortic root total volume and total Pulmonary venous flow on 4D.  

Spearman Rank correlation analysis showed a statistically significant and positive 
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correlation between these variables (r = 0.861, p value <0.001). Correlation analysis 

between aortic root total volume  and total Volume of MPA blood flow  on 2D and 

4D sequences showed a stronger correlation (r = 851) and a much higher coefficient 

of determination (R2 = 0.819) on 4D flow as compared to the 2D sequence (r = 670, 

R2 = 0.508). The mean difference was significantly lower in the 4D flow, as 

compared to the 2D PCMRI. (Mean 2.5 ± 4.92 on 4D versus -7.2 ± 13.81 on 2D 

PCMRI) while assessing the total pulmonary venous blood flow via MPA total 

volume. While assessing the total pulmonary venous blood flow on 4D via  

RPA+LPA total volumes by 4D flow, the mean difference was significantly lower 

distal to the vortex, as compared to at the vortex (Mean -0.32 ± 5.83 versus 

4.55+_13.49).There was a statistically significant difference between the PVR versus 

non-PVR subjects when PR was measured by 4D flow as compared to 2D PCMRI. 

The average value of PR by 4D flow was significantly higher in the group who had 

undergone PVR as compared to those who had not (Mean 57.53 versus 43.92, p 

value- 0.007). However, the average value of PR by 2D PCMRI was comparable in 

both the groups ( p value 0.09). When EL in MPA, RPA and LPA were compared 

between patients who underwent PVR versus no PVR, we could not find a 

statistically significant difference between the two groups. Our analysis showed non-

PVR group to have higher EL values and peak systolic velocities in MPA, RPA and 

LPA. RVEF showed statistically significant difference between the two groups with  

PVR group showing lower mean values as compared to non-PVR group (48.30±8.20 

versus 57.22 ±5.58). As EL is the difference of KE in proximal versus  distal aspect 

of the vessel, if proximal pumping which is represented by RVEF is low, proximal 

KE generated will be low. This can also be validated by the lower values of peak 
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systolic velocity in MPA, RPA and LPA in the PVR group. However, statistically 

significant differences could not be achieved. 

Thus, to conclude, 4D flow is highly applicable to repaired TOF patients in a single 

free-breathing 10–15  min acquisition. Particular strengths are better volumetric and 

velocity quantification. Calculations by 4D flow scores over 2D PCMRI as  seen by 

our  4D flow analysis of total pulmonary venous blood flow and comparison between 

the total volume of blood in MPA on 2D PCMRI versus 4D flow. This  method has 

the potential to compensate for the limitations of conventional PR measurements. 

Identification of lower EL in the PVR group in comparison with non-PVR  group 

was a new finding and may need better evaluation with larger samples to find if lower 

EL corresponds to early onset RV dysfunction. Positive correlation of QRS duration 

with WSS in the RVOT but no significant correlation with RVEDVi may suggest 

that hemodynamic stress in the RVOT due to constant PR even in asymptomatic 

repaired TOF patients may be the initiating factor leading to subsequent RV dilation 

and dysfunction.  Thus, alteration in the 4D flow derived hemodynamic parameters 

such as WSS may be associated with disease severity and may help in predicting 

patients who are prone to progressive RV failure, thus subjecting them to earlier 

interventions. More prospective, randomized, multi-centered studies are required to 

investigate the application of these methods in patient management. 
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Strength of the study: 

 This is, to our knowledge, the first study that quantified the total volume of 

pulmonary venous blood flow on 4D flow MRI and analyzed with total volume of 

flow across MPA on 2D PCMRI versus 4D flow MRI.   

 Another novel finding of this study was the observation of abundance of the vortices 

in proximal RPA and LPA, leading to calculation of quantitative parameters in RPA 

and LPA at level of vortex (proximal aspect of artery) and distal to the vortex (could 

be either mid or distal aspects of artery) and comparing them with total pulmonary 

venous blood flow. 

 

 Another strength of the study was age matched controls for comparison. 

 Analysis of the data by two observers 

Limitations 

 All the patients in our study underwent CMR in 1.5 T.  Further studies are required 

to compare 1.5 vs 3 T in accuracy or visualization of flow parameters on 4D flow 

MRI. 

 Limited number of subjects in our study  

 Majority of the patients belonged to FC I, hence comparison of 4D flow parameters 

to exercise capacity and clinical outcomes in a larger cohort with heterogeneous FC 

is warranted. 

 This was a cross sectional observational study. As Vortex flow has been corelated 

with pulmonary hypertension, and turbulent flow to the development of RV 

remodeling in repaired TOF, further  follow up is required to assess significant events 

in such patients. 
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 Valve tracking at the valve locations and ventricular flow analysis and ventricular 

turbulent KE were not taken into consideration. 

 A VENC of 200 cm/s was kept in all the patients and controls, keeping a balance 

between lower and higher velocities. Dual and triple VENC sequences have been 

developed recently to avoid aliasing in fast velocities and retain high SNR in low 

flow regions may be better for flow quantification. 
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ANNEXURES 

 

Patient Information Sheet 

TITLE OF THE STUDY: Four-Dimensional Cardiovascular Magnetic Resonance flow 

analysis and velocity mapping of alterations of right heart flow patterns and main 

pulmonary artery hemodynamics in patients with repaired Tetralogy of Fallot  

Study number: ............................... 

Participant’s name: ......................... 

Date of Birth / Age (in years): ...........................son/daughter of .........................  

You have been informed that you are suffering from a congenital heart disease Tetralogy 

of Fallot for which surgery had been done. You have been asked for three yearly follow-

up by Cardiac MRI which provides information regarding velocities and amount of blood 

flowing through the cardiac chamber and arteries. 4D flow by MRI is a new technique 

which takes an additional time of five minutes for evaluating the hemodynamic 

parameters at an earlier stage where in timely intervention can be done and condition of 

the patient can be improved. Also, MRI is advantageous as there is no radiation and the 

contrast used in MRI is safe. You are being requested to participate in a study to evaluate 

Four-Dimensional Cardiovascular Magnetic Resonance flow analysis and velocity 

mapping of alterations of right heart flow patterns and main pulmonary artery 

hemodynamics in patients with repaired Tetralogy of Fallot. Participating in this study, 

in which only data from the investigations you have undergone for your treatment will be 

used, may influence treatment decisions.  
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What is 4D flow MRI and does it have any harmful effects?  

MRI is an imaging technique in which radio waves are used. A powerful magnet linked 

to a computer is used to make detailed pictures of areas inside the body. 4D flow is an 

advanced imaging technique in which blood flow in the heart chambers will be assessed. 

Speed of the blood, the amount of blood flowing in the right ventricle and main pulmonary 

artery and pressure exerted by the flowing blood will be assessed. This MRI is a safe 

imaging technique and there are no harmful effects. This study is vital in assessing 

complications post-surgery and planning for further treatment.  

If you take part what will you have to do?  

For this study, we will be using some of the data like history, other clinical details, 

Imaging and treatment details.  No additional cost will be incurred /no additional drugs 

will be used and there are no additional risks as a part of the research. Analysis of these 

data may or may not be useful for you later, but this is likely to give more understanding 

of the alteration in various hemodynamic parameters in patients with repaired TOF. This 

will help in guiding timely interventions. It would also be of help to the future generations. 

You understand that strict confidentiality will be maintained  

Can you withdraw from this study after it starts?  

Your participation in this study is entirely voluntary and you are also free to decide to 

withdraw permission to participate in this study. If you do so, this will not affect your 

usual treatment at this hospital in any way.  
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What will happen if you develop any study related injury?  

This study only analyses the results of your investigation and treatment details and thus 

we do not expect any injury to happen to you but if you do develop any side effects or 

problems due to the study, these will be treated at this institute by the experienced team 

of medical professionals. We are unable to provide any monetary compensation, however.  

Will you have to pay for the study?  

The study will only analyse the results of the investigations and treatment which you will 

undergo in natural process of your treatment at this institute and no extra cost will be 

borne by you for this particular study.  

What happens after the study is over?  

You may or may not benefit from this study. After the study we will be able to assess the 

hemodynamic parameters by 4D flow MRI. If any abnormality is detected by MRI, it will 

help in deciding treatment options at an earlier stage. It may also benefit other patients with similar 

illness.  

Will your personal details be kept confidential?  

The results of this study may be published in a medical journal but you will not be 

identified by name in any publication or presentation of results. However, your medical 

notes may be reviewed by people associated with the study, without your additional 

permission, should you decide to participate in this study.  
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If you have any further questions, please ask Dr. Karmakar Deepmala 

Kalyankumar (Tel: 8355994050) or email: kardeepmala@sctimst.ac.in/ contact IEC 

member secretary (Tel: 0471- 2524689)  

  



 

101 
 

Patient Consent Form 

CONSENT FORM  

TITLE OF THE STUDY: Four-Dimensional Cardiovascular Magnetic Resonance flow 

analysis and velocity mapping of alterations of right heart flow patterns and main 

pulmonary artery hemodynamics in patients with repaired Tetralogy of Fallot  

Study number: ................................... 

Participant’s name: ....................................... 

Date of Birth / Age (in years): ................. 

I.................................................................................................................. Son/daughter of 

............................................................... (Please tick boxes)  

 Declare that I have read the above information provided to me regarding the study: “Four- 

Dimensional Cardiovascular Magnetic Resonance flow analysis and velocity mapping of 

alterations of right heart flow patterns and main pulmonary artery hemodynamics in 

patients with repaired Tetralogy of Fallot and have clarified any doubts that I had. [ ]  

 I also understand that my participation in this study is entirely voluntary and that I am 

free to withdraw permission to continue to participate at any time without affecting my 

usual treatment or my legal rights. [ ]  

 I also understand that study investigators will be using some of the data like history and 

other clinical details, Imaging details (Cardiac MRI) delayed follow up clinical and 

radiological regarding the disease and treatment which I undergo in hospital. [ ]  

 I also understand that no additional cost will be incurred /no additional drugs will be used 

and there are no additional risks as a part of the research. [ ]  
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 I understand that the study staff and institutional ethics committee members will not need 

my permission to look at my health records even if I withdraw from the trial. I agree to 

this access. []  

 I understand that my identity will not be revealed in any information released to third 

parties or published. [ ]  

 I voluntarily agree to take part in this study. [ ]  

 I received a copy of this signed consent form. [ ]  
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Name: 

Signature: 

Date: 

Name of witness:  

Relation to participant:  

Date:  

(Person Obtaining Consent) I attest that the requirements for informed consent for the 

medical research project described in this form have been satisfied. I have discussed the 

research project with the participant and explained to him or her in nontechnical terms all 

of the information contained in this informed consent form, including any risks and 

adverse reactions that may reasonably be expected to occur. I further certify that I 

encouraged the participant to ask questions and that all questions asked were answered.  

......................................................................................  

Name and Signature of Person Obtaining Consent Principal Investigator.  

 

For any clarifications regarding the study’s ethics clearance you may contact the Member 

Secretary of the SCTIMST-IEC. The phone number is: 0471-2524689 and the email id is 

iec.mem.sec@sctimst.ac.in  
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