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Background: Vortex formation time (VFT) had been considered a useful marker for assessing diastolic 
performance. the VFT assessment of diastolic function using four-dimensional (4D) flow cardiovascular 
magnetic resonance (CMR) has not been used in repair of tetralogy of Fallot (rTOF) patient. The aims of 
this study were as follows: (I) establish reference ranges for VFT measurements in healthy children and 
adolescents using 4D flow CMR imaging; and (II) analyze VFT parameters to assess diastole dysfunction in 
rTOF patients group.
Methods: We acquired the CMR data was of 62 healthy participants (aged 6–18 years; male: 40, female: 
22) and 20 patients with rTOF (aged 10–13 years; male: 15, female: 5) using 4D flow and cine sequence 
in routine chamber view. The VFT was calculated based on comparison of different algorithms from cine 
measurements (VFTvolume) and 4D flow measurements (VFTblood). Then, VFT measurements were compared 
to subject peak filling rate (PFR), age, and cardiac mass using simple linear regression and multiple 
regression analyses. Data were also categorized according to age for VFT and cardiac functional assessment 
comparisons between 3 age groups (Group 1: 6–9 years; Group 2: 10–13 years; Group 3: 14–18 years). The 
correlation of VFT and cardiac function parameters were analyzed in the rTOF group. 
Results: Normal mean value of VFTvolume and VFTblood were 4.25±0.92 and 3.77±1.11 in healthy children 
participants. The VFTvolume was correlated with VFTblood (r=0.61, P<0.001). There was a moderately 
significant correlation between VFTvolume and PFR (r=0.46, P<0.001) and between VFTblood and PFR (r=0.47, 
P<0.001), age (r=0.41, P=0.002) and left ventricular (LV) mass (r=0.48, P<0.001). Multiple regression 
analyses demonstrated that VFTvolume was independently associated with PFR (T=2.239; P<0.05) and VFTblood 
(T=4.361; P<0.001). There was a significant difference in VFTvolume between healthy controls and rTOF 
patients (5.44±1.93 vs. 4.27±0.88, P=0.018). 
Conclusions: The VFT measurements showed that the LV that had appropriate space to form the optimal 
vortex ring in normal children and adolescents aged 6–18 years old. The VFTvolume could potentially be 
helpful in improving our understanding of LV diastolic dysfunction in rTOF patients.
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Introduction 

Vortex formation time (VFT), as originally defined by 
Gharib et al., has been applied as an important index 
to characterize propulsion efficiency in cardiovascular 
disease (1). A normal VFT implied optimal formation 
of the transmitral vortex, thus ensuring an effective 
transfer of circulation impulse energy for efficient blood 
flow (2). The vortex rings generated from starting jets 
stop forming and pinched off from the generating jet 
for sufficiently ventricular filling. The open distance 
of the mitral valve determined value of VFT following  
equation (1). In recent years, several studies have shown 
that VFT reflects the quality of ventricular filling and is 
correlated with transmitral thrust and mitral annulus recoil, 
and in particular, transmitral vortex formation has been 
shown to play an important role in diastolic function (2-4). 
Therefore, VFT has been considered a useful marker for 
assessing diastolic performance (5,6). 

Cardiovascular magnetic resonance (CMR) has been 
accepted as the “gold standard” for the assessment of 
left ventricular (LV) morphology and systolic function, 
but CMR assessment of LV diastolic function has been 
limited (7). Four-dimensional flow (4D flow) CMR was 
developed to provide a comprehensive assessment of blood 
flow through the heart and large vessels. This unique 
technique enabled both visualization and quantification of 
blood flow in the heart (8). Several have authors reported 
that tricuspid flow and regurgitation can be assessed with 
good reproducibility and consistency using 4D flow CMR 
and echocardiography (9). Automated 4D flow analysis 
has improved the accuracy of peak mitral inflow velocity 
measurements and enabled tracking of the mitral valve 
plane motion (10). These studies provided the basis of 
evaluating VFT by 4D flow CMR. 

Tetralogy of Fallot (TOF) is the most common cyanotic 
congenital heart disease. Early surgical intervention has 
improved survival rates of TOF patients, but complications 
such as pulmonary regurgitation (PR), right ventricle 
hypertrophy, and structural myocardial changes have 
continued to occur (11,12). To the best of our knowledge, 
the VFT assessment of diastolic function using 4D flow 
CMR has not been used in repair of TOF (rTOF) (1). 
Our previous study highlighted the importance of vortical 

blood flow patterns for kinetic energy preservation in right 
ventricle of rTOF patients (13). This was the first study for 
evaluating LV diastolic dysfunction by VFT measurements 
using 4D flow CMR in healthy children and rTOF patients. 
Thus, the aims of this study were to (I) establish reference 
ranges for VFT measurements in healthy children and 
adolescents using 4D flow CMR imaging; and (II) analyze 
VFT parameters to assess diastole dysfunction in a rTOF 
patient group. We present the following article in accordance 
with the MDAR reporting checklist (available at https://
tp.amegroups.com/article/view/10.21037/tp-22-67/rc).

Methods

Participants

We acquired CMR datasets of 62 healthy Chinese children 
and adolescents (aged 6–18 years; male: 40; female: 22) 
and 20 patients with rTOF (aged 10–13 years; male: 15, 
female: 5) from studies performed between June 2017 and 
April 2021. We recruited 6–18 years old participants by 
the network platform (https://h.eqxiu.com/s/Mgzk8jcR?
eqrcode=1&from=singlemessage&share_level=1&from_
user=2022032551a044a1&from_id=61704003-9&share_
time=1648518974336). All volunteers were healthy 
children who had normal blood pressure and were free of 
cardiovascular disease as determined by echocardiography. 
Children with a family history of any other form of 
heart disease and obesity were excluded. The study was 
conducted in accordance with the Declaration of Helsinki 
(as revised in 2013). The study was approved by research 
ethics committee board of Shanghai Children’s Medical 
Center (No. SCMCIRB-K2017062). Informed consent was 
taken from all the participants’ guardians. The study sample 
median age was 13.55 years, encompassing 3 different age 
groups: (Group 1, 6–under 10 years old, 18 cases; Group 2, 
over 10–under 14 years old: 30 cases; Group 3, 14–18 years 
old: 14 cases). The data of healthy controls were acquired 
without contrast-medium administration. 

The inclusion criteria for 20 patients with rTOF were as 
follows: (I) surgery by pulmonary transannular patching; (II) 
diagnosis of impaired diastolic function (grade 1 or grade 2) 
according to the criteria described in the 2016 American 
Society of Echocardiography guidelines (14); (III) patients 
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with mild-moderate right ventricular (RV) dilation [RV end-
diastolic volume (EDV) index <150 mL/m2] and significant 
PR (>20%); and (IV) LV diastolic dysfunction [early and/or 
late peak diastolic mitral inflow velocity (E/A) <1 or early 
peak mitral inflow velocity and/or mean mitral annular peak 
early diastolic velocity (E/E') >13]. The exclusion criteria 
were as follows: rTOF patients with mitral regurgitation or 
left atrial enlargement (left atrial maximum volume index 
>34 mL/m2). 

Intravenous bolus injection of 0.1 mmol/kg gadopentetate 
dimeglumine was administered to rTOF patients within 
15–20 minutes before 4D-flow imaging.

CMR imaging 

We conducted CMR on a 3.0 Tesla scanner (Discovery MR 
750, GE, Chicago, IL, USA) using an 8-channel phased-
array cardiac coil. Whole heart 4D flow CMR was performed 
[spatial resolution =(1.2–1.8)×(1.2–1.8)×(1.2–1.8) mm3, field 
of view (FOV) =340–420 mm2, slab thickness =60–85 mm, 
temporal resolution =18.2–34.4 ms, echo time (TE) =2.1 ms, 
repetition time (TR) =4.3 ms, flip angle =8–12°, bandwidth 
=62.5 Hz/pixel, and velocity sensitivity =120–160 cm/s] 
with acquisition volume covering the entire heart. The 
scan time was 6–8 minutes. We followed the parameter 
settings of protocol according to 4D flow CMR consensus  
statement (8). Due to the smaller FOV, higher spatial 
resolution was recommended in a pediatric population. 
Retrospective electrocardiogram (ECG)-gating was used 
and 20–30 cardiac phases were reconstructed to represent 
1 average heartbeat. Free breathing was allowed and 
no respiratory motion compensation was used. We also 
acquired 2-, 3-, 4-chamber, and short-axis cine two-
dimensional balanced steady state free precession (2D 
b-SSFP) images using standard clinical protocols. 

Image post-processing analysis

2D velocity vector field visualization
The 4D flow data from the 62 volunteers were used for 
2D velocity vector field visualization in LV outflow tract 
view using pre-process software (MASS Version 30 March 
2020; Leiden University Medical Center, Leiden, The 
Netherlands) (Figure 1).

We used 2 different strategies for assessment of VFT. 
The first strategy (Strategy 1) was based on ventricular 
volume measurements performed using the 2D cine b-SSFP 

CMR data. The second strategy (Strategy 2) used 4D flow 
CMR data for calculation of the VFT (15).
Strategy 1
The VFT was calculated by the following equation:

3
3

4 4
volume

EWV EWVVFT EF
SV D

α
π π

= ⋅ ⋅ ⋅ = ⋅  [1]

where, α was defined as:

1
3EDV

D
α =  [2]

with the open distance of the mitral valve, D, calculated 
as the mean of the maximum distance between the leaflet 
tips during the rapid filling phase, perpendicular to the 
flow direction, in the three-chamber view, and the distance 
between the commissures on a short-axis slice through the 
mitral valve (Figure 2). The E-wave volume (EWV) was 
defined as the difference in volumes of the LV at the end of 
the E-wave and ESV.
Strategy 2
The trans-mitral valve velocities and time to peak of E-wave 
and A-wave were determined from the 4D flow CMR 
data by semi-automatic segmentation using commercial 
postprocessing software (Version 5.1; Pie Medical Imaging, 
Maastricht, The Netherlands) by a single observer with over 
3 years of experience in CMR. These measurements were 
verified by a radiologist with over 20 years of experience 
in CMR. Excursion of the mitral valve was identified on 
the LV 2-chamber, 4-chamber 2D cine b-SSFP images. By 
using the valve-tracking algorithms, measurement planes 
corrected for aliasing, velocity offset, and through-plane 
motion were obtained for mitral valve via multiplanar 
reformatting (Figure 3). Once obtained, these planes 
provided instantaneous velocity and time-averaged velocity 
measurements within the mitral valve.

The peak filling rate (PFR), EDV, end-systolic volumes 
(ESV), stroke volume (SV), and ejection fraction (EF) of 
the LV were determined from short-axis 2D cine b-SSFP 
images using an automatic segmentation method based 
on a deep learning algorithm. Papillary muscles and 
trabeculations were included within the LV blood pool. We 
assessed ventricular volumes normalized to body surface 
area (BSA) and Z score based on multivariable models with 
the square of height, height, weight, and age (16).

We analyzed VFT parameters between age matched 
subgroup of healthy participants and the rTOF patients 
group (Table 1). Post-processing procedure of vortex ring 
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Figure 1 Representative diastolic left ventricular visualizations in control using 4D CMR flow. The color bar represents 2D velocity (cm/s) 
vector field visualization. CMR, cardiovascular magnetic resonance. 

24.51 mm

27.89 mm

A B

Figure 2 The mitral valve opening distance was calculated by the average of the distance between the commissures seen in the short axis 
slice (B) of the mitral valve in the 3-chamber view (A), in the rapid filling phase (E wave), perpendicular to the flow direction, the maximum 
observation distance between the leaflet tips (E wave), and in the short axis slice (B).
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parameters are described in the additional file Figure S1.

Statistical analysis 

Statistical analysis was performed using GraphPad Prism 
version 6.0 (GraphPad Inc., San Diego, CA, USA). 
Continuous data were reported as mean ± standard 
deviation. Categorical data were reported as numbers with 
percentages. We calculated the correlation between VFT 
and age, heart rate, PFR, time-averaged velocity, and open 
distance of mitral orifice. Correlation was evaluated using 
simple linear regression analysis with Pearson r-values 
calculated for normally distributed data and Spearman 
r-values for non-normally distributed continuous variables. 
Correlations were categorized as follows: 0.95–0.80, 
strong; 0.80–0.60, good; 0.60–0.40, moderate; and less than 
0.40, poor. Multiple regression analyses were performed 
between VFTvolume and age, heart rate, PFR, cardiac mass, 
and VFTblood. A generic linear relationship was calculated 

between VFTvolume and VFTblood. Comparisons among  
3 groups were performed using one-way analysis of variance 
(ANOVA) for normally distributed data and Kruskal-
Wallis tests for non-normally distributed continuous 
variables. Comparison of continuous variables between the 
rTOF group and volunteer group was performed using an 
independent-samples t-test for normally distributed data, 
and Mann-Whitney U test for non-normally distributed 
data. Statistical significance was indicated by P<0.05.

Intra-observer and inter-observer reproducibility analysis

The only source of potential observer variability was the 
user segmentation of the mitral valve. The remaining steps 
for 2D cine b-SSFP and 4D flow CMR VFT estimations 
were fully automated. For evaluation of reproducibility, 
mitral valve segmentation for computation of VFT using 
the above-mentioned strategies was performed for a sub-
group of 20 randomly selected participants, in a random 
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Figure 3 Line graph showing blood flow through the mitral valve during a single cardiac cycle in healthy child volunteer measured using 
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order by 2 independent operators (with 3 years’ experience 
in CMR image processing), both blinded to participant’s 
characteristics and quantitative results. Both the open 
distance of the mitral orifice and VFT measurements for the 
separate segmentations were compared with calculations of 
bias, intraclass correlation coefficient (ICC), and coefficient 
of variation (CoV).

Results

Comparisons between VFT measurements and clinical 
physiological parameters

Normal mean value of VFTvolume and VFTblood were 
4.25±0.92 and 3.77±1.11 in healthy child participants. The 
VFTvolume measurements demonstrated good correlation 
to VFTblood measurements (r=0.61, P<0.001). There was 
significant correlation between VFTvolume and PFR (r=0.46, 
P<0.001), VFTvolume and heart rate (r=-0.25, P=0.04), and 
VFTvolume and LV mass (r=0.32, P=0.01). There was no 
significant correlation between VFTvolume and age (r=0.19, 
P=0.13), or VFTvolume and time-averaged velocity of 
mitral orifice (r=0.17, P=0.18). There were moderate but 
significant correlations between VFTblood and PFR (r=0.47, 
P<0.001), VFTblood and age (r=0.41, P=0.002), and VFTblood 
and LV mass (r=0.48, P<0.001). There was no significant 
correlation between VFTblood and heart rate (r=−0.23, 
P=0.06), and VFTblood and time-averaged velocity of MV 

(r=0.22, P=0.08) (Figure 4). 

Age-dependence of cardiac function and VFT 
measurements

The LV EDV, LV ESV, and LV SV were significantly 
increased with age in the 3 different age groups (P<0.001, 
Table 2). Normalized LV volumes and function by BSA and 
Z score were not significantly different with age in the 3 
different age groups (P>0.05, Table 2). The E wave volume 
(EWV) also significantly increased with age (47.62±11.37 
vs. 61.51±16.07 vs. 67.81±11.67 mL, P<0.001, Table 2). 
The open distance of the mitral orifice significantly increased 
with age (24.87±2.25 vs. 26.32±2.68 vs. 27.31±2.27 mm, 
P<0.05, Table 2). The average velocity of the mitral orifice also 
demonstrated significant differences between the 3 age groups 
(88.32±26.69 vs. 110.95±34.46 vs. 114.44±23.51 cm/s, P<0.05, 
Table 2). The VFTvolume measurements were not significantly 
different between the age groups (3.96±0.77 vs. 4.34±1.02 vs. 
4.32±0.99, P>0.05). However, VFTblood measurements were 
significantly different between the 3 groups (3.23±0.84  vs. 
3.93±1.24 vs. 4.15±0.95, P<0.05) (Figure 5). The relationship 
was calculated between age and VFT by 2 methods  
(Figure 6). Multiple regression analyses demonstrated that 
VFTvolume was independently associated with PFR (T=2.239; 
P<0.05) and VFTblood (T=4.361; P<0.001) in Table 3. A generic 
linear relationship was calculated between VFTvolume and 
VFTblood (VFTvolume =0.49 VFTblood +3.39, P<0.001) (Figure 7).

Table 1 VFT analysis with respect to both their differences between age-matched healthy volunteers and patients

Parameter rTOF group Volunteer group P value

Age (years) 11.85±1.27 12.01±1.27 0.585

N (case) 20 20

Gender (male/female) 15/5 11/9

Heart rate (beat/min) 76±11 75±13 0.823

LV EDV indexed to BSA (mL/m2) 85.18±22.13 80.08±12.19 0.499

LV ESV indexed to BSA (mL/m2) 35.83±9.16 30.12±6.03 0.026*

LV stroke volume indexed to BSA (mL/m2) 45.95±6.97 50.27±7.89 0.199

LV EF (%) 57.90±4.96 62.55±4.67 0.004*

VFTvolume 5.44±1.93 4.27±0.88 0.018*

VFTblood 3.75±0.81 4.26±0.94 0.078

Data were expressed as mean ± standard deviation. *, statistically significant differences. VFT, vortex formation time; rTOF, repair of 
tetralogy of Fallot; LV EDV, left ventricular end-diastole volume; BSA, body surface area; LV ESV, left ventricular end-systolic volume; EF, 
ejection fraction.
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VFT and MV vortex ring parameters in healthy and 
rTOF participants

Both LV end systolic volume index (ESVi) and LV EF 
were significantly different with age among healthy 
controls and patients with rTOF (P<0.05). The VFTvolume 
was significantly different between healthy controls and 
patients with rTOF (5.44±1.93 vs. 4.27±0.88, P=0.018). The 
VFTblood was not significantly different between healthy 
controls and patients with rTOF (3.75±0.81 vs. 4.26±0.94, 
P>0.05, Table 1). The VFTvolume was significantly correlated 
with LV EDVi, LV ESV, and cardiac mass in the rTOF 
patients group (P>0.05, Table 4). 

The maximal vorticity of LV blood flow in the rTOF 
patient group was larger than that in the healthy volunteer 
group during E wave phase (29.3 vs. 25.9 s−1). The average 
vorticity of LV blood flow in the patient group was less than 
that in the volunteer group during E wave phase (11.7 vs. 
14.9 s−1). The maximal vorticity of LV blood flow in the 
patient group was less than in the volunteer group during 
A wave phase (10.7 vs. 12.2 s−1). The average vorticity 
of LV blood flow in the patient group was less than in 
the volunteer group during A wave phase (2.1 vs. 2.3 s−1)  

(Figure S1 in supplementary material).

Reproducibility

Table 5 summarizes the results of the intra-observer and 
inter-observer analysis for mitral orifice open distance and 
VFT measurements. Intra-observer and inter-observer 
agreement were excellent for VFTvolume, VFTblood and open 
distance of mitral orifice (all ICCs >96%, CoV <5.3 for 
intra-observer variability; all ICCs >88%, CoV <11.56 for 
inter-observer variability).

Discussion

To the best of our knowledge, this was the first study to 
evaluate VFT measurements of mitral valve flow using 4D 
flow CMR in healthy children and rTOF patients. Previous 
investigators had highlighted the importance of vortical 
blood flow patterns for kinetic energy preservation (2). 
Other researchers (11,17) had reported 4D flow CMR for 
quantitative analysis of the LV vortex ring during early and 
late ventricular filling. We found LV vortex flow during 
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Table 2 Cardiac physiology and VFT measurements

Parameter Group 1 Group 2 Group 3 P value

Age (years) 6–9 10–13 14–18

N (case) 18 30 14

Gender (male/female) 15/3 14/16 9/5

Heart rate (beat/min) 86±17 78±13 67±10 0.001*

Body surface area (m2) 1.08±0.20 1.39±0.19 1.65±0.94 <0.001*

LV EDV (mL/m2) 80.16±14.55 106.36±23.54 126.81±20.35 <0.001*

LV ESV (mL/m2) 30.47±8.27 39.63±10.18 51.58±12.73 <0.001*

LV stroke volume (mL/m2) 49.92±9.59 67.09±16.55 75.22±10.03 <0.001*

LV EDV indexed to BSA (mL/m2) 76.65±10.45 76.51±13.01 76.75±10.32 0.997

LV ESV indexed to BSA (mL/m2) 28.25±6.23 28.54±6.34 31.09±6.55 0.388

LV stroke volume indexed to BSA (mL/m2) 48.38±5.88 48.16±9.45 45.65±5.94 0.554

LV EDV indexed to Z score (mL/m2) 74.82±10.93 76.48±12.99 76.75±10.41 0.869

LV ESV indexed to Z score (mL/m2) 28.26±6.23 28.54±6.33 31.09±6.57 0.391

LV stroke volume indexed to Z score (mL/m2) 46.71±7.46 48.16±9.43 45.65±5.99 0.619

LV EF (%) 63.45±4.65 62.68±6.06 59.71±4.82 0.136

Open distance of mitral orifice (mm) 24.87±2.25 26.32±2.68 27.31±2.27 0.02*

Average velocity of mitral inflow (cm/s) 88.32±26.69 110.95±34.46 114.44±23.51 0.01*

EWV (mL) 47.62±11.37 61.51±16.07 67.81±11.67 <0.001*

VFTvolume 3.96±0.77 4.34±1.02 4.32±0.99 0.19

VFTblood 3.23±0.84 3.93±1.24 4.15±0.95 0.03*

Data were expressed as mean ± standard deviation. *, statistically significant differences denoted. Group 1: 6–9 years; Group 2:  
10–13 years; Group 3: 14–18 years. VFT, vortex formation time; LV EDV, left ventricular end-diastole volume; LV ESV, left ventricular end-
systolic volume; BSA, body surface area; EF, ejection fraction; EWV, E wave volume.
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Figure 5 VFT measurements performed with volume (A) and blood flow (B) based measurement strategies for each of the 3 different age 
groups (Group 1: 6–9 years; Group 2: 10–13 years; Group 3: 14–18 years). *, indicates statically significant difference between VFTblood 
measurements. VFT, vortex formation time.
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early and late ventricular filling in rTOF patients and 
control subjects can be imaging by 4D CMR flow and be 
visualized using postprocessing in software. In our study, 
VFTvolume and VFTblood were calculated based upon CMR to 
offer the additional potential intracardiac markers (8). 

VFT as index of diastolic function

Pinched-off vortex rings have been shown to be optimal 
for efficient blood flow within the LV and contribute to the 
distribution of flow-related stress loads. Previous studies 
had shown that vortex formation time could be affected by (I) 
time-dependent velocity of the fluid flow; (II) the Reynolds 
number of flow (18); and (III) the shape of the mitral 
orifice (19). In our study, VFTblood was calculated based on 
an equation that included the above factors. The VFTblood 
was found to be positively correlated with VFTvolume 
measured based upon ventricular volume measurements. 
This positive correlation between VFTvolume and VFTblood 
strongly supported the robustness of VFT measurement. 
We detected a generic linear relationship, as indicated by 
the solid black line in Figure 7. This formula was helpful 
to correct the variability of VFTblood. In a previous study, 
Kovács et al. (20) demonstrated that vortex formation 
was causally connected to rapid filling, which is a known 
consequence of overall diastolic function characterized by 
load, relaxation, and stiffness. The PFR was determined 
from ventricular time-volume curves obtained from 
CMR imaging and could be calculated as an indicator of 
diastolic function (21). In our study, multiple regression 
analyses demonstrated that VFTvolume was independently 
associated with PFR and VFTblood, respectively. At 
present, the clinical significance of markers as surrogate is 
unknown for ventricular diastolic function and blood flow  
momentum (22). Matsuura et al. demonstrated the close 
relationship between vortex and intraventricular pressure 
difference and showed both of them can become new 
markers of the left ventricular relaxation property (23). 
Further research is needed to better understand intracardiac 
flow mechanisms, particularly in children and adolescents. 

VFTvolume and VFTblood in children and adolescents

Gharib et al. measured the VFT for healthy adults  
(>20 years old) and found an optimal value of VFT 
in a narrow range between 3.5 and 5.5. A negative 
correlation between age and VFT was shown in their  

VFTvolume
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Figure 6 The relationship between age and vortex formation time 
by 2 methods including 95% CI. VFT, vortex formation time; CI, 
confidence interval.

Table 3 Multiple regression analyses of VFT and left cardiac 
function in healthy participants

Parameter
VFTvolume

T value P value

Age −1.217 0.228

Heart rate −1.157 0.252

Peak filling rate 2.239 0.03*

Cardiac mass −0.377 0.708

VFTblood 4.361 <0.001*

*, statistically significant differences. VFT, vortex formation time. 
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Figure 7 A generic linear relationship (VFTvolume and VFTblood) 
indicated by the solid black line. VFT, vortex formation time.
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measurements (1). Previous studies reported that age 
was associated with a reduction in LV filling efficiency 
quantified using VFT, and adverse or negative correlation 
was found between age and VFT using linear regression 
analysis (24-26). Based on this negative correlation, it could 
be speculated that the value of VFT should be between 6 
and 8 for teenagers. However, our results were inconsistent 
with latter speculation. In our study, VFTvolume did not 
exhibit significant differences between age groups and 
VFTvolume approached the previously determined optimal 
VFT of 4.0. Nonetheless, our findings might be consistent 
with known processes of growth given that the reduction of 
the intraventricular pressure gradients occurs at the same 
time as the increase of mitral valve area (27). In theory, the 
vortex rings in the LV of teenagers should still satisfy the 
optimal principle of VFT with these vortex rings optimized 
for efficient fluid transport. Our findings based upon 
VFTvolume also suggested that the LV had appropriate space 
to form the optimal vortex ring in normal children and 
adolescents from 6 to 18 years old. 

By using VFTblood obtained by 4D flow CMR, the 
volunteer cohort data showed that VFTblood was in optimal 
range for Group 2 and Group 3, but below the previously 
determined optimal range in Group 1. This phenomenon 

might imply that the blood transport in the LV for older 
children (>10 years old) was more efficient than for younger 
children (<10 years old). Our results suggested that the 
normal mean values of VFTVolume and VFTblood in children 
are lower than the adults’ normal range. Kulkarni et al. (28) 
indicated that VFT was attenuated in neonates and infants 
and increased to the adults’ normal range by adolescence. 
Their explanation was that in children (<10 years old) 
LV has a low peak torsion, untwisting velocity, smaller 
dimensions, and faster heart rates compared to adults. In 
our study, VFTvolume measurements were not significantly 
different between the age groups. Our results deviated 
from the literature due to the lack of neonates and infants, 
and further study is required. To sum up, the results from 
calculation of VFTvolume and VFTblood presented that the 
value of vortex rings in the LV for children over 10 years old 
were consistent with previous determined unified optimal 
formation number (VFT ≈4).

Clinical applications of VFTvolume and VFTblood in 
rTOF

Previous studies have reported that peak systolic LV 
kinetic energy was decreased in rTOF patients. Unlike 

Table 4 The correlation of VFT and left cardiac function in rTOF patients

LV function
VFTvolume VFTblood

r value P value r value P value

LV EDV indexed to BSA (mL/m2) 0.546 0.012* 0.087 0.714

LV ESV indexed to BSA (mL/m2) 0.595 0.005* −0.027 0.911

LV stroke volume indexed to BSA (mL/m2) 0.106 0.657 0.378 0.101

LV cardiac mass (g) 0.685 0.002* −0.172 0.468

*, statistical differences. VFT, vortex formation time; rTOF, repair of tetralogy of Fallot; LV EDV, left ventricular end-diastole volume; BSA, 
body surface area; LV ESV, left ventricular end-systolic volume.

Table 5 Intra-observer and inter-observer variability for mitral orifice open distance and VFT measurements

Parameter
Intra-observer (n=20) Inter-observer (n=20)

Bias (limits of agreement) ICC CoV Bias (limits of agreement) ICC CoV

Mitral orifice open 
distance (mm)

0.17 (−0.91 to 1.26) 98.5% 2.21 0.33 (−1.15 to 1.81) 97.3% 3.15

VFTvolume −0.11 (−0.55 to 0.33) 96.8% 5.29 −0.03 (−0.69 to 0.63) 93% 7.56

VFTblood 0.11 (−0.26 to 0.47) 97.4% 5.30 0.19 (−0.56 to 0.93) 88.9% 11.56

VFT, vortex formation time; ICC, intraclass correlation coefficient; CoV, coefficient of variation.

https://www.ncbi.nlm.nih.gov/pubmed/?term=Kulkarni A%5BAuthor%5D&cauthor=true&cauthor_uid=31495948
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systolic kinetic energy, VFT is a more sensitive indicator 
for assessment of diastolic function (29). The abnormal 
flow has been associated with increased viscous energy loss 
and reduced LV function in pediatric TOF patients (30). 
We also quantified VFT in a pilot application in controls 
with rTOF patients. The VFTvolume of participants was 
statistically significant compared with the aged-matched 
subgroup of controls. We explained that right ventricular 
dilation leads to left ventricular diastolic insufficiency, the 
trans-mitral jet velocity was disproportionately increased, 
which leads to higher VFT.  Diastolic dysfunction of LV 
disrupted the interaction between the vortex and ventricular 
wall. The trans-mitral vortex pinch-off tends to occur in 
infinity, or alternatively may never occur. In this situation, 
the blood flow momentum was mainly transferred through 
the jet that led to high-energy dissipation and incoherent 
flow structures. Previous investigations have indicated that 
there are significant reductions in systolic kinetic energy 
and altered distribution of hemodynamic forces in rTOF 
patients (31). In our study, VFTvolume was significantly 
correlated with cardiac mass in the rTOF patients group. 

Reproducibility of VFTvolume and VFTblood

The ICC and CoV for VFTvolume, VFTblood and mitral 
orifice open distance are summarized in Table 5 for the 
intra-observer and inter-observer variability study. Mitral 
orifice opening distance showed a higher ICC and CoV 
than VFTvolume and VFTblood. However, there was still good 
reproducibility for both VFTvolume and VFTblood in our study. 

Limitations

There were some limitations to this study. Firstly, this 
was a single-center prospective study performed at a 
large hospital. The inherent limitations of this study 
design cannot be avoided. Secondly, Rutkowski et al. (32) 
demonstrated a gender-based cardiac efficiency relationship 
between cardiac function and flow. Gender difference 
may also be one of the factors affecting VFT, which has 
not been reported. Our study did not consider the effect 
of gender upon VFT as a larger cohort would be needed 
to test this gender difference. Thirdly, the mitral orifice 
opening distances were determined from CMR data using 
semi-automatic segmentation. In general, mitral annulus 
morphology for size and shape was addressed adequately by 
as few as 6 radial slices (33). We calculated opening distance 
of the mitral valve only by 3-chamber view and short axis 

view. Additional studies in the future may be required with 
direct tracing of the mitral orifice to further improve the 
accuracy of VFT calculations. Finally, according to our 
implemented VFT equation, the definition should be mass/
energy supply ratio rather than a physical VFT. The total 
kinetic energy of a vortex ring consisted of not only the 
translational energy associated with impulse and velocity 
but also the rotational energy associated with vorticity 
distribution. Future prospective, large-scale, multicenter 
investigations are needed to verify the prognostic value of 
VFTvolume in rTOF patients.

Conclusions

The VFT measurements showed that the LV had 
appropriate space to form the optimal vortex ring in normal 
children and adolescents aged 6 to 18 years old. The 
VFTvolume could potentially be helpful in improving our 
understanding of LV diastolic dysfunction in rTOF patients.
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