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A B S T R A C T   

Background: High-frame rate blood speckle tracking (BST) echocardiography is a new technique for the assess-
ment of intracardiac flow. The purpose of this study was to evaluate the characteristics of left ventricular (LV) 
vortices in healthy children and in those with congenital heart disease (CHD). 
Methods: Characteristics of LV vortices were analyses based on 4-chamber BST images from 118 healthy children 
(median age 6.84 years, range 0.01–17 years) and 43 children with CHD (median age 0.99 years, range 0.01–14 
years). Both groups were compared after propensity matching. Multiple linear regression was used to identify 
factors that independently influence vortex characteristics. 
Results: Feasibility of vortex imaging was 93.7% for healthy children and 95.6% for CHD. After propensity 
matching, there were no overall significant differences in vortex distance to apex, distance to interventricular 
septum (IVS), height, width, sphericity index, or area. However, multiple regression analysis revealed significant 
associations of LV morphology with vortex characteristics. Furthermore, CHD involving LV volume overload and 
CHD involving LV pressure overload were both associated with vortices localized closer to the IVS. 
Conclusions: LV vortex analysis using high-frame rate BST echocardiography is feasible in healthy children and in 
those with CHD. As they are associated with LV morphology and are modified in some types of CHD, vortices 
might yield diagnostic and prognostic value. Future studies are warranted to establish applications of vortex 
imaging in the clinical setting.   

1. Introduction 

High-frame rate Blood speckle tracking (BST) echocardiography is a 
new technique for the assessment of blood flow.[1–7] BST may be used 
to visualize and quantify intra- and extra-cardiac flow patterns, and 
could improve our understanding of cardiac physiology. Compared to 
conventional Doppler, high-frame-rate BST is an ultrafast technique 

which generates up to thousands of frames per second and which is 
independent of the angle of insonation.[1–2] 

Blood flow in the cardiovascular system occurs in different ways 
including laminar, turbulent, or vortical flow. The latter is described as a 
circular or swirling motion. Vortices naturally form in all cardiac 
chambers, but have been studied most extensively in the left ventricle 
(LV).[1,2,7] They represent a reservoir of kinetic energy in the LV, 
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facilitating systolic ejection of blood flow into the left ventricular 
outflow tract (LVOT). It has been demonstrated in adults how the ge-
ometry and anatomical locations of vortices differ in health and disease. 
[2,5–7] Therefore, vortex analysis may represent a novel and promising 
index of LV dysfunction. 

Data on intracardiac vortices in healthy children are limited,[1,8] 
and studies on LV vortex formation in children with congenital heart 
disease (CHD) are lacking. BST has been technically validated in pedi-
atric patients, but its clinical applications need to be further explored. 
[3–6] The aim of the present investigation was to evaluate the presence 
and characteristics of LV vortices in healthy children and in those with 
CHD. 

2. Methods 

2.1. Study population 

This study conforms to the ethical guidelines of the 1975 Declaration 
of Helsinki as reflected in a priori approval by the Local Ethics Com-
mittee of the Fondazione CNR-Regione Toscana G. Monasterio of Massa 
(Study “Bet” N.390). Healthy Caucasian children (<18 years old) were 
prospectively recruited from May 2020 to November 2020 in the 
outpatient Pediatric Cardiology Department at the Fondazione CNR- 
Regione Toscana G. Monasterio of Massa. Neonates and infants were 
evaluated for “innocent murmurs” while older children and young ad-
olescents were evaluated as part of sports screening. Healthy subjects 
were defined as those without clinical, electrocardiographic, or echo-
cardiographic evidence of CHD or acquired heart disease. Exclusion 
criteria for the group of healthy subjects were: (1) known or suspected 
neuromuscular disease, genetic syndromes, or chromosomal abnormal-
ities; (2) body mass index (BMI) ≥ 95th percentile for children ≥ 2 years 
old or weight-for-length Z-score ≥ 2 based on the World Health Orga-
nization (WHO) Child Growth Standards for children < 2 years old;[9] 
(3) pulmonary hypertension;[9] (4) systemic hypertension in children 
> 4 years of age; (5) connective tissue disease; or (6) family history of 
genetic cardiac disease such as Marfan syndrome or cardiomyopathy.[9] 
In addition, a group of children with CHD undergoing complete echo-
cardiographic examination were included. Parents or legal guardians of 
all the children accepted to participate in the study by signing a written 
informed consent. 

CHD was classified as follows: (a) LVPO: CHD involving left ventricle 
pressure overload, including aortic stenosis, aortic coarctation, and 
bicuspid aortic valve; (b) LVVO: CHD involving left ventricular volume 
overload, including ventricular septal defect, atrioventricular septal 
defect, patent ductus arteriosus, and aorto-pumonary window; (c) 
RVPO: CHD involving right ventricular pressure overload, including 
tetralogy of Fallot, pulmonary stenosis, and pulmonary atresia; (d) 
RVVO: CHD involving right ventricular volume overload, including 
atrial septal defect); (e) transposition of the great arteries (TGA); and (f) 
other types of CHD. 

2.2. Echocardiography examinations 

All patients underwent a complete 2-dimensional echocardiographic 
examination. Images were collected only in quiet and cooperative 
children. Infants could bottle feed and older children could watch car-
toons during the examinations. No child was sedated. 

Echocardiographic examinations were performed using a Vivid E 
95system (GE Ultrasound) with 12 (4–12 MHz) and 6S (2.7–8.0 MHz) 
probe (GE Healthcare). BST imaging was obtained from a focused and 
zoomed view of the LV in apical 4-chamber view incorporating the 
entire LV including the interventricular septum and mitral valve 
annulus.[8,10] The color Doppler sector with BST analysis was posi-
tioned over the LV and a clip of at least 2 cardiac cycles at a range of 380 
frames per second (fps) with Nyquist limits ranging from 53 to 58 cm/s 
were acquired. Images were digitally stored for subsequent offline 

analysis, which was performed directly on the machine, to evaluate the 
presence, number, and characteristics of LV vortices. 

The following vortex characteristics were measured from frozen 
images: position, height (mm), width (mm), sphericity index, and area 
(cm2). Position of the vortex was calculated in relation to two lines: (1) a 
line from the ventricular apex to the mitral valve, and (2) a line from the 
IVS to the LV free wall. Vortex height was determined by measuring the 
longitudinal dimension of the main vortex relative to LV length, and 
vortex width as the horizontal dimension of the vortex relative to LV 
width. Sphericity Index was defined as the ratio of vortex height/width. 
[1] When the main vortex was visible over several phases of the cardiac 
cycle, measurements were made for each phase and the phase where the 
vortex had the biggest dimension was selected for the final analysis. 
Vortex dimensions were indexed by body surface area (BSA)[11] and LV 
end-diastolic area (LVEDA) on apical 4 chamber view.[12] The absence 
of a clean-edged vortex was considered as an exclusion criterion. 
Vortices at the level of the mitral valve annulus were also excluded since 
they usually had poor reproducibility. 

2.3. Statistical analyses 

Continuous variables were checked for normality using the Shapiro- 
Wilk test. Normally distributed variables are presented as mean ± SD 
and were compared using the student t-test; non-normally distributed 
variables are presented as median (interquartile range, IQR) and were 
compared using Mann-Whitney U test. Categorical variables are 
expressed as frequency (%) and were compared with the Chi-squared 
test. To account for baseline differences between groups, age-matched 
pairs were obtained using the nearest neighbor method via the R 
package “MatchIt” (version 4.1.0.). Multiple linear regression models 
were generated to identify factors that independently influence vortex 
position and dimension. Eligible variables included any of those listed in 
Table 1. Starting from the null model, variables were introduced in a 
stepwise fashion based on the Akaike Information Criterion (AIC) and 
age was forced in all models. All models were created using the R 
package “MASS” (version 7.3–53.1) and were checked for overfitting. 
Before creating the regression models, missing data were imputed using 
distributive imputation via the R package “mice” (version 3.13.0). Intra- 
and inter-rater reliability was assessed using intra-class correlation co-
efficients (ICC). Intra-rater reliability was defined as the degree of 
agreement among repeated measurements on the same BST scan per-
formed by a single rater, while inter-rater reliability was defined as the 
extent to which two independent raters agree. All analyses were per-
formed using R Statistical Software (version 4.0.5, Foundation for Sta-
tistical Computing, Vienna, Austria). A two-tailed p-value < 0.05 was 
considered statistically significant. 

3. Results 

3.1. Study population and feasibility 

A total of 171 subjects including 126 healthy children and 45 chil-
dren with CHD (median age 6.31 years, IQR 0.93–10.2 years) were 
recruited. Ten subjects were excluded due to the failure to achieve a 
clean-edged vortex within the permissible transducer depth of field 
(Fig. 1). Therefore, feasibility was 93.7% for healthy children and 95.6% 
for those with CHD. Patients who were excluded did not differ signifi-
cantly from those included in the study (Table 1). 

As a result, data from 161 children were available for analysis, 
including 118 healthy children and 43 children with various types of 
CHD (Fig. 1). Participant characteristics are presented in Table 1. All 
participants had normal LV systolic function. Among children with CHD, 
23 (53.5%) had a history of surgical or percutaneous intervention. In 
both groups, optimal vortex visualization was achieved at a Nyquist 
limit between 53 and 58 cm/s. 

As the group with CHD was significantly younger at the time of 
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echocardiographic examination (0.99, IQR 0.10–6.82 versus 6.84, IQR 
2.94–10.5, p < 0.001) and because age has an important influence on 
cardiac dimensions, 43 age-matched pairs were obtained using pro-
pensity score matching. Both matched groups were comparable with 
regard all baseline characteristics, although there remained a signifi-
cantly higher proportion of male participants (83.7% versus 48.8%, p =
0.001) and a lower BMI (14.6, IQR 13.5–16.8 versus 16.9, IQR 
15.8–18.5, p < 0.001) in the CHD group (Table 1). 

3.2. Vortex imaging 

In most children (147, 91.3%) only a single vortex was observed, 
while 2 were observed in 9 children (5.6%, 7 healthy children and 2 with 
CHD), 3 in 4 children (2.5%, 2 healthy children and 2 with CHD), and 4 
in 1 child with CHD (0.6%). Only a limited number of vortices were 
found in the systolic phase of the cardiac cycle, including 27 in healthy 
children and 12 in those with CHD; therefore, analysis of vortex char-
acteristics was performed only for vortices presenting in the diastolic 

Table 1 
Participant characteristics.   

Included (n = 161) Excluded (n = 10) 

Variable Healthy children 
before matching (n 
= 118) 

Healthy children 
after matching (n =
43) 

Children with 
CHD (n = 43) 

P-value healthy vs 
CHD before 
matching 

P-value healthy 
vs CHD after 
matching 

Children excluded 
from study (n = 10) 

P-value 
included vs 
excluded 

Age, years 6.84 (2.94–10.5) 1.53 (0.37–6.84) 0.99 
(0.10–6.82) 

<0.001  0.473 3.34 (0.91–4.64) 0.441 

Male sex 67 (56.8%) 21 (48.8%) 35 (81.4%) 0.007  0.001 6 (60.0%) 0.830  

Anthropometric data 
Height, cm 121 (89.2–142) 80.0 (62.5–114) 75.0 (58.5–116) <0.001  0.613 97.5 (71.0–115) 0.267 
Weight, kg 25.0 (14.3–37.2) 11.0 (6.55–24.0) 7.95 

(4.22–19.0) 
<0.001  0.327 18.0 (8.88–20.8) 0.459 

BMI, kg/m2 17.3 (15.6–19.0) 16.9 (15.8–18.5) 14.6 
(13.5–16.8) 

<0.001  <0.001 16.6 (16.0–17.4) 0.197 

BSA, m2 0.92 (0.60–1.22) 0.52 (0.34–0.87) 0.41 
(0.26–0.78) 

<0.001  0.383 0.71 (0.42–0.81) 0.881 

HR, bpm 90.0 (79.0–111) 114 (87.5–148) 110 (89.0–144) 0.002  0.870 / / 
SBP, mmHg 106 (101–114) 101 (95.0–111) 98.5 (85.0–108) 0.001  0.066 / / 
DBP, mmHg 60.9 ± 8.50 61.0 (8.49) 57.1 ± 12.4 0.105  0.164 / / 
ΔBP, mmHg 46.5 ± 10.5 42.2 (7.68) 38.7 ± 13.6 0.003  0.211 / /  

Cardiac morphology and function 
LVEDV, mL 53.0 (28.0–71.6) 21.0 (13.0–53.4) 21.0 

(10.0–49.5) 
<0.001  0.520 / / 

LVEDVi, mL/m2 54.7 (43.1–61.6) 42.9 (35.1–53.7) 42.9 
(33.3–58.4) 

0.007  0.897 / / 

LVESV, mL 19.0 (11.0–29.1) 9.00 (4.76–18.2) 6.51 
(3.50–16.0) 

<0.001  0.327 / / 

LVESVi, mL/m2 20.0 (16.9–25.2) 17.8 (12.8–21.1) 16.3 
(9.56–20.9) 

0.002  0.302 / / 

LVSV, mL 32.5 (18.0–42.1) 13.0 (8.00–33.0) 14.0 
(5.50–28.4) 

<0.001  0.653 / / 

LVSVi, mL/m2 32.9 (26.1–39.3) 25.0 (22.3–32.8) 26.7 
(20.9–35.2) 

0.008  0.816 / / 

LVEF, % 61.0 (57.5–66.0) 62.8 (57.0–67.0) 64.0 
(57.1–71.0) 

0.189  0.257 / / 

LVEDA, cm2 19.2 (12.5–24.4) 10.4 (7.58–19.1) 10.5 
(6.70–19.0) 

<0.001  0.854 / / 

LVEDAi, cm2/m2 20.9 (18.8–22.8) 21.3 (19.3–23.5) 21.5 
(19.3–25.0) 

0.108  0.437 / / 

LVEDD, mm 59.9 (49.5–68.4) 44.0 (37.0–58.5) 45.0 
(35.5–57.5) 

<0.001  0.697 / / 

LVEDD/BSA, mm/m2 64.9 (55.6–82.8) 83.6 (68.4–110) 95.6 (65.9–126) <0.001  0.288 / /  

CHD-related characteristics 
History of surgical or 

percutaneous 
intervention 

/  23 (53.5%) /  / / 

Type of CHD        
LVPO /  19 (44.2%) /  / / 
LVVO /  8 (18.6%) /  / / 
RVPO /  9 (20.9%) /  / / 
RVVO /  1 (2.3%) /  / / 
TGA /  3 (7.0%) /  / / 
Other CHD /  3 (7.0%) /  / / 

BMI = body mass index; bpm = beats per minute; BSA = body surface area; CHD = congenital heart diseases; DBP = diastolic blood pressure; ΔBP = difference between 
systolic and diastolic blood pressure; HR = heart rate; LV = left ventricular; LVEDA = left ventricular end-diastolic area; LVEDD = left ventricular end-diastolic 
dimension; LVEDV = left ventricular end-diastolic volume; LVEF = left ventricular ejection fraction; LVESV = left ventricular end-systolic volume; LVPO = CHD 
involving left ventricle pressure overload (including aortic stenosis, aortic coarctation, and bicuspid aortic valve); LVSV = left ventricular stroke volume; LVVO = CHD 
involving left ventricular volume overload (including ventricular septal defect, atrioventricular septal defect, patent ductus arteriosus, and aorto-pumonary window); 
RVPO = CHD involving right ventricular pressure overload (including tetralogy of Fallot, pulmonary stenosis, and pulmonary atresia); RVVO = CHD involving right 
ventricular volume overload (including atrial septal defect); TGA = transposition of the great arteries; -i = indexed to BSA. 
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phase. The diastolic phase was divided based on electrocardiography 
tracing into three phases: early, mid, and late diastole. In 18 healthy 
children (15.3%) the main vortex could be visualized throughout all 
three diastolic phases, while in 45 (38.1%) it could be traced only in two 
consecutive phases. In the remainder, the main vortex was observed 
only in early diastole (34, 28.8%), mid diastole (11, 9.3%), or late 
diastole (10, 8.5%). In the CHD group, the main vortex was followed 
along all three phases of diastole in 11 children (25.6%), while only in 
two consecutive diastolic phases in 16 (37.2%). In the remainder, the 
main vortex was visualized only in early diastole (7, 16.3%), mid dias-
tole (4, 9.3%), or late diastole (5, 11.6%). 

3.3. Vortex characteristics 

Characteristics of the main vortex are summarized in Table 2. The 
main vortex was observed in the mid-septal region of the LV in all 

subjects. In the unmatched cohorts, the distance of the vortex to the apex 
and to the IVS was significantly shorter in patients with CHD (all p <
0.05); however, this difference disappeared when these distances were 
divided by the distance from apex to mitral valve (p = 0.655) and from 
IVS to LV free wall (p = 0.712), respectively (Table 2). After matching, 
there was no longer a difference between the distances to the apex (p =
0.126) or IVS (p = 0.338) of both groups. 

The biggest dimensions for each vortex were mainly seen either in 
early or late diastole (84.8% in healthy children and 74.4% in children 
with CHD). In the unmatched analysis, Sphericity Index was similar 
between both groups (p = 0.597). Similarly, the groups did not differ 
with regard to vortex height (p = 0.477), width (p = 0.629), or area (p =
0.192) (Table 2). Contrastingly, when indexed to BSA, these dimensions 
were all significantly larger in the CHD group (all p < 0.001). When 
indexed to LVEDA, patients with CHD had significantly smaller vortex 
height and width (both p < 0.001) and larger area (p = 0.005). How-
ever, these differences disappeared after matching (all p > 0.05). 

3.4. Regression models 

The previous results suggested no differences in vortex characteris-
tics between healthy children and children with CHD in propensity- 
matched analyses, with differences in the unmatched analyses related 
to the younger age in the CHD group. Therefore, multiple regression 
models were applied to the full study population to further investigate 
factors that might influence vortex characteristics. Significant inde-
pendent predictors of vortex distance to apex/distance from apex to 
mitral valve, distance to IVS/distance from IVS to LV free wall, height/ 
LVEDA, width/LVEDA, sphericity, and area/LVEDA are listed in Table 3. 
The complete regression models are given in Supplemental Material, 
Table S1. 

No significant predictors of vortex distance to the apex were found. 
In contrast, it was observed that having any type of CHD was associated 
with larger distances to the IVS, whereas neonates, LVPO, and LVVO 
were associated with significantly smaller distances to the IVS. 

Vortex height/LVEDA increased with increasing body weight and LV 
end-diastolic dimension indexed to BSA (LVESDi), while it decreased 
with increasing body height, BMI, LVEDA indexed to BSA (LVEDAi), and 
LV end-diastolic dimension indexed to BSA (LVEDDi). Similarly, vortex 

Fig. 1. Flow chart of the study population.  

Table 2 
Vortex characteristics.  

Variable Healthy children before 
matching (n = 118) 

Healthy children after 
matching (n = 43) 

Children with CHD 
(n = 43) 

P-value healthy vs CHD 
before matching 

P-value healthy vs CHD 
after matching 

Vortex position 
Distance to apex, mm 21.2 (16.0–28.0) 17.9 (13.7–21.0) 16.5 (12.1–23.9)  0.001  0.766 
Distance to apex/distance from apex to 

mitral valve, % 
39 (32–49) 38 (30–51) 39 (30–48)  0.655  0.742 

Distance to IVS, mm 11.0 (8.42–13.5) 9.41 (6.49–13.4) 8.70 (6.10–13.3)  0.041  0.526 
Distance to IVS/distance from IVS to 

LV free wall, % 
31 (25–41) 37 (27–45) 34 (25–40)  0.712  0.309  

Vortex dimensions 
Phase of the cardiac cycle at which the 

biggest vortex was measured     
0.239  0.904 

Early diastole 61 (51.7%) 16 (37.2%) 17 (39.5%)   
Mid diastole 18 (15.3%) 10 (23.3%) 11 (25.6%)   
Late diastole 39 (33.1%) 17 (39.5%) 15 (34.9%)   

Height, mm 9.41 (7.80–11.0) 9.24 (6.69–10.7) 8.82 (7.32–10.8)  0.447  0.586 
Height/BSA, mm/m2 10.7 (7.95–15.4) 15.3 (10.3–20.5) 18.6 (11.4–28.3)  <0.001  0.142 
Height/LVEDA, mm/cm2 0.75 (0.54–1.31) 0.74 (0.50–1.03) 0.51 (0.40–0.73)  <0.001  0.429 
Width, mm 7.45 (6.19–9.24) 6.86 (5.63–8.24) 7.12 (6.03–9.46)  0.629  0.254 
Width/BSA, mm/m2 9.18 (6.86–11.9) 12.4 (9.25–15.6) 16.7 (10.2–22.5)  <0.001  0.051 
Width/LVEDA, mm/cm2 0.66 (0.48–0.98) 0.57 (0.44–0.81) 0.43 (0.34–0.57)  <0.001  0.235 
Sphericity Index 1.20 (1.05–1.39) 1.24 (1.06–1.50) 1.18 (1.00–1.33)  0.597  0.437 
Area, cm2 0.60 (0.42–0.80) 0.50 (0.30–0.69) 0.49 (0.37–0.78)  0.192  0.666 
Area/BSA, cm2/m2 0.67 (0.51–0.95) 0.82 (0.63–1.08) 1.01 (0.75–1.64)  <0.001  0.096 
Area/LVEDA, cm2/cm2 0.03 (0.02–0.05) 0.04 (0.03–0.06) 0.04 (0.03–0.08)  0.005  0.349 

BSA = body surface area; CHD = congenital heart diseases; IVS = interventricular septum; LV = left ventricular; LVEDA, left ventricular end-diastolic area. 
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width/LVEDA increased with increasing body weight whereas it 
decreased with increasing body height, BMI, LVEDAi, and LVEDDi. 
Furthermore, the group of neonates was associated with larger vortex 
height/LVEDA and width/LVEDA. 

The sphericity index increased with increasing LV end-systolic vol-
ume indexed to BSA (LVESVi), LV stroke volume indexed to BSA 
(LVSVi), and LV end-systolic dimension indexed to BSA (LVESDi), 
whereas it decreased with increasing LV end-diastolic volume indexed to 
BSA (LVEDVi). Finally, vortex area/LVEDA increased with increasing 
body weight and LVEDAi while it decreased with increasing BMI, BSA, 
and LVEDDi. 

3.5. Reproducibility 

The reproducibility for vortex’s area measurements was excellent. 
The intra-rater ICC was 0.96 (95% confidence interval 0.79–0.99) in 
healthy children and 0.98 (95% confidence interval 0.92–0.98) in chil-
dren with CHD. The inter-rater ICC were 0.93 (95% confidence interval 
0.85–0.97) and 0.97 (95% confidence interval 0.94–0.99), respectively 
(see Fig. 2). 

4. Discussion 

This study reports data on LV vortices obtained through high-frame 
rate BST echocardiography in healthy children and children with CHD. 
We found that the feasibility of vortex imaging was high in our cohort. 
After propensity matching, there was no overall significant differences 
in vortex position and dimensions between both groups. However, sig-
nificant associations of LV volumes and dimensions with vortex char-
acteristics were found. Furthermore, some subtypes of CHD were 
associated with changes in vortex position. Our data suggest that the 
analysis of LV vortices could yield diagnostic and prognostic value and 
could contribute to our unfolding understanding of the physiology of 
intracardiac flow in health and disease. 

4.1. Vortex imaging in children 

Data on vortex imaging in children are limited and previous studies 
have usually included small samples.[1–6,8] Collins et al.[3] performed 
contrast agent free vector flow imaging in two pigs and two children, 
each consisting of one subject with CHD, and confirmed that this tech-
nique was feasible within a penetration depth of 6.5 cm and able to 
visualize abnormalities in intracardiac flow. In a preliminary pictorial 
study, Hansen et al.[8]used the technique in 12 healthy newborns and 3 
infants with CHD, revealing unique flow patterns in the latter. Although 
they reported “a pattern as in the healthy newborns, i.e. a jet along the 
free wall to the apex returning along the septum to the LVOT” – sug-
gesting an LV vortex – the characteristics of this feature were not 
investigated in detail. Nyrnes et al.[4] confirmed feasibility of the 
technique, showing a good correlation (r = 0.95) of velocity estimates 
by BST with phantom data and a clinical feasibility of >99% in 102 
subjects including 47 children with various cardiac diseases. Subsequent 
studies have tried to identify distinct intracardiac flow patterns in pa-
tients with CHD.[2,5,6] 

Data specifically on LV vortex formation in children are limited. In a 
recent study of 50 preterm infants referred for echocardiography, de 
Waal et al.[1] performed vortex analysis on BST images and found that 
LV vortices formed mainly throughout diastole and that peak vortex 
formation occurred at 87% of the cardiac cycle. Furthermore, they found 
significant correlations of vortex area with LV dimensions and volumes. 
Data of LV vortex imaging in children with CHD are lacking. 

4.2. Vortex characteristics in health and disease 

In our cohort ranging from ages 1 day to 15 years, we found that 
visualization of clean-edged LV vortices was feasible of about 95% in 
both healthy children and in those with CHD. The analysis was as fast as 
conventional color Doppler, requiring not more than 30–60 s for each 
study. We confirmed previous observations that the main vortex forms 
almost exclusively during diastole and at the level of the mid-septal 
region of the LV (at a distance of 40% from the apex and 35% from the 
IVS).[1] 

The differences in vortex characteristics reported in our unmatched 
analyses were most likely related to the younger age of children with 
CHD in our cohort and their subsequent smaller cardiac dimensions, as 
all disappeared after propensity matching. This is in accordance with 
preliminary reports that found no overall difference in vortex 
morphology in healthy children and those with CHD, although they 
differ from data in adults with CHD.[1,7,8,13] Lampropoulos et al.[13] 
found that 9 adults with a Fontan circulation (mean age 31.5 ± 12 
years), height and sphericity index of the vortex in the systemic ventricle 
were significantly smaller whereas vortex width was larger when 
compared to 15 age-matched controls. Similar findings were also re-
ported in 15 adult patients with abnormal LV systolic function (mean 
age 52 ± 18 years).[14] In contrast, vortex height and area were 
increased in 20 adults with dilated cardiomyopathy.[15] Interestingly, 
the latter study revealed that the observed flow characteristics were 

Table 3 
Significant independent predictors of vortex characteristics in multiple linear 
regression.  

Independent variables Beta SE t-statistic p-value 

Dependent variable: Distance to IVS/distance from IVS to LV free wall, % 
CHD  0.090  0.035  2.562  0.011 
LVPO  − 0.089  0.041  − 2.176  0.031 
LVVO  − 0.112  0.053  − 2.090  0.038 
Neonates  − 0.129  0.049  − 2.643  0.009  

Dependent variable: Vortex height/LVEDA, mm/cm2 

Neonates  0.342  0.138  2.481  0.014 
Weight, kg  0.067  0.021  3.173  0.002 
Height, cm  − 0.016  0.008  − 2.116  0.036 
BMI, kg/m2  − 0.082  0.020  − 4.153  <0.001 
LVESDi, mm/m2  0.005  0.002  2.833  0.005 
LVEDAi, cm2/m2  − 0.005  0.002  − 3.087  0.002 
LVEDDi, mm/m2  − 0.013  0.003  − 5.186  <0.001  

Dependent variable: Vortex width/LVEDA, mm/cm2 

Neonates  0.354  0.094  3.783  <0.001 
Weight, kg  0.055  0.014  3.873  <0.001 
Height, cm  − 0.015  0.005  − 2.952  0.004 
BMI, kg/m2  − 0.067  0.013  − 5.144  <0.001 
LVEDAi, cm2/m2  − 0.004  0.001  − 3.537  0.001 
LVEDDi, mm/m2  − 0.010  0.002  − 5.824  <0.001  

Dependent variable: Sphericity Index 
LVEDVi, mL/m2  − 0.159  0.069  − 2.285  0.024 
LVESVi, mL/m2  0.154  0.068  2.267  0.025 
LVSVi, mL/m2  0.164  0.071  2.299  0.023 
LVESDi, cm2/m2  0.003  0.001  3.085  0.002  

Dependent variable: Vortex area/LVEDA, cm2/cm2 

Weight, kg  0.006  0.001  4.004  <0.001 
BMI, kg/m2  − 0.003  0.001  − 3.004  0.003 
BSA, m2  − 0.265  0.059  − 4.455  <0.001 
LVEDAi, cm2/m2  − 0.001  0.001  − 2.023  0.045 
LVEDDi, mm/m2  − 0.001  0.000  − 2.860  0.005 

BMI = body mass index; BSA = body surface area; CHD = congenital heart 
disease; LVEDA = left ventricular end-diastolic area; LVEDD = left ventricular 
end-diastolic dimension; LVEDV = left ventricular end-diastolic volume; LVEF 
= left ventricular ejection fraction; LVESD = left ventricular end-diastolic 
dimension; LVESV = left ventricular end-systolic volume; LVPO = CHD 
involving left ventricle pressure overload (including aortic stenosis, aortic 
coarctation, and bicuspid aortic valve); LVSV = left ventricular stroke volume; 
LVVO = CHD involving left ventricular volume overload (including ventricular 
septal defect, atrioventricular septal defect, patent ductus arteriosus, and aorto- 
pumonary window); -i = indexed to BSA. 
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associated with decreased LVEF and increased energy dissipation. 
Thus, findings from the present study and previous research seem to 

suggest that changes in vortex characteristics might only occur in more 
advanced cardiac dysfunction. Of note, none of the patients included in 
our cohort had systolic dysfunction. It has been proposed previously that 
vortices facilitate LV filling and are therefore crucial for efficient ejec-
tion of blood through the LVOT.[2,16] Previous studies have indeed 
shown that vortices represent reservoirs of kinetic energy, and that 
increased energy dissipation is present in various types of ventricular 
dysfunction, suggesting that extra effort is required to maintain 
adequate pump efficiency.[17] 

As evidenced in our present study, vortex characteristics were 
independently associated with LV morphology. The vortex position was 
found to shift away from the IVS in the overall group of CHDs, while 
neonates and children with LVPO or LVVO had vortices closer to the IVS. 
Furthermore, it was found that vortex height/LVEDA, width/LVEDA, 
and area/LVEDA all decreased with increasing LVEDAi and LVEDDi. 
This is in accordance with previous biomechanical studies which 
demonstrated that reducing end-diastolic volumes in a physical left 
heart simulator led to increased size and dynamics of the LV vortex.[18] 
In addition, our study found that sphericity index increased with 
decreasing LVEDVi, suggesting that the vortex became more long- 
stretched once the ventricle was smaller. Together, these findings sug-
gest that LV shape and internal volume play a critical role in determining 
vortex dimensions and dynamics, potentially due to the increased 
confinement associated with smaller intraventricular volumes. The 
increased vortex dynamics might in that case represent a compensatory 

mechanism to maintain cardiac output. In this regard, it is relevant that 
our regression models revealed larger vortex height/LVEDA and width/ 
LVEDA in neonates, where distinct patterns of contractility, preload, and 
afterload have been described.[19] 

An important question remains what role vortex imaging could play 
in the diagnosis and prognostication of children with cardiac disease. As 
suggested above, currently, vortices only seem to show distinct features 
once cardiac dysfunction is also evident based on conventional echo-
cardiographic measurements. However, with improved detection of 
subtle changes in vortex characteristics and better techniques to quan-
tify energy dissipation, vortices might become potential preclinical 
predictors of clinical deterioration in the future. The study of intracar-
diac vortices might improve upon current measures for prognostication. 
In this regard, it has been shown that kinetic energy fluctuation, a 
measure of the degree of regularity in flow or turbulence, serves as an 
independent predictor for major adverse cardiac events in patients with 
congestive heart failure and systolic dysfunction.[17] 

5. Limitations 

Despite the large sample size and wide range of complex types of 
CHD included in the present study, there are some limitations that merit 
consideration. First, the numbers of patients with RVVO, TGA, or other 
types of CHD were low, thus limiting our ability to identify associations 
of these conditions with vortex characteristics. Second, all included 
subjects had normal LV systolic function, such that the present study 
could not investigate vortex characteristics in systolic dysfunction. In 

Fig. 2. High-frame rate blood speckle tracking echocardiography of left ventricular vortices in healthy subjects (left) and in CHD patients (right). The 
lower panels demonstrate the main vortex characteristics: the lower left panel shows vortex dimensions, including height, width, and area; whereas the lower right 
panel shows vortex position, including distance to the apex and distance to the IVS. CHD = congenital heart disease; IVS = interventricular septum; LA = left atrium; 
LV = left ventricular; MV = mitral valve; RA = right atrium; RV = right ventricle. 
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addition, we did not evaluate diastolic patterns, which are difficult to 
classify in the pediatric population and especially at lower ages.[20,21] 
Since we dd not collected diastolic parameters we could not obtain the 
vortex formation time.[22] Third, the software that we employed did 
allow for quantitative measures of vorticity, energy loss, and kinetic 
energy.[2] Furthermore, due to current technical limitations, we were 
unable to visualized the main vortex along all the different phases of the 
cardiac cycle for all patients, and the visualization of more than one 
vortex was only possible in 9 healthy subjects (7.6%) and 7 children 
with CHDs (16.3%). The plane wave transmit technology has a reduced 
penetration and is currently reserved only for higher frequency probes 
with limited shallow depths, thus limiting application in older children. 
Finally, blood flow tracking is not available in real-time during live 
scanning, although postprocessing can be done directly on the echo-
graph and requires just a few seconds. 

6. Conclusion 

Presenting data from a large cohort with a wide range of ages and 
including various types of CHD, the present study demonstrated feasi-
bility of LV vortex analysis using high-frame rate BST echocardiography 
in children. Vortex characteristics were significantly associated with LV 
volumes and dimensions and were modified in some types of CHD, 
suggesting potential diagnostic and prognostic implications. Therefore, 
the study of vortices might add to our understanding of intracardiac flow 
in the pediatric population. Future studies are warranted to further 
establish applications of vortex imaging during routine clinical evalua-
tion of children with CHD. 
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