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Abstract
Left ventricular (LV) dysfunction is a risk factor for adverse outcomes in older children and adults with repaired Tetralogy 
of Fallot (rToF). Pulmonary regurgitation (PR), right ventricular (RV) dilation, and dysfunction have been shown to result 
in abnormal LV myocardial mechanics and dysfunction. The aim of our study was to evaluate LV rotational mechanics, 
especially apical rotation in young children with rToF with and without RV dilation. This is a retrospective, single center 
study in 28 asymptomatic young children with rToF (16 with RV dilation; 12 without RV dilation); 29 age-matched normal 
controls. RV and LV systolic and diastolic function was studied using conventional two-dimensional echocardiography 
(2DE) and speckle tracking echocardiography (STE). Rotational mechanics studied included basal and apical rotation (BR, 
AR), peak twist (calculated by difference between the apical and basal rotation), twist rate (TR), and untwist rate (UnTR). 
The mean age of the cohort was 4.7 years (± 2.3). Abnormal AR, BR, TR, and UnTR were noted in patients with rToF. The 
abnormalities were significant in magnitude as well as the direction of rotation; more pronounced in the absence of RV 
dilation. LV systolic and diastolic dysfunction as evidenced by abnormal AR and degree of untwist is inherent in rToF and 
not associated with RV dilation in rToF children. Abnormal BR may reflect a lack of maturation to adult type of rotational 
mechanics. Further longitudinal studies are required to study the progression of these abnormalities and their correlation 
with clinical outcomes.
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Background

Left ventricular (LV) systolic and diastolic dysfunction has 
a significant impact on morbidity and survival in adults with 
repaired Tetralogy of Fallot (rToF) [1–6]. LV dysfunction 
is thought to be the result of systolic and diastolic ventricu-
lar–ventricular interactions. Abnormal LV myocardial longi-
tudinal and rotational mechanics have been demonstrated by 
speckle tracking echocardiography (STE) in older children 

and adults with significant pulmonary regurgitation, right 
ventricular (RV) dilation, and RV systolic dysfunction [7–9]. 
It is unclear how early these abnormalities manifest and 
whether early RV dilation has an impact on LV response. 
Apical rotation and untwist rate have been validated as sur-
rogates for LV contractility and for early diastolic function, 
respectively [10–13]. Additionally, there are maturational 
changes in direction of basal rotation (BR) which progresses 
from counterclockwise in infancy, to neutral in early child-
hood and finally becoming clockwise by adolescence. Con-
versely, apical rotation (AR) remains counterclockwise with 
increasing rotational magnitude from infancy to adolescence 
[14–16]. We aimed to assess the prevalence of systolic dys-
function and impaired relaxation in children with rToF by 
measurement of apical rotation and untwist rate. We hypoth-
esized that abnormal apical rotation and untwist would be 
inherent in rToF and independent of RV dilation.
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Methods

This was a retrospective, single center cross sectional 
study. The study was approved by the institutional review 
board. The subjects were divided into three groups: group 
1 included patients with rToF with dilated RV, group 2 
included patients with rToF with non-dilated RV, and 
group 3 included age-matched normal controls. Our echo-
cardiography-reporting database was queried for Tetralogy 
of Fallot during period of 1/1/2009 to 06/30/2015. We 
included all children within the age group of 1–10 years 
of age with rToF. Exclusion criteria included pulmonary 
stenosis and/or residual right ventricular outflow tract 
(RVOT) gradient of greater than 20 mmHg, incomplete 
demographic information, and sub-optimal images for 
myocardial deformation analysis. For the normal cohort, 
subjects were excluded if the images were inadequate for 
analysis, if they had acquired or congenital heart disease as 
determined by history, physical examination, chest X ray, 
echocardiogram or ECG, corrected gestational age < 37 
weeks, BMI > 95th percentile for children > 2 year of age 
or weight for length z score > 2 based on WHO standards 
for < 2 years old children, acute or systemic disorder with 
cardiovascular manifestation, documented history of 1st 
degree relative with cardiomyopathy (non-ischemic) and 
congenital heart disease, thoracic or spinal deformities. 
Body surface area (BSA) was estimated using the Haycock 
method.

The variables studied were LV rotational parameters 
for systolic and diastolic function measured by LV basal 
and apical rotation, LV twist, twist rate, and untwist rate.

Two‑Dimensional Transthoracic Echocardiography 
(2D TTE)

The rToF group was allocated to group 1 or 2 based on 
the initial echocardiographic reports. The allocation of 
each subject was then confirmed by published American 
Society of Echocardiography (ASE) guidelines used for 
determination of RV size and function [17] and additional 
published criteria for RV dilation namely indexed RV end 
diastolic area (RVEDAi), annular tilt, RV diameter at the 
base and mid ventricular level [18]. RV Myocardial Perfor-
mance Index (MPI) or Tei index was calculated using Dop-
pler tissue imaging tracing at the tricuspid valve annulus 
[19]. Tricuspid annular peak systolic excursion (TAPSE) 
was measured from RV focused apical four-chamber 
(4C) view using M-mode imaging. RV end diastolic area 
(RVEDA) and RV end systolic area (RVESA) were meas-
ured by tracing the RV in the two different phases from the 
RV focused apical 4C view. Fractional area change for the 

RV was calculated using the formula (RVEDA − RVESA/
RVEDA) × 100. RV diameter was measured at end-diastole 
at mid-ventricular level and at the base, from RV focused 
apical 4C view [18]. Annular tilt was calculated in degree 
for the angle of the tricuspid valve plane relative to the 
mitral valve plane at end-diastole in the apical 4-cham-
ber view [20]. Measured LV diastolic function parameters 
included tissue Doppler indices (TDI) at the septum and 
lateral annulus of the mitral valve. Measured RV diastolic 
function indices included pulse wave Doppler (PW) inflow 
velocities and TDI at the tricuspid valve annulus. Other 
evidence of RV restrictive physiology included the pres-
ence of antegrade atriosystolic pulmonary artery (PA) flow 
on pulsed wave Doppler in the main pulmonary artery in 
all recorded cardiac cycles (> 5).

Speckle Tracking Echocardiography (STE)

The required echocardiographic images were obtained from 
our digital archive. We selected patients who had analyzable 
images of 1. The RV from RV focused apical 4-chamber (C) 
view; 2. The LV from apical 4C, 3-chamber (3C), 2-cham-
ber (C); 3. The LV from parasternal short axis (PSAX) of 
the LV base and apex (smallest cavity past the level of the 
papillary muscles). The clips were stored as DICOM files 
and transferred to vendor independent TOMTEC software 
(Image arena version 4.6, build 4.6.3.9, Unterschleissheim, 
Germany) for myocardial deformation analysis [21]. All 
measurements were performed by a single observer (RK). 
The RV average systolic longitudinal strain (RV l ε) was 
measured by tracing the endocardial border manually start-
ing from the tricuspid annulus. The septal segments were 
excluded from analysis, and the average longitudinal strain 
was calculated only for RV free wall. For the LV average 
systolic longitudinal strain (LV l ε), the endocardial border 
was manually traced in three apical views (4C, 3C, 2C). For 
rotational parameters, PSAX views for the base and apex 
were used. The endocardial border was traced for the base 
and the apex. The optimal tracing and analysis was accepted 
after visual inspection for each of the above measurements. 
The 2D CPA (version 1.2.3.6) from TOMTEC exported text 
files containing rotational displacement in degree for one 
complete heart cycle and the text files were then imported 
into a custom excel spreadsheet and plotted as graphs. The 
data were normalized to 100% to adjust for discrepancies in 
heart rate. The basal and apical rotation, twist, and untwist 
rates were calculated from these graphs. Peak twist (degrees) 
was calculated as the difference between the apical and basal 
rotation during systole. The peak untwist rate was taken as 
the initial deflection during the first third of diastole (Fig. 1a) 
[15].

A second independent analysis of the outcome measures 
was conducted by a second observer (SSR) for inter-observer 
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agreement in randomly selected 13 patients and on 10 
patients by the same first observer for analysis of intra-
observer agreement.

Statistical Analysis

The results of the study were expressed as mean ± standard 
deviation (SD) for continuous variables. The categorical 
data were described as numbers and percentages. F tests 
from one-way ANOVA were used to test for differences in 
the mean values of each parameter among the three groups 
(dilated, non-dilated, control). For those parameters where 
the F test was significant, post hoc testing was done with 
the Tukey’s studentized range method to account for mul-
tiple comparisons. Inter- and intra-observer agreement was 
calculated using interclass correlation coefficients (ICC). 
Pearson correlation coefficients for continuous variables and 

Spearman correlation coefficients for categorical variables 
were calculated.

All analyses were performed using SAS version 9.4.

Results

Patient Characteristics

A total of 110 subjects with rToF were identified, of which 
only 28 met the inclusion criteria as mentioned above. The 
normal cohort consisted of 29 age-matched subjects. The 
mean age for the whole study cohort was 4.7 years (SD-2.3 
years, median age 5.5 years). The baseline demographics are 
described in Table 1. The rToF patients were divided into 
two groups based on ASE guidelines and above mentioned 

Fig. 1   a Normal patterns of basal rotation (BR), apical rotation (AR), twist, twist and untwist rates in normal subject. b Abnormal patterns in a 
patient from group 2 (top); c patterns of rotation in a patient from group 1 (bottom), comparable to the normal population

Table 1   Baseline demographics

*p < 0.05—between group 1 and group 2
**p < 0.01—between group 1 and group 3
***p < 0.01—between group 2 and group 3

Variable Dilated RV in rToF (group 1) 
Mean (SD)
n = 16

Non-dilated RV in rToF (group 2) 
Mean (SD)
n = 12

Normal controls (group 3) 
Mean (SD)
n = 29

Age (years) 4.74 (2.16) 4.25 (2.27) 5.06 (2.64)
Gender (male/female) 6/10 7/5 20/9
BSA (m2) 0.72 (0.22) 0.70 (0.19) 0.74 (0.19)
QRS duration (ms) 121.75 (17.09)* 105.83 (20.04)** 72.31 (7.55)***
Age at initial surgery (days) 76.47 (72.97)* 147.90 (90.58) N/A
Type of surgery Trans-annular—9 (56.25%)

RV–PA conduit—3 (18.75%)
Non-trans-annular—4 (25%)

Trans-annular—0
Non-trans-annular—11(91.7%)
Valved RV–PA conduit s/p replace-

ment—1(8.3%)

N/A
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criteria—16 were included in the group of dilated RV (group 
1) and 12 in the group of non-dilated RV (group 2) (Table 2).

In group 1, all patients had moderate to severe pulmonary 
regurgitation (PR), as compared to group 2 patients, where 
all had less than mild PR. 75% of the patients in group 1 
had either a trans-annular patch or RV-PA conduit as their 
repair as compared to 91.6% of patients in group 2 who 
underwent non-trans-annular patch repair. The age at initial 
surgery was statistically different in the two groups, with 
group 1 undergoing surgical repair earlier as compared to 
group 2 (Table 1). However, one patient in group 1 was pal-
liated with a BT shunt and underwent complete repair later 
at 2 years of age.

The average QRS duration was statistically different 
among all groups. QRS duration was longest in group 1, 
followed by group 2 and shortest in group 3.

RV Size and Function

Group 1 and group 2 were differentiated based on echocar-
diographic estimate of RV dilation (Table 2). The functional 
assessment using TAPSE, FAC, and Tei index was not sta-
tistically different between the two groups. The average RV 
l ε showed a trend of being lower among the rToF patients 
as compared to the normal controls, but was not statistically 
different between the groups (Fig. 2a). RV diastolic function 
was also abnormal in the entire rToF cohort but was not dif-
ferent between the dilated and non-dilated groups (Table 3).

LV Systolic Function

Systolic function assessment with LV ejection fraction (EF) 
was not different among the sub-groups of rToF (Table 2). 
The average LV l ε was lowest in group 2 (Fig. 2b). Rota-
tional mechanics with respect to both magnitude and direc-
tion were abnormal in group 2 more than in group 1. LV 
apical rotation was statistically lower and reversed (clock-
wise) in group 2 (Fig. 3a; Table 4). LV basal rotation did 
not differ statistically, although reversed rotation (counter-
clockwise) was observed in most of the patients in group 2 
(Fig. 3b; Table 4). Twist and twist rate were also abnormal 
in group 2 (Fig. 3c, d). Group 1 who had moderate or more 
PR and RV dilation was very similar to the normal cohort. 
The distribution for the abnormal rotation in each group is 
shown in Table 4.

Table 2   2D TTE Parameters between subgroups of rToF

*p < 0.05—between group 1 and group 2

RV parameters Group 1 (dilated RV) 
n = 16
Mean (SD)

Group 2 (non-dilated 
RV) 
n = 12
Mean (SD)

TAPSE 12.93 (2.94) 13.18 (2.40)
FAC 44.38 (8.89) 43.37 (10.84)
RIMP (tei index) 0.52 (0.08) 0.40 (0.18)
RVEDAi 22.42 (5.23) 18.45 (2.1)*
Annular tilt 20.1 (9.64) 13 (5.22)*
RV diameter (base) 33.31 (7.1) 28.33 (4.66)*
RV diameter (mid-

ventricle level)
32.19 (5.87) 25.75 (4.37)*

Degree of PR Moderate—6 (37.5%)
Severe (free)—10 

(62.5%)

No PR—1 (8.3%)
Trivial—4 (33.33%)
Mild—7 (58.33%)

LV EF 62.20 (5.32) 62.25 (5.49)

Fig. 2   a Average RV longitudinal strain (l ε) (x-axis) in the three groups (Y-axis). b Average LV longitudinal strain (l ε) (X-axis) in the three 
groups (Y-axis)
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LV Diastolic Function

Septal E′ was statistically lower in those with no RV dila-
tion and less than mild PR (group 2) as compared to nor-
mal controls, but similar for the rToF cohort. There was 
no difference in LV lateral wall E′. Average E/E′ (average 
for septal and lateral) was higher in group 2 as compared 
to normal controls. There was no statistical difference in 
isovolumic relaxation time (IVRT) among the 3 groups 
(Table 3). We did observe a trend with prolonged IVRT 
and lower septal E′ with reversed untwist rate which did 
not reach statistical significance. Untwist rate was signifi-
cantly lower and reversed in direction in group 2 (Fig. 3e). 
Untwist rate correlated negatively with apical rotation in 
rToF, r = 0.5 and p = 0.004 (Fig. 4a) and positively with 
basal rotation, r = 0.5, p = 0.01 (Fig. 4b).

RV–LV Function Interaction

There was moderate positive correlation between RV l ε 
and LV l ε among rToF patients (r = 0.5). The RV l ε had 
no correlation with LV rotational mechanics. RV dilation 
though was associated with preserved direction of apical 
rotation and untwist rates (Fig. 4b; Table 4).

Reproducibility

Inter‑observer Variability

ICC was good for apical rotation and twist (0.9), modest 
for basal rotation (0.75).

Intra‑observer Variability

Good correlation for apical rotation (ICC 0.8) and modest 
for basal rotation (0.6).

Discussion

Abnormalities in LV myocardial deformation in rToF have 
been attributed to adverse ventricular interactions resulting 
from RV volume load and dysfunction. This is the first study 
that suggests that rotational abnormalities may be inherent 
in a subset of rToF and can be detected in early childhood. 
Contrary to prior publications describing rotational mechan-
ics in rToF [7, 8], we noted that LV apical rotation was inde-
pendent of RV dilation and RV strain. The LV untwist rate, 
a measure of early diastolic recoil, was also abnormal in 
children without significant RV dilation.

We had hypothesized that LV apical rotation would be 
independent of RV dilation. This finding was also noted by 
Menting et al. in their study in 82 rToF patients with a mean 
age of 33 years. They found that reduced apical rotation was 
associated with larger LV dimensions and decreased biven-
tricular systolic function, but was independent of degree of 
PR and RV dilation [22]. Reduced LV apical rotation is a 
surrogate and a preclinical marker for systolic dysfunction 
[10, 11]. The LV basal rotation has been noted to be reversed 
or abnormal secondary to the abnormal septal position or 
RV dysfunction [7, 22]. In our cohort, basal rotation was 
reversed and this pattern was more prevalent in those with 
less than mild PR, minimal RV dilation and in those with a 
non-trans-annular patch repair (group 2). Apical rotation was 

Table 3   LV and RV diastolic 
function assessment:

**p < 0.05—between group 1 and group 3
***p < 0.05—between group 2 and group 3

Parameters Group 1
Mean (SD)

Group 2
Mean (SD)

Group 3
Mean (SD)

LV
 Septal E′ (cm/s) 10.8 (0.9) 9.68 (0.8)*** 11.77 (0.4)
 Lateral E′ (cm/s) 15.9 (0.9) 14.34 (0.9) 16.48 (0.6)
 Average E/E′ (lateral and septum) 7.77 (0.6)** 8.37 (0.9)*** 6.94 (0.2)
 IVRT by TD (ms) 57.78 (4.1) 66.71 (4.7) 61.59 (3.47)

RV
 TV annular E′ (cm/s) 12.3 (4)** 11.2 (2.7)*** 16 (3.3)
 TV E/E′ 6.2 (3.2)** 6.2 (1.8)*** 4 (1.3)
 Antegrade atriosystolic flow in PA (%) 19% 16%
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reduced and also reversed in the same group. RV function in 
this study as assessed by FAC and strain was normal for both 
groups of rToF. This suggests that abnormalities in basal and 

apical rotation precede or are independent of abnormalities 
in RV size and function in young children.

Prior studies evaluating maturational changes of LV rota-
tional mechanics have demonstrated that the adult pattern 

Fig. 3   a LV apical rotation (X-axis) in the three groups (Y-axis). b LV basal rotation (X-axis) in the three groups (Y-axis). c LV twist (X-axis) in 
the three groups (Y-axis). d LV twist rate (X-axis) in the three groups (Y-axis). e LV untwist (X-axis) in the three groups (Y-axis)
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of clockwise basal rotation and increased twist and untwist 
is achieved by adolescence [15, 16, 23]. Apical rotation has 
been shown to have a preserved counterclockwise pattern 
throughout and this results in changing of the LV twist from 
being unidirectional in infancy to a “wringing motion” by 
early childhood [16, 23]. We saw similar findings in our 
normal cohort of young children with some still having 
counterclockwise basal rotation. In our study, children with 
rToF who had significant PR and RV dilation had clockwise 
basal rotation, which is opposite to the expected matura-
tional pattern. In contrast, those with less RV dilation had 
normal expected counterclockwise pattern. One possible 
explanation is that either the early surgery or the RV dila-
tion resulted in compensatory transition of the LV to achieve 
a more effective twist. However, apical rotation, which is 
a surrogate for LV contractility, was also reduced and was 
more likely to be clockwise (abnormal) in group 2, suggest-
ing that either this is a compensation for counterclockwise 
basal rotation to preserve the twist or that this pattern of LV 
remodeling may be more susceptible to developing early LV 
systolic and diastolic dysfunction.

LV diastolic abnormalities have been described in rToF 
with restrictive RV physiology and have been attributed to 
increased RV dimensions [6, 24]. In our study, RV and LV 
diastolic function was impaired in the entire rToF cohort 
as assessed by pulsed wave and tissue Doppler imaging. 

RV restrictive physiology defined by forward atriosys-
tolic flow in the pulmonary artery was noted in only a 
few patients in the entire cohort. Our study corroborates 
prior findings of coexistence of both RV and LV diastolic 
dysfunction when assessed by conventional indices [6] and 
can be seen even earlier in children < 10 years of age and 
is independent of type of surgery and RV size.

Untwist is a measure of early diastolic recoil [13]. In 
our patient cohort abnormal untwist had a strong negative 
correlation with apical rotation and positive correlation 
with basal rotation. This supports the concept that systolic 
and diastolic phases are interdependent and early recog-
nition of either form of dysfunction may be pertinent to 
long-term outcomes.

There is some debate regarding impairment of LV 
myocardial mechanics secondary to mechanical dyssyn-
chrony from right bundle branch in rToF [25, 26]. In our 
study, although the QRS duration was significantly longer 
in those with dilated RV as expected, the LV rotational 
abnormalities were in fact more prominent in those with-
out significant RV dilation. We did not find any correlation 
of the rotational parameters with QRS duration. This find-
ing has been confirmed by another study, in which QRS 
duration did not correlate with reversed counterclockwise 
basal rotation on multivariate analysis [7].

Table 4   Patterns of rotation by 
STE

Parameters Group 1 (n = 16) Group 2 (n = 12) Group 3 (n = 29)

Basal rotation
 Normal clockwise 87.5% (14) 41.6% (5) 62% (18)
 Reversed counterclockwise 12.5% (2) 58.4% (7) 38% (11)

Apical rotation
 Normal counterclockwise 93.75% (15) 41.6% (5) 93% (27)
 Reversed clockwise 6.75% (1) 58.4% (7) 7% (2)

Fig. 4   a Correlation of apical rotation with untwist rate. b Correlation of basal rotation with untwist rate
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We did find age at initial repair to be significantly differ-
ent, with those with a non-trans-annular patch repaired at 
mean age of 148 days as compared to trans-annular patch 
repair who were repaired earlier (mean age of 77 days). 
Additional studies are required to determine if a later 
repair has any role in causing the abnormal LV mechanics.

LV dysfunction is independently associated with 
increased morbidity and sudden death [1–3]. This study 
emphasizes that even in the absence of RV dilation there 
can be significant abnormalities in the LV contractility 
and early diastolic recoil. These abnormalities may be 
inherent in a subset of rToF patients. Early detection with 
close monitoring of those without significant RV dilation 
is probably as crucial as it is for those with RV dilation. 
Further follow-up will be necessary to learn whether early 
detection and follow-up of rToF patients with abnormal 
LV rotation in the absence of significantly increased RV 
size influences long-term outcomes.

Limitations

This is retrospective study with inherent selection bias. 
Our sample size was small, limiting our ability to per-
form a multivariate analysis to determine factors causing 
the abnormal patterns. We acknowledge the limitation of 
assessing RV volumes accurately by 2D echocardiography, 
which may add a limitation in purely defining our rToF 
sub-groups. The reproducibility of the rotational param-
eters was sub-optimal but could be related to technical 
reasons and difference in level of experience of the two 
observers.

Conclusion

This study emphasizes that characterization of LV myo-
cardial mechanics is complex; rotational abnormalities are 
detected early in rToF and are independent of degree of 
pulmonary insufficiency, RV dilation, and systolic dys-
function. Abnormalities in apical rotation and untwist 
rates as measures of LV contractility and early diastolic 
recoil may present very early after successful ToF repair 
and are not a result of ventricular interactions. Further lon-
gitudinal studies in a larger subset are needed to identify 
the progression of these abnormalities and their associa-
tion with clinical outcomes.
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