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"عقبلاعبتتببلقلاىدصطيطخت"مادختساىلإةساردلاتفده:ثحبلافادهأ
لماكلاحيحصتلاعملافطلأاىدلنميلأانيطبلالشفصيخشتلةديدجةينقتك
.تولافةيعابرةحارجل

ىفشتسملاولافطلأابلقىفشتسميفةيبيرجتهبشةساردتيرجأ:ثحبلاةقيرط
حوارتتلافط150ليجستمت.رهشأةعستةدملةيناميلسلايفةدوجلايلاع
لماكلاباهحلاصإمتيتلاتولافةيعابرةلاحيفاماع13و3نيبمهرامعأ
راشتنالدعمىلعادامتعاةنيعلامجحريدقتمت.عدصتملايداولاىمحيفقيقحتلل

تاسايق.ةيجاتلابلقلاضارمألمجمنم%10ىلإ%7ةبسنبتولافةيعابر
،نميلأانيطبلليفذقلارسكلاكلذيفامب،ةيديلقتلابلقلاىدصطيطخت
ةلضعءادأرشؤمو،تافرشلايثلاثيقلحلاىوتسملليضابقنلاافارحنلااو
عقبلاعبتت،كلذىلإةفاضلإاب.يطاسبنلااويضابقنلاانميلأانيطبلامجحو،بلقلا
.فرغ4نمنوكملايمقلارظنملايفداهجلإالدعمويلوطلاويميلقلإاداهجلإل
ثلاثسايقلبلقلاةيبرهكطيطختعدصتملايداولاىمحصيخشتنمضتي
."سارآويك"ةدمو،"يت"ةجوملاتتشتو،"يب"ةجوملاتتشت:لماوع

صيخشتمتنيذلاوتولافةيعابرحلاصإمتنيذلالافطلأارهظأ:جئاتنلا
افارحنايديلقتلابلقلاىدصطيطختللاخنمعدصتملايداولاىمحبمهتباصإ
،مس0.11±1.3هردقتافرشلايثلاثيقلحلاىوتسملايفيعيبطريغايضابقنا
نميلأانيطبللةيضابقناةياهنو،6.72±35.5نميلأاينيطبلافذقلاءزجو

،لم14.13±110.1يطاسبنلاامجحلاوةيضابقناةياهنو،لم69.8±15.13
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سفنتلازاهجلطغضىصقأو،0.12±0.60بلقلاةلضعءادأرشؤم
.ةيعيبطلانميلأانيطبلاةفيظويوذلافطلأابةنراقم.14.08±52.4يعانصلا
لدعمضافخنانععدصتملايداولاىمحصيخشتيفعقبلاعبتتقيبطتفشك
نيباصملالافطلأايف)0.3±0.9-و2.3±12.1-(يلوطلاداهجلإاوداهجلإا
ةظوحلمةيباجيإتاطابتراكانهتناك،كلذىلعةولاع.عدصتملايداولاىمحب
يثلاثيقلحلاىوتسملليضابقنلاافارحنلااوةيلوطلانميلأانيطبلاةللاسنيب
رهظتامنيب)0.675=ص(يفذقلارسكلاكلذكو)0.656=ص(تافرشلا
مجح،)0.684-=ص(يطاسبنلاانميلأانيطبلامجحعمةيبلسلاتاطابترلاا
(بلقلاةلضعءادأرشؤم،)0.718-=ص(نميلأانيطبلليضابقنلااةياهن

.)0.767-=ص(يعانصلاسفنتلازاهجلطغضىصقأو،)0.735-=ص

نميلأاينيطبلا"لاعفنلااوداهجلإالدعم"عمعقبلاعبتتقيبطتدعي:تاجاتنتسلاا
ةقيرطاهحلاصإمتيتلاتولافةيعابريفنميلأانيطبلاةفيظوريدقتليلوطلا

ةيميلقلإابلقلاةلضعتاهوشتصيخشتنيسحتىلعلمعتةمدقتموةديدج
.يديلقتلاىدصلابةنراقمريبكلكشببلقلاةلضعةكرحةعرسو

؛تولافةيعابر؛يفذقلارسكلا؛عقبلاعبتت؛نميلأانيطبلالشف:ةيحاتفملاتاملكلا
داهجلإا؛بلقلاىدصطيطخت

Abstract

Objectives: The study was aimed at using speckle

tracking echocardiography as a novel technique to

diagnose right ventricular failure (RVF) in children

with total correction of tetralogy of Fallot (TOF)

through surgery.

Methods: A quasi-experimental study was performed at

the Children’s Heart Hospital of Sulaimani for 9 months.

A total of 150 children with completely repaired TOF

were enrolled to investigate RVF. Conventional echo-

cardiographic data were recorded, including right ven-

tricular (RV) ejection fraction (EF), tricuspid annular
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plane systolic excursion (TAPSE), myocardial perfor-

mance index (MPI), and RV end-systolic and diastolic

volume (RVESV and RVEDV). Additionally, speckle

tracking was performed for the regional and longitudinal

strain and strain rate in four-chamber apical view. RVF

diagnosis was determined on the basis of electrocardi-

ography measurement of P-wave dispersion, T-wave

dispersion, and QRS duration.

Results: Children with repaired TOF who were diagnosed

with RVF through conventional echocardiography exhibi-

ted abnormalities with respect to children with normal RV

function, including a TAPSE of 1.3 � 0.11 cm, RVEF of

35.5 � 6.72, RVESV of 69.8 � 15.13 ml, RVEDV of

110.1 � 14.13 ml, MPI of 0.60 � 0.12, and Pmax of

52.4� 14.08. The use of speckle tracking in RVF diagnosis

revealed a relatively lower longitudinal strain and strain rate

(�12.1 � 2.3 and �0.9 � 0.3, respectively) in the children

with RVF. Moreover, longitudinal right ventricular

strain was positively correlated with TAPSE (r ¼ 0.656)

and EF (r¼ 0.675), and negatively correlated withRVEDV

(r¼�0.684), RVESV (r¼�0.718), MPI (r¼�0.735), and

Pmax (r ¼ �0.767).

Conclusions: The application of speckle tracking with the

longitudinal RV strain and strain rate to estimate RV

function in children with repaired TOF is a new advanced

method that, compared with conventional echo, signifi-

cantly improves the diagnosis of regional myocardial

deformations and cardiac muscle motion velocity.

Keywords: Echocardiography; Ejection fraction; Right ven-

tricular failure; Speckle tracking; Strain; TOF

� 2023 The Authors. Published by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Tetralogy of Fallot (TOF), a type of CHD, is the most
complex and common cyanotic cardiac malformation in
patients older than neonatal age. The prevalence of TOF is

approximately 7e10% of all congenital heart diseases. TOF
is classified into two types: blue TOF and pink TOF, which
affect boys and girls equally.1 The CHD recognized as TOF

was initially described by Niels Stensen in Denmark in 1671.2

TOF manifests as a combination of four cardiac deformities:
pulmonary artery narrowing, a hole in the ventricular
septum, displacement of the aorta, and right ventricular

(RV) hypertrophy.3 With advances in medical technology,
such as fetal echocardiography (ECG), TOF can be
diagnosed during pregnancy at 12e15 weeks. TOF is

typically diagnosed in early infancy, on the basis of a loud
murmur or cyanosis, or ECG data.4,5 In general, the
treatment of TOF depends on the severity and type of

subpulmonary obstruction, and surgery is the only effective
treatment for TOF. In 1955, total correction of TOF was
initially introduced and included intracardiac repair; this
method is now used worldwide. The initial TOF repairs
involved placement of a patch in the RV outflow tract

through the annulus to alleviate the blockage. According
to a literature review, approximately 10% of patients
develop complications such as pulmonary regurgitation

after TOF correction surgery and consequently require
intervention.

Furthermore, prolonged PR can lead to chronic volume

overload in the RV, thereby resulting in RVF, arrhythmias,
and unfavorable cardiovascular outcomes.6 RVF is common
in corrected TOF cases and is believed to be significantly
associated with heart failure morbidity and mortality.7

Consequently, early diagnosis of RV function is useful for
eliminating risk in patients with heart failure, guiding
clinicians in the best treatment choice, and improving

patient prognosis.8,9 Assessing the function of the right
ventricle in patients with repaired TOF (rTOF) with ECG
is difficult because of the intricate crescent shaped RV.10

Speckle tracking echo is a reliable method for investigating
ventricular function. RV strain obtained through STE is a
sensitive parameter that plays a crucial role in evaluating
RV function and has prognostic value in RVF, because of

its ability to detect early stage subclinical dysfunction.11,12

The categorization of RV strain is based on the direction
of myocardial movement and includes three types: RV

longitudinal strain (RVLS), circumferential strain, and
radial strain.13,14 The assessment of diminished RVLS has
significant prognostic value in various cardiovascular

diseases, particularly in early stages of RV systolic
dysfunction.15,16 The novel method of documenting
myocardial motion provides a non-invasive approach to

assess vectors and velocity. The process involves automated
tracking of myocardial deformation by using 2D or 3D
speckle-tracking imaging. This technique allows for offline
analysis of ST and SR to evaluate RV myocardial defor-

mation and function.17,18 STE is an advanced no-risk and
low-cost method for RVF diagnosis in patients, commonly
with TOF correction. Several studies have shown that the

duration of the QRS complex serves as an indicator for
evaluating RV function in patients who have undergone
rTOF. Patients with rTOF commonly experience RV

dysfunction and an extended QRS duration.19,20 In patients
without underlying heart disease, prolonged P-wave
duration and increased P dispersion have been associated

with an elevated risk of developing atrial fibrillation.21 This
study was aimed at investigating the diagnostic potential of
speckle tracking, particularly strain and strain rate, for
identifying RV failure in children with total correction of

TOF.

Materials and Methods

Sample size and setting

This quasi-experimental study was performed at the

Children’s Heart Hospital of Sulaimani from October 1,
2021, to June 1, 2022. Children’s Heart Hospital, situated in
the heart of Sulaymaniyah City, is the largest hospital

specializing in the comprehensive care of children with CHD
and other cardiac conditions. It offers a wide range of

http://creativecommons.org/licenses/by-nc-nd/4.0/
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services, including diagnosis, catheterization interventions,
and open-heart surgeries. With its busy daily schedule, the

hospital is dedicated to diagnosing and treating many chil-
dren with CHD, and providing them with the necessary
follow-up and care. To investigate RVF, this study included

150 children with a status of rTOF. The sample size was
estimated according to a prevalence of TOF of 7e10% of all
CHD. All children with rTOF underwent conventional and

speckle-tracking ECG studies performed by the same pedi-
atric cardiologist. Data for diagnosis of RV function were
obtained prospectively from echo, and extracted to a data
extraction form.

Inclusion criteria

The study population comprised children 3e13 years of
age with complete TOF repair, who were residents of
Sulaimani province.

Exclusion criteria

Children with Blalock-Taussig shunt, and children who
were diagnosed with TOF but did not undergo surgery, were
excluded. Children with rTOF were diagnosed with RVF.

Children with an interval of less than 1 year between surgery
and follow-up were excluded.

Echocardiography measurement and procedure

ECG was performed with a model Vivid E9 cardiovascular
ultrasound system (a Phillips echo machine with four probes

using an Sc-D multifrequency transducer) to investigate RVF
in rTOF children. Three methods were used: two-dimensional
(2D) tissue Doppler (TDI), and speckle tracking strain and
strain rate. The patients were examined in dorsal supine posi-

tion or left lateral decubitus in the conventional parasternal
view, long and short axis view, four-chamber apical view, and
subcostal view (subxiphoid). Subsequently, routing diagnostic

imaging, including 2D echo and continuous-wave TDI apical
recording, was obtained, and all examinations were recorded
for offline analysis. InAP4-RV view, all parameters associated

with the right chamber were examined, except the RV outflow
tract dimension, and were measured in the parasternal short-
axis view. RV systolic function was evaluated with conven-
tional non-volumetric parameters commonly recommended in

clinical practice. All RV function parameters were collected
according to American Society of ECG guidelines for evalu-
ating right heart function.22 Subsequently, 2DE was used to

assess RVEDV, RVESV, tricuspid annular plane systolic
excursion (TAPSE), and EF, by using Simpson methods and
global RV function. Pulse Doppler for a measure of tie index

or MPI for RV function and pulmonary gradient. Any
children examined by echo who had an abnormal ejection
fraction (EF) < 45%, TAPSE <17 cm, and longitudinal RV

strain<15% were considered to have RVF.23,24

Echocardiography speckle tracking measurement

All patients underwent STE in apical view. RV function

was assessed by calculation of RVS and SR with a modified
apical four chamber view. The 2D longitudinal strain anal-
ysis frame rates ranged from 40 to 80 frames per second. To

evaluate the regional ST and SR of the RV, we delineated the
endocardium and myocardium of the RV as three segments,
near the annulus, middle, and apex of the free wall. A

heartbeat with maximum image quality was selected for
analysis, and the assessed RV measurements included lon-
gitudinal strain (LS) and SR. In addition, ECG with three

leads was used; two leads were placed on the right shoulder
and left shoulder, whereas the N lead was positioned on the
left leg. The RV wall was then manually delineated in AP4-

RV view, thus creating a region of interest during the QRS
complex duration during peak systole. In healthy in-
dividuals, the RV base lateral strain generally exhibits values
ranging from �20% to �30%. The mid-lateral strain typi-

cally ranges from �15% to �25%, whereas the apex lateral
strain is commonly observed to be between �10%
and �20%. The normal longitudinal strain rate of the RV

base segment is typically between �1.0 and �2.0. The mid-
segment strain rate ranges from �1.5 to �2.5, and the
apex-segment strain rate ranges from �1.0 to �2.0.25

Electrocardiography

All children were examined with ECG at rest in a dorsal
supine position. The tenth lead was used with six chests and
four extremities. Two ECG speeds were performed for each

patient, with an ECG paper speed of 25 and 50 mm/s for
evaluation of T wave dispersion (T-WD), and P wave
dispersion (P-WD). The P-WD was determined by subtrac-
tion of the longest and shortest P-wave durations among the

ten ECG leads, with an ECG paper speed of 50 mm/s. TW-D
was determined by evaluation of the T waves in leads V4, V5,
and V6, because these leads typically exhibit upright T wave

morphology. The T-wave was identified by measurement of
the interval between the J point and the T offset in each lead
of the ECG paper with a speed of 50 mm/s. QRS duration

was measured from leads V4, V5, and V6 (maximum value)
from the start of the Q wave to the completion of the S wave,
with an ECG paper speed of 25 mm/s.

Statistical analysis

The analysis was conducted in Stata version 14. All cate-
gorical variables are expressed as frequencies and percentages.

Continuous variables are summarizedwith themean, standard
deviation, median, and interquartile range. The chi-square test
was used to examine the associations across categorical vari-

ables. Student’s t-test was used to compare the RV parameters
between groups with or without RV failure. The diagnostic
performance of the test was evaluated through sensitivity and

specificity analyses with the receiver operating characteristic
(ROC) curve, thus aiding in determination of the optimal
cutoff value. The correlation between dependent and inde-

pendent parameters was examined with bivariate correlation
and illustrated with a simple scatterplot. A P-value of 0.05 was
considered statistically significant, whereas a P-value < 0.001
was considered highly significant. Confidence intervals were

calculated at the 95% level.

Results

Table 1 shows the demographic characteristics of the
study participants. The median age of children with rTOF
for diagnosis of RV function was 9 (interquartile range 6e



Table 1: Characteristics of participating children by the presence or absence of RVF.

Children Number ¼ 150 (%) Right ventricular

failure (n ¼ 24)%

No right ventricular

failure (n ¼ 126)%

P-value

Sex

Male 75 (50) 8 (33.3) 67 (53.2) 0.06

Female 75 (50) 16 (66.7) 59 (48.8)

Residence

Inside city 104 (69.3) 11 (55) 93 (71.5)

Outside city 46 (30.7) 9 (45) 37 (28.5) 0.1

Age

3e6 years 36 (24) 1 (4.2) 35 (27.8)

7e9 years 54 (36) 7 (29.2) 47 (37.3) 0.006*

�10 years 60 (40) 16 (66.8) 44 (34.9)

Weight

�20 kg 33 (22) 1 (4.1) 32 (25.4)

21e30 kg 57 (38) 7 (29.2) 50 (39.7) 0.007*

�31 kg 60 (40) 16 (66.7) 44 (34.9)

Education

Kindergarten 21 (14.0) 0 (0.0) 21 (16.7)

Primary 108 (72) 20 (83.3) 88 (69.8) 0.01*

Secondary 21 (14.0) 4 (16.7) 17 (13.5)

*refers to signifigant P value.

Table 2: Comparison of echo parameters for children with or without RVF.

Parameters RV dysfunction,

mean � SD

Normal RV function,

mean � SD

t P-value

TAPSE >1.7 cm 1.3 � 0.11 1.9 � 0.24 12.11 <0.001*

EF > 45% 35.5 � 6.72 62.5 � 7.81 14.58 <0.001*

RVESV 10e44 ml 69.8 � 15.13 23.7 � 10.83 �16.73 <0.001*

RVEDV 32e87 ml 110.1 � 14.13 52.29 � 16.42 �14.90 <0.001*

MPI <0.40 0.60 � 0.12 0.21 � 0.07 �19.30 <0.001*

Pmax mmHg 52.4 � 14.08 14.9 � 4.49 �23.71 <0.001*

Regional peak strain (%)

Base lateral strain (BLS) �12.7 � 3.6 �21.4 � 4.8 8.7 <0.001*

Mid lateral strain (MLS) �10.2 � 2.4 �16.7 � 2.5 6.5 <0.001*

Apex lateral strain (ALS) �9.1 � 2.5 �18.9 � 3.0 5.3 <0.001*

Regional peak strain rate (1/sec)

Base lateral strain rate (BLSR) �1.1 � 0.5 �2.0 � 1.0 0.9 <0.001*

Mid lateral strain rate (MLSR) �0.9 � 0.5 �1.7 � 0.6 0.8 <0.001*

Apex lateral strain rate (ALSR) �0.9 � 0.5 �1.9 � 0.7 0.9 <0.001*

Longitudinal RV strain (%) �12.1 � 2.3 �18.9 � 1.8 6.9 <0.001*

Longitudinal RV strain rate (1/sec) �0.9 � 0.3 �1.9 � 0.5 0.9 <0.001*

*refers to signifigant P value.
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11) years, with a range of 3e13 years. Participants were
frequency-matched by sex (50%). Sixteen girls (66.7%) had

RVF and 59 (48.8%) had no RVF, whereas 8 boys (33.3%)
had RVF and 67 (53.2%) no RVF, with P ¼ 0.06. Of 150
children, 95.9% of children 7e9 years of age or older had

abnormal RVF, whereas 72.2% of the same age group had
normal RV function, with P ¼ 0.006. The children’s weight
ranged from 12 to 50 kg (mean 27.6 � SD 8.8 kg). The

weights of the children in the two groups significantly
differed (P ¼ 0.007). Most children diagnosed with RV
Table 3: Comparison of sensitivity and specificity between conventio

Type N Sensitivity

Conventional echo 20 (13%) 83.3%

Speckle tracking echo 24 (16%) 100%
failure (83.3%) were in primary school, whereas most chil-
dren with normal right ventricles (69.8%) were in secondary

school (P ¼ 0.01).
Table 2 compares the mean ECG and TDI parameter

values for children with rTOF, with versus without RVF.

TAPSE was significantly lower in children with than
without RVF; the mean TAPSE was 1.3 � 0.11 cm vs.
1.9 � 0.24 cm, respectively (P � 0.001). Children with RVF

had a lower RVEF% than those with normal RV function.
The mean EF was 35.5 � 6.72 and 62.5 � 7.81,
nal and ST echo.

Specificity PPV NPV Accuracy

100% 100% 96.9% 97.3%

96.9% 83.3% 100% 97.3%



Figure 2: Receiver operating characteristic for strain and strain

rate of diagnosis of RVF.
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respectively (P � 0.001). Significantly higher mean values of
RVESV (69.8 � 15.13) and RVEDV (110.1 � 14.13 ml) were

observed in children diagnosed with RVF than in children
without RVF (RVESV 23.7 � 10.83 and RVEDV
52.29 � 16.42 ml; P � 0.001 for both). Children with

normal RV function showed a smaller mean MPI
(0.21 � 0.07), whereas those with RVF showed a
significantly higher mean MPI (0.60 � 0.12), with a Pmax

of 52.4 � 14.08 vs. 14.9 � 4.49 mm/Hg (P < 0.001).
In addition, the strain of RVF and non-RVF of the three

segmental lateral RV walls was as follows: BLS: �12.7 � 3.6
vs. �21.4 � 4.8, P < 0.001, respectively; MLS: �10.2 � 2.4

vs.�16.7� 2.5, P< 0.001, respectively; and ALS:�9.1� 2.5
vs. �18.9 � 3.0, P < 0.001, respectively. The strain rate
values of RVF and non-RVF were as follows:

BLSR: �1.1 � 0.5 vs. �2.0 � 1.0, P < 0.001, respectively;
MLSR: �0.9 � 0.5 vs. �1.7 � 0.6, P < 0.001, respectively;
and ALSR: �0.9 � 0.5 vs. �1.9 � 0.7, P < 0.001, respec-

tively. The RV wall’s longitudinal ST and SR values signif-
icantly differed between groups (P < 0.001). Lower
longitudinal ST and SR (�12.1 � 2.3 and �0.9 � 0.3) were
observed in children with RVF than children who did not

develop RVF (�18.9 � 1.8 and �1.9 � 0.5; P � 0.001).
The study was aimed at evaluating and comparing the

sensitivity and specificity of two ECG techniques, conven-

tional and speckle tracking ECG, for RVF detection. Con-
ventional ECG had 83.3% sensitivity and 100% specificity,
with a 100% positive predictive value and 96.9% negative

predictive value. In contrast, speckle tracking analysis
exhibited a sensitivity of 100% and a specificity of 96.9%; a
positive predictive value of 83.3% and a negative predictive

value of 100%; and an accuracy of 97.3% for both.
Regarding the application of conventional ECG (2D echo),
among the 150 children assessed, only 20 (13%) were diag-
nosed with RVF. However, with the use of advanced ECG

ST and SR, 24 children were identified as having RVF,
corresponding to a proportion of 16% (Table 3).

ROC curve analyses were performed to evaluate the

clinical effectiveness of various parameters in diagnosing
RVF, according to the criteria of RVEF < 45% and TAPSE
< 1.7 cm, measured by 2D ECG. Sensitivity and specificity

values and their corresponding optimal cutoff values were
Figure 1: Receiver operating characteristic for a conventional

echo of diagnosis of RV.
determined. Figure 1 displays the outcomes of these analyses,
illustrating the optimal cutoff value for RVESV at 31.5 ml. A

sensitivity of 91.7% and specificity of 94.4% were achieved,
with an area under the curve (AUC) of 0.976 (p < 0.001).
Additionally, the cutoff value of RVEDV was determined
to be 73.5 ml, thus yielding a sensitivity of 87.5% and

specificity of 87%, and an AUC of 0.924 (p < 0.001).
These findings demonstrated the robust discriminatory
capacity of these parameters in accurately diagnosing RVF,

through effectively distinguishing between patients with
RVF and healthy individuals with normal RV function.

We used ROC curve analysis to evaluate the efficacy of ST

echo parameters, specifically LRVS and LRVSR, in diag-
nosing RVF in rTOF. Figure 2 shows the ROC curve,
representing the relationship between sensitivity and
specificity. For the diagnosis of RVF, the optimal cut-off

value for LRVS was determined to be �15.8%. The AUC
was computed to be 0.962 (P < 0.001), thus indicating a high
discriminatory capacity. This parameter exhibited a sensi-

tivity of 95.8% and specificity of 95.2%, thereby providing
valuable diagnostic accuracy.

Regarding LRVSR, the best cut-off value was determined

to be�1.5 s. The sensitivity was 87.5%, and the specificity was
81.7%. The AUC was calculated as 0.943 (P < 0.001), thus
highlighting favorable diagnostic performance in identifying

RVF inchildrenwith rTOF.These findings suggested thatboth
LRVS and LRVSR may be promising tools for non-intrusive
diagnosis of RVF in this specific patient population.

Figure 3 shows the scatter plot analysis, indicating

significant correlations between LRVS and various echo
parameters. A positive association was observed between
LRVS and TAPSE (r ¼ 0.656, P < 0.001) and EF (r ¼ 0.675,

P < 0.001). In contrast, LRVS exhibited negative correlations
with RVEDV (r ¼ �0.684, P < 0.001) and RVESV
(r¼ �0.718, P < 0.001).

Table 4 shows the correlation of LRVSRwith RV function
in children with postoperative TOF with absolute echo
parameters. A weak positive correlation of LRVSR with
TAPSE (r ¼ 0.465, P � 0.001) and EF (r ¼ 0.443, P � 0.001)

was observed. Moreover, a weak inverse correlation was



Figure 3: Correlation of LRVS with conventional echo parameters.

Table 4: Correlation of LRVSR with absolute ECG

parameters.

Parameters Pearson’s r P-value

TAPSE 0.465 <0.001*

EF 0.443 <0.001*

RVESV �0.455 <0.001*

RVEDV �0.459 <0.001*

MPI �0.526 <0.001*

Pmax �0.491 <0.001*

*refers to signifigant P value.
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observed between LRVSR and the following echo parameters:
RVESV (r ¼ �0.455, P � 0.001), RVEDV (r ¼ �0.459,
P � 0,001), IMP (r ¼ �0.526, P � 0.0010), and Pmax

(r¼ �0.491, P � 0.001).
Figure 4 demonstrates the application of standard ECG

and speckle tracking parameters for assessing right
ventricular function in children who have undergone

surgical repair for tetralogy of Fallot (TOF). Panel A uses
Simpson’s method to measure volumetric parameters,
including the ejection fraction (EF), thus providing a
quantitative assessment of ventricular function. Panel B

introduces tricuspid annular plane systolic excursion
(TAPSE) as a tool for detecting right ventricular failure
(RVF) in this patient group, with abnormal TAPSE and

EF values indicating the presence of RVF. Panels C and D

present a novel diagnostic technique, speckle tracking echo,
which uses strain and strain rate measurements to evaluate

systolic myocardial function. This innovative approach
offers valuable insights into assessing right ventricular
function in children who have undergone surgical repair

for TOF.
Table 5 presents ECG parameters as T-WD, P-WD, and

QRS duration. The ECG showed a wide P-WD with a

mean of 101 � 41.66 ms for children with RV failure,
whereas children with normal RV function showed a
narrowed P-WD with a mean of 77.08 � 14.09 ms
(P � 0.001). The T-WD values were near 0, thus indicating

increased dispersion in children with RVF, with a mean of
0.77 � 0.16 ms, whereas in children without RVF, T-WD
values close to 1 indicated a decrease in dispersion (mean

0.88 � 0.16 ms; P � 0.009). Prolonged QRS duration
was observed in children with RVF, with a mean of



Figure 4: Conventional ECG and speckle tracking for diagnosis of RV.

Table 5: Electrocardiography measurements in children with or without RVF.

ECG parameters/ms Abnormal RV function,

mean � SD

Normal RV function,

mean � SD

t P-value

P -WD 101 � 41.66 77.08 � 14.09 �5.01 <0.001

T-WD (V4 through V6) 0.77 � 012 0.88 � 0.16 2.64 0.009

QRS duration 132.5 � 18.88 81.77 � 14.16 �19.95 <0.001
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132.5 � 18.88 ms, whereas children without RVF had a

shorter mean QRS duration of 81.77� 14.16 ms (P� 0.001).

Discussion

To our knowledge, this is the first study using advanced
speckle-tracking ECG strain and strain rate to diagnose RVF
in children with complete TOF correction in Iraq. Our study

was performed to determine the sensitivity and specificity of
speckle tracking echo in investigation of RVF. Notably,
advanced speckle-tracking ECG was more sensitive than con-

ventional ECG and was able to discriminate patients with
RVF, particularly those with asymptomatic heart failure, from
those without RVF. The findings of our study are consistent
with those from two previous studies.26,27 According to the

literature, the RV’s distinct crescent shape precludes precise
quantification of its size and function with conventional
echo.28 Conventional echocardiographic evaluation of the

RV remains challenging, particularly in children with rTOF,
because of RV hypertrophy. Hence, acquiring established
echocardiographic parameters for assessing global RV

function can be challenging and may not always yield
accurate results. Our hypothesis aligns with the findings of
the two studies described above.29,30

Notably, TAPSE and EF measurements are widely recog-

nized to be highly reproducible and reliable in the investigation
of RV function. These parameters have demonstrated high
specificity in detecting RV systolic dysfunction in heart failure
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cases.31 Furthermore, on the basis of two studies that used
TAPSE and EF to determine systolic RVF by conventional

ECG, we defined systolic RVF as TAPSE <1.7 cm and EF
45%.32,33 Accordingly, we focused on the TAPSE and EF for
diagnosing RVF by conventional ECG. We found that

children with than without RVF had a lower TAPSE of
1.7 cm and EF of less than 45%. Notably, a decrease in
TAPSE led to a decrease in RVEF. A study by Rydman

et al.34 corroborates our findings and aligns with previous
research indicating a progressive decline in TAPSE in cases
with postoperative TOF and RVF.35,36 Another notable
finding was that EF, as measured with the Simpson method,

was an independent predictor of RVF. We observed that
children who developed RVF had a significantly lower EF
(below 45%) than children without RVF. Our findings are

consistent with those from a previous study.37 Furthermore,
the Tei index, also referred to as the myocardial performance
index, serves as a valuable quantitative measure for assessing

the myocardium’s systolic and diastolic function. It is
particularly useful in evaluating RV function in patients with
RVF and pulmonary arterial hypertension. Conventional
echo performed on children with rTOF revealed that children

with RVF had an abnormal MPI, which was significantly
higher than that in children who did not develop RVF. Our
results are consistent with those from a previous study.38

We analyzed RVESV and RVEDV in children with post-
TOF to derive normal predicted values in each patient,
because of the lack of absolute echo parameters predicting

normal RVESV and RVEDV in children with rTOF.
RVESV and RVEDV were measured with 2D echo accord-
ing to Simpson’s biplane rules, and the RV cardiac volume

was markedly increased. All children with postoperative
TOF diagnosed with RV failure had elevated RVESV and
RVEDV volume. Our results were consistent with those from
two previous studies.39,40 We hypothesize that pulmonary

stenosis and regurgitation might cause the RV chamber to
dilate and impair systolic function, thus increasing
RVESV. As the RVESV increases, the RVEF and TAPSE

decrease and might serve as a good indicator for the need
for pulmonary valve replacement.

The literature has importantly revealed that patients with

rTOF with severe pulmonary regurgitation are at elevated
risk of developing RV dilatation and eventually failure.41

TDI was used to measure the pulmonary gradients, and the

pulmonary artery gradient was higher in children who
developed RVF than in children who did not. Bouzas et al.
(38) have reported the same study finding. Yoo et al., in
2012, also reported that children with rTOF remain at risk

of PR and PS and RVF have a higher pulmonary gradient
and mean pulmonary gradient than children without RVF.42

ROC analyses demonstrated that RVESV and RVEDV

had good sensitivity and specificity in predicting RV
dysfunction, in agreement with the results of two previous
studies.43,44

Advanced ECG technologies have been proposed to
enable quantitative assessment of regional myocardial
function and deformities. The current study focused on
children with TOF correction with STI, to provide an

alternative method for measuring RV function. On the basis
of a literature review, strain was defined as the percentage
change in myocardial deformation, and its derivative, SR,

was defined as the myocardium’s deformation rate (speed of
deformation) over time.45 We discovered that use of
advanced speckle tracking echoes, ST, and SR for the

investigation of RVF might enable more sensitive detection
and accurate RV parameters. This finding is compatible
with those from a previous study.46 Several studies have

documented that the mean longitudinal strain (LS) and
longitudinal strain rate (LSR) of the RV-free wall, particu-
larly in the basal, middle, and apical segments, and an ab-

solute systolic strain rate below 20%, indicate cardiovascular
events.47e49

In our study, for calculating the LS and LSR, we deter-
mined the RV endocardium and myocardium, and we

selected three regions: basal, middle, and apex. The speckle
tracking echo examination of the children with rTOF indi-
cated that the LRV-free wall ST and SR at the basal, middle,

and apical levels were significantly lower in children with
RVF than in children with normal RV function. Interest-
ingly, the LRVS was significantly lower (mean of �12 � 2.3)

in children diagnosed with RVF than children with normal
RV function (mean of �18.9 � 1.8; P � 0.001). Our findings
were similar to those of two studies on TOF children con-
ducted in China.37,50 LST and LSR, measured by Doppler

tissue imaging and 2D speckle tracking echo, are more
reliable and accurate than conventional 2D and TDI in
measuring RV systolic deformation and detecting regional

myocardial deformation and impaired speed velocity. Our
interpretation is consistent with the results of a prior
study51 reporting a strong correlation between LRVS and

LRVSR with RV echo parameters. We observed that
increased LRVS and LRVSR were associated with
increased TAPSE and RVEF, and decreased LRVS and

LRVSR were also associated with decreased RVEF and
TAPSE, in agreement with previous studies.50,52 One
possible explanation for these findings is that LRVS and
LRVSR reflect RV contractile function. Increasing LRVS

and LRVSR indicate better myocardial contractility and
deformation, and improving TAPSE and RVEF. In
contrast, decreased LRVS and LRVSR may suggest

impaired contractility and diminished deformation, thus
resulting in decreased TAPSE and RVEF. Furthermore, we
observed a correlation of LRVS and LRVSR with all 2D

ECG parameters, such as RVEDV and RVEDV, in
agreement with prior studies.53,54 One possible inter-
pretation is that as LRVS and LRVSR decrease, RVEDV

and RVESV tend to increase. This finding may indicate
impaired RV function, because decreased strain and strain
rates suggest diminished myocardial contractility and
deformation. Consequently, the ventricular chambers may

dilate during diastole (RVEDV) and fail to contract
effectively during systole (RVESV), thus resulting in
increased volumes. Overall, children with rTOF diagnosed

with RVF had lower ECG parameters, and strain and
strain rate values, than children who did not develop RVF.
Our study indicated that children who developed RVF had

significantly higher P-WD and longer QRS duration than
children with normal RV function. These results are
consistent with those from two previous studies.55e57 The
explanation might be associated with the changes in

cardiac electrophysiology due to the underlying structural
abnormalities and surgical intervention, and dilated atria
and ventricles. rTOF often involves RV outflow tract

reconstruction, which may lead to scarring or fibrosis,
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thereby causing electrical conduction abnormalities and
increasing the risk of arrhythmias. Right atrial dilation and

dysfunction can also contribute to conduction abnorma-
lities and arrhythmias. These changes can increase P-WD
and QRS duration, and may potentially indicate the

presence of ventricular arrhythmias and the risk of sudden
death. Another notable finding in this study was that the
T-wave represents ventricular myocardium repolarization,

and T-WD may be the best marker for diagnosing RVF.
Children diagnosed with than without RVF had
significantly lower T-WD, thus reflecting greater repolari-
zation heterogeneity. The findings of Tikkanen et al. are

consistent with our results.58 The explanation for these
findings may be associated with RV dysfunction leading to
changes in ventricular repolarization.

Conclusions

In conclusion, speckle tracking is a novel and sophisti-
cated method to investigate RV dysfunction in patients with
rTOF. It is a low-risk, non-invasive technique for patients
with rTOF that enables accurate diagnosis of RVmyocardial

function and velocity. Our findings underscore the insuffi-
ciency of conventional echocardiographic parameters, which
focus on RV volume rather than myocardial motion, in

accurately evaluating RV function in patients with total TOF
correction. In contrast, speckle tracking is a valuable ECG
technique to accurately measure and assess global RV

function and myocardial velocity in patients with TOF.
Furthermore, this new technique may provide additional
information not obtained by conventional ECG parameters,
and provide a better mechanism for RVF diagnosis in rTOF

patients. We also discovered an increase in RV volume in
children with rTOF caused by pulmonary stenosis. Increases
in non-volumetric parameters such as RVEF and TAPSE

were negatively correlated with increases in other RV volume
parameters. Children with RVF have markedly elevated
volumetric parameters such as RVESV, RVEDV, and P

max. Early diagnosis of RV failure aids in decision-making
regarding whether pulmonary valve replacement is neces-
sary for prolonged survival of children with rTOF.

Strengths and limitations

The primary strength of the study is that this it is the first,
to our knowledge, to investigate RV failure in children with

complete rTOF in Iraq, by using a new advanced echo
technique known as speckle tracking. This study has several
limitations. One limitation of transthoracic ECG is the lack

of standard reference values for RV ECG parameters,
particularly in children with rTOF. Furthermore, with
rTOF, a significantly dilated RV may restrict the collection

of excellent 2D parameters. Speckle-tracking ECG based on
examining the longitudinal RV-free wall may result in the
misdiagnosis of myocardial septal deformities. The lack of an

absolute reference strain and strain rate for examination of
the accuracy of our measures might be viewed as a limitation
of our investigation; this study relied on an adult reference,
and only prospective outcome studies can evaluate the clin-

ical relevance of our approach. Speckle tracking ECG also
has certain limitations that should be considered, including
the requirement for a precise frame rate, potential difficulties
in accurately delineating the epicardial and endocardial

borders in low-quality images, the need for expertise in using
analysis software, and the limited availability of software
specifically designed for analyzing the intricate geometry of

the right ventricle.
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