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Abstract

Background: Tetralogy of Fallot is a congenital heart defect diagnosed in infancy. Assessment of
right ventricular size and function is important for evaluation of patients with tetralogy of
Fallot, but these quantitative measures are challenging by echocardiography. This study eval-
uates a semi-automated software (EchoInsight®, Epsilon Imaging) by comparing itsmeasures to
manual measures in children with tetralogy of Fallot. Methods: Echocardiographic measure-
ments were performed using manual techniques and semi-automated software. Right ventricu-
lar measurements included end-diastolic and end-systolic area, fractional area change, chamber
dimensions, and tricuspid annular plane systolic excursion. Reliability, correlation, and agree-
ment between manual and semi-automated measures were assessed. Results: Echocardiograms
for 46 patients were analysed. Intra- and inter-observer reliabilities for semi-automated mea-
sures were good with intraclass correlation coefficients all over 0.95 and 0.85, respectively.
There was high correlation betweenmanual and semi-automatedmethods for areas and dimen-
sions (r= 0.91–0.98). Tricuspid annular plane systolic excursion measures and fractional area
change also correlated, albeit less strongly. The semi-automated measurements of end-systolic
and end-diastolic area were a 20 and 47% higher than manual methods, respectively.

The semi-automated method yielded a relative 52% lower fractional area change compared
to the manual method. Conclusions: The semi-automated software generates quantitative right
ventricular measures in children with tetralogy of Fallot with good reliability and good corre-
lation with manual methods for all measures, but with significant difference between manual
and semi-automated techniques for area and functional measures. The specific right ventricular
geometry in tetralogy of Fallot children may be why, compared to normal anatomy, greater
differences were observed between the two techniques.

Quantitative echocardiographic assessment of dimensions and function of the right ventricle is
challenging due to its unique geometry, anatomic segments, and anterior position.1–3 In addi-
tion, the right ventricle has a complex contraction pattern incorporating motion along three
axes: longitudinal shortening, radial motion of the free wall, and anteroposterior shortening
by stretching the free wall over the septum.4 Obtaining right ventricular measurements is critical
in patients with tetralogy of Fallot because these measurements often impact the timing of sec-
ondary interventional or surgical procedures. The initial tetralogy of Fallot repair requires relief
of right ventricular outflow tract obstruction and typically causes chronic pulmonary insuffi-
ciency and volume overload. Pulmonary insufficiency may be well-tolerated for several years
but usually results in progressive right ventricular dilation and dysfunction.5 Right ventricular
dysfunction may present as decreased exercise capacity, atrial and ventricular arrhythmias, and
even sudden death.5–7

Timing of re-intervention after tetralogy of Fallot repair remains a highly debated topic.8,9

Ideally, a chronically insufficient pulmonary valve would be replaced before any irreversible
right ventricular dysfunction occurs, but not so early as to add significantly to the number
of times the valve will need to be replaced over the patient’s lifetime. Cardiac MRI has emerged
as the gold standard for the comprehensive assessment of the right ventricle because it requires
no geometric assumptions and has good reproducibility, but it is time-consuming, expensive,
and may require general anesthesia.10–12 By contrast, transthoracic echocardiography is usually
faster, less expensive, and done with light or no sedation.

Three-dimensional echocardiography is also used in clinical practice to obtain a volumetric
data set which can then be analysed to calculate dimensions and area change. Studies, however,
have found that obtaining accurate three-dimensional right ventricular measurements in
patients with tetralogy of Fallot is significantly limited by the patient’s acoustic windows
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and often underestimate the right ventricular volume as deter-
mined by cardiacMRI.13–15 Therefore, although three-dimensional
echocardiography may be useful for seeing trends in a patient’s
right ventricular volume, it has not supplanted the use of cardiac
MRI for the tetralogy of Fallot population. In addition, many
paediatric sonographers do not obtain training in three-dimen-
sional echocardiography so the clinical applicability of it remains
limited to large cardiac centers.

To assess right ventricular dimensions and function by echocar-
diography, several manual and semi-automatedmeasures are often
used together because no single measure has proven to be accurate
and complete. The American Society of Echocardiography encour-
ages quantitative echocardiographic assessment of the right ven-
tricle, including two-dimensional linear measurements
(longitudinal length, end-diastolic basal diameter, and mid-cavi-
tary diameter), and functional measurements including end dia-
stolic area, end-systolic area, fractional area change and
tricuspid annular plane systolic excursion.16

Automated and semi-automated software may perform right
ventricular measurements more rapidly and consistently than
manual methods.17–19 One such software, EchoInsight® (Epsilon
Imaging), uses speckle tracking to perform semi-automated mea-
surements of right ventricular dimensions, fractional area change,
and tricuspid annular plane systolic excursion. For patients with
hypoplastic left heart syndrome, semi-automated measurements
of dimensions of the systemic right ventricle and fractional area
change using this software were similar to manual measure-
ments.19 Our study aimed to quantify the correlation and agree-
ment between semi-automated right ventricular measurements
using EchoInsight® with manual measurements in pediatric
patients with tetralogy of Fallot.

Methods

Study population

After approval by the Institutional Review Board, subjects with
tetralogy of Fallot were prospectively identified when they pre-
sented for a clinic visit that included an echocardiogram or when
they underwent an echocardiogram during a hospitalisation. All
possible participants received an informational sheet about the
study, and parents were able to decline the use of their child’s
images. The subjects were divided into four age groups: 0 to 4
months, 4 months 1 day to 12months, 12months 1 day to 12 years,
and 12 years 1 day to 18 years. Demographic data obtained
included weight, height, age, and sex. Patients with inadequate
images for analysis were excluded. These included studies that
failed to obtain all necessary views, were unable to see a portion
of the myocardium, or obtained images of the myocardium that
were not sufficient quality for analysis. In total, 41 of the 46 patients
enrolled had undergone complete surgical repair while the remain-
ing five patients were either surgically palliated or unrepaired at the
time of the study.

Two-dimensional echocardiogram image acquisition

Transthoracic echocardiogram 4-chamber images were obtained
using either Philips iE33 or EPIQ 7 ultrasound systems (Philips
Healthcare, Andover, MA). Acquired images were stored for
off-line analysis, and post-processing was performed on a Merge
Cardio Workstation (Merge Healthcare, Chicago, IL) and com-
pressed to 30 frames per second in this process. A single cardiac
cycle of the apical 4-chamber view was used to make linear

measurements, end-systolic area, end-diastolic area, and fractional
area change. An M-Mode measurement of the movement of the
lateral tricuspid annulus toward the apex in systole was needed
for tricuspid annular plane systolic excursion.

Manual measurements

Manual measurements were performed according to the American
Society of Echocardiography (ASE) 2010 guidelines for quantifica-
tion methods during pediatric echocardiograms.16 Right ventricular
linear dimensions were obtained at end-diastole. Length was mea-
sured on the long axis from the tricuspid valve annular plane to the
right ventricular apex. Basal diameter was measured as the maximal
minor-axis dimension in the basal one-third of the right ventricle.
The mid-cavity diameter was measured at the level of the papillary
muscles and the middle one-third of the right ventricular cavity. For
right ventricular fractional area change, the right ventricular endo-
cardial border was traced at end-diastole between the trabeculae and
compacted myocardium, when the tricuspid valve closes to obtain
the end-diastolic area. The right ventricular endocardial border
was traced on the frame immediately prior to the tricuspid valve
opening to obtain end-systolic area. Right ventricular fractional area
change was calculated as [(end-diastolic area − end-systolic area)/
end-diastolic area × 100] expressed as a percentage. For tricuspid
annular plane systolic excursion, an M-Mode tracing of the lateral
tricuspid valve annulus was recorded to measure the movement in
millimeters of the tricuspid valve towards the apex.

Semi-automated measurements

The selected apical 4-chamber images were analyzed using the
right ventricle specific protocol of the EchoInsight® software
(Epsilon Imaging, Ann Arbor, MI). The software chooses end-
diastole as the frame with the largest right ventricular area and
end-systole as the frame with the smallest right ventricular area.
The right ventricular endocardial border was then traced in
end-diastole with manual input, after which the software per-
formed an automated epicardial border refinement process. The
software then employs speckle-tracking technology to monitor
frame-by-frame myocardial movement during a single cardiac
cycle (Fig 1). Manual adjustments to “fine tune” the tracing were
not made as this study attempted to compare the unaltered auto-
mated measures with manual measures. Tricuspid annular plane
systolic excursion was measured by the software from apical
images as the distance that the lateral tricuspid valve annulus
(tracked in two-dimension) moved towards the apex in systole.
This measurement was also not manually adjusted, even if the
direction of movement chosen by the software was not pointing
directly at the apex.

Reliability analysis

Intra- and inter-rater reliability analyses were performed on 20
randomly selected images from the cohort with the observers
blinded to patient identifiers. Intra-rater reproducibility was
assessed on repeated assessments done a minimum of 2 weeks
apart by a single observer. Two different observers separately con-
ducted both manual and semi-automated assessments to produce
the inter-rater data. Reliability was assessed using intraclass corre-
lation coefficients with 95% confidence intervals. An intraclass cor-
relation coefficient ranges from 0 to 1 and a value closer to 1
indicates higher reliability. Reliability was deemed acceptable if
the intraclass correlation coefficient was at least 0.7.
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Statistical analysis

Descriptive summaries of data were presented as means with stan-
dard deviations or medians with interquartile ranges when appro-
priate. Significance of differences between the two methods was
examined by paired Student’s t-tests. Pearson’s correlation coeffi-
cient (r) was used to assess the correlation between manual and
semi-automated measurements. A 2-tailed p value less than 0.05
was considered statistically significant. Agreement between semi-
automated and manual measurements was assessed by absolute
and relative sample mean differences. Positive values for these
differences reflect a larger value from the semi-automated method
compared to the manual measure, and negative values reflect the
opposite. Linear regression scatter plots were also used to visualise
the correlation and agreement levels.

Results

Eighty-three echocardiograms contained manual tricuspid annular
plane systolic excursion measurements (which needed to be per-
formed at the time of image acquisition). Of these, 37 were excluded
due to poor image quality of the right ventricle. The remaining 46
echocardiograms included in the study were from unique patients,
17 of whomwere female. The age ranged from 0months to 17 years
and 2 months with at least 10 subjects in each age group.
Demographics of the study population are demonstrated in Table 1.

Reliability testing

For the manual measurement, intra-observer reliability (Table 2)
was high, with intraclass correlation coefficients above 0.8 except
for fractional area change (ICC 0.74). For semi-automatedmeasure-
ments, intra-observer reliability was similarly high with all intraclass
correlation coefficients estimates above 0.9. For fractional area
change and tricuspid annular plane systolic excursion, intra-rater
reliability was significantly better, with non-overlapping confidence
intervals, for semi-automated measurements than for manual mea-
surements. Inter-rater reliability for manual measurements and
semi-automated measurements were above 0.7 except for the
manual measurement of fractional area change (intraclass correla-
tion coefficient 0.61). Tricuspid annular plane systolic excursionwas
the only measure whose inter-rater reliability reached statistical sig-
nificance for semi-automated measures being superior to manual
measures with non-overlapping confidence intervals.

Manual versus semi-automated measurements

For the whole study population, there was high correlation between
manual and semi-automated measures (r ranging from 0.91 to 0.98)
except tricuspid annular plane systolic excursion (r= 0.75) and frac-
tional area change (r= 0.47), where correlation was lower but still sig-
nificant (Table 3). Even though there was correlation, there were
significant differences between manual and semi-automated mea-
surements. Smaller differences were found among linear

Figure 1. Echolnsight® semi–automated measurements. A: Apical four-chamber with the initial, user-assisted, trace of the right ventricular myocardium in end–diastole that
informs the Echolnight® software where to track. The arrow represents the tracking of the direction and displacement of the lateral tricuspid valve hinge used tomeasure tricuspid
annular plane systolic excursion. B: Echolnsight® tracing of the right ventricular basilar, mid–cavitary, and longitudinal dimensions. C: Echolnsight® tracing of the right ventricular
end–systolic area. D: Echolnsight® tracing ofthe right ventricular end–diastolic area.
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measurements, and the highest levels of agreement were seen for right
ventricular length (no significant difference). All the other measures
had relative differences ranging from 8 to 52% (all significant). The
greatest differences were seen in right ventricular end-systolic area
(semiautomated 47% greater than manual), and, accordingly, frac-
tional area change (semiautomated 52% less than manual).

Correlation between methods for each measure varied somewhat
across age groups, but without a consistent pattern (Table 4).

Linear regressions between manual and semi-automated mea-
surements show that as end-diastolic area and end-systolic area
become larger, the semi-automated technique estimates progres-
sively higher values for each as compared to the manual technique
(Fig 2). As fractional area change becomes larger, the semi-auto-
mated technique tends to estimate progressively lower fractional
area change. The best agreement between manual and semi-auto-
mated methods was for linear measurements, and the agreement
did not vary much as the right ventricular size increased.

Discussion

We compared manual measurements of right ventricular dimensions
and function with semi-automated measures obtained using
EchoInsight® in children with tetralogy of Fallot. The software proved
to be easy to use and able to efficiently obtain all quantitative measures.
A single tracing of the endocardial border used in EchoInsight® allowed
for all quantitative measurements to be performed with the use of
speckle tracking. Semi-automated measures had better intra- and
inter-rater reliability for fractional area change and tricuspid annular
plane systolic excursion and trends toward better inter-rater consis-
tency for the other right ventricular measures, demonstrating that

Table 2. Intra- and inter-observer reliability for manual and semi-automated
measurements

RV measurement
Intra-observer ICC

[95% CI]
Inter-observer ICC

[95% CI]

EDA

Manual 0.996 [0.983–0.998] 0.957 [0.852–0.985]

Semi-automated 0.998 [0.993–0.999] 0.979 [0.948–0.992]

ESA

Manual 0.987 [0.969–0.995] 0.924 [0.547–0.977]

Semi-automated 0.997 [0.992–0.999] 0.983 [0.958–0.993]

FAC

Manual 0.741 [0.358–0.897] 0.613 [−0.105–0.858]

Semi-automated 0.969 [0.922–0.988] 0.860 [0.652–0.944]

Basal diameter

Manual 0.992 [0.952–0.998] 0.854 [0.614–0.943]

Semi-automated 0.989 [0.968–0.996] 0.967 [0.912–0.987]

Mid-cavity diameter

Manual 0.978 [0.943–0.991] 0.850 [0.162–0.956]

Semi-automated 0.989 [0.968–0.996] 0.957 [0.892–0.983]

RV length

Manual 0.997 [0.992–0.999] 0.910 [0.777–0.964]

Semi-automated 0.996 [0.990–0.998] 0.996 [0.950–0.996]

TAPSE

Manual 0.928 [0.822–0.972] 0.921 [0.669–0.974]

Semi-automated 0.996 [0.989–0.998] 0.996 [0.979–0.997]

*EDA = end-diastolic area; ESA = end-systolic area; FAC = fractional area change; RV = right
ventricular; TAPSE = tricuspid annular plane systolic excursion.

Table 3. Mean levels, differences, and correlation of the manual and
semi-automated measurements. *denotes p < 0.01

RV measurement Mean ± SD

Difference
(absolute and

relative)
Correlation

(r)

EDA (cm2)

Manual 12.62 ± 8.97 þ2.75 (þ20.3%)* 0.97*

Semi-automated 15.37 ± 10.79

ESA (cm2)

Manual 7.15 ± 5.10 þ4.23 (þ46.7%)* 0.94*

Semi-automated 11.38 ± 8.04

FAC (%)

Manual 42.95 ± 9.64 −17.48 (−51.7%)* 0.47*

Semi-automated 25.47 ± 7.44

Basal diameter (cm)

Manual 2.88 ± 1.19 −0.22 (−8.1%)* 0.97*

Semi-automated 2.66 ± 1.15

Mid-cavity diameter (cm)

Manual 2.50 ± 1.06 þ0.49 (þ19.0%)* 0.91*

Semi-automated 2.99 ± 1.17

RV length (cm)

Manual 5.34 ± 2.00 −0.06 (−2.3%) 0.98*

Semi-automated 5.28 ± 2.11

TAPSE (cm)

Manual 1.03 ± 0.45 −0.17 (−25.3%)* 0.75*

Semi-automated 0.86 ± 0.49

*EDA = end-diastolic area; ESA = end-systolic area; FAC = fractional area change; RV = right
ventricular; TAPSE = tricuspid annular plane systolic excursion.

Table 1. Demographics of the study population. Median [Interquartile Range]
shown for each measure, except when indicated otherwise

Age at time of echocardiogram 21 months [7–134]

0–4 months (N, %) 10, 22%

4–12 months (N, %) 10, 22%

12 months–12 years (N, %) 16, 35%

12–18 years (N, %) 10, 22%

Weight at time of echocardiogram 9.4 kg [5.3–42.1]

Weight percentile at time of echocardiogram 18th percentile [3–67]

Height at time of echocardiogram 76.7 cm [56.3–141.8]

Height percentile at time of echocardiogram 16th percentile [0.1–56]

Male (N, %) 29, 63%

Complete repair (N, %) 41, 89%
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the semi-automated software can consistently obtainmeasureswith less
user-to-user variation. This is important given that multiple different
echocardiographers and sonographers are often involved in assessing
patients with tetralogy of Fallot, and standardisation of echocardio-
graphic assessments could lead to more uniformity of management.
In addition, because these patients are serially assessed, sometimes
by different teams, standardisation across encounters over time is
important to minimise changes in management that stem solely from
inter-observer variations in image interpretation.

The data show that the best agreement between manual and semi-
automated methods was for linear measurements. Semi-automated
measurements of end-systolic area consistently read larger thanmanual
measurements, and the larger the end-systolic area, the bigger the differ-
ence. End-diastolic area measurements had a smaller difference
between manual and semiautomated, but the difference was still mag-
nified at larger areas. Fractional area change showed less agreement
between semi-automated and manual measurements, attributable to
compounding of the variabilities in end-systolic area and end-diastolic
area. This is similar to previous studies in other populations that have
shown significant variability in fractional area change measures.17,18

Manual and semi-automated measurements of tricuspid annular
plane systolic excursion correlated but with a lower tricuspid annular
plane systolic excursion estimated by the semi-automated technique.
The difference may be explained by the different methods used to
obtain manual versus automated tricuspid annular plane systolic
excursion measurements. Manual tricuspid annular plane systolic
excursion measurements were obtained by using a lateral tricuspid
annulusM-Mode acquisitionwhereas automatedmeasurementswere

obtained using a two-dimensional cine clip. The measurements were
also frequently obtained at different points in the study, from a differ-
ent angle, and different 4-chamber clips, leading to possible variation
in the angle of insonation and predisposing to differences inmeasure-
ments. While it is possible that the semi-automated image analysis
could be limited by the ability of the software to trace the myocardial
borders accurately, overall the semi-automated technique showed bet-
ter intra- and inter-observer reliability for tricuspid annular plane sys-
tolic excursion.

Overall, while the two measurement methods did correlate with
each other, they did not match each other on several measures.
Although the advantages of the semi-automated method include high
reproducibility, we cannot conclude that the semi-automatedmethod is
interchangeable with the manual method. This contrasts to what has
been found in patients with normal cardiac anatomy and in patients
with hypoplastic left heart, where semi-automated and manual mea-
surements had better agreementwith one another.18,19 Perhaps, the bet-
ter agreement found in those populations was due to a less
hypertrophied right ventricle (normal cardiac anatomy group), and
because manual adjustments of the semi-automated tracking were per-
formed (hypoplastic left heart syndrome group). Thus, specific aspects
of the right ventricular geometry and function in tetralogy of Fallotmay
explain the greater differences observed between the two techniques.
Therefore, if the semi-automatedmethod is to be used for a patientwith
tetralogy of Fallot, the method should be done consistently across the
patient’s studies to understand right ventricular remodeling, as com-
parisons between semi-automated and manual methods collected at
different timepoints will be difficult to interpret.

Table 4. Manual and semi-automated differences (absolute and relative) and correlation by age group. *denotes p< 0.05 and **denotes p< 0.01

0–4 months (n= 10) >4–12 months (n= 10) >12–12 years (n= 16) >12–18 years (n= 10)

RV EDA (cm2)

Difference þ1.17 (þ22.7%)** þ1.29 (þ16.6%)** þ3.53 (þ24.6%)** þ4.54 (þ14.9%)**

Correlation [r] 0.94** 0.93** 0.87** 0.93**

RV ESA (cm²)

Difference þ1.79 (þ50.2%)** þ2.32 (þ47.2%)** þ4.42 (þ45.5%)** þ8.29 (þ44.70%)**

Correlation [r] 0.73* 0.91** 0.83** 0.77**

FAC (%)

Difference −18.65 (−57.1%)** −20.43 (−62.6%)** −14.10 (−41.4%)** −18.77 (−52.0%)**

Correlation [r] 0.40 0.61 0.65** 0.38

RV Basal dimension (cm)

Difference −0.08 (−4.9%) −0.21 (−9.7%)* −0.33 (−11.1%)** −0.18 (−4.7%)

Correlation [r] 0.79** 0.78** 0.96** 0.89**

RV Mid-cavitary diameter (cm)

Difference þ0.29 (þ17.2%)** þ0.37 (þ20.2%)** þ0.55 (þ19.8%)** þ0.73 (þ18.3%)*

Correlation [r] 0.78** 0.91** 0.81** 0.50

RV length (cm)

Difference −0.20 (−7.1%) −0.15 (−4.1%) þ0.08 (þ1.0%) −0.05 (−1.0%)

Correlation [r] 0.86** 0.66* 0.97** 0.83**

TAPSE (cm)

Difference −0.23 (−29.5%)* −0.25 (−66.6%)* −0.15 (−15.4%) −0.07 (−1.7%)

Correlation [r] 0.57 0.84** 0.55* 0.33

*EDA = end-diastolic area; ESA = end-systolic area; FAC = fractional area change; RV = right ventricular; TAPSE = tricuspid annular plane systolic excursion.

Cardiology in the Young 1785

https://doi.org/10.1017/S1047951121000871 Published online by Cambridge University Press

https://doi.org/10.1017/S1047951121000871


The time for automated analysis has previously been reported as
30 seconds whereas manual measurements took 4 minutes.17

Though we did not directly measure the time needed for measure-
ments, in our collective experience, semi-automated methods are
faster. The reduction in measurement time could make routine

measurements of the right ventricular more likely to occur if
semi-automated methods are accessible to busy clinicians.

Important limitations of this study include that patients were
excluded from the study if therewas incomplete or poor image acquis-
ition, and this led to a small sample size. Manual adjustments to

Figure 2. Correction between manual and semi–automated measurements of RV length, basal and mid–cavitary diameters, ESA, EDA and FAC. The dotted line represents a best
fit of the data points, and the red reference line represents a perfect match of the measurements. RV= right ventricle; ESA = end-systolic area; EDA = end-diastolic area; FAC =
fractical area change.
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endocardial border tracking with the Epsilon software was purposely
not performed; however, this may have contributed to decreased
agreement between measurement methods. To limit the variability
among measurements, only a single heartbeat was used to obtain
all quantitative measurements; in future analysis, multiple heart beats
may be employed to better utilise the speckle tracking in an effort to
optimise the technology’s ability to track the myocardium and pro-
duce more accurate results. Finally, the clips and timing of measure-
ments for tricuspid annular plane systolic excursion were different in
manual and automated measures, potentially leading to a larger dis-
crepancy between these measurements.

Several different semi-automated software types exist; there-
fore, our results are limited to the Epsilon software and cannot
be broadly generalized. Finally, our study did not compare
semi-automated measurements to cardiac MRI because the vast
majority of the study population were not of the age where a car-
diac MRI would have been clinically warranted. Nevertheless, our
results provide the basis and justification for the funding of larger,
prospective, studies to compare semi-automated measurements of
the right ventricle to cardiac MRI measurements in patients with
unrepaired or palliated tetralogy of Fallot.

Conclusion

Semi-automated echocardiographic measurements generate
right ventricular dimension and function information with
equal or better intra- and inter-rater reliability compared to
manual methods, but area and function measurements yielded
relative differences ranging from approximately 20 to 50%
between the two methods. Future studies should include adding
user input to the semi-automated tracings, understanding how
semi-automated versus manual measurements change over
serial studies for the same patient, as well as improving beam
optimisation and speckle tracking. In addition, future studies
to compare semi-automated right ventricular measurements
with cardiac MRI right ventricular measurements may decrease
the need for frequent cardiac MRIs in this patient population.
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