The International Journal of Cardiovascular Imaging (2024) 40:1235-1243
https://doi.org/10.1007/510554-024-03094-y

ORIGINAL PAPER ——

®

Check for
updates

Fetal left and right ventricular strain parameters using speckle
tracking in congenital heart diseases

Krista Young' - Candace Hooton' - M Bridget Zimmerman? - Benjamin Reinking' - Umang Gupta'

Received: 14 December 2023 / Accepted: 23 March 2024 / Published online: 13 April 2024
© The Author(s), under exclusive licence to Springer Nature B.V. 2024

Abstract

Assessment of fetal ventricular function is mostly subjective, and currently, for the objective assessment left ventricular
shortening fraction is obtained. However, this by itself is not very reliable. Hence, more tools that can provide an objec-
tive assessment are needed to increase the confidence of functional assessment. Speckle tracking imaging can provide one
such tool. In this study we sought to establish the normative value of global longitudinal and circumferential strain for
our fetal patients and for two major forms of congenital heart diseases, namely atrioventricular canal defects (AVC) and
uncorrected dextro-transposition of the great arteries (dTGA) to act as a benchmark. The study was completed via a single
center retrospective analysis on 72 fetal echocardiograms (26 normal, 15 dTGA, and 31 AVC). Tomtec Arena™ echocar-
diography analysis software was used for analysis. In normal fetuses, mean left ventricular (LV) global longitudinal strain
(GLS) was —22.6% (95% CI -24, -21.1) and mean right ventricular (RV) GLS was —22.1% (95% CI -23.6, -20.6). In
AVC patients LV GLS was-26.6% (95% CI -28,-25.3) and mean RV GLS was —26.5% (95% CI -27.9,-25.2). In dTGA
patients LV GLS was —22.9% (95% CI of -24.8, -21) and RV GLS was —21.3% (95% CI was —23.4, -20.8). There was
good intra-rater reliability though poor to fair inter-rater reliability. Notwithstanding its current limitations, strain imaging
can provide useful information that can increase confidence of cardiac functional assessment in fetal patients. However,
to be reliable across the board, further automation and standardization is required.

Keywords Fetal strain - Speckle tracking - Congenital heart diseases - Transposition of the great arteries -
Atrioventricular canal defects

Abbreviations Introduction
AVC  atrioventricular canal defects
dTGA uncorrected transposition of the great arteries Assessment of fetal ventricular function is mostly subjec-
LV left ventricle tive, and very few tools are available for objective evalua-
GLS global longitudinal strain tion. Currently, for the objective assessment, left ventricular
RV right ventricle shortening fraction is obtained. However, these methods are
GCS global circumferential strain not reliable. Hence, more tools that can provide an objective
STE Strain Echocardiography assessment are needed to add to the confidence of functional
LVEF Left ventricular ejection fraction assessment. Speckle tracking imaging can provide one such
tool.
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Study population
Inclusion criteria

Fetuses with a normal heart: Consecutive patients with no
associated congenital heart disease and normal reported left
and right ventricular systolic function with a 4-chamber
cine loop recorded between the gestational ages of 20 and
34 weeks were included.

Fetuses with simple uncorrected dextro-transposition of
great arteries (dTGA): Consecutive patients between 2010
and 2021 with a diagnosis of dTGA and studies obtained
between 20 and 34 weeks containing a 4-chamber cine loop
were included in the study. For patients with multiple stud-
ies, the last study available was used for measurements.

Fetuses with a simple balanced atrioventricular canal
defect (AVC): Consecutive patients between 2010 and 2021
with a diagnosis of AVC and echo containing a 4-cham-
ber cine loop were included in the study. For patients with
multiple studies, the last study available was used for
measurements.

All fetuses: All patients had to have an echocardiogram
that had a 4-chamber cine loop with frame rate of at least
40 Hz or higher and clear visualization of all segments. For
patients with multiple studies, the last study available was
used for measurements.

Exclusion criteria

Fetuses with a normal heart: Patients with uninterpreta-
ble image quality or no 4-chamber cine loop available or
gestational age below 20 weeks or above 34 weeks were
excluded.

Fetuses with simple uncorrected dTGA: Patients with
uninterpretable image quality or no 4-chamber cine loop
available or gestational age below 20 weeks or above 34
weeks were excluded. Any patient with a diagnosis of atrial
septal restriction or with complex lesions (such as a ventric-
ular septal defect or left ventricular outflow tract obstruc-
tion) were excluded.

Fetuses with an AVC: Patients with uninterpretable
image quality or no 4-chamber cine loop available or
gestational age below 20 weeks or above 34 weeks were
excluded. Any patient with a significant atrioventricular
valve insufficiency, associated tetralogy of Fallot, other out-
flow anomalies, diagnosis of heterotaxy or unbalanced AVC
were excluded.

All fetuses: Patients without a 4-chamber loop with
frame rate of at least 40 Hz or with poor acoustic windows
preventing visualization of all segments in 4 chamber view
were excluded.
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Strain analysis

Strain analysis was performed using Tomtec Arena™
echocardiography analysis software. The entire study was
reviewed to confirm that it met inclusion criteria before
transferring to the Tomtec software. End diastole was
determined by visual inspection to identify the frame just
before the atrioventricular valve closing, when the ventricu-
lar chamber appeared maximally dilated. This frame was
assigned as the end diastolic frame. The R-R interval was
defined between two consecutive end diastolic frames. The
end systolic frame was assigned to the frame just before
the atrioventricular valve opening when the chamber size
appeared to be the smallest in the selected R-R interval.
Contour points were assigned, and the strain analysis was
performed semi automatically by the software. We did not
prescribe a region of interest to assess. This was done with
the purpose of minimizing the operator related variability in
prescribing the region of interest. The right ventricle (RV)
and left ventricle (LV) analysis were done separately select-
ing the appropriate frames to obtain the end-systolic global
longitudinal strain (GLS) for RV and LV and end systolic
global circumferential strain (GCS) for LV and recorded as
percentages (%) (Figs. 1 and 2). Measurements were gener-
ated by the software from the 4 chamber images and reliable
short axis images were not available consistently to measure
GCS.

All the evaluations were performed by an imaging phy-
sician with experience of performing strain imaging. Ten
normal studies were remeasured in a blinded fashion by the
same physician for obtaining data for intra-rater reliability.
Ten normal studies were then independently analyzed in a
blinded fashion by a fellow physician who had been trained
in strain imaging analysis for obtaining data for inter-rater
reliability.

Statistical analysis

Continuous variables were presented as mean+ SD, while
categorical variables were reported as percentages. Inter-
quartile range was calculated for body mass index. The
results for each group for GLS and GCS are presented as
mean =+ SD.

Type 3 Tests of Fixed Effects were performed to com-
pare GLS among the three groups as well as to determine
the effect of obesity. Pairwise comparison was done with
Tukey adjusted p-values to compare between the three
study groups both for RV and LV GLS and for combined
(average) GLS. The effect of mother’s diabetes on GLS was
examined by comparing mean GLS between those with and
without diabetes. The three study groups were also com-
pared excluding maternal diabetes. The effect of Trisomy 21
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structurally normal heart
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Table 1 Patient characteristics

AVC (n=31) dTGA Normal
(n=15) (n=26)
Gestational age (n=14)
(weeks)
Mean (SD) 26.1 (3.1) 27.9 (2.7) 25.8 (4.2)
Range 21-32 25-33 20-33
Maternal diabetes 1 (3%) 0 (0%) 7 (27%)
Maternal BMI (n=25)
Median (IQR) 30.2 25.5 29.2
(25.0-34.3) (23.3-30.6)  (26.5-36.2)
Range 20.0-58.2 21.4-41.7 19.8-52.1
Obese (>30) 17 (55%) 5(33%) 12 (48%)
Trisomy-21 20 (65%) -- --

SD, standard deviation; BMI, body mass index; IQR, interquartile
range

was also assessed. Finally, GCS was also compared between
the groups.

Comparative evaluation within groups and between
groups was performed using intraclass correlation coeffi-
cient and Bland-Altman plot to obtain intra-rater and inter-
rater reliability.

Results

GLS

A total of 72 patients were analyzed that included 26 struc-
turally and functionally normal hearts, 15 with dTGA and
26 with AVC. The group characteristics are highlighted in
Table 1.

First, a mean+SD was calculated for patients with
normal hearts to establish a baseline for our lab. This was

Table 2 GLS mean (95% CI) by group

—22.6% (95% CI -24, -21.1) for LV and —22.1% (95% CI
-23.6, -20.6) for RV. Thereafter, mean + SD were calculated
for the AVC and dTGA groups, and the three groups (Nor-
mal, dTGA and AVC) were compared. A significant differ-
ence was noticed in the mean GLS between the AVC group
and the other two groups with fetuses in the AVC group hav-
ing a significantly higher strain compared to both dTGA and
normal patient for both LV and RV measurements (Table 2)
(LV p=0.003, 0.0001, RV p=0.0001, <0.0001). However,
there was no statistically significant difference between
the dTGA and normal group (Table 2) (LV p=0.96, RV
p=0.8). The differences remained the same after adjusting
for gestational age.

Next, the effect of maternal diabetes on GLS was exam-
ined by comparing mean GLS between those with (n=7)
and without diabetes (n=19) in the normal patient group.
Fetuses of diabetic mothers were found to have significantly
higher strain values compared to fetuses of non-diabetic
mothers (p =0.009). Since diabetes was found to have a sig-
nificant effect, GLS, groups were then compared, excluding
fetuses of diabetic mothers to assess if the maternal diabetic
status could have impacted the results. Differences between
the groups still persisted after excluding maternal diabetes
as a confounder in the results (Table 3).

The effect of maternal obesity on GLS was also exam-
ined and showed no significant impact. The average mean
difference between obese and non-obese across the groups
was 0.7 (95% CI: -0.7, 2.1, p=0.297).

GCS

In contrast to GLS, the GCS in the AVC and dTGA patients
was significantly higher than the normal group. The average

Mean (95% CI) Pairwise comparison (Tukey adjusted p-value)

AVC (n=31) dTGA (n=15) Normal (n=26) AVCvs.dTGA  AVCvs. Normal dTGA vs. Normal
Left Ventricle -26.9 (-28.3,-25.6)  -22.9 (-24.8,-20.9)  -22.6 (-24.0,-21.1) 0.003 0.0001 0.96
Right Ventricle -26.6 (-28.0,-25.3)  -21.3(-23.3,-19.4)  -22.1(-23.6,-20.6) 0.0001 <0.0001 0.80
Average -26.8 (-27.7,-25.8)  -22.1(-23.5,-20.7) -22.3(-23.4,-21.3)  <0.0001 <0.0001 0.96

AVC, atrioventricular canal defects; dTGA, uncorrected transposition of the great arteries

Table 3 GLS mean (95% CI) by group (exclude those with diabetes)

Mean Pairwise comparison
(95% CI) (Tukey adjusted p-value)
AVC dTGA Normal AVC vs. dTGA AVC vs. Normal dTGA vs. Normal
(n=30) (n=15) (n=19)
Left ventricle -26.6 -22.9 -21.9 0.005 0.0001 0.74
(-28.0, -25.3) (-24.8, -21.0) (-23.6,-20.2)
Right ventricle -26.5 -21.3 -21.3 <0.0001 <0.0001 >0.99
(-27.9,-25.2) (-23.2,-19.4) (-23.0,-19.7)
Average -26.6 -22.1 -21.6 <0.0001 <0.0001 0.86
(-27.5, -25.6) (-23.4,-20.8) (-22.8, -20.5)

AVC, atrioventricular canal defects; dTGA, uncorrected transposition of the great arteries

@ Springer



The International Journal of Cardiovascular Imaging (2024) 40:1235-1243

1239

Table 4 Comparison of GCS among groups

Mean (95% CI)
AVC -31.7 (-33.8, -29.6)
dTGA -32.6 (-35.6, -29.6)
Normal -27.4(-29.7,-25.2)

AVC, atrioventricular canal defects; dTGA, uncorrected transposi-
tion of the great arteries
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Fig. 3 Intra-rater reliability. Bland Altman Plot for Intra-rater reliabil-
ity for RV and LV GLS and LV GCS

strain in the AVC group was higher by 4.3% (95% CI: 7.9,
0.5; p=0.021) compared to normal group while the average
strain was higher by 5.2% (95% CI: 9.7, 0.6; p=0.022) in
the dTGA group compared to normal. No significant dif-
ference was seen between the AVC and dTGA (p=0.87)

groups, however (Table 4). Similar results were observed
adjusting for effect of gestational age.

The effect of maternal diabetes was also evaluated in the
normal group and unlike for GLS, no significant difference
was identified between those with and without maternal
diabetes (p=0.31). The effect of maternal obesity on GCS
was also examined and showed no significant impact either
(»p=0.218).

Given that a significant proportion of AVC patients had
Trisomy 21, the effect of Trisomy 21 on strain parameters
in that group was assessed and showed no significant differ-
ence either in GLS (p=0.77) or GCS (p =0.47) between the
patients with and without Trisomy 21.

Intra-rater and inter-rater reliability

Finally, the intra-rater and inter-rater reliability were
assessed and showed a good intra-rater agreement with an
intraclass correlation coefficient of 0.94 (CI of 0.80, 0.99)
for RV GLS, 0.98 (CI of 0.92, 0.99) for LV GLS, and 0.99
(CI 0f0.98, 0.99) for LV GCS (Fig. 3).

However, the inter-rater agreement was fair to poor with
an intraclass correlation coefficient of 0.31 (CI of 0.00,
0.89) for RV GLS, 0.74 (CI of 0.12, 0.92) for LV GLS, and
0.27 (CI 0f 0.00, 0.72) for LV GCS (Fig. 4).

Discussion

The most commonly and widely used objective method to
ascertain cardiac function is to assess for myocardial short-
ening via estimated shortening fraction on M-mode and
ejection fraction on 2D imaging. Strain imaging is a newer
tool to assess ventricular function that quantifies regional
deformation based on the principles of mechanical engi-
neering. Strain is defined as the deformation of an object,
normalized to its original shape. It measures changes in
length relative to its initial length and is a dimensionless
quantity (expressed as percentage)The speed at which this
strain occurs defines strain rate. A local heart coordinate
system has been defined to assess the strain and strain rate
and involves measuring deformation in longitudinal, cir-
cumferential and radial axes [1].

Strain Echocardiography (STE) has several important
advantages compared to other modalities that measure
deformation. In contrast to cardiovascular magnetic reso-
nance, STE is widely available, cost efficient, can be used at
the ‘bedside,” and has a shorter procedural and post-process-
ing time. In comparison to tissue doppler imaging, STE is
relatively insonation angle independent and does not require
such high frame rates, is not subjected to the tethering
effect, and allows straightforward measurements of radial

@ Springer
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Fig. 4 Inter-rater reliability. Bland Altman Plot for Inter-rater reliabil-
ity for RV and LV GLS and LV GCS

and circumferential strain in addition to longitudinal strain
[2]. . While both strain and left ventricular ejection fraction
(LVEF) measure LV function, there is a fundamental dif-
ference between the two: strain calculates the contractility
of the myocardium, while LVEF is a surrogate parameter
that describes myocardial pump function. Even if contrac-
tility is reduced, compensatory mechanisms (i.e., ventricu-
lar dilatation, geometry changes) can still assure that stroke
volume remains normal (at least at rest). Thus, STE is espe-
cially suited for the assessment of global and regional sys-
tolic function in patients with heart failure with apparently
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normal ejection fraction. Additionally, exact calculation of
LVEF requires good image quality, operator experience,
and has a large error of measurement. LVEF is also much
more load dependent than strain [2]. Hence, strain can be
an important parameter for LV function which can display
cardiac dysfunction at an earlier stage of disease [2].

The normative data for adult LV strain have been estab-
lished [3, 4]. Reference values for RV strain in healthy
adults have also been proposed [5]. Speckle tracking strain
imaging has found its utility in identifying and following
ventricular dysfunction. It has become a mainstay in evalu-
ating and trending cardiac function in disease states such as
pulmonary embolism, diabetes, and detection of cardiotox-
icity after chemotherapy [6-8].

Strain imaging has also been found to be feasible and
effective for the assessment of myocardial viability. The
clinical availability of strain measurement may offer a solu-
tion to the ongoing need for quantification of regional and
global cardiac function [9]. Strain and strain rate measure-
ments are helpful in the selection of different therapies and
follow-up evaluations of myocardial function after medical
and surgical treatments [10]. It has also been used to prog-
nosticate after acute myocardial infarction in adults [11].
With advancements in technology and ease of use, strain
imaging has become an important tool in the assessment of
cardiac health in adults.

Simultaneously, with its growing popularity in the pedi-
atric and fetal populations, more data and insights are avail-
able to provide meaningful information that can impact
patient care. Reference values for strain and strain rate in
both systole and diastole in healthy children over a large age
range have been proposed. Important contributions of heart
rate dependence have also been described [12].

RV assessment forms an important aspect of evaluation
in various heart diseases in the pediatric population. It is
also one of the most difficult chambers to evaluate objec-
tively, especially with echocardiograms. Researchers have
tried to use strain to define the RV function both in health
[5] and disease states and attempts have been made to assess
feasibility in various conditions, for example in premature
infants [13] and tetralogy of Fallot [14].

Along those lines, feasibility of performing global longi-
tudinal cardiac strain and strain rate in fetal population were
described by Barker as well as Crispi’s groups [15, 16].
Crispi’s group also noted the significant difference in the
values of strain obtained using tissue doppler versus speckle
tracking method.

Recently, there has been a significant interest to estab-
lish normative values for strain and describe changes with
various disease states in pediatric and fetal population.
An attempt to define global longitudinal reference ranges
for fetal myocardial deformation in the second half of
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pregnancy was evaluated in a group of 120 pregnancies by
Lee-Tannock’s group [17]. Maskatia and his coinvestigators
have investigated the fetal strain and strain rate at various
gestational ages and compared it to left ventricular and right
ventricular myocardial performance indices. They hypoth-
esized differences to be related to changes in preload and/or
afterload on the fetal heart [18]. In another study, the same
group found fetal measurements of diastolic strain rate to
have acceptable reproducibility after 24 weeks’ gestation
[19]. In another study by Kapusta et al., the investigators
noted that the fetal left and right ventricular strain mechan-
ics changed between the second and third trimester during
normal pregnancy [20]. However, a recent systemic review
of 23 studies by van Oostrum’s group highlighted a sig-
nificant discrepancy between various studies in measuring
speckle tracking, and hence, they could not perform a meta-
nalysis [21, 22]. Their inability to perform the analysis high-
lights some of the major limitations of current knowledge.

Nevertheless, strain remains a promising parameter,
which with further development can add to the tools avail-
able to pediatric and fetal cardiologists to assess cardiac
function and to assist with medical decision making. This is
especially important for fetal cardiac assessment given that
there are limited options available to assess cardiac function
in this population. Measuring ejection fraction and short-
ening fraction is error prone and fetal cardiovascular mag-
netic resonance is still in its nascent stage. Thus, strain can
be an additional echocardiographic tool that can be used to
increase confidence in assessment of fetal ventricular func-
tion, especially in disease states. In the future, it would be
reasonable to form normative data tables for various com-
mon pathologies to serve as a benchmark against which a
more diseased heart can be compared.

In this study we have defined the normal strain values
for both RV and LV in our lab including global longitudi-
nal and circumferential strains. We, then, looked at strain
values for two common cardiac pathologies namely uncom-
plicated well-balanced AVC and simple dTGA with the goal
of defining the normative parameters for these conditions
against which more diseased hearts can be compared to.

In our study the GLS was found to be more robust in AVC
patients compared to dTGA and normal, while the RV and
LV global circumferential function was found to be more
robust in AVC and dTGA patients compared to studies with
normal hearts. These differences were interesting, and we
do not know the reason why these differences exist but pos-
tulate that it could be related to the differences in the loading
condition and hemodynamic milieu. This could also be a
result of differences in maturity and growth of myocardium
as well as its regulatory mechanisms. Additional studies will
be required to investigate the underlying mechanisms. How-
ever, this data provides a good benchmark against which

more complex diseases (for example AVC with significant
atrioventricular valve regurgitation or dTGA patient with
suspected atrial septal restriction) can be assessed and prog-
nostic information derived.

We also looked at the effect of maternal diabetes, mater-
nal obesity, and impact of Trisomy 21 as these have been
known to or can potentially impact fetal cardiac function
[22, 23]. These factors, however, were not found to impact
or account for the differences in global longitudinal or cir-
cumferential strains.

In our study we found a good intra-rater reliability which
is reassuring and suggests good reproducibility after a
learning curve. However, we also noticed poor to fair inter-
rater reliability. We postulate the likely reason for the poor
inter-rater reliability to technical variations (for example
in assignment of end diastolic and end systolic frames and
assignment of contour points). This highlights the impor-
tance of learning curve and need for standardization across
the labs and finally further automation using artificial
intelligence.

Limitations

This study was performed as a single center
retrospective study and suffers from the limitations
associated with such studies. GCS

Measurements were generated by the software from the 4
chamber images and reliable short axis images were not
available consistently to measure GCS and hence short
axis images were not used to measure GCS for this study.
Another limitation in implementation of our data to other
labs is the Inter-Vendor discrepancy, which remains a chal-
lenge in Strain imaging. The study may have been under-
powered due to small numbers of patients and the data will
need to be confirmed through a larger study done in a pro-
spective multi centered fashion.

Conclusions

Notwithstanding its current limitations, strain imaging can
provide useful information that can increase confidence of
cardiac functional assessment in fetal patients. Based on our
data the mean LV GLS was -26.9% (CI 28.3, 25.6) while the
mean RV GLS was -26.6% (CI 28.25.3) in AVC patients.
In dTGA patients, the mean LV GLS was -22.9% (CI
24.8,20.9) and RV GLS was -21.3% (CI 23.3, 19.4). Mean-
while, the mean LV GCS was -31.7% (CI of 33.8. 29.6) in
AVC patients and -32.6% (CI 35.6, 29.6) in dTGA patients.
These parameters can provide a benchmark for assessment
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of dTGA and AVC patients. Further, GLS was found to be
more robust in AVC patients compared to dTGA and normal
patients while the RV and LV GCS was found to be more
robust in AVC and dTGA patients compared to studies with
normal heart. The reasons for these differences need to be
further explored.
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