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Abstract
Introduction Speckle tracking analysis of the endocardium of the right (RV) and left (LV) ventricles was used to evaluate 
the size, shape, and contractility of these chambers in fetuses with D-Transposition of the great arteries (D-TGA) to identify 
fetuses that would require emergent balloon atrial septostomy (BAS) after birth.
Methods This was a retrospective analysis of fetuses with D-TGA and intact ventricular septum that were divided into 2 
groups. Group 1 underwent urgent BAS after birth because of a restrictive atrial septum and group 2 did not. Using speckle 
tracking analysis, the end-diastolic and end-systolic RV and LV areas, lengths, widths, sphericity indices, and contractility 
were computed. Logistic regression analysis was performed to identify fetuses who would require urgent neonatal BAS.
Results Of the 39 fetuses with D-TGA, 55% (n = 22) required urgent neonatal BAS (group 1) and 45% (n = 17) (group 2) 
did not. When comparing D-TGA groups 1 and 2, differences were seen in RV and LV area, sphericity index for segment 1 
of the LV, LV fractional area of change and free wall annular plane systolic excursion, fractional shortening for LV segment 
12, and RV free wall strain. Regression analysis of these measurements identified 91% of neonates who underwent BAS, 
with a false-positive rate of 12%.
Conclusion Using speckle tracking analysis to evaluate the RV and LV, measurable differences were identified for the RV 
and LV size, shape, and contractility between fetuses who underwent neonatal urgent BAS vs. those who did not require 
this procedure.

Keywords Fetal echocardiography · D-Transposition of the great arteries · Congenital heart defect · Speckle tracking · 
Strain · Logistic regression · Balloon atrial septostomy

Introduction

D-Transposition of the great arteries (D-TGA) occurs in 
1/3,413 live births and can have immediate and devastating 
complications following birth [1]. Because of the parallel 
pulmonary and systemic circulations, severe hypoxemia and 
death can occur rapidly if the atrial septum is restrictive, 
thus limiting the left to right atrial shunt bringing oxygen-
ated blood to the aorta [2]. Balloon atrial septostomy (BAS), 
a bedside catheterization procedure, enlarges the patent 
foramen ovale and can be life-saving in newborns with a 
restrictive atrial septum [3]. While the prenatal detection 
of D-TGA has improved from 14 to 82% with the addition 
of the outflow tract and 3-vessel view screening of the fetal 
heart [4, 5] it is still difficult to predict those fetuses that will 
require BAS. Studies have concentrated on the atrial septum 
and the aneurysm of the fossa ovalis to risk stratify D-TGA 
fetuses, but results are variable [4–6]. No previous study 
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has evaluated the size, shape, and contractility of the right 
and left ventricles between fetuses with D-transposition and 
fetuses with structurally normal hearts, as well as the differ-
ences within the D-transposition cohort that would predict 
the need for urgent neonatal BAS and improved pre-surgical 
outcomes.

The purpose of the current study was to evaluate the fetal 
D-TGA heart to (1) identify ventricular measurements that 
were significantly different between the control fetuses and 
those requiring neonatal BAS and those that did not undergo 
this procedure, (2) identify ventricular measurements that 
were significantly different between D-TGA fetuses that 
required urgent neonatal BAS from those that did not, and 
(3) derive a logistic regression equation that would predict 
the probability for urgent neonatal BAS that could be used 
in the prenatal clinical environment.

Materials and Methods

Normal Control Group

Two hundred normally grown fetuses with structurally 
normal hearts and without extracardiac defects were exam-
ined between 20 and 40 weeks of gestation and served as 
controls. Measurements from these fetuses have previously 
been reported with their corresponding sensitivities and 
specificities [6–13]. All measurements described in this 
communication were performed by one individual (GRD). 
The mean and standard deviation values from measurements 
of the right (RV) and left (LV) ventricles from 200 normal 
controls were normally distributed which allowed for the 
computation of z-score values of ventricular measurements 
in D-TGA fetuses. [6–13]

Study Fetuses: Prenatal Diagnosis 
of D‑Transposition of the Great Arteries Neonatally 
Confirmed

This retrospective study was approved by the Colorado 
multiple institutional review board (IRB# 18-2384) and the 
University of California at UCLA (IRB# 16-000259). A 
search was conducted of the fetal cardiology databases of 
the Children’s Hospital of Colorado and UCLA for fetuses 
with D-TGA and an intact ventricular septum: those with 
ventricular septal defects and other cardiovascular malfor-
mations were excluded. Digital Imaging and Communica-
tions in Medicine (DICOM) clips of the four-chamber view 
from the last examination prior to delivery were retrieved 
from the database. The criteria for urgent BAS were an oxy-
gen saturation < 70% and a PO2 < 30 mmHg measured from 
the upper extremities in combination with a restrictive atrial 
shunt diagnosed by color Doppler echocardiography. D-TGA 

fetuses were divided into two groups: group 1 fetuses under-
went urgent neonatal BAS within 24 h of birth and group 
2 with an adequate atrial communication did not undergo 
BAS.

Right and Left Ventricular Endocardial 
Measurements Using Speckle Tracking Analysis

Two-dimensional images of the 4CV were imported into an 
offline cardiac software program (2D Fetal Cardiac Perfor-
mance Analysis (2D CPA)), developed by TomTec Imag-
ing Systems, Gmbh (Munich, Germany), using criteria for 
fetal applications that have been previously described [14]. 
The endocardial end-diastolic and end-systolic borders were 
defined using the quiver technique [15]. From 49 speckle 
tracking identified points distributed along the end-systolic 
and end-diastolic length of the ventricular endocardium, the 
pixel coordinates for each point were imported into a pro-
gramed Excel spreadsheet that computed the measurements 
described below (Fig. 1).

Right and Left End‑Diastolic Ventricular Size

From the 4-chamber view (Fig. 1A) the RV and LV end-
diastolic area, mid-chamber length, and 24-segment trans-
verse widths (Fig. 1B) were measured and regressed against 
gestational age as the independent variable to compute the 
corresponding D-TGA z-scores using equations of the mean 
and standard deviation previously published from the control 
group [11, 13].

Right and Left End‑Diastolic Ventricular Shape

The 24-segment sphericity index was computed by dividing 
the end-diastolic length by each of the end-diastolic 24-seg-
ment widths (Fig. 1B) [12].

Right and Left Ventricular Contractility

Ventricular contractility was defined as non-volume meas-
urements of the ventricles and categorized as follows: 
(1) global contractility, (2) longitudinal contractility, and 
(3) transverse contractility (Table 1). Global contractility 
was ascertained by measuring the fractional area change 
(Table 1, Fig. 2A) [8]. Longitudinal contractility was divided 
into two sections: (1) global, free, and septal wall longitu-
dinal strain (Table 1, Fig. 2B–D) [6] and (2) free and septal 
wall annular plane systolic excursion (Table 1, Fig. 2E and 
F) [10]. Transverse contractility, defined as transverse frac-
tional shortening, was computed for each of the 24-trans-
verse width segments (Table 1, Fig. 2G). [7]
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Left Ventricular Function

Left ventricular function was defined as end-systolic and 
end-diastolic volume measurements of the LV computed 
using Simpson’s rule which were derived from the 24-seg-
ment transverse widths and length measurements (Fig. 2H, 
Table 2) [9]. The volume measurements were used to com-
pute the stroke volume, cardiac output, and the ejection frac-
tion (Table 2) [9].

Statistical Analysis

All statistical analyses were performed using NCSS 21 (Kay-
sville, Utah, USA). The mean and standard deviation values 
from the 200 control fetuses for each of the measurements 
listed in Tables 1 and 2 were used to compute the z-score 
and equivalent centile for 39 fetuses with D-TGA, using 
gestational age as the independent variable (Eqs. 1 and 2).

The computed z-scores for the D-TGA non-BAS and BAS 
fetuses were compared to 200 controls as well as to each 
other using the student T Test if the measurements were 
normally distributed or the Mann–Whitney U test if the 
measurements were not normally distributed.

Using the hierarchical forward selection protocol (NCSS 
21, Kaysville, UT), logistic regression was performed to 
compute the probability of fetuses with D-TGA requiring 
neonatal BAS and those with D-TGA that did not require this 
procedure. The z-score value from each of the ventricular 
measurements identified from logistic regression was mul-
tiplied by its corresponding logistic regression coefficient 

(1)
z−score =

(

Measured ValueD−TGA−MeanControl Group
)

∕Standard DeviationControl Group,

(2)
Excel Function to Compute Z−Score Centile
= Normsdist(z−score value).

Fig. 1  End-Diastolic Measurements of the Size and Shape of the 
Right and Left Vernicles in a Fetus with D-Transposition. A Four-
chamber view. B Measurements of the 24-segment transverse widths 
from the base (S1), mid-chamber (S12) and apex (S24, and the length 
(L). C Left outflow tract illustrating the main pulmonary originating 

from the left ventricle (LV). D Three-vessel tracheal view demon-
strating the aorta originating from the right ventricle (RV). LA left 
atrium. RA right atrium, PV pulmonary valve, AV aortic valve, MPA 
main pulmonary artery, RPA right pulmonary artery, LPA left pulmo-
nary artery, MPA, SVC superior vena cava, T trachea
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and the total summed for the identified variables to com-
pute the Logit value. The Logit value was multiplied by (1/
(1 + 2.718^(-Logit))) to compute the probability (> 50%) of 
a fetus with D-TGA requiring neonatal BAS.

Intraobserver and Interobserver Variabilities

The intraobserver variability reported in previous studies 
of ventricular area, length, and width measurements and 

Table 1  Right and Left Ventricular Measurements of Contractility

Right and left ventricular measurements Equation

Global contractility
 Fractional Area Change (Fig. 2A) [8] [((end-diastolic area – end-systolic area)/end-diastolic area) × 100]

Longitudinal contractility: global strain
 Global longitudinal strain (Fig. 2 B) [6] [((end-systolic endocardial length—end-diastolic endocardial length)/end -diastolic 

endocardial length) × 100]
 Free wall strain (Fig. 2C) [18] [((end-systolic endocardial free wall length – end-diastolic endocardial free wall 

length)/end-diastolic endocardial free wall length) × 100]
 Septal wall strain (Fig. 2 D) [18] [((end-systolic endocardial septal wall length – end-diastolic endocardial septal 

wall length)/end-diastolic endocardial septal wall length) × 100]
Longitudinal contractility: free wall and septal annular plane systolic excursion
 Free wall annular plane systolic excursion (Fig. 2F) [10] [((free wall end-diastolic length measured from the apex to the annular base-free 

wall end-systolic length measured from the apex to the annular base)/ free wall 
end-diastolic length measured from the apex to the annular base) × 100]

 Septal wall annular plane systolic excursion (Fig. 2F) [10] [((septal wall end-diastolic length measured from the apex to the annular base—
septal wall end-systolic length measured from the apex to the annular base)/ sep-
tal wall end-diastolic length measured from the apex to the annular base) × 100]

Transverse contractility
 24-Segment transverse fractional shortening (Fig. 2G) [7] [((end-diastolic width – end-systolic width)/end-diastolic width) × 100]

Fig. 2  Graphic illustrations of Ventricular Measurement Derived 
from Speckle Tracking Analysis of the Right and Left Ventricles. A 
Illustrates the systolic and diastolic areas used to compute the frac-
tional area change. [8] B, C, and D Illustrate the global, free wall, 
and septal strain which are computed by measuring the endocardial 
end-systolic (red) and end-diastolic lengths (blue). [6] E and F Illus-

trate the measurements for computing the free wall and septal annular 
plane systolic excursion (APSE). G Illustrates the 24-segment frac-
tional shortening measurement. H Illustrates the transverse width and 
length measurements used to compute the end-diastolic and end-sys-
tolic volumes using Simpson’s Rule [9]
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ventricular contractility ranged between 0.93 and 0.98. 
[6–10] The interobserver variability between 2 examiners 
for measurements of ventricular size and contractility (GS 
and MS) was 0.97 [6–10]. Therefore, intraobserver and 
interobserver variabilities were not reported for the current 
study measuring the ventricles in the D-TGA fetuses since 
the same measurements have been previously validated for 
the control group.

Results

Demographics of Fetuses with D‑Transposition 
of the Great Arteries

The last fetal echocardiogram performed prior to birth by 
the pediatric cardiologist was used for analysis. Fetuses 
with D-transposition (n = 39) were examined at a mean age 
of 29 weeks (range 20–37 weeks); 18 (46%) had their last 
fetal echo at < 32 weeks (range 19 6/7 to 31 0/7) of gesta-
tion. Neonatal BAS was performed in 22 newborns (55%) 
within 24 h of birth. Forty-one percent (7/17, range 20.9 to 
29.7 weeks) of the non-BAS fetuses and 50% (11/22, range 
19.6 to 31 weeks) of BAS fetuses were examined prior to 
32 weeks of gestation.

End‑Diastolic Size and Shape of the Right and Left 
Ventricles

Non‑BAS Fetuses vs Controls

The end-diastolic LV length (z = − 1.58; SD 1.4), RV length 
(z = − 1.03; SD 1.14), and LV area (z = − 1.44; SD 1.4) were 
significantly less (P < 0.05) than controls. The RV 24-segment 
end-diastolic width values were significantly less than controls 
for segment 16 of the mid-chamber and segments 17 to 24 
for the apical chamber (Table 3). The LV transverse width 
segments 8–24 (mid- and apical chamber) were significantly 
less than controls (Table 4). The 24-segment SI measurements 
were significantly less than controls for the RV segments 1–11 

(Table 5) and the LV segments 1–14 (Table 6), suggesting 
round or globular-shaped chambers.

BAS Fetuses vs Controls

There were no significant differences for the LV and RV 
end-diastolic areas and the LV length. However, the RV end-
diastolic length (z = − 0.53; SD 1.34) was significantly less 
(P < 0.05) than controls. There were no significant differences 
in the RV 24-segment end-diastolic widths when compared 
to controls except for the apical segments 22 to 24 (Table 3). 
All LV segment widths were significantly less than controls 
(Table 4). The 24-segment SI was significantly less than con-
trols for segment 1 to 13 for the RV (Table 5), suggesting a 
globular-shaped chamber. However, for the LV all 24 segments 
had SI values greater than controls, suggesting a flattened 
chamber (Table 6).

Non‑BAS vs BAS Fetuses

There was no significant difference between the non-BAS 
and BAS groups for the RV (z = − 0.54; SD 1.6 vs − 0.2; SD 
1.43) and LV (z = − 1.44; SD 1.4 vs − 0.9; SD 1.35) areas or 
the RV length (z = − 1; SD 1.14 vs − 0.5; SD 1.34). How-
ever, the LV length of the non-BAS fetuses was significantly 
smaller (z = − 1.58; SD 1.59 vs − 0.17; AD 1.16) than the BAS 
fetuses. There were no significant differences for the 24-seg-
ment end-diastolic widths between the 2 groups for the RV 
(Table 3), and only a significant difference for segments 1 to 6 
for the LV (Table 4), with the latter being smaller than the RV. 
There were no significant differences for the SI for all RV seg-
ments (Table 5). The 24-segment SI was significantly different 
between the two groups for all segments of the LV (Table 6).

Right and Left Ventricular Global and Longitudinal 
Contractility

Non‑BAS Fetuses vs Controls

Table 7 lists the mean z-score values for the non-BAS 
fetuses which demonstrates the z-score values for the 

Table 2  Left Ventricular Function

* The end-diastolic and end-systolic volumes were computed from the speckle tracking software by the Simpson method of disk analysis in which 
the area of each of the 24 segments is multiplied by each of the 24-segment lengths (between transverse segments) (Fig. 1A). [9]

Measurement Equation

Left ventricular end-diastolic and end-systolic volumes (Fig. 2A) 
[9]

This was computed using Simpsons Rule from the 24-segment end-diastolic 
and end-systolic transverse width measurements and lengths.*

Left ventricular stroke volume [9] [(end-diastolic volume) – (end-systolic volume)]
Left ventricular cardiac output [9] (Heart rate x Stroke Volume)
Left ventricular ejection fraction [9] [(end-diastolic volume) – (end-systolic volume)/end-diastolic volume] × 100
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global contractility (FAC) of the RV and LV were signifi-
cantly less than controls. For longitudinal contractility all 
values were significantly less than controls except for RV 
septal wall strain (Table 7).

BAS Fetuses vs Controls

When z-score values from BAS fetuses were compared to 
controls only the measurements of annular plane systolic 
excursion were significantly less than controls (Table 7).

Non‑BAS vs BAS Fetuses

There were no significant differences between non-BAS 
and BAS fetuses for all global and longitudinal contractil-
ity measurements.

Left Ventricular Function

Non‑BAS Fetuses vs Controls

Left ventricular stroke volume and ejection fraction 
z-score values were significantly lower than controls 
(Table 7).

BAS Fetuses vs Controls

Left ventricular stroke volume, cardiac output, and ejec-
tion fraction z-score values were significantly lower than 
controls (Table 7).

Table 3  Z-score values for the right ventricle 24-segment end-diastolic transverse widths

Non-BAS (N = 17) vs controls BAS (N = 22) vs controls Non-BAS vs 
BAS P-value

Right ventricle 
segments

Mean SD Z-score centile P-value Mean SD Z-score centile P-value

Base
 1 0.62 1.69 73% 0.11 0.55 1.66 71% 0.13 0.90
 2 0.63 1.70 74% 0.11 0.61 1.67 73% 0.09 0.96
 3 0.62 1.68 73% 0.12 0.65 1.64 74% 0.07 0.96
 4 0.60 1.66 73% 0.14 0.68 1.62 75% 0.05 0.88
 5 0.56 1.66 71% 0.20 0.70 1.61 76% 0.05 0.79
 6 0.50 1.69 69% 0.29 0.71 1.63 76% 0.06 0.70
 7 0.41 1.71 66% 0.62 0.70 1.65 76% 0.06 0.60
 8 0.31 1.72 62% 0.72 0.67 1.67 75% 0.09 0.52

Mid
 9 0.21 1.73 58% 0.99 0.64 1.71 74% 0.12 0.45
 10 0.11 1.72 54% 0.75 0.60 1.74 73% 0.18 0.39
 11 0.01 1.70 50% 0.49 0.55 1.76 71% 0.28 0.33
 12 − 0.10 1.69 46% 0.34 0.50 1.77 69% 0.47 0.29
 13 − 0.20 1.67 42% 0.21 0.44 1.76 67% 0.45 0.26
 14 − 0.30 1.64 38% 0.13 0.37 1.72 64% 0.59 0.23
 15 − 0.35 1.66 36% 0.08 0.35 1.75 64% 0.74 0.21
 16 − 0.45 1.63 33% 0.04 0.26 1.68 60% 0.93 0.19

Apical
 17 − 0.55 1.62 29% 0.0206 0.16 1.64 56% 0.81 0.18
 18 − 0.69 1.56 24% 0.0399 − 0.02 1.53 49% 0.50 0.19
 19 − 0.80 1.57 21% 0.0019 − 0.16 1.55 43% 0.25 0.21
 20 − 0.86 1.55 19% 0.0007 − 0.30 1.58 38% 0.10 0.27
 21 − 0.89 1.50 19% 0.0005 − 0.39 1.62 35% 0.05 0.32
 22 − 0.89 1.46 19% 0.0004 − 0.44 1.65 33% 0.035 0.37
 23 − 0.89 1.43 19% 0.0004 − 0.47 1.66 32% 0.028 0.40
 24 − 0.89 1.42 19% 0.0005 − 0.48 1.66 32% 0.025 0.42
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Non‑BAS vs BAS Fetuses

There were no significant differences in z-score values 
between non-BAS and BAS fetuses (Table 7).

Right and Left Ventricular 24‑Segment Transverse 
Contractility

Non‑BAS Fetuses vs Controls

Right ventricular fractional shortening z-score values 
were significantly less than controls for all mid-chamber 
and apical segments (Table 8). Left ventricular fractional 
shortening z-score values were significantly lower than 
controls for segments 12 to 16 of the mid-chamber and all 
apical segments (Table 9).

BAS Fetuses vs Controls

Only RV base segments 7 and 8, mid-chamber segments 
9 and 10, and apical segments 23 and 24 were signifi-
cantly less than controls (Table 8). For the LV, only apical 
segments 19 to 24 were significantly less than controls 
(Table 9).

Non‑BAS vs BAS Fetuses

For the RV, there were significant differences between the 
2 groups for segments 9 to 16 for the mid-chamber and 
segments 17 and 18 of the apical section (Table 8). For 
the LV there were no significant differences between the 
2 groups for all 24 segments (Table 9).

Table 4  Z-score values for the left ventricle 24-segment end-DIASTOLIC transverse widths

Non-BAS (N = 17) vs controls BAS (N = 22) vs controls Non-BAS vs 
BAS P-value

Left ventricle 
segments

Mean SD Z-score centile P-value Mean SD Z-score centile P-value

Base
 1 − 0.14 0.71 44% 0.29 − 0.80 0.90 21%  < 0.001 0.02
 2 − 0.14 0.72 45% 0.28 − 0.84 0.97 20%  < 0.001 0.01
 3 − 0.13 0.76 45% 0.28 − 0.87 1.03 19%  < 0.001 0.01
 4 − 0.13 0.81 45% 0.27 − 0.88 1.08 19%  < 0.001 0.02
 5 − 0.15 0.85 44% 0.23 − 0.89 1.13 19%  < 0.001 0.03
 6 − 0.21 0.88 42% 0.11 − 0.90 1.19 19%  < 0.001 0.04
 7 − 0.28 0.91 39% 0.09 − 0.89 1.24 19%  < 0.001 0.10
 8 − 0.37 0.96 36% 0.03 − 0.89 1.29 19%  < 0.001 0.17

Mid
 9 − 0.46 1.00 32% 0.02 − 0.89 1.34 19%  < 0.001 0.26
 10 − 0.55 1.05 29%  < 0.01 − 0.90 1.37 18%  < 0.001 0.39
 11 − 0.62 1.08 27%  < 0.01 − 0.92 1.38 18%  < 0.001 0.47
 12 − 0.67 1.10 25%  < 0.01 − 0.94 1.39 17%  < 0.001 0.52
 13 − 0.71 1.12 24%  < 0.01 − 0.97 1.39 17%  < 0.001 0.54
 14 − 0.74 1.13 23%  < 0.01 − 0.99 1.38 16%  < 0.001 0.55
 15 − 0.77 1.14 22%  < 0.001 − 1.01 1.38 16%  < 0.001 0.57
 16 − 0.82 1.17 21%  < 0.001 − 1.04 1.40 15%  < 0.001 0.60

Apical
 17 − 0.89 1.22 19%  < 0.001 − 1.10 1.44 14%  < 0.001 0.63
 18 − 1.00 1.30 16%  < 0.001 − 1.18 1.50 12%  < 0.001 0.71
 19 − 1.14 1.39 13%  < 0.001 − 1.26 1.58 10%  < 0.001 0.79
 20 − 1.22 1.45 11%  < 0.001 − 1.30 1.60 10%  < 0.001 0.86
 21 − 1.24 1.45 11%  < 0.001 − 1.29 1.57 10%  < 0.001 0.91
 22 − 1.23 1.43 11%  < 0.001 − 1.26 1.54 10%  < 0.001 0.94
 23 − 1.22 1.41 11%  < 0.001 − 1.24 1.51 11%  < 0.001 0.95
 24 − 1.21 1.41 11%  < 0.001 − 1.23 1.50 11%  < 0.001 0.96
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Logistic Regression Analysis Identifying Fetuses 
That Required Urgent Neonatal BAS

Logistic regression analysis identified 7 z-score measurements 
that correctly identified 91% (20/22) fetuses that required neo-
natal BAS, with a false-positive rate of 12% (2/17) (Table 10). 
The measurements identified from logistic regression included 
RV and LV area, LV sphericity index for segment 1, LV FAC, 
RV free wall strain, LV wall annular plane systolic excursion, 
and LV fractional shortening for segment 12. Supplement 1 
lists the z-score values for each of the measurements identified 
using logistic regression equation, their corresponding logit 
values, and probability of requiring neonatal BAS for the 39 
fetuses with D-TGA.

Clinical Implications

Review of the Pathophysiology of D‑TGA 

In an attempt to understand the underlying mechanisms 
that may explain the results from this study it would be 
important to review the physiological and anatomical con-
sequences of D-TGA suggested by Rudolph in 2007 [16]. 
In the normal as well as D-TGA fetuses, oxygenated blood 
enters the RA from the ductus venosus and the left portal 
vein and preferentially streams across the foramen ovale 
to the LA [16]. Less oxygenated blood enters RA from 
the superior and inferior vena cava. In the normal fetus 
blood pumped from the RV, which contains lower O2 than 

Table 5  Right ventricular 24-segment sphericity index Z-score values

Non-BAS (N = 17) vs controls BAS (N = 22) vs controls Non-BAS vs 
BAS P-value

Right ventricle 
segments

Mean SD Z-score centile P-value Mean SD Z-score centile P-value

Base
 1 − 0.98 1.04 16% 0.0002 − 0.61 0.85 27% 0.006 0.25
 2 − 0.99 1.08 16% 0.0001 − 0.65 0.86 26% 0.004 0.27
 3 − 0.99 1.14 16% 0.0001 − 0.67 0.88 25% 0.003 0.35
 4 − 0.97 1.20 16% 0.0002 − 0.69 0.90 24% 0.002 0.40
 5 − 0.94 1.27 17% 0.0004 − 0.69 0.92 24% 0.002 0.51
 6 − 0.88 1.35 19% 0.02 − 0.68 0.96 25% 0.003 0.62
 7 − 0.81 1.43 21% 0.00 − 0.66 1.00 26% 0.004 0.72
 8 − 0.73 1.48 23% 0.01 − 0.63 1.04 27% 0.006 0.79

Mid
 9 − 0.67 1.50 25% 0.02 − 0.59 1.08 28% 0.021 0.85
 10 − 0.61 1.51 27% 0.02 − 0.56 1.11 29% 0.015 0.90
 11 − 0.56 1.49 29% 0.03 − 0.53 1.12 30% 0.021 0.94
 12 − 0.51 1.48 31% 0.05 − 0.50 1.11 31% 0.029 0.98
 13 − 0.45 1.46 32% 0.09 − 0.47 1.11 32% 0.041 0.98
 14 − 0.40 1.43 35% 0.28 − 0.43 1.12 33% 0.06 0.94
 15 − 0.34 1.39 37% 0.20 − 0.38 1.13 35% 0.09 0.91
 16 − 0.28 1.36 39% 0.42 − 0.33 1.14 37% 0.14 0.89

Apical
 17 − 0.21 1.33 42% 0.42 − 0.28 1.13 39% 0.28 0.86
 18 − 0.12 1.30 45% 0.64 − 0.21 1.10 42% 0.36 0.83
 19 − 0.02 1.27 49% 0.94 − 0.11 1.05 46% 0.62 0.80
 20 0.09 1.24 54% 0.72 0.00 1.01 50% 0.98 0.81
 21 0.20 1.21 58% 0.45 0.13 1.04 55% 0.57 0.86
 22 0.27 1.20 61% 0.30 0.23 1.12 59% 0.36 0.92
 23 0.31 1.20 62% 0.23 0.30 1.21 62% 0.27 0.98
 24 0.34 1.20 63% 0.19 0.35 1.28 64% 0.23 0.98
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the LV, is associated with constriction of the pulmonary 
vasculature and dilatation of the ductus arteriosus [16]. 
When D-TGA is present, the increased oxygen satura-
tion present in the LV results in dilation of the pulmo-
nary arteries and narrowing of the ductus arteriosus [16]. 
The increased pulmonary blood flow results in increased 
LA flow resulting in increased atrial pressure that may 
result in decreased flow through the FO [16]. Rudolph 
also noted that the above changes are most likely a 3rd 
trimester phenomena since increases in maternal oxy-
genation had no effect on pulmonary artery blood flow 
at 25–26 weeks of gestation but had a significant increase 
after 30 weeks of gestation [16, 17]. The above changes, 
depending upon their severity, are the precursors that may 
result in decreased flow through the FO following birth, 
thus comprising the newborn and requiring BAS.

Changes in Ventricular Size and Shape Between 
Non‑BAS and Controls

We noted that the RV widths were significantly lower in 
the non-BAS fetuses for 1 mid and all apical segments of 
the ventricle (percentiles ranging between 19 and 33%) but 
the sphericity index was not abnormal. The reason for this 
was because the RV length was also significantly decreased 
when compared to controls, thus resulting in no significant 
change in the computed SI (length/width). For the base and 
mid-segments (9 to 11) the percentile widths, while not sig-
nificant, ranged between the 50th and 74th centiles, resulting 
in decreased sphericity indices for these segments because 
of the decreased ventricular length. This would suggest a 
globular-shaped ventricle in the base and mid-segments of 
the RV chamber.

Table 6  Left ventricular 24-segment sphericity index Z-score values

Non-BAS (N = 17) vs controls BAS (N = 22) vs controls Non-BAS vs 
BAS P-value

Left ventricle 
segments

Mean SD Z-score centile p Mean SD Z-score centile P-value

Base
 1 − 0.91 1 18%  < 0.001 0.47 0.97 68% 0.01  < 0.001
 2 − 0.95 1.03 17% 0.002 0.51 1 69% 0.02  < 0.001
 3 − 0.98 1.07 16%  < 0.001 0.557 1.1 71%  < 0.01  < 0.001
 4 − 1 1.1 16%  < 0.001 0.59 1.17 72%  < 0.01  < 0.001
 5 − 1 1.24 16%  < 0.002 0.61 1.24 73%  < 0.01  < 0.001
 6 − 0.98 1.12 16%  < 0.001 0.64 1.28 74% 0.001  < 0.001
 7 − 0.95 1.09 17%  < 0.001 0.65 1.32 74% 0.03  < 0.001
 8 − 0.89 2.05 19%  < 0.002 0.67 1.34 75%  < 0.01  < 0.001

Mid
 9 − 0.84 1.01 20%  < 0.001 0.68 1.36 75%  < 0.01  < 0.001
 10 − 0.78 0.97 22%  < 0.002 0.72 1.38 76% 0.O3  < 0.001
 11 − 0.72 0.94 24% 0.007 0.76 1.4 78%  < 0.01  < 0.001
 12 − 0.65 0.91 26% 0.01 0.08 1.42 53% 0.01  < 0.001
 13 − 0.59 0.9 28% 0.01 0.85 1.43 80%  < 0.001  < 0.001
 14 − 0.53 0.89 30% 0.03 0.89 143 81%  < 0.001  < 0.001
 15 − 0.47 0.99 32% 0.06 0.93 1.42 82%  < 0.01  < 0.001
 16 − 0.41 0.92 34% 0.1 0.99 1.42 84%  < 0.001  < 0.001

Apical
 17 − 0.32 0.96 37% 0.19 1.06 1.45 86%  < 0.001  < 0.001
 18 − 0.22 1.03 41% 0.37 1.18 1.53 88%  < 0.001  < 0.001
 19 − 0.2 1.12 42% 0.68 1.3 1.52 90%  < 0.001  < 0.001
 20 0.02 1.12 51% 0.93 1.42 1.7 92%  < 0.001  < 0.001
 21 0.13 1.29 55% 0.69 1.49 1.78 93%  < 0.001  < 0.01
 22 0.2 1.34 58% 0.43 1.53 1.82 94%  < 0.001  < 0.02
 23 0.24 1.37 59% 0.33 1.55 1.85 94%  < 0.001  < 0.02
 24 0.27 1.39 61% 0.43 1.56 1.86 94%  < 0.001  < 0.02
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Similar to the RV, the LV length and transverse widths, 
for segments 8 to 24 were significantly decreased when com-
pared to controls (range 11 centile to 32 centile). However, 
because of the decreased LV length, the LV SI values were 
decreased for segments 1 to 14 of the LV, suggesting a glob-
ular-shaped chamber. The change to a globular shape of the 
RV and LV and often occurs with concomitant ventricular 
dysfunction associated with congenital heart defects. [12, 
18, 19]

Changes in Ventricular Size and Shape Between BAS 
and Controls

The RV end-diastolic transverse widths were not signifi-
cantly different than controls for segments 1 to 21, while the 
SI was significantly lower than controls for segments 1 to 13. 
This was the result of the decreased RV length, suggesting a 
globular-shaped RV base and mid-chamber.

Unlike the RV, all of the LV end-diastolic transverse 
widths were significantly lower than controls resulting in 
significantly greater SI values, suggesting a flattened LV 
chamber.

Changes in Ventricular Size and Shape Between 
Non‑BAS and BAS Fetuses

All 24-segment RV transverse widths and SI measurements 
were not significantly different between the non-BAS and BAS 

fetuses. However, the BAS transverse widths were significantly 
lower for segments 1 to 7 at the base of the heart than the RV. 
This finding of a flattened LV chamber compared to the glob-
ular-shaped RV chamber may be attributed to be the result of 
decreased flow through the foramen ovale which is harbinger 
for the necessity of neonatal BAS.

Prior Studies Evaluating Ventricular Size and Shape 
in Fetuses with D‑TGA 

In 2020, Walter reported results of measurements of the ventri-
cles in 21 fetuses with D-TGA using 2D ultrasound and noted 
an increased RV SI compared to the current study in which 
the SI was decreased [20]. In 2021, Patey examined 13 fetuses 
with D-TGA at term and reported findings that were similar 
to the current study which included RV and LV end-diastolic 
lengths to be decreased and the sphericity index of the RV to 
be more globular or round in shape [21]. Although conventical 
thinking has been that the ventricles imaged in the 4CV are 
“normal” in fetuses with D-TGA, our study and the study by 
Patey would suggest otherwise, with ventricular disproportion 
being a marker for fetuses at risk for D-TGA. [21]

Summary of Findings of Changes for Ventricular 
Contractility

In fetuses with D-TGA various combinations of the four 
types of contractility measurements (global contractility, 

Table 7  Z-score values for right and left ventricular contractility and left ventricular function

RV right ventricle, LV left ventricle, APSE annular plane systolic excursion, SD standard deviation

Non-BAS (N = 17) vs Controls BAS (N = 22) vs Controls Non-BAS vs 
BAS P-value

Measurements Mean SD Z-score centile P-value Mean SD Z-score centile P-value

Global contractility
 RV fractional area change − 1.49 2 7%  < 0.01 − 0.08 2.32 47% 0.81 0.05
 LV fractional area change − 1.07 1.80 14%  < 0.01 − 0.69 2.18 25% 0.05 0.56

Longitudinal contractility
 RV global strain 1.29 1.40 90%  < 0.01 0.42 2.00 66% 0.24 1.30
 LV global strain 0.74 1.00 77%  < 0.01 0.19 1.70 58% 0.22 0.23
 RV free wall strain 1.19 1.38 88%  < 0.01 0.15 1.87 56% 0.53 0.05
 LV free wall strain 0.60 1.53 73% 0.02 − 0.11 1.63 46% 0.81 0.17
 RV septal strain 0.52 1.56 70% 0.05 0.11 1.59 54% 0.63 0.43
 LV septal strain 0.64 0.99 74% 0.01 0.32 1.47 63% 0.17 0.46
 RV wall APSE − 1.29 1.56 10%  < 0.01 − 0.62 1.00 27% 0.01 0.11
 LV wall APSE − 1.23 1.49 11%  < 0.01 − 0.54 1.30 29% 0.01 0.13
 RV septal APSE 0.60 1.93 73% 0.03 1.41 1.28 92% 0.01 0.12
 LV septal APSE − 0.49 1.42 31%  < 0.01 − 0.33 1.00 37% 0.01 0.68

Left ventricular function
 Stroke volume − 0.53 1.09 30% 0.02 − 0.78 5.78 22% 0.01 0.50
 Cardiac output − 0.51 1.11 31% 0.08 − 0.86 1.27 19% 0.01 0.37
 Ejection fraction − 1.04 1.89 15%  < 0.01 − 0.74 2.00 23% 0.01 0.64
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longitudinal global strain, annular plane systolic excur-
sion, and transverse fractional shortening) occurred. 
When examining non-BAS vs BAS fetuses, only the non-
BAS fetuses had abnormal global contractility and strain, 
while both groups had abnormal measurements of the 
annular plane systolic excursion. In addition, LV func-
tion (stroke volume, cardiac output, and ejection fraction) 
were decreased when compared to controls for the BAS 
group, with the non-BAS group having a normal cardiac 
output but abnormal stroke volume and ejection fraction. 
However, when comparing the non-BAS and BAS groups, 
there was no significant difference between the groups for 
any of the measurements listed in Table 7. These findings 
suggest that the RV in non-BAS fetuses demonstrates dif-
ferent types of contractility abnormalities (fractional area 
change and all strain measurements) than BAS fetuses. 
These measurements of the RV are not unexpected given 
the globular shape of the RV and has been observed in 

fetuses with growth restriction and other fetal abnormali-
ties. [10, 22, 23]

Prior Studies Evaluating Ventricular Contractility 
in Fetuses with D‑TGA 

In the study by Patey they used pulsed Doppler and speckle 
tracking to measure systolic ventricular function and found 
LV CO to be decreased in fetuses with D-TGA, [21] and 
Walter reported two measurements that were contrary to 
the findings reported in the current study: an increased LV 
CO vs decreased LV CO and increased LV ejection frac-
tion vs decreased LV ejection fraction [20]. The decreased 
LV SV, CO, and EF in BAS fetuses is concordant with 
the decreased transverse widths of the 24 segments and 
decreased length of the LV noted in the current study.

Table 8  Right ventricular 24-segment transverse fractional shortening Z-score values

SD standard deviation

Non-BAS (N = 17) vs controls BAS (N = 22) vs controls Non-BAS vs 
BAS P-value

Right ventricle 
segments

Mean SD Z-score centile P-value Mean SD Z-score centile P-value

Base
 1 − 0.14 1.26 44% 0.89 0.22 1.49 59% 0.22 0.42
 2 0.21 1.21 58% 0.28 − 0.36 1.29 36% 0.33 0.17
 3 0.26 1.23 60% 0.24 − 0.26 1.31 40% 0.48 0.22
 4 0.31 1.28 62% 0.26 − 0.13 1.35 45% 0.79 0.31
 5 0.37 1.36 64% 0.15 0.04 1.40 51% 0.82 0.46
 6 0.42 1.53 66% 0.11 0.24 1.50 59% 0.30 0.72
 7 0.47 1.71 68% 0.08 0.49 1.59 69% 0.04 0.97
 8 0.52 1.85 70% 0.06 0.75 1.65 77% 0.00 0.69

Mid
 9 − 1.04 2.61 15%  < 0.01 0.68 1.66 75% 0.01 0.02
 10 − 1.24 2.59 11%  < 0.01 0.49 1.65 69% 0.04 0.02
 11 − 1.36 2.47 9%  < 0.01 0.30 1.63 62% 0.22 0.02
 12 − 1.41 2.31 8%  < 0.01 0.14 1.60 56% 0.57 0.02
 13 − 1.42 2.14 8%  < 0.01 0.04 1.57 51% 0.89 0.02
 14 − 1.38 1.98 8%  < 0.01 − 0.01 1.50 50% 0.95 0.02
 15 − 1.30 1.84 10%  < 0.01 − 0.01 1.42 50% 0.94 0.02
 16 − 1.24 1.74 11%  < 0.01 − 0.02 1.35 49% 0.96 0.02

Apical
 17 − 1.21 1.67 11%  < 0.01 − 0.06 1.33 47% 0.91 0.02
 18 − 1.16 1.57 12%  < 0.01 − 0.15 1.31 44% 0.66 0.04
 19 − 1.20 1.61 11%  < 0.01 − 0.28 1.43 39% 0.39 0.07
 20 − 1.10 1.48 13%  < 0.01 − 0.40 1.39 34% 0.19 0.13
 21 − 1.10 1.48 14%  < 0.01 − 0.54 1.41 29% 0.14 0.24
 22 − 1.07 1.41 14%  < 0.01 − 0.65 1.32 26% 0.05 0.34
 23 − 1.07 1.45 14%  < 0.01 − 0.70 1.34 24% 0.04 0.42
 24 − 1.06 1.48 14%  < 0.01 − 0.73 1.34 23% 0.03 0.47
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Table 9  Left ventricular 24-segment transverse fractional shortening Z-score values

SD standard deviation

Non-BAS (N = 17) vs controls BAS (N = 22) vs controls Non-BAS vs 
BAS P-value

Left ventricle 
segments

Mean SD Z-score centile p Mean SD Z-score centile P-Value

Base
 1 0.22 1.21 59% 0.15 − 0.37 1.28 36% 0.73 0.15
 2 0.22 1.18 59% 0.17 − 0.33 1.26 37% 0.77 0.17
 3 0.21 1.18 58% 0.19 − 0.29 1.26 39% 0.83 0.22
 4 0.18 1.24 57% 0.48 − 0.25 1.31 40% 0.45 0.31
 5 0.17 1.26 57% 0.30 − 0.14 1.30 44% 0.97 0.46
 6 0.15 1.28 56% 0.45 0.00 1.26 50% 0.79 0.72
 7 0.07 1.39 53% 0.70 0.09 1.29 53% 0.61 0.97
 8 − 0.06 1.54 48% 0.94 0.13 1.37 55% 0.50 0.69

Mid
 9 − 0.21 1.64 42% 0.56 0.13 1.44 55% 0.50 0.50
 10 − 0.35 1.66 36% 0.26 0.07 1.47 53% 0.66 0.41
 11 − 0.49 1.63 31% 0.11 − 0.02 1.47 49% 0.96 0.37
 12 − 0.60 1.59 28% 0.04 − 0.11 1.46 45% 0.73 0.33
 13 − 0.68 1.54 25% 0.02 − 0.18 1.45 43% 0.53 0.30
 14 − 0.76 1.50 22% 0.01 0.19 1.45 58% 0.47 0.24
 15 − 0.81 1.44 21%  < 0.01 − 0.19 1.47 42% 0.47 0.20
 16 − 0.84 1.39 20%  < 0.01 − 0.20 1.50 42% 0.44 0.18

Apical
 17 − 0.85 1.33 20%  < 0.01 − 0.25 1.53 40% 0.31 0.21
 18 − 0.86 1.28 20%  < 0.01 − 0.37 1.57 35% 0.13 0.31
 19 − 0.84 1.22 20%  < 0.01 − 0.52 1.57 30% 0.03 0.49
 20 − 0.86 1.21 20%  < 0.01 − 0.69 1.61 25% 0.01 0.72
 21 − 0.83 1.18 20%  < 0.01 − 0.78 1.60 22%  < 0.01 0.92
 22 − 0.81 1.16 21%  < 0.01 − 0.84 1.59 20%  < 0.01 0.95
 23 − 0.80 1.15 21%  < 0.01 − 0.87 1.58 19%  < 0.01 0.87
 24 − 0.79 1.15 21%  < 0.01 − 0.89 1.58 19%  < 0.01 0.83

Table 10  Logistic regression coefficients used to compute the probability of neonatal urgent BAS

LV left ventricle, RV right ventricle

Independent variables Regression coefficient Standard error Lower 95% con-
fidence limit

Upper 95% con-
fidence limit

Odds ratio

Intercept 1.5743 0.9491 − 0.2859 3.4345 4.82738
Ventricular end-diastolic size and shape
 LV area − 1.63242 0.93291 − 3.46089 0.19604 0.19546
 RV area − 1.0044 0.70423 − 2.38466 0.37586 0.36626
 LV sphericity index segment 1 6.51899 2.66673 1.29229 11.7457 677.89613

Ventricular contractility
 LV Fractional area change 1.88771 0.96727 − 0.00811 3.78353 6.6042
 RV Free wall strain − 0.8802 0.45977 − 1.78133 0.02094 0.4147
 LV wall annular plane systolic excursion 0.8533 0.65265 − 0.42587 2.13246 2.34738
 LV fractional shortening segment 12 − 4.3942 1.97728 − 8.2696 − 0.51881 0.01235
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Predicting the Need for Neonatal BAS Using Speckle 
Tracking Analysis

The logistic regression analysis identified measurements of 
RV and LV area and LV shape as well as 4 measurements 
of ventricular function that had a sensitivity of 91% with 
false-positive rate of 12%. Review of the logistic regression 
analysis in Supplement 1 demonstrates that using the above 
measurements all fetuses less than 32 weeks were identified 
as having a high probability for requiring neonatal BAS. 
Therefore, the current approach is not dependent on changes 
in the fetal heart manifesting during the 3rd trimester of 
pregnancy.

Prior Studies Predicting the Need for Neonatal BAS

In 2011, Punn examined 26 fetuses with D-TGA, of which 
54% required BAS and reported evaluation of abnormal 
movement of the FO and reverse flow of the DA having sen-
sitivities ranging between 31 and 64%. [24] In 2017, Vigne-
swaran evaluated 40 fetuses with D-TGA and measured the 
total atrial septal length (TSL) and foramen ovale (FO) length 
and reported that a FO/TSL < 0.5 had a sensitivity of 99%, 
but a false-positive rate of 40% [25] In 2021 Patey reported 
the following measurements that had a sensitivity of 86%, 
with a false-positive rate as high as 17%: RV/LV end-dias-
tolic area ratio, pulmonary valve/aortic valve dimension ratio, 
RV/LV cardiac output ratio, and the foramen ovale length/

Fig. 3  Calculator to compute the probability of requiring a neonatal 
urgent BAS. To use the calculator the user enters the gestational age 
and measurements illustrated below the calculator. Once entered the 
z-scores and probability are calculated. The clear the calculator of 

the measurements and computed values, the user clicks the blue but-
ton “Reset Calculator.” RV right ventricle, LV left ventricle, LA left 
atrium, RA right atrium
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total interatrial septal length ratio [21]. In 2021, Della Gatta 
reported that a length of the foramen ovale of > 6.5 mm, 
measured within 3 weeks of delivery, had a sensitivity of 
100% but a false-positive rate of 43%. In 2021 Masci evalu-
ated 31 fetuses with D-TGA using 5 measurements of the 
atrial septum to predict urgent BAS and found none of the 
measurements predicted the need for urgent treatment [26].

Therefore, prior studies using various measurements of 
the atrial chambers, size of the FO, and measurement of 
pulsed Doppler blood flow through the DA have reported 
wide variations of sensitivities varying between 0 and 100% 
with false-positive rates as high as 43%.

Research Implications

This study provides clinical information with a probability 
calculator to identify fetuses with D-TGA who may be at 
risk for neonatal BAS, a life-saving procedure. The prob-
ability calculator could be used to evaluate fetuses in future 
with D-TGA to validate the usefulness of this approach. The 
benefit of the current approach is that it can be applied to 
fetuses between 20 and 32 weeks, a time in which changes 
in the size of the foramen ovale may be manifested.

Strengths and Limitations 

The strength of this study, we believe, is the simplicity 
in which ventricular measurements derived from speckle 
tracking analysis can be generated from a single 4-chamber 
view in less than 5 min. The measurements in Table 10, 
used to compute the probability for requiring neonatal 
BAS, can be obtained using the length, width, and area 
measurements available on all fetal ultrasound machines. 
Supplement 2 is an Excel spreadsheet (Fig. 3) that provides 
a calculator with images describing the measurements to 
compute the probability of requiring urgent neonatal BAS. 
Limitations of the study include its retrospective nature 
and that not all fetuses were evaluated in the  3rd trimester 
when the pathophysiology of the abnormal measurements 
should be most obvious. Prospective evaluation of fetuses 
with D-TGA will be beneficial to test the Excel calculator 
developed from these study results.

Conclusion

This study applied speckle tracking analysis of the RV and 
LV, in fetuses with D-TGA, and found that measurements 
from the 4-chamber view may help identify which fetuses 
are likely to require urgent neonatal BAS.
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