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Early changes in left ventricular myocardial function by 2D
speckle tracking layer-specific technique in neonates with
hyperbilirubinemia
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Background: Hyperbilirubinemia (HBN) can cause myocardial injury in neonates. Advancement in
myocardial deformation imaging allows the detection of subclinical changes in myocardial contractility.
The present study aimed to evaluate the changes in left ventricular contractility in newborns with
hyperbilirubinemia by 2D speckle tracking imaging (STT).

Methods: A group of 134 neonates who reached the diagnostic level of HBN as the HBN group was
selected. The control group included 56 healthy newborns. The interventricular septum, anterior partition,
anterior wall, sidewall, posterior wall, and inferior wall were separated into the basal, middle, and apical
segments. In each segment, speckle tracking analysis was performed in the subintimal, middle, and
subadventitial myocardium. The overall longitudinal strain of the myocardium in different ventricular walls
and segments and global longitudinal strain (GLS) were computed. At the same time, the laboratory results
of blood gas analysis, blood routine tests, liver function, and myocardial enzyme spectrum in HBN neonates
were collected and correlated with the left ventricular stratified strain parameters.

Results: The gradient of the left ventricular GLS had the same characteristics in both groups of newborns.
There was a decreasing trend of longitudinal strain (LS) from the intima to the adventitia (i.e., GLSendo >
GLSmid > GLSepi). This gradient was also present in stratified LS in each myocardial segment (P<0.001).
The LS showed an increasing trend from the basal to the apical segment (P<0.001). The LS of the
ventricular septum, anterior wall (or anterior septum), inferior wall, lateral wall, and posterior wall showed a
decreasing trend (P<0.001). Stratified strain parameters of the ventricular wall (i.e., the 3-layer myocardium:
LSendo-SEPT, LSmid-SEPT, and LSepi-SEPT) were all significantly lower in the HBN group than in the
control group (P=0.019, P=0.019, and P=0.023, respectively). LSedo-ANT, LSmid-AN'T, and LSepi-ANT
were also reduced, and the difference between LSendo-ANT and LSepi-ANT was statistically significant.

The segmental stratified strain parameters (i.e., the apical 3-layer myocardium: LSepi-a, LSmid-a, and
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LSepi-a) decreased, and the difference in LSepi-a was statistically significant (P=0.043). Overall strain

parameters (i.e., the 3-layer myocardial overall strain: GLSendo, GLSmid, and GLSepi) were reduced, but
the difference was not statistically significant (P=0.612, P=0.653, and P=0.585, respectively). The subclinical

changes in systolic function in the HBN group, reflected by the parameters of longitudinal myocardial strain,

correlate to some extent with multiple results of laboratory tests.

Conclusions: 2DSTT stratified strain technology can quantitively evaluate changes in the LS of the left

ventricle in different ventricular walls, wall segments, and layers of the myocardium.
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Introduction

With the modification of the family planning policy
and rapid development of perinatal medicine in China,
hyperbilirubinemia (HBN) among newborns has
become increasingly common in clinical practice. At low
concentrations, bilirubin acts as a scavenger of oxygen free
radicals, and its antioxidant effects prevent the damage of
cells by superoxide compounds. Therefore, the physiological
concentration of bilirubin has a protective effect on the
organism, most of which can disappear naturally without
leaving any sequelae (1). In some newborns, the bilirubin
level continues to increase and cannot subside on its own,
resulting in HBN of the newborn. The main clinical
focus has generally been on the damage of bilirubin to
the central nervous system and the induction of bilirubin
encephalopathy (2,3). In-depth research has revealed that
HBN affects myocardial contractility, and this effect of
bilirubin increases attention (4).

Echocardiography is essential for evaluating local and
overall myocardial function. Echocardiography offers several
advantages; it is non-invasive, does not involve radiation,
and is simple and easy to operate. Therefore, this technique
is the first choice for imaging modalities in diagnosing heart
disease in both adults and neonates. 2D speckle tracking
imaging (STI) is a recently developed method to evaluate
local and global myocardial function based on strain and
strain rate imaging technology. 2DSTT can diagnose earlier
than the commonly used measurement of left ventricular
ejection fraction (LVEF) (5). Longitudinal peak strain
refers to the shortening activity of each ventricular wall
segment along the longitudinal direction of heart fibers.
The core content of the myocardial band theory states that
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the movement of the myocardium along the long axis of the
heart occurs mostly during the left ventricle contraction,
accounting for about 70% of the overall movement of the
myocardium (6,7). Compared with the traditional index of
overall pump function, longitudinal strain (LS) can more
sensitively reflect the degree of myocardial damage, which
may decrease before changes in LVEF take place, is more
reproducible than radial strain and circumferential strain,
at the same time, the sensitivity of LS is also better (8,9).
The early speckle tracking technology only analyzed the left
ventricular wall as a whole but did not discriminate between
the 3 layers of myocardial fibers of which the ventricular
wall is composed, that is, the inner, middle, and outer layers
of the myocardium. The subintimal and subpericardial
myocardium contraction can shorten the ventricle, while
the contraction of the middle myocardium can shrink the
ventricular cavity (10). Due to the unique arrangement of
myocardial fibers and the synergy between the different
layers of the myocardium, different pathological factors
have distinct effects on the function of each layer of the
ventricular wall. Local or single-layer myocardial injury
is often difficult to detect, particularly at an early stage.
It may be more meaningful to study the 3 layers of the
myocardium separately for the evaluation, treatment, and
prognosis of myocardial damage. Layered strain technology
divides the left ventricular wall myocardium into 3 layers
based on high frame rate 2D ultrasound images. The
technology of best pattern matching is used to track frame
by frame the displacement of each layer of myocardial
acoustic spots in the image during the cardiac cycle. The
trajectory of this movement is used to quantitate the
longitudinal and circumferential strain in different segments
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of the left ventricle and the overall myocardium. This
approach enables the evaluation of the exercise capacity of
fibers in each layer, locally and in the entire myocardium,
and can detect limited myocardial injury in the early stage
of the disease (11). The present study used the 2DSTTI
stratified strain technique to assess the characteristics of the
LS of the 3layers of the left ventricular wall and the changes
in systolic function in neonates with HBN, to provide a
more sensitive and efficient screening method for detecting
subclinical local and overall myocardial damage.

Methods
Patients

We selected 190 full-term newborns hospitalized or
treated as outpatients at the Department of Pediatrics and
Obstetrics of the Kunshan Hospital Affiliated to Jiangsu
University from December 2018 to June 2020. There were
99 boys and 91 girls. The newborns were divided into the
HBN group and control group, according to the diagnostic
criteria for HBN. The HBN group included 74 males
and 60 females with an average age of 6.25+3.79 days
and average gestational age of 271.60+8.39 days. The control
group included 25 males and 31 females with an average age
of 5.36+3.09 days and average gestational age of 272.95+
5.31 days. There were no statistically significant differences
in neonatal age, gestational age, and sex between the
2 groups.

The inclusion criteria were as follows: (I) the mothers
of the newborns were21-34 years of age, healthy during
pregnancy, and had no signs of infection; (II) the newborns
had no history of intrauterine distress or postnatal asphyxia,
gestational age was 37-42 weeks, and birth weight was
2,500-4,000 g; and (III) neonates with HBN met the
diagnostic criteria of neonatal hyperbilirubinemia (12),
that is, a total serum bilirubin (T'SB) >220.6 pmol/L,
transcutaneous bilirubin (T'CB) >12.9 mg/dL (in case of
preterm infants, TSB >256.5 pmol/L or TCB >15 mg/dL),
total daily increase in serum bilirubin >85 pmol/L, or serum
conjugated bilirubin >26 pmol/L.

Exclusion criteria were as follows: (I) older than 28 days;
(IT) low-quality echocardiographic image, inability to obtain
clear images, and not meeting the requirements of spot
tracking and stratified strain data collection and analysis; (I1I)
presence of congenital malformations; congenital immune
deficiency; congenital heartdefects; severe infectious
diseases, such as intrauterine virus infection, nervous system
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infection, sepsis, trisomy 21, and other gene defects; and (IV)
parents were not willing to participate in the study.

The study was conducted following the Declaration of
Helsinki (as revised in 2013) and was approved by Ethics
Committee of Affiliated Kunshan Hospital of Jiangsu
University (No. 2017-03-021). Informed consent was
obtained from the parents of all the neonates.

Imaging methods

Conventional echocardiographic measurement

Based on the measurement methods recommended by the
American Society of Echocardiography (13), 2D, M-mode,
and Doppler echocardiography were used to determine
conventional left ventricular function parameters, including
aortic sinus diameter (AOD), left atrial end-systolic diameter
(LAD), left ventricular end-systolic diameter (LVED), LVED
diameter, interventricular septal thickness, left ventricular
posterior wall thickness, peak velocity of the pulmonary valve
(Vpy), peak velocity of the aortic valve (Vyy), peak velocity of
the left ventricular outflow tract (Viyor), peak velocity of the
mitral valve (Vyy), and peak velocity of the tricuspid valve
(Vv). The Simpson method was used to calculate LVEF and
left fractional ventricular shortening (LVES).

2DSTI layered strain technology

Neonatal apical 4-chamber (4CH), left long ventricular axis
(long apical axis, APLAX), and apical 2-chamber (2CH)
2D dynamic grayscale images were acquired according
to the standard procedure. Three cardiac cycles were
recorded separately and stored on the mobile hard drive in
DICOM format. The stored 2D images were imported into
the EchoPAC workstation and analyzed offline with the
Qanalysis software using the 2D layered strain mode. First,
the 2D grayscale image of the long axis view of the left
ventricle was analyzed, and 3 points of the endocardium at
the lateral mitral valve annulus, the apex, and the posterior
mitral valve annulus were manually selected. The system
automatically outlines the edge of the endocardium and
determines the epicardium boundary, and the generated
area of interest is synchronized with the ventricular wall.
The system defaults to the ventricular septum, anterior
ventricular septum, anterior wall, lateral wall, posterior wall,
and lower wall. The inferior wall is equally divided into the
basal segment, middle segment, and apical segment. For
each segment, the subendocardial layer, mid-myocardial
layer, and subepicardial layer, speckle tracking analysis was
performed, and the longitudinal peak strain and LS curve of
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Figure 1 APLAX stratified strain measurement method. (A-C) Manually select the endocardium at the 3 points of the anterior septal mitral

value annulus, the apex, and the posterior mitral valve annulus. The system automatically delineates the edge of the endocardium and

determines the epicardial boundary. The generated area of interest moves synchronously with the ventricular wall. If the mosaic is poor,

manually adjust to ensure that each segment can be tracked well. (D-F) By default, the system divides the anterior septum and posterior

wall into the basal segment, middle segment, and apical segment. For each segment, the subintimal and mid-myocardium and subadventitial

myocardium are spot-tracked and analyzed. Longitudinal peak strain and longitudinal strain curves of corresponding cardiac cycle are

displayed.

the corresponding cardiac cycle were displayed (Figure I).
The apical 4CH view and the apical 2CH view were
analyzed in the same way. All parameters were averaged
over 3 cardiac cycles, the data were read and recorded, and
the global longitudinal strain (GLS) of the 3layers of the
myocardium in different ventricular walls, segments, and
sections was calculated. All parameters were measured and
analyzed by 2 attending physicians with extensive experience
in ultrasound diagnosis, blinded to the specific grouping of
the research participants. The dynamic images were stored
in the EchoPAC workstation for measurement and analysis.
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Laboratory tests

After admission, blood gas analysis, routine blood test, liver
function, and myocardial enzyme spectrum were routinely
performed in neonates with HBN. Test results were
correlated with the ultrasound data.

Statistical methods

SPSS STATISTICS 23.0 (SPSS Inc., Chicago, IL, USA)
was used for statistical processing. The measurement data
conforming to the normal distribution, determined by
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Table 1 Comparison of clinical data and conventional echocardiographic parameters (x+s)

Parameters Control group (n=56) Hyperbilirubinemia group (n=134) t/y? value P value
Gestational age (days) 272.95+5.31 271.60+8.39 1.107 0.270
Apgar score 9-10 9-10 - -
Male/female 25/31 74/60 1.620 0.203
Age (days) 5.36+3.09 6.25+3.79 1.567 0.119
Weight (g) 3295.35+336.02 3378.25+440.30 1.263 0.208
BSA (m?) 0.22+0.01 0.22+0.02 1.263 0.208
TCB (mg/dL) 8.82+2.42 18.09+2.40° 24.253 <0.001
AOD (mm) 8.23+0.83 8.75+1.00° 3.418 0.001
LAD (mm) 11.09+1.37 12.00+1.54° 3.836 <0.001
IVSD (mm) 3.18+0.92 3.10+0.47 0.806 0.421
LVEDd (mm) 18.09+1.83 18.84+2.96 1.750 0.082
LVPWT (mm) 3.30+1.16 3.15+0.54 1.252 0.212
LVEDs (mm) 11.39+1.88 12.00+2.47 1.647 0.101
LVEF (%) 68.73+4.87 68.58+5.57 0.175 0.861
LVFS (%) 36.44+4.87 35.97+4.59 0.675 0.500
Vpy (M/s) 0.94+0.11 0.96+0.11 0.582 0.561
Vv (M/s) 0.86+0.14 0.93+0.13° 2.974 0.003
Vior (M/s) 0.52+0.06 0.59+0.09° 5.253 <0.001
Vi (M/s) 0.57+0.04 0.64+0.08° 5.800 <0.001
Vv (M/s) 0.58+0.04 0.63+0.08° 4.366 <0.001

Compared with the control group, *P<0.05. AOD, aortic sinus diameter; IVSD, interventricular septal thickness diameter; LAD, left atrial
end-systolic diameter; LVED, left ventricular end-systolic diameter; LVEDd, left ventricular end-diastolic diameter; LVEF, left ventricular
ejection fraction; LVFS, left ventricular fractional shortening rate; LVPWT, left ventricular posterior wall thickness; TCB, transcutaneous
bilirubin; V,, peak velocity of the aortic valve; V,,or, peak velocity of the left ventricular outflow tract; V,,, peak velocity of the mitral valve;
Vey, peak velocity of the pulmonary valve; V4, peak velocity of the tricuspid valve.

the single-sample Kolmogorov-Smirnov normality test,
are expressed as the mean + standard deviation (¥«s). The
2 groups were compared using independent samples 7-test,
while comparisons among 3 or more groups were made using
a l-way analysis of variance. The LSD (Least-Significant
Difference) method was used for pairwise comparison if
the difference was statistically significant. For data not
conforming to the normal distribution, the median =
interquartile range was used. The Mann-Whitney U-test was
employed to compare 2 groups, and the Kruskal-Wallis H-test
was used when comparing 3 groups. Enumeration data are
expressed as fractions, and comparisons between groups were
made using ’-test. Pearson correlation analysis was used for

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

continuous data. P<0.05 indicated statistical significance.

Results

Basic clinical data and conventional echocardiographic
parameters

Compared with the control group, the values of TCB,
AOD, LAD, VAV, VLVOT, VMV, and VTV were
significantly higher in the HBN group (P<0.05) than in
the control group. There were no statistically significant
differences in LVEF, LVFES, gestational age, sex ratio, age,
weight, and Apgar score at birth between the 2 groups
(P>0.05) (Table 1).
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Table 2 Comparison of different stratified strains of the left ventricular wall between groups (x=s)

Groups LS (%) endo mid epi F value P value
Control group SEPT -21.36+2.86™ -18.18+2.62° -15.81+2.44° 62.119 <0.001
(n=56) LAT -14.30+5.21% -10.01+3.64° -7.38+3.21° 40.351 <0.001
POST —12.84+5.34® -9.00+4.09° -6.60+3.34° 29.564 <0.001
ANTSEPT -19.63+2.99% -16.57+2.82° —-14.58+2.91% 42.828 <0.001
INF -15.67+4.55% -11.99+3.81° -9.54+3.47° 33.882 <0.001
ANT -20.74+4.28% -17.20+3.95° -14.87+3.69° 30.903 <0.001
Hyperbilirubinemia ~ SEPT -20.19+3.20% -17.13+2.85° -14.87+2.61° 113.850 <0.001
group (n=134) LAT —14.8445.12% -10.29+4.96" ~7.26+3.68° 91.033  <0.001
POST -12.84+5.26™ -8.97+3.92° -6.90+3.35° 67.229 <0.001
ANTSEPT -19.69+3.41% -16.46+3.10° —-14.32+3.02° 96.787 <0.001
INF -16.38+4.45% -13.07+4.23° -10.69+3.99° 61.178 <0.001
ANT -19.34+3.63%® -16.13+3.33° -13.76+3.17° 92.209 <0.001

Compared with mid, ®P<0.05; compared with epi, "P<0.05. ANT,

subadventitial; INF, inferior wall; LAT, side wall; LS, longitudinal strain;

anterior wall; ANTSEPT, anterior partition; endo, subintimal; epi,
mid, middle; POST, posterior wall; SEPT, interventricular septum.

Table 3 Comparison of stratified strains in different segments of the left ventricle (x=s)

Groups LS (%) endo mid epi F value P value
Control group b -9.48+2.37% -8.56+1.68" ~7.89+1.31° 10.447 <0.001
(n=56) m -13.28+2.16® -11.79+1.93° -10.45+1.79° 29.059 <0.001

a -28.48+4.38® -20.69+3.70° -15.64+3.78° 148.982 <0.001
Hyperbilirubinemia b -9.12+2.36® -8.50+2.04° -8.08+1.94° 8.206 <0.001
group (n=134) -13.40+2.11% -11.91:2.31° -10.63+1.88" 58.474 <0.001

a -28.09+3.83% -20.15+3.18° -14.63+2.79° 592.351 <0.001

Compared with mid, *P<0.05; compared with epi, °P<0.05. a, apical segment; b, basal segment; endo, subintimal; epi, subadventitial; LS,

longitudinal strain; m, middle segment; mid, middle.

Longitudinal stratified strain parameters

A total of 10,260 (190 cases x18 segments x3 layers)
stratified myocardium segments were tracked in all neonates
in the present study. Of these, 397 segments that were not
recognized due to unclear 2D images and poor tracking
and display by the software were excluded. Therefore, the
tracking success rate was 96.13%.

Stratified strain in different segments of the left
ventricular wall

The LS of the ventricular septum, sidewall, posterior wall,
anterior septum, inferior wall, and anterior wall decreased

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

sequentially from the subendocardial to the middle and to
the subadventitial myocardium in both groups. All changes
were statistically significant (P<0.05) (Zable 2).

Stratified strain in different segments of the left
ventricle

The LS of the basal, middle, and apical segments decreased
sequentially from the subendocardial to the middle and
to the subadventitial myocardium in both groups, and the
differences were statistically significant (P<0.05) (7able 3).

The overall stratified strain of the left ventricle
The GLS of the left ventricle decreased from the
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Table 4 Intragroup comparison of overall stratified strainsin the left ventricle (x=s)

Groups GLSendo (%) GLSmid (%) GLSepi (%) F value P value
Control group (n=56) -17.54+2.26% -13.82+2.09" -11.46+1.89° 120.874 <0.001
Hyperbilirubinemia group (n=134) —17.35+2.44% -13.67+2.07° -11.30+1.87° 270.955 <0.001

Compared with GLSmid, *P<0.05; compared with GLSepi, °P<0.05. endo, subintimal; epi, subadventitial; GLS, global longitudinal strain;

mid, middle.
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Figure 2 Comparison of different wall strain groups in each layer
of the left ventricle. ANT, anterior wall; ANTSEPT, anterior
partition; endo, subintimal; epi, subadventitial; INF, inferior
wall; LAT, side wall; LS, longitudinal strain; mid, middle; POST,

posterior wall; SEPT, interventricular septum.

subendocardial to the middle to the subpericardial
myocardium in both groups, and the differences were
statistically significant (P<0.05) (7able 4).

Wall strains in each layer of the left ventricle

The difference in stratified LS between the 2 groups was
statistically significant (P<0.05) in most wall segments. The
2 groups of wall LS of the ventricular septum, anterior wall
(or anterior septum), inferior wall, lateral wall, and posterior
wall, showed a decreasing trend (Figure 2).

Strains in different segments of each layer of the left
ventricle

The stratified LS gradually increased from the basal to the
apical segment in both groups, and the differences were
statistically significant (P<0.05) (Figure 3).

Longitudinal stratified strain parameters in the control
and HBN groups

Comparison of stratified strains of different segments
of the left ventricular wall

Compared with the control group, the LS of the ventricular
septal myocardium was significantly reduced in the HBN
group (P<0.05). The LS of the subintimal and mid-

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Figure 3 Comparison of different segments in each layer of the
left ventricle. a, apical segment; b, basal segment; endo, subintimal;
epi, subadventitial; LS, longitudinal strain; mid, middle; m, the

middle segment.

myocardium of the lateral wall increased, while the LS of the
subadventitial myocardium decreased, but these differences
were not statistically significant (P>0.05). The LS of the
posterior mid-myocardium decreased, and the LS of the
subadventitial myocardium increased, but the difference
was not statistically significant (P>0.05). The LS of the
subintimal anterior septum increased but decreased in the
mid-myocardium and subadventitial myocardium; however,
these differences were not statistically significant (P>0.05).
The LS of the 3 layers of the inferior myocardium increased,
but the difference was not statistically significant (P>0.05).
The LS in the layers of the anterior myocardium decreased,
and a statistically significant difference was found between
the subintima and subpericardium (P<0.05) (Figure 4).

Stratified strain in different segments of the left
ventricle

In comparison with the control group, the LS of the basal
segment of the endocardium and the mid-myocardium
decreased in the HBN group, and LS of the subadventitial
myocardium increased; however, these differences were
not statistically significant (P>0.05). The LS of the 3 layers
of the apical segment of the myocardium was reduced,
but only the difference in the LS of the subadventitial
myocardium was statistically significant (P<0.05) (Figure 5).
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W HBN group
H Control group

Figure 4 Comparison of different stratified strains in the left ventricle. AN'T, anterior wall; ANTSEPT, anterior partition; endo, subintimal;

epi, subadventitial; HBN, hyperbilirubinemia; INF, inferior wall; LAT, side wall; LS, longitudinal strain; mid, middle; POST, posterior wall;

SEPT, interventricular septum.
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Figure 5 Comparison of the stratified strain in different segments
of the left ventricle between the 2 groups. a, apical segment;
b, basal segment; endo, subintimal; epi, subadventitial; HBN,
hyperbilirubinemia; m, middle segment; mid, middle; LS,

longitudinal strain.

07 == HBN group
5 mm Control group
S
5—10-
—154

-20 T T T
GLSendo  GLSmid GLSepi

Figure 6 Comparison of the global longitudinal stratified strain
between the control group and the HBN group. GLS, global
longitudinal strain; endo, subintimal; epi, subadventitial; HBN,

hyperbilirubinemia; mid, middle.

The overall stratified strain of the left ventricle
In comparison with the control group, the GLS of

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

the subintimal, mid-myocardium, and subadventitial
myocardium was reduced in the HBN group, but the
difference was not statistically significant (P>0.05) (Figure 6).

Correlation analysis

Pearson correlation analysis showed that serum pH was
positively correlated with the LS of the posterior wall of the
left ventricle, the left ventricular media, and adventitia of
the left ventricular 3-chamber (3CH) view, and the intima
and adventitia of the middle segment (r=0.28-0.39, all
P<0.05). The percentage of reticulocytes (RC) was negatively
correlated with the LS of the posterior intima, anterior
intima, 3-lumen intima, anterior media, and adventitia
basal segment (r=—0.24 to —0.28, all P<0.05).Aspartate
aminotransferase (AST) was negatively correlated with the
LS of the intimal septum, media septum, adventitial septum,
and adventitial basal segment (r=—0.18 to —0.26, all P<0.05).
Alanine aminotransferase (ALT) was negatively correlated
with LS in the lateral wall of the intima and the lateral
wall of the media (r=-0.22 to —-0.27, both P<0.05). Lactate
dehydrogenase (LDH) was negatively correlated with LS
of the adventitial septum, basal media, and adventitial basal
segment (r=—0.18 to —0.24, all P<0.05). Total bilirubin
(TBIL) was negatively correlated with the LS of the
adventitia of the ventricular septum and the adventitia on
the 4CH view of the heart. Indirect bilirubin (IBIL) was
negatively correlated with the LS of the adventitia, 4CH
adventitia, and 3CH media (r=—0.17 to —0.24, all P<0.05).
Creatine kinase (CK) was negatively correlated with the LS
of the posterior media wall, posterior wall of adventitia, and
3CH adventitia (r=—0.18 to —0.22, all P<0.05). There was
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Table 5 Correlation analysis of layered longitudinal strain in
hyperbilirubinemia group and laboratory examination results

Index Strain parameters r value P value
pH LSendo-POST 0.280 0.039
LSmid-POST 0.379 0.004
LSmid-APLAX 0.299 0.026
LSepi-POST 0.397 0.003
LSepi-APLAX 0.309 0.022
LSmid-m 0.299 0.027
LSepi-m 0.308 0.022
RC LSendo-POST -0.228 0.048
LSendo-ANTSEPT  -0.254 0.027
LSendo-APLAX -0.279 0.015
LSmid-ANTSEPT -0.231 0.045
LSepi-b -0.241 0.036
AST LSendo-SEPT -0.241 0.029
LSmid-SEPT -0.219 0.048
LSepi-SEPT -0.264 0.016
LSepi-b -0.179 0.036
ALT LSendo-LAT -0.270 0.014
LSmid-LAT -0.219 0.048
LDH LSepi-SEPT -0.242 0.028
LSmid-b -0.180 0.037
LSepi-b -0.221 0.010
TBIL LSepi-SEPT -0.223 0.045
LSepi-4CH -0.239 0.032
IBIL LSepi-SEPT -0.232 0.037
LSepi-4CH -0.242 0.029
LSmid-APLAX -0.170 0.049
CK LSmid-POST -0.178 0.046
LSepi-POST -0.215 0.015
LSepi-APLAX -0.204 0.021

ALT, alanine aminotransferase; ANT, anterior wall; ANTSEPT,
anterior partition; APLAX, apical long-axis view; AST, aspartate
aminotransferase; b, basal segment; CK, creatine kinase; endo,
subintimal; epi, subadventitial; IBIL, indirect bilirubin; INF, inferior
wall; LDH, lactate dehydrogenase; m, middle segment; mid,
middle; POST, posterior wall; LAT, side wall; LS, longitudinal
strain; RC, reticulocytes; SEPT, interventricular septum; 2CH,
apical 2-chamber view; 4CH, 4-chamber view.
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no significant correlation between CK isoenzyme and LS of
each layer of the left ventricle (all P>0.05) (1able 5).

Discussion

Bilirubin is the most important product of hemoglobin
decomposition in the human body, and approximately
80% of bilirubin originates from the hemoglobin of aging
red blood cells (14). The metabolism of bilirubin in the
neonatal period differs from that in adults (15). More
than half of newborns experience varying degrees of the
increase in serum bilirubin, which can cause yellowing of
the skin, mucus membranes, sclera, and other tissues. This
condition is called neonatal jaundice. Animal experimental
studies have demonstrated that a mild increase in bilirubin
could improve myocardial stress resistance, reduce the risk
of cardiovascular events and, at the same time, increase
the activity of superoxide dismutase (SOD) in myocardial
cells and reduce the content of malondialdehyde. Bilirubin
can scavenge oxygen free radicals in cardiomyocytes,
protects from oxidative damage, and has a variety of
other beneficial physiological functions promoting the
metabolism of newborns (16). However, when bilirubin
increases to concentrations >220.6 pmol/L (12.9 mg/dL), or
256.5 pmol/L (15 mg/dL) in premature infants, HBN
ensues. It is widely believed that neonatal cardiomyocytes
have a lower reserve capacity than adult cells and less
effective compensatory regulation (17). Therefore, HBN is
one of the common causes of myocardial injury in neonates.

2DSTT is based on 2D grayscale images. It tracks and
records the motion trajectory of the speckle echo during
the contraction and relaxation of the myocardial tissue in
the region of interest, frame by frame, and calculates the
displacement amplitude of the speckle and myocardium in
the entire region of interest. The displacement amplitude of
the spots and the degree of myocardial deformation during
segmental myocardial movement can sensitively reflect small
changes in myocardial contraction movement (18). This
technology has a good spatial and temporal resolution and
overcomes the angular dependence of the tissue Doppler
technology, and is relatively independent of the front and
rear load. 2DSTT can sensitively and accurately identify the
myocardial segment with abnormal motion, which can be
used for the early detection of pathological changes. 2DSTT
is an important tool for determining the impairment of
myocardial function and has a good correlation with the
results of cardiac performance measured by magnetic
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resonance imaging and digital subtraction angiography
(19,20). In recent years, this technology has been used to
evaluate left ventricular function in neonates with heart
disease, and its sensitivity is higher than that of conventional
echocardiography (21,22).

The myocardial band theory proposes that each layer of
the myocardium has different anatomical characteristics.
In addition to the distinct roles of each layer of the
myocardium in the left ventricular diastolic and systolic
movements, certain diseases in their early or acute phase
may impact the strain of each layer of the left ventricle
differently, causing loss of structural integrity of the layered
sand local myocardial damage. Stratified strain technology
accurately evaluates myocardial deformation and function
changes at different levels and directly identifies the location
and degree of occult myocardial injury. This technology is
based on the development of 2DSTT that simultaneously
and continuously tracks the stable acoustic spots in the
subintimal, mid-, and subadventitial myocardium to
quantitate the contractile strain and the overall strain of
the heart in 18 segments of the left ventricle in 3 long-
axis views. This information is then used to evaluate
the deformation and functional changes of each layer
of the myocardium (23). Compared with the traditional
overall assessment of the ventricular wall, stratified strain
technology can more accurately identify the 3-layer
anatomy of the left ventricular myocardium, providing
adequate means for the early detection of subclinical
myocardial injury. This technology has broader clinical
application prospects and numerous advantages. It has been
used to evaluate the myocardial mechanical state in patients
with coronary heart disease, hypertension, myocardial
amyloidosis, and other diseases and in healthy adults (24).

Comparison with conventional echocardiograpbic test
results

The present study results indicate that the inner diameters
of the aortic sinus and left atrium and the flow velocities of
the mitral, tricuspid, and aortic valves and left ventricular
outflow tract in the HBN group were higher than those
in the control group. Although the values were within the
normal range, the difference was statistically significant
(P<0.05). These findings indicate that the body of HBN
neonates is in a higher metabolic state and stress state, the
left ventricular volume load is significantly elevated, and
the flow velocity of each valve orifice is increased. LVEE,
reflecting the global left ventricular systolic function,
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becomes abnormal only when cardiomyocytes are severely
damaged or the disease is relatively advanced (25).
Myocardial injury is difficult to reverse at that time. The
LVEF in the HBN group was in the normal range and
was not statistically different from that of the control
group, indicating that the overall left ventricular systolic
function was not affected by HBN. Therefore, the LVEF
measurement cannot detect the difference in left ventricular
systolic function between the 2 groups.

Comparison of myocardial longitudinal stratified strain
detection results

Characteristics of the stratified strain of left ventricular
myocardium in newborns

The results indicated that, regardless of the presence of
hyperbilirubinemia in the neonates, the strain curves of the
18 segments of the left ventricular wall in the longitudinal
direction were approximately the same, that is, myocardial
shortening during the systole is represented by a negative
trend curve below the 0 lines, and a positive trend curve
represents myocardial elongation during the diastole.
The strain of each ventricular wall and wall segment, and
the overall stratified strain, all have the same gradient
characteristics, which are essentially the same as in normal
adults and neonates; that is, myocardial LS decreases from
the subendocardial to subepicardial myocardium (P<0.05).
This transmural difference in the strain may be related to
the different radii of curvature in each myocardial layer and
different local myocardial strain tensions. Anatomically, the
normal left ventricular wall myocardium is not uniform,
and the 3 layers of myocardial fibers are dissected in a spiral
pattern. The 3 layers of the myocardium with different
structures comprising the left ventricle are folded onto
each other and correspond to the endocardial myocardium
with the right-handed spiral arrangement, annular middle
myocardium perpendicular to the long axis of the heart, and
epicardial myocardium with a left-hand spiral arrangement.
The differences in strain between the segments are
statistically significant (26-28). The LS increases from the
basal segment to the apex of the heart, as also indicated by
Addetia et al’s study (29). A possible reason for this increase
is that each segment of the left ventricle faces the geometric
center near the apex during systole and moves away from
the center during diastole (30). Therefore, the basal segment
has the smallest deformation, and the apical segment has
the largest. At the same time, the myocardial fibers at the
base of the left ventricle travel in a circular direction. This
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pattern is dominant, and since the myocardial fibers in the
apex are dominant in oblique movement, the LS value in
the apical segment will be slightly higher than in other
segments, which may be related to the apparent advantage
of the oblique fiber distribution. The LS of the ventricular
septum, anterior wall (or anterior septum), inferior wall,
sidewall, and posterior wall of the myocardium showed a
decreasing trend (P<0.05), a result similar to those obtained
in previous studies (31). The uneven deformation and the
gradient change of LS in each ventricular wall, segment, and
a layer of the myocardium, as well as the maintenance of the
longitudinal strain gradient, are essential for coordinating
the overall left ventricular contraction movement and the
maintenance of the normal ejection function (32).

Vertical stratified strain in neonates with HBN

The present study’s findings indicated that there were
segmental differences in the effect of HBN on myocardial
contractility in neonates. The LS of the full thickness of the
ventricular septum and the inferior intima and adventitia of
the anterior wall myocardium was significantly decreased in
HBN (P<0.05). The reason for this change may be related
to coronary hemodynamics and cardiac anatomy. The left
anterior descending coronary artery supplies the anterior
wall. The left anterior descending branch and its branches
provide more than 50% of the blood supply of the left
ventricular wall. Pinto and Campos showed that the blood
flow along the wall of the left anterior descending branch
vessel wall gradually decreases as the blood vessel extends
to the distal end, and lower shear stress can inhibit the
function of vascular endothelial cells, making them more
susceptible to chemical stimulation (33). Therefore, in
the presence of HBN, the left anterior descending branch
vessel is more susceptible to injury than other coronary
arteries. If the disease-related changes are severe, blood
flow stasis often occurs in areas with lower wall shear
stress, and toxic substances are more likely to linger for a
longer time. This condition aggravates a local myocardial
injury, resulting in a localized decrease in LS. In addition,
the ventricular septum and the anterior wall are closer to
the right ventricle than other ventricular walls, and the
right ventricular wall is thinner and more compliant. The
ventricular septum and anterior wall have low tolerance
and compensatory power for load changes and myocardial
toxicity (34). The comparison among segments showed that
the LS of the 3-layer myocardium in the apical segment was
lower in the HBN group than in the control group, and the
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difference in the adventitial apical segment was statistically
significant (P<0.05). Considering that the apical segment
has a lower blood supply than the basal segment of the left
ventricle, its contractility may be the first to be damaged by
cardiotoxicity.

Previously published studies have indicated that the
subendocardial myocardium bears greater wall tension
and work than the mid-myocardium and subadventitial
myocardium and is more susceptible to adverse factors,
such as ischemia and hypoxia toxicity, and metabolism
(24,35). At the early stage of the impairment of systolic
function, the damage mostly affects the endomyocardium.
However, the findings in the present study indicated that
the wall and segmental LS were significantly reduced in the
HBN group. Myocardial damage was concentrated in the
intimal and adventitial regions, while the mid-myocardium
was less affected. The likely reason for this difference is
that longitudinal myocardial fibers are mainly present
in the subendocardial and subepicardial myocardium of
the left ventricular wall. These longitudinal myocardial
fibers innervate the corresponding myocardium showing
longitudinal motion, while the middle layer is composed
of circular fibers responsible for the circular motion of
the myocardium. Therefore, the LS sensitivity of the
subendocardial and subpericardial regions is higher than
that of the middle myocardium (36).

The GLS represents the average strain value of each
ventricular wall segment along longitudinal fibers and
represents an index of the overall left ventricular systolic
function. Although the GLS of each layer in the HBN
group was lower than that in the control group, this
difference was not statistically significant (P>0.05), as the
3 layers of the heart muscle fibers pull each other and
cooperate. The deformation of different muscle layers is a
combined effect of their actions and the deformation of the
adjacent myocardium (37). In the current study, neonates in
the HBN group showed a decrease in the strain in only part
of the ventricular wall, reflecting segmental myocardium
damage, while other parts of the myocardium were
subjected to an increased stratified strain. The segmental
character of the injury limits the damage to the ventricular
wall, which a compensatory enhancement of contraction
can counteract. This phenomenon also explains why the
local contractile function of the myocardium in neonates
in the HBN group was impaired while the LVEF remained
within the normal range. It shows that myocardial damage
in neonates with HBN is relatively mild and does not result
in any obvious clinical manifestations, such as arrhythmia or
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cardiac insufficiency, further demonstrating that myocardial
longitudinal stratified strain is a more sensitive index of
myocardial function compared with LVEFE.

Correlation of stratified strain with laboratory indicators

Several longitudinal stratified strain parameters of the
left ventricle correlated with serum pH, the percentage
of RC, AST, ALT, LDH, muscle CK, TBIL, and IBIL,
but the correlation was not statistically significant (all
r<0.5). Previously published studies demonstrated
that bilirubin at high concentrations could change cell
membrane permeability, enter the cytoplasm and nucleus,
and interfere with the normal oxidation reaction in the
mitochondria, affecting the energy metabolism of the cell
(33,34). Furthermore, bilirubin can reduce SOD activity,
resulting in a significant accumulation of oxidative free
radicals. Bilirubin increases the red blood cell aggregation
index, decreases the red blood cell deformation index,
and increases plasma viscosity, slowing down blood flow.
The latter effect triggers microcirculation disorders and
aggravates tissue hypoxia.

Additionally, at excessive concentrations, bilirubin binds
plasma albumin and affects metabolism by antagonizing
molecules that need to be combined with albumin for their
activity. Importantly, HBN is induced by various factors,
such as hemolysis, infection, and breastfeeding, which
can cause complex and diverse pathological changes, such
as acidosis and liver damage (35). Therefore, myocardial
contractility is affected by many factors capable of
increasing the concentration of bilirubin. Moreover,
increased bilirubin may not be the only cause of myocardial
damage, and the mechanisms underlying myocardial injury
remain to be further explored.

Limitations

The present study has some limitations. First, 2DSTI
layered strain technology has high requirements for image
clarity and relies on a higher frame rate. Because the
intercostal space in newborns is narrower and more difficult
to access than in adults, obtaining clear images on the short
axis was problematic, and the circumferential strain could
not be assessed. Second, the system software automatically
performs linear average layered imaging analysis of the
myocardium, which may not correspond precisely to
the cardiac tissue’s actual anatomical layers. Myocardial
movements occur in 3D, but the study utilized 2D layered
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strain imaging to track the planar myocardial spots, limiting
to a certain extent the accuracy of the measurements of
myocardial movement. Third, follow up of neonates with
HBN was not performed, and the long-term outcomes
of the effect of HBN on the contractile function of the
myocardium require further research. In the future, these
are still the main research directions of our research team,
and we will continue to work hard for this.
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