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Fig. 3 Changes in heart rate, mean blood pressure, respiratory rate,
and SpO,. The box shows the median (central line) with interquartile
range (25-75th percentile) and the whisker represents the 5-95th
percentile. Vertically filled square heart rate, diagonally filled square
mean blood pressure, fully filled square respiratory rate, empty filled
square SpO,. *¥p < 0.01, ***p < 0.001

Changes in standard echocardiographic
measurements (Table 2)

Echocardiography was performed at 1.0 {0.9-1.2] h, 3.0
[3.0-3.2] h, 6.0 [6.0-6.1] h, 9.0 [9.0-9.5] h, 12.0
[11.9-12.3] h, 24.3 [24.0-25.8] h, 48.4 [47.6-49.7] h, and
72.0 [71.5-78.0] h after birth. The LA/Ao ratio decreased
significantly from 1.5 £03 at 1hto 1.2+£02 at 9h
(p =0.028),1.3 £ 0.2at24 h (p = 0.049), and 1.1 £ 0.2
at 48 h (p = 0.001). RVFAC increased from 38.5 + 9.8 at
1 hto42.1 =89 at 48 h (p = 0.017), and 47.7 £ 3.6 at
72 h (p = 0.002). The AcT/RVET ratio increased signifi-
cantly from 0.21 £ 0.05 at 1 h to 0.33 = 0.09 at 24 h
(»p =0.005), 0.35+0.10 at 48h (p <0.001), and
0.31 £ 0.10 at 72 h (p = 0.002). The LVDd, LVSF and
TAPSE did not change during the 72 h after birth. Tissue
Doppler-derived MPI at the three measurement points did
not change during the study period.

Changes in 2D speckle-tracking strain
measurements (Table 2 and Fig. 4)

The bright line was visible in the middle of the VS in the
four-chamber view in all subjects. The peak LS on the right
side and the left side of the VS and RV free wall did not
change during the 72 h after birth. The peak LS was sig-
nificantly larger on the left side of the VS than on the right
side of the VS at 1 h (=227 £ 5.7 vs —17.9 £ 45 %,
p=0.047), 48h (—19.8+£3.1 vs —173+45 %,
p = 0.048), and 72 h (—209 £ 3.0 vs —14.7 + 4.6 %,
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p = 0.002). The peak LS remained significantly larger on
the RV free wall than on the right side of the VS
throughout the study period (p < 0.01). The global LV
peak LS did not change during the first 72 h of life.

Feasibility and reproducibility of 2D speckle-
tracking strain measurements (Table 3)

Strain measurement was feasible in the majority of
acquired images—141/150 images (94 %) of the VS,
118/137 images (86 %) of the RV free wall, and 132/144
images (92 %) of the LV. The feasibility of images of the
VS was significantly higher compared to that of the RV
free wall (p = 0.01). For intra-observer reproducibility,
Bland—-Altman analysis showed minimal bias (<10 %), and
the ICC showed moderate to substantial agreement in four
strain measurement sites (0.560-0.744). For inter-observer
reproducibility, Bland—Altman analysis showed minimal
bias (<10 %), and the ICC showed substantial agreement
in three speckle-tracking strain measurement sites
(0.717-0.758), except the RV free wall, in which the ICC
showed modest agreement of 0.455.

Changes in the ductus arteriosus and foramen ovale
over time

PDA was seen in 21 infants at 1 h, 18 infants at 3 h, 17
infants at 6 h, 14 infants at 9 h, 13 infants at 12 h, 7 infants
at 24 h, 3 infants at 48 h, and 1 infant at 72 h. Compared
with 1 h, cases of patency were significantly decreased at
12 h (p = 0.033), 24 h (p < 0.001), 48 h (p < 0.001), and
72 h (p < 0.001). Symptomatic PDA was not seen in any
case. The left to right shunt through the foramen ovale was
observed constantly in all infants during the study period.

Analysis of factors affecting echocardiographic
measurements and correlations of regional strain
values (Tables 4, 5)

On multiple regression analysis, LVDd and TAPSE
appeared significantly associated with birth weight. LVDd
was associated with PDA at 12 h and use of n-DPAP at
48 h. Peak LS on the right and left side of the VS was
significantly associated with use of n-DPAP in an opposite
direction. The associations between peak LS and oxygen
administration were inconsistent between the right side of
the VS and the RV free wall. The RV free wall peak LS
and the global LV peak LS were significantly associated
with MPI lateral tricuspid and MPI septal mitral, respec-
tively. The peak LS on the right side of the VS was asso-
ciated with TAPSE, and the RV free wall peak LS was
associated with AcT/RVET. Correlation analysis showed a
significant correlation between peak LS on the right side
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Table 2 Echocardiographic
data during the first 72 h of life

VS and on the RV free wall at 72 h (r = 0.593, p < 0.001),
and peak LS on the left side of the VS and on the global LV
at 72 h (r = 0.55, p = 0.007).

Discussion

In the present study, peak LS was maintained at the four
analyzed regions during the first 72 h of life despite sig-
nificant hemodynamic changes, including decreased heart

Postnatal age (h) 1 3 6 9

LVDd (cm) 1.6 +£ 0.2 1.6 + 02 1.6 £03 1.5+02
LVSF (%) 32.0 [25.3-38.0] 28.0 [26.4-38.8] 28.5 [22.3-36.7] 28.7 [24.0-32.8]
LA/Ao 1.5+03 1.3 +02 12 +03 1.2 +£0.2*
TAPSE (cm) 0.73 + 0.10 0.69 £+ 0.10 0.71 £ 0.07 0.66 + 0.07
RVFAC (%) 38.5+9.38 414 £ 63 319+ 69 38.4 + 8.5
ACT/RVET 0.21 £ 0.05 0.22 + 0.04 0.27 + 0.06 0.27 + 0.09
MPI lateral tricuspid 047 £ 0.10 0.44 + 0.10 0.47 £ 0.06 0.49 + 0.08

MPI septal mitral
MPI lateral mitral

0.54 [0.45-0.70]
0.46 [0.42-0.54]

0.48 [0.39-0.56]
0.51 [0.50-0.571

0.62 [0.57-0.67]
0.51 [0.40-0.60}

0.54 [0.50-0.58]
0.51 [0.43-0.61]

VSR peak LS (%) —17.9 + 457 —162 + 4.3 ~14.6 + 4.6 —163 % 4.0
VSL peak LS (%) —22.7 457 —17.6 £ 34 ~16.5 +39 —19.0 £ 69
RVFW peak LS (%)  —22.0 + 4.7} —21.9 + 5.8¢ —~19.3 & 3.6% —22.4 + 3.0%
GLV peak LS (%) —23.8 + 4.0 —24.2 + 4.1 ~204 + 62 —23.0+20
Postnatal age (h) 12 24 48 72

LVDd (cm) 1.6+ 0.2 15402 1.5+ 0.1 15403
LVSF (%) 269 [25.6-30.8]  31.5 [26.9-37.2]  25.7 [22.8-31.3]  30.0 [28.6-31.5]
LA/Ao 12402 1.3 = 0.2% 11 & 0.2%* 12403
TAPSE (cm) 0.75 & 0.09 0.76 = 0.07 0.70 + 0.06 0.74 + 0.10
RVFAC (%) 434 +59 415+ 9.3 42.1 + 8.9% 477 = 3.6%*
ACT/RVET 0.27 =+ 0.07 0.33 =& 0.09%* 0.35 + 0.10%** 031 = 0.10%*
MPI lateral tricuspid ~ 0.44 =+ 0.06 0.40 & 0.12 0.46 + 0.13 0.41 & 0.07

MPI septal mitral
MPI lateral mitral
VSR peak LS (%)
VSL peak LS (%)
RVFW peak LS (%)
GLV peak LS (%)

0.50 [0.42-0.59]
0.45 [0.40-0.55]
—18.8 £39
—225+54
—21.7 + 5.0
—24.9 %+ 3.1

0.46 [0.38-0.53]
0.47 [0.41-0.49]
—177 £ 4.6
—21.0 £5.1
~247 + 4.7}
—234+£32

0.43 [0.38-0.53]
0.54 [0.50-0.60]
—173 £ 4,57
—19.8 & 3.1
~20.8 & 2.6
~238 % 5.1

0.49 [0.48-0.56]
0.47 [0.40-0.56)
—14.7 + 4611
—20.9 + 3.0
—229 + 5.1%
—249 +32

Data are presented as mean = standard deviation or medians (inter-quartile range)

LVDd left ventricular end-diastolic dimension, LVSF left ventricular shortening fraction, LA/Ao left atrial/
aortic root ratio, TAPSE tricuspid annular plane systolic excursion, RVFAC right ventricular fractional area
change, AcT/RVET acceleration time/right ventricular ejection time ratio, MPI myocardial performance
index, VSR right side of ventricular septum, VSL left side of ventricular septum, RVFW right ventricular
free wall, GLV global left ventricle, LS longitudinal strain
*p <005, ¥ p <0.01, ¥* p < 0.001 compared with 1 h after birth
T VSR peak LS compared with VSL peak LS, p < 0.05

T VSR peak LS compared with VSL peak LS, p < 0.01

¥ VSR peak LS compared with RVFW peak LS, p < 0.01

rate and increased mean blood pressure, and decreased
pulmonary artery pressure and PDA closure as assessed by

conventional echocardiography. The peak LS was signifi-
cantly larger on the left side of the VS than on the right side
of the VS at 1, 48, and 72 h after birth. To the best of our
knowledge, this is the first report of serial measurement of
systolic LS on both sides of the VS, RV, and LV in preterm
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infants using 2D speckle-tracking echocardiography.
There are few studies of 2D speckle-tracking echocar-
diography examining fetal or neonatal myocardial
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Fig. 4 Changes in 2D speckle-tracking strain measurements on the
right side and the left side of the ventricular septum. The peak
longitudinal strain is significantly larger on the left side than on the
right side of the ventricular septum at 1, 48, and 72 h after birth. The
bar shows the mean =+ standard deviation. Fully filled circle, right
side of the ventricular septum; empty filled circle, left side of the
ventricular septum. *p < 0.05, **p < 0.01

performance. In normal fetuses, Di Salvo et al. [8] studied
LS in RV, VS and LV during 20-32 weeks of gestation and
found significant correlations between gestational age and
LS (n = 100). In healthy term infants, Schubert et al. [9]
found that LS values at a mean 170 (range 135-207) h after
birth were significantly larger in the RV than in the LV and
VS (n = 30). These values were significantly decreased
compared to fetal values of the same infants at 28 weeks of
gestation. Jain et al. {10] reported that RV free wall LS was
maintained between 15+ 2h and 35+ 2h of age in
healthy term newborns (n = 50). In preterm infants, Levy

et al. [11] reported high feasibility and reproducibility of
RV LS measurement in 50 infants with 27 &+ 1 gestational
weeks and 0.96 £ 0.2 kg birth weight at 32 weeks
(142 £+ 0.3 kg body weight) and at 36 weeks postmen-
strual age (2.21 + 0.3 kg body weight), but exact values
and comparisons between LS measurements at two time
points were not included. Using tissue Doppler imaging, it
has been found that LS of the VS, RV, and LV did not
change between 10 and 45 h post-delivery in 54 preterm
infants with a median gestation and birth weight of
26.5 weeks and 915 g, respectively. All infants in this
study received early surfactant prior to the first echocar-
diography, 61 % received mechanical ventilation, and all
infants had large unconstricted PDA at 10 h of age [4]. The
results of the present study and those of previous studies [4,
9, 10] might indicate that abrupt changes in LS occur at the
time of cord clumping and removal of the placenta and that
LS is maintained at the VS, RV, and LV to some extent
despite significant hemodynamic changes during the tran-
sition period in preterm infants. This study reveals that the
peak LS of the VS, RV, and LV is relatively independent of
hemodynamic changes and can therefore serve as an index
for myocardial evaluation during the transition in preterm
infants.

Longitudinal deformation was significantly larger on the
left side of the VS than on the right side of the VS at 1, 48,
and 72 h after birth. This is contrary to previous findings
from normal subjects [5, 7]. Boettler et al. [5] found similar
LS on the right and on the left VS in healthy adults
(n = 30, age range 18-53 years) using Doppler myocardial
imaging. Hayabuchi et al. [7] reported similar findings in
normal children (n = 132, age range 1.0-10.0 years) using
2D speckle-tracking echocardiography. They speculated

Table 3 Intra-observer and

inter-observer variabilities lst 2nd p value Bias (95 % LOA) fce
Mean + SD Mean + SD
Intra-observer variability
VSR peak LS (%) —18.5 + 4.2 —183 + 43 0.919 0.2 (=79 t0 8.3) 0.560
VSL peak LS (%) -209 + 44 -20.0 + 3.8 0.628 0.9 (—4.9 t0 6.7) 0.744
RVFW peak LS (%) —-233 + 3.6 —219+3.6 0.389 14 (—43t07.1) 0.628
GLV peak LS (%) —26.0 £2.2 —247 + 28 0.263 1.3 (—1.5t0 4.0) 0.739
Observer 1 Observer 2 p value Bias (95 % LOA) IcC
Mean =+ SD Mean + SD
Inter-observer variability
VSR peak LS (%) —183 £ 43 —17.4 + 3.1 0.576 1.0 (—4.1 to 6.0) 0.758
VSL peak LS (%) —20.0 + 3.8 —204 + 3.0 0.814 —0.4 (—5.6t04.9) 0.717
RVFW peak LS (%) —219 £ 3.6 —21.0+ 45 0.604 1.0 (=75 t0 9.4) 0.455
GLV peak LS (%) —24.7 £ 2.8 —252 437 0.736 —0.5 (—4.9 t0 4.0) 0.717

VSR right side of ventricular septum, VSL left side of ventricular septum, RVFW right ventricular free wall,
GLV global left ventricle, LS longitudinal strain, LOA limits of agreement, ICC intraclass correlation

coefficient
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:f?:clfi:g Sclgggz dl;icgt;r;hic Postnatal age (h) Dependent variable Independent variable B P R?

measurements TAPSE Birth weight 0.921 <0.001 0.734

6 GLV peak LS Use of n-DPAP 0.59 0.002 0.630

RVFW peak LS O, administration 0.729 0.002 0.495

12 LVDd Birth weight 0.636 0.001 0.534

PDA 0.495 0.005 0.534

48 LVDd Use of n-DPAP —0.525 0.004 0.536

VSR peak LS Use of n-DPAP —0.498 0.018 0.514

O, administration —0.728 0.002 0.514

72 LVvDd Birth weight 0.769 <0.001 0.568

VSL peak LS Use of n-DPAP 0.616 0.014 0.325

B standardized coefficient, R? coefficient of determination, TAPSE tricuspid annular plane systolic
excursion, RVFW right ventricular free wall, VSR right side of ventricular septum, VSL left side of ven-
tricular septum, LVG global left ventricle, LS longitudinal strain, n-DPAP nasal directional positive airway
pressure, PDA patent ductus arteriosus

Table 5 Conventional

. . 2
echocardiographic Postnatal age (h) Dependent variable Independent variable B P R
measurements affecting 1 GLV peak LS MPI septal mitral 1.017 <0.001 0.827
speckle-tracking
echocardiographic VSR peak LS TAPSE —0.749 0.002 . 0.525
measurements RVFW peak LS MPI lateral tricuspid 0.583 0.029 0.285
6 GLYV peak LS MPI septal mitral 0.498 0.047 0.378
12 RVFW peak LS AcT/RVET 0.534 0.033 0.235

B standardized coefficient, R? coefficient of determination, GLV global left ventricle, VSR right side of
ventricular septum, RVFW right ventricular free wall, LS longitudinal strain, MPI myocardial performance
index, TAPSE tricuspid annular plane systolic excursion, AcT/RVET acceleration time/right ventricular

ejection time ratio

that the close connection of both sides of the VS prevented
independent longitudinal movement, and each side affected
the other. Interestingly, however, Hayabuchi et al. [6]
documented in another report that in patients (n = 22, age
9.0 + 4.2 years) with a hemodynamically significant atrial
septal defect, LS on both sides of the VS was significantly
larger than in controls. Furthermore, LS on the left side of
the VS was significantly larger than on the right side of the
VS.

A geometric model showed that the right and left sides
of the VS respond differently to various conditions [21]. At
birth, the systemic vascular resistance abruptly increases
with discontinuation of the low-resistance placental circu-
lation. Data for right ventricular preload are less conclu-
sive, but it seems that preload drops with clamping of the
umbilical cord and rises within hours to supra-fetal levels
[9]. The rapid decrease in pulmonary vascular resistance
and the increase in pulmonary blood flow augments pre-
load to the left side of the heart. The increased ductal left-
to-right shunt also enhances venous return to the left
atrium, which will raise left atrial pressure. If the foramen
ovale is patent, an atrial left-to-right shunt may raise right
ventricular output to levels above those of systemic venous

return [14, 22]. All subjects in the present study had a
patent foramen ovale until 72 h of age. Although the
magnitude of the shunt was not quantified, both ductal and
atrial shunts might have caused a significant right ven-
tricular volume overload and affected LS of the VS along
with left ventricular pressure and volume overload. It is
also plausible that inotropic stimulation with the cate-
cholamine surge induced by delivery affects strain mea-
surements immediately after birth. During the following
days, the loading conditions of the right and left ventricles
further changed along with a further decrease in pulmonary
vascular resistance and closure of the ductal shunt. All
these responses might have altered the myocardial perfor-
mance of the RV and LV and affected the longitudinal
deformation of the VS. The different deformation between
the bilayered VS might indicate the presence of the delicate
pressure and volume adaptation, which is not shown on the
RV free wall and global LV deformation.

The peak LS on the right and left sides of the VS was
significantly associated with use of n-DPAP at 48 and 72 h,
respectively, in an opposite direction. The global LV peak
LS and LVDd were also significantly associated with use
of n-DPAP at 6 and 48 h, respectively. To our knowledge,

' @ Springer
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the impact of n-DPAP on myocardial deformation in pre-
term infants was not addressed previously. In adult patients
with obstructive sleep apnea, a few studies demonstrated
that chronic therapy using n-DPAP improved both right
and left ventricular LS [23, 24]. However, the mechanisms
by which n-DPAP alter the hemodynamic status of patients
are complex. It has been shown that incremental positive
end-expiratory pressure affects the right and left ventricular
LS differently and results in a change in right and left
ventricular dimensions inversely in adult patients [25].
Since there were significant correlations between LS on the
right side of the VS and the RV free wall and between LS
on the left side of the VS and global LV at 72 h after birth,
the present results suggest that the right and left sides of the
VS respond differently to the multiple and complex car-
diopulmonary transitions from fetal to neonatal life in
preterm infants and that peak LS on the right and left sides
of VS might be a sensitive parameter to detect subtle
changes in regional myocardial performance in patients
with n-DPAP.

The feasibility and reproducibility of 2D strain mea-
surement in the present study were in agreement with
previous studies [6—11, 26], but feasibility was lower for
the RV free wall than for the VS. For inter-observer
reproducibility, the ICC showed substantial agreement on
both sides of the VS and the LV, whereas the ICC for the
RV free wall was modest. These results might be related to
the method of image acquisition of the RV; a standard
apical four-chamber view was used in order to avoid
interfering with respiration of small infants. The RV
myofiber architecture is characterized by dominant longi-
tudinal layers aligned from the base to apex, which allow
greater longitudinal than radial shortening and twisting and
rotational movements [10]. It is important to define the full
extent of the RV free wall to avoid the loss of the optimum
number of RV segments through the cardiac cycle for
tracking the longitudinal movement [10, 27]. The standard
apical four-chamber view might have failed to include the
entire RV free wall in its imaging plane and led to poor
speckle-tracking. Recently, an RV-focused view has been
advocated for high clinical feasibility and reproducibility
[10, 15].

Study limitations

Several study limitations should be addressed. First, this
study included a small number of infants in a single center,
and a larger study is needed to determine the myocardial
response during the transitional period in preterm infants.
Second, a standard apical four-chamber view was used and
not a RV-focused view or any other view, which might have
affected LS measurements of the RV free wall. Third, the
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focus was on mid-ventricular regions of the VS and RV free
wall. The myofibers in the base and mid regions of the VS
have longitudinal orientation, and the fibers of its apex have
circumferential orientation, according to Torrent-Guasp
et al. [28]. A recent meta-analysis showed a significant base
to apex segmental strain gradient in the RV free wall in
normal children [29]. Comparisons with strain values from
different regions are necessary to determine the global
myocardial performance in preterm infants. Fourth, in this
study, we measured the LS and analyzed its correlation with
clinical and conventional echocardiographic characteristics.
However, the circumferential strain of both sides of VS
might have the different pattern in this period. Hayabuchi
et al. [6] reported that the longitudinal deformation of both
sides of VS was similar in normal children, whereas cir-
cumferential strain was significantly different. Finally, a
commercially available ultrasound system and vendor-cus-
tomized software, which are different from those used in
most previous pediatric studies, were used [8—10]. Since
strain measurements are reported to be significantly different
for each of the vendors [30], care should be taken when
comparing results between studies.

Conclusion

Preterm infants without mechanical ventilation, inotropic
agents, or symptomatic PDA showed stable LS on both
sides of the VS, RV free wall, and LV despite hemody-
namically significant changes during the first 72 h of life.
LS was significantly larger on the left side of the VS than
on the right side of the VS at 1, 48, and 72 h after birth, and
the responsible mechanisms and clinical implications
should be elucidated in further studies.
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