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ABSTRACT
Background: This study evaluated echocardiographic changes in full-term healthy 
neonates during early transitional period from postnatal 0–72 hours at 12-hour intervals by 
echocardiography.
Methods: This was a prospective, observational, and longitudinal single-center cohort study. 
Morphometric, functional, systolic, diastolic, and tissue Doppler imaging (TDI) parameters 
(patent ductus arteriosus [PDA], aorta, superior vena cava [SVC], stroke volume [SV], cardiac 
output [CO], cardiac index [CI], early diastolic flow velocity [E], late diastolic flow velocity 
[A], early filling in TDI [E′], peak systolic annular velocity in TDI [S′], late velocity peak in TDI 
[A′], and myocardial performance index [MPI]) were evaluated in left ventricle (LV) and right 
ventricle (RV) with 56 newborns.
Results: Sizes and peak velocities of PDA before postnatal 24 hours were significantly 
changed than those after postnatal 24 hours. Aortic velocity time integral (VTI), systolic 
blood pressure (BP), LV SV/kg, LV CO/kg, LV CI, and SVC flow/LV CO before 24 hours showed 
significantly changes than those after 24 hours. Also, LV and RV MPI before 24 hours were 
significantly higher than those after 24 hours. LV E/E′ was significantly higher than RV E/E′.
Conclusion: Postnatal 24 hours is critical time for hemodynamic closure of PDA because 
aortic VTI, systolic BP, LV SV, LV CO, LV CI, and SVC flow/LV CO showed simultaneously 
significant changes after 24 hours at the same time as 24 hours of physiological closure of PDA. 
Chronological and dramatic changes of systolic, diastolic, and TDI parameters during early 
postnatal period can be used to compile normal baseline data of healthy full-term neonates.

Keywords: Doppler; Echocardiography; Neonate; Term Birth

INTRODUCTION

Several significant hemodynamic changes such as closure of patent ductus arteriosus (PDA) 
and increase of pulmonary blood flow take place during the transition period from fetal 
to neonatal environment.1 PDA usually closes within 24–48 hours after birth in full-term 
infants while cardiac parameters show radical progression within 48 hours after birth.2 
Therefore, neonatal hemodynamic changes are dramatic during this transitional period not 
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only in normal full-term neonates, but also in abnormal high-risk infants. It is important to 
understand these changes of cardiac hemodynamics.

Many studies have characterized changes of cardiac function assessed by echocardiography 
during fetus-to-neonate transition.3,4 Many studies have evaluated systolic and diastolic 
ventricular function of children and neonates using tissue Doppler imaging (TDI).5-7 Some 
studies have highlighted the importance of hemodynamic changes in neonates during the 
transitional period. However, hemodynamic investigations have not been focused on very 
early transitional time with chronological changes simultaneously. Therefore, the objective 
of this study was to evaluate serial changes in full-term healthy infants at 12-hour intervals 
within postnatal 72 hours using echocardiography. This study focused on the very early 
changes within postnatal 72 hours and observed short-term changes at 12-hour intervals to 
evaluate cardiac morphometric, functional, systolic, diastolic, and TDI parameters. Results 
of this study can serve as clinical basis to study high-risk full-term and preterm neonates with 
unstable hemodynamics during the early transitional period.

METHODS

Participants and study design
A total of 56 full-term neonates (37–42 weeks gestational age) were recruited at Korea University 
Ansan Hospital between April 2015 and November 2015. None of these 56 neonates needed 
prolonged oxygen support, positive pressure ventilation, complex circulatory, and respiratory 
support. These 56 neonates were classified into two groups (groups A and B) and they were 
assessed serially three times at 12-hour intervals during postnatal 0–72 hours. Continuous 
ratio variables were changed into the continuous interval variables (12-hour intervals) for 
stratification according to postnatal periods. Echocardiographic parameters in group A were 
measured at postnatal 0–12, 24–36, and 48–60 hours. The same parameters in group B were 
measured at postnatal 12–24, 36–48, and 60–72 hours. The reason why the groups A and B are 
divided is to minimize diurnal variations such as blood pressure (BP), heart rates and these 
neonates were examined from 9 a.m. to 12 p.m.

BP was measured in the left leg using automated oscillometric method. Those who had 
specific cardiac diseases that might influence systemic vascular resistance were excluded. 
There was no specific feeding intervention or fluid administration that could change 
hemodynamic conditions of hypovolemia and hypervolemia. All subjects were full-term 
neonates (38 to 42 weeks gestation) with appropriate birth weight for gestational age.

Echocardiographic methods
One investigator performed all echocardiographic scans using standard techniques. 
Echocardiography scans were performed with a Vivid Q device (General Electric Company, 
Boston, MA, USA) and a 7-MHz probe. Infants were placed in supine position on a flat surface. 
Echocardiographic parameters were measured at rest or during sleep to minimize crying.

PDA sizes have been measured by means of 2 dimensional images assisted by color 
Doppler images in the parasternal short-axis or high parasternal short-axis view (PSSV) in 
echocardiography. Left atrial to aortic root ratio (LA/Ao) was obtained with M-mode pictures 
of the left atrium and a parasternal long-axis view (PSLV) of the aortic root. Left atrial and 
aortic root diameters were measured using incorporated measurement calipers.8,9 Peaks of 

2/14https://jkms.org https://doi.org/10.3346/jkms.2018.33.e155

Early Cardiac Changes in Transitional Healthy Neonates

https://jkms.org


early diastolic flow velocities (E) and late diastolic flow velocities (A) were measured at mitral 
and tricuspid inflow during diastole. To obtain mitral and tricuspid E and A, the sample 
volume was placed in the inflow tip of each valve in the apical four chamber view (A4CV) 
of conventional pulsed wave Doppler. TDI parameters and wall motional velocities of the 
myocardium were measured with a pulsed-wave Doppler. Peak annular velocities during 
early diastole (E′), late diastole (A′), and during systole (S′) were measured at interventricular 
septum (IVS), lateral mitral annulus of the left ventricle (LV), and lateral tricuspid annulus 
of the right ventricle (RV), respectively, in A4CV. Transducer beam was placed in parallel as 
close as possible to the Doppler beam to reduce angle correction of Doppler signal.10 Each 
parameter was measured three times in consecutive cardiac cycles. Their mean values were 
used for statistical analysis.

Epicardial and endocardial borders of the LV myocardium on the PSSV were traced to 
measure LV end-diastolic volume (EDV), LV end-systolic volume (ESV), LV end-diastolic 
dimension (EDD), and end-systolic dimension (ESD). These values were measured three 
times. Their mean values were used to calculate LV ejection fraction (EF) and fractional 
shortening (FS) using the following equation 1.10

	 (1)

Velocity time integral (VTI) of superior vena cava (SVC) flow was used with pulsed wave 
Doppler at a low sub-costal view. Integrated SVC VTI was the sum of positive forward flow 
deducted from negative reverse flow. SVC diameter was assessed at the true sagittal plane in 
PSLV as close to the midline as possible to acquire direct anteroposterior view of the SVC. 
Maximal and minimal SVC diameters were assessed at each cardiac cycle. Their mean values 
were used to quantify SVC flow volume. SVC flow was calculated using equation 2.9,11

(2)

Mitral valve (MV) closure to opening time (MCO), LV ejection time (ET), and LV myocardial 
performance index (MPI), tricuspid valve closure to opening time (TCO), RV ET, and RV MPI 
were calculated using equation 3.

	 (3)

LV and RV EDV were assessed using biplane Simpson's method in the A4CV and two-
chamber views as described previously.12

Statistical analysis
The mean of three measured values was calculated. Mean values of parameters were used 
for calculation using equations. These mean values of parameters were compared among 
postnatal hours using Mann-Whitney U test, a nonparametric test. P values of less than 0.05 
were considered statistically significant. SPSS® (version 12; IBM Corp., Chicago, IL, USA) was 
used for all statistical analyses.

Ethics statement
Informed consent was obtained from patients' guardians to perform these procedures. 
Institutional Review Board (IRB) of Korea University Ansan Hospital approved this study 
(IRB No. 2015-17).
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LVEF =  (𝐸𝐸𝐸𝐸𝐸𝐸 − 𝐸𝐸𝐸𝐸𝐸𝐸)
𝐸𝐸𝐸𝐸𝐸𝐸 , LVFS =  (𝐸𝐸𝐸𝐸𝐸𝐸 − 𝐸𝐸𝐸𝐸𝐸𝐸)

𝐸𝐸𝐸𝐸𝐸𝐸  

 

Volume of flow or cardiac output (CO) (mL/kg/min)  =  𝜋𝜋 × (𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑/2)2 × 𝑉𝑉𝑉𝑉𝑉𝑉 × ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡    

LV MPI =  (𝑀𝑀𝑀𝑀𝑀𝑀 − 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿)
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 , RV MPI =  (𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅)

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅  
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RESULTS

Intra-observer variability
There were no significant differences in measurements performed by the same observer 
for all parameters with interval of 5–10 minutes (median value differences: P > 0.05). 
Median variability between measurements was within 10% for all parameters and 90% of 
measurements were within approximately 20% of each other.

Measured data
The demographic and clinical characteristics of all initially enrolled neonates at postnatal 0–12 
and 12–24 hours in groups A and B are showed. There were no differences between groups A 
and B in demographic and clinical parameters; gender, delivery types, respiratory support, 
maternal diabetes mellitus, maternal hypertension, gestational ages, birth weight, birth height, 
and Apgar scores which were verified by χ2 test and Mann-Whitney U test (all P > 0.05) (Table 1).

Chronological changes of PDA and PDA-induced enlarged structures of aortic valve, aorta, 
and left atrium (left-sized volume overload influenced by PDA) are summarized. PDA size 
was gradually decreased from birth to 72 hours and PDA within postnatal 24 hours was 
substantially patent. PDA sizes during 0–24 hours was more significantly patent compared 
with those during 24–48 hours (P < 0.001). Hemodynamic closure of PDA showed gradual 
decrease of sizes every 12-hour interval from postnatal 0–36 hours (0–12 hours vs. 12–24 hours, 
P < 0.001; 12–24 hours vs. 24–36 hours, P = 0.001). However, the hemodynamic changes of 
size of PDA were not significant between 24–36 hours and 36–48 hours (P = 0.669). Most PDAs 
after postnatal 48 hours have spontaneously closed (patent PDA, 12% [3/25] at 48–60 hours 
and 4% [1/23] at 60–72 hours) (Table 2).

Peak velocities of PDA have gradually increased with the passage of time from birth to the time 
before closed PDA. Peak velocities of PDA during 24–48 hours were significantly increased 
compared with those during 0–24 hours (0–24 hours vs. 24–48 hours, P = 0.003). The peak 
velocity of PDA showed significant changes every 12-hour interval from postnatal 0–36 hours 
(0–12 hours vs. 12–24 hours, P = 0.003; 12–24 hours vs. 24–36 hours, P = 0.049). However, peak 
velocities of PDA were not significant between 24–36 and 36–48 hours (P = 0.699). Most PDAs 
after postnatal 48 hours have spontaneously closed (Table 2).

Values of aortic VTI during 24–48 hours were significant decreased compared with those during 
0–24 hours (P = 0.018). However, they did not show significant differences between 0–12 and 
12–24 hours (P = 0.909), and between 12–24 and 24–36 hours (P = 0.231). Also, they did not 
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Table 1. Demographic and clinical characteristics of full-term infants at immediate postnatal 0–12 and 12–24 hours (represented as medians with quartiles)
Variables Group A (0–12 hours, n = 27) Group B (12–24 hours, n = 29) Pa

Sex (males/females) 16/11 15/14 0.261
Vaginal delivery/Caesarian section 18/9 17/12 0.534
Respiratory support (short-term oxygen) 1 1 0.959
Maternal diabetes mellitus 1 0 0.296
Maternal hypertension 0 1 0.330
Gestational age, wk 39 (38–39) 37 (37–39) 0.580
Birth weight, g 3,115 (2,708–3,405) 3,065 (2,890–3,420) 0.476
Birth height, cm 49 (47–52) 49 (47–51) 0.724
Apgar scores, 1 min 9 (9–9) 9 (8–9) 0.075
Apgar scores, 5 min 10 (10–10) 10 (9.8–10) 0.772
aTheir statistical analyses were performed with χ2 test or Mann-Whitney U test.
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show significant changes after postnatal 24 hours (24–36 hours vs. 36–48 hours, P = 0.222;  
36–48 hours vs. 48–60 hours, P = 0.694; 48–60 hours vs. 60–72 hours, P = 0.212). Values of 
aortic annulus and LA/Ao did not show significant increases among different intervals. Vital 
signs associated with heart condition are heart rate and BP. They did not show significant 
differences among all groups during postnatal 0–72 hours at 12-hour intervals (Table 2).

Chronological changes of systemic venous return and systemic CO were measured in SVC 
and LV. SVC diameter and flow, systolic functional parameters (EF, FS) in LV, or the ratio of 
SVC flow to LV CO (SVC flow/LV CO) did not show significant differences from postnatal 0–72 
hours. However, LV stroke volume (SV) and LV CO per initial body weight (SV/kg, CO/kg) were 
gradually decreased from postnatal 0–72 hours. LV SV/kg and CO/kg during 0–24 hours were 
significantly increased compared with those during 24–48 hours (P = 0.033 and P = 0.036, 
respectively; Table 3).

Serial changes in MV and TV diastolic parameters and TDI parameters in LV, RV, and IVS are 
shown in Table 4. E, A, and E/A ratio in MV and TV pulsed Doppler did not show significant 
changes from postnatal 12–72 hours. Median E/A in MV within postnatal 0–12 hours was 0.85 
(< 1). Median ranges of E/A in TV from postnatal 0–72 hours was 0.77–0.79 (< 1). LV E/E′ was 
significantly higher compared to RV E/E′ at each 12-interval groups (P < 0.05 in each group). 
E′, A′, and S′ in LV, RV, and IVS did not show significant changes from postnatal 12–72 hours. 
However, E′, A′, and S′ in LV were decreased compared to those in RV.

LV MPI during 0–24 hours was significantly higher than that during 24–48 hours (P = 0.001). 
LV MPI showed significant decreases between 12–24 and 24–36 hours (P < 0.001). However, 
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Table 2. Chronological changes of PDA and PDA-induced enlarged structures of aortic valve, aorta, and left atrium (represented as medians with quartiles)
Variables 0–24 hr 24–48 hr 48–72 hr

0–12 hr (n = 27) 12–24 hr (n = 29) 24–36 hr (n = 27) 36–48 hr (n = 29) 48–60 hr (n = 25) 60–72 hr (n = 23)
PDA, % (No.) 100 (27/27) 100 (29/29) 22 (6/27) 21 (6/29) 12 (3/25) 4 (1/23)
Size, mm 1.72 (1.29–2.31)a 0.92 (0.00–1.23) -c

2.24 (1.72–2.71)a 1.34 (1.2–1.73)a 0.92 (0.00–1.20)a 1.04 (0.80–1.58) - -
Peak velocity, m/s 1.68 (1.27–2.09)b 2.25 (1.97–2.47) -c

1.43 (1.07–1.78)b 2.02 (1.49–2.26)b 2.27 (2.04–2.54)b 2.23 (1.71–2.42) - -
AV annulus, mm 7.06 (6.68–7.48) 7.06 (6.70–7.49) 7.02 (6.88–7.51)

7.05 (6.57–7.54) 7.09 (6.78–7.45) 7.05 (6.60–7.54) 7.09 (6.79–7.46) 7.07 (6.88–7.45) 6.99 (6.77–7.80)
Aortic VTI, cm/s 11.62 (10.55–12.87)d 10.97 (9.81–11.83) 10.75 (10.07–12.12)

11.6 (10.4–12.4) 11.6 (10.8–13.1) 11.3 (10.3–11.9) 10.8 (9.7–11.9) 10.11 (8.79–11.45) 11.48 (10.21–12.49)
LA/Ao 1.21 (1.13–1.25) 1.18 (1.12–1.22) 1.23 (1.16–1.33)

1.20 (1.12–1.24) 1.23 (1.14–1.28) 1.16 (1.12–1.20) 1.19 (1.12–1.22) 1.25 (1.19–1.33) 1.18 (1.14–1.30)
BP systole, mmHg 58 (53–64) 61 (58–66) 65 (59–73)

59 (54–64) 58 (53–64) 62 (59–69) 59 (56–65) 68 (61–82) 64 (58–68)
BP diastole, mmHg 37 (32–42) 39 (34–43) 42 (34–46)

37 (33–39) 38.5 (32–42) 39 (33–42) 39 (34–45) 42 (32–45) 42 (33–49)
BP mean, mmHg 45 (41–49) 46 (42–51) 46 (41–51)

44.5 (40–47) 46 (42–50) 46.5 (42–51) 46 (42–51) 48 (44–68) 43 (39–49)
HR, /min 140 (130–148) 139 (131–144) 137 (128–142)

140 (137–149) 136 (130–143) 140 (130–146) 139 (132–144) 135 (120–145) 138 (133–145)
There were no significant differences among any postnatal hours in BP and HR.
PDA = patent ductus arteriosus, AV = aortic valve, VTI = velocity time integral, LA/Ao = left atrial to aortic root ratio, BP = blood pressure, HR = heart rate.
aPDA size: 0–24 hours increased significantly compared with 24–48 hours (P < 0.001) (0–12 hours vs. 12–24 hours, P < 0.001; 12–24 hours vs. 24–36 hours, P = 0.001; 
24–36 hours vs. 36–48 hours, P = 0.669; 36–48 hours vs. 48–60 hours, P = 0.243; 48–60 hours vs. 60–72 hours, P = 0.655); bPDA velocity: 0–24 hours decreased 
significantly compared with 24–48 hours (P = 0.003) (0–12 hours vs. 12–24 hours, P = 0.003*; 12–24 hours vs. 24–36 hours, P = 0.049; 24–36 hours vs. 36–48 hours, 
P = 0.699; 36–48 hours vs. 48–60 hours, P = 0.739; 48–60 hours vs. 60–72 hours, P = 0.987); cMedian values of PDA sizes and velocities are meaningless because 
most PDAs have closed during postnatal 48–60 hours; dAortic VTI: 0–24 hours increased significantly compared with 24–48 hours (P = 0.018) (0–12 hours vs. 12–24 
hours, P = 0.909; 12–24 hours vs. 24–36 hours, P = 0.231; 24–36 hours vs. 36–48 hours, P = 0.222; 36–48 hours vs. 48–60 hours, P = 0.694; 48–60 hours vs. 60–72 
hours, P = 0.212).
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LV MPI did not show significant changes between 0–12 and 12–24 hours (P = 0.650), and also 
they did not show significant changes after postnatal 24 hours (24–36 hours vs. 36–48 hours, 
P = 0.293; 36–48 hours vs. 48–60 hours, P = 0.982; and 48–60 hours vs. 60–72 hours, P = 
0.516, respectively). Values of RV MPI during 0–24 hours were significantly higher compared 
with those during 24–48 hours (P < 0.001). Changes of RV MPI between 0–24 and 24–48 
hours might be due to changes of RV TCO and ET (RV TCO between 0–24 hours and 24–48 
hours, P = 0.017; RV ET between 0–24 and 24–48 hours, P = 0.002). RV MPI showed gradual 
decreases every 12-hour interval (0–12 hours vs. 12–24 hours, P = 0.019; 12–24 hours vs. 24–36 
hours, P = 0.001). However, RV MPI did not show significant changes after postnatal 24 hours 
(24–36 hours vs. 36–48 hours, P = 0.582; 36–48 hours vs. 48–60 hours, P = 0.442; and 48–60 
hours vs. 60–72 hours, P = 0.845, respectively) (Table 4).

The aortic VTI, LV SV/kg, LV CO/kg, LV MPI, and RV MPI showed significant changes at 
postnatal 24 hours according to the physiological closure of PDA. The changes of measured 
parameters were compared between before 24 hours (postnatal 0–24 hours) and those 
after 24 hours (24–72 hours). Systolic BP, cardiac index (CI), SVC flow/LV CO, mitral A and 
tricuspid A showed significantly dramatic changes between postnatal 0–24 and 24–72 hours 
(all P < 0.05) as well as preexisting chronological changes of PDA, aortic VTI, SV, CO, and 
MPI (Table 5).

All PDAs were patent during postnatal 0–24 hours (100%) and a small number of PDAs were 
patent during postnatal 48–72 hours (4%–12%). A considerable number of PDAs were patent 
during postnatal 24–48 hours (21%–22%) (Table 2). The changes of morphometric, systolic, 
diastolic, and tissue Doppler parameters were compared between open PDA and closed 
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Table 3. Chronological changes of systemic venous return and systemic CO in the SVC and LV (represented as medians with quartiles)
Variables 0–24 hr 24–48 hr 48–72 hr

0–12 hr (n = 27) 12–24 hr (n = 29) 24–36 hr (n = 27) 36–48 hr (n = 29) 48–60 hr (n = 25) 60–72 hr (n = 23)
SVC VTI, cm/s 13.61 (12.21–15.12) 13.07 (11.93–14.20) 14.36 (12.7–15.41)

12.61 (11.42–14.38) 14.04 (12.51–15.41) 12.92 (11.54–13.92) 13.16 (12.47–14.62) 13.96 (12.65–15.05) 14.62 (13.16–15.82)
SVC diameter, mm 4.74 (4.49–5.34) 4.71 (4.38–5.23) 4.98 (4.65–5.36)

4.71 (4.38–5.26) 4.74 (4.60–5.36) 4.93 (4.38–5.43) 4.71 (4.38–5.10) 5.01 (4.65–5.35) 4.98 (4.71–5.36)
SVC flow, mL/min/kg 96 (86–109) 95.5 (85–108) 95 (75–110)

91 (75–105) 103 (88–111) 93 (85–105) 99 (88–108) 93 (68–105) 100 (78–119)
LV EF, % 61.43 (57.97–67.42) 63.05 (60.20–66.56) 62.49 (60.13–65.90)

60.91 (57.19–66.98) 61.95 (58.42–67.81) 61.97 (59.87–67.67) 63.89 (60.84–65.58) 62.23 (61.03–65.53) 62.58 (59.74–67.35)
LV FS, % 30.60 (28.40–35.00) 31.73 (29.83–34.29) 31.17 (29.64–33.76)

30.43 (28.30–34.52) 30.77 (28.41–35.32) 31.18 (29.79–34.78) 32.26 (30.24–33.52) 31.25 (30.19–33.33) 31.17 (29.41–34.62)
LV SV, mL 4.66 (3.88–5.20) 4.35 (3.67–4.87) 4.41 (3.58–4.51)

4.54 (3.88–5.22) 4.68 (4.01–5.24) 4.44 (3.68–5.09) 4.33 (3.54–4.87) 4.22 (3.48–5.24) 4.35 (3.42–4.97)
LV SV/kg, mL/kg 1.45 (1.32–1.63)a 1.40 (1.24–1.54) 1.29 (1.14–1.44)

1.45 (1.33–1.59) 1.46 (1.30–1.69) 1.46 (1.27–1.55) 1.37 (1.23–1.51) 1.28 (1.06–1.51) 1.38 (1.21–1.45)
LV CO, mL/min 638 (539–727) 592 (513–672) 570 (497–705)

634 (512–763) 641 (646–721) 612 (524–672) 563 (502–674) 542 (482–684) 554 (463–665)
LV CO/kg, mL/min/kg 205 (184–228)b 194 (172–211) 165 (154–192)

212 (186–238) 199 (182–227) 200 (175–212) 188 (172–202) 156 (148–191) 175 (161–193)
LV CI, L/min/m2 3.13 (2.71–3.57) 2.96 (2.55–3.28) 2.60 (2.35–3.08)

3.16 (2.61–3.59) 3.08 (2.79–3.58) 2.97 (2.58–3.32) 2.84 (2.54–3.28) 2.55 (2.25–3.54) 2.59 (2.40–3.10)
SVC flow/LV CO 0.46 (0.43–0.53) 0.50 (0.44–0.56) 0.52 (0.42–0.59)

0.46 (0.38–0.50) 0.47 (0.47–0.54) 0.48 (0.41–0.55) 0.52 (0.45–0.56) 0.54 (0.41–0.60) 0.51 (0.35–0.61)
CO = cardiac output, SVC = superior vena cava, VTI = velocity time integral, LV = left ventricle, EF = ejection fraction, FS = fractional shortening, SV = stroke 
volume, CI = cardiac index.
aLV SV/kg: 0–24 hours increased significantly compared with 24–48 hours (P = 0.033) (0–12 hours vs. 12–24 hours, P = 0.634; 12–24 hours vs. 24–36 hours,  
P = 0.167; 24–36 hours vs. 36–48 hours, P = 0.304; 36–48 hours vs. 48–60 hours, P = 0.148; 48–60 hours vs. 60–72 hours, P = 0.245); bLV CO/kg: 0–24 hours 
increased significantly compared with 24–48 hours (P = 0.036) (0–12 hours vs. 12–24 hours, P = 0.749; 12–24 hours vs. 24–36 hours, P = 0.469; 24–36 hours vs. 
36–48 hours, P = 0.201; 36–48 hours vs. 48–60 hours, P = 0.264; 48–60 hours vs. 60–72 hours, P = 0.483).
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Table 4. Chronological changes of diastolic parameters and TDIs in LV, RV, and IVS (represented as medians with quartiles)
Variables 0–24 hr 24–48 hr 48–72 hr

0–12 hr (n = 27) 12–24 hr (n = 29) 24–36 hr (n = 27) 0–12 hr (n = 27) 12–24 hr (n = 25) 24–36 hr (n = 23)
MV E, cm/s 50 (44–55) 50 (42–56) 49 (44–54)

51 (44–58) 48 (44–55) 50 (41–56) 49 (42–56) 50 (47–53) 48 (45–54)
MV A, cm/s 52 (46–57) 49 (42–56) 47 (45–55)

52 (44–57) 52 (48–58) 48 (44–56) 49 (42–55) 50 (45–57) 45 (38–49)
MV E/A 0.94 (0.82–1.14) 1.07 (0.83–1.17) 1.09 (0.98–1.25)

0.85 (0.81–1.13) 1.09 (0.84–1.16) 1.08 (0.83–1.15) 1.05 (0.84–1.18) 1.08 (0.95–1.22) 1.10 (0.92–1.25)
LV E′, cm/s 5.21 (4.72–5.97) 5.42 (4.88–6.40) 5.59 (4.76–6.57)

5.42 (4.55–5.97) 5.21 (4.77–6.07) 5.53 (4.99–6.73) 5.31 (4.40–6.35) 5.37 (4.68–6.37) 5.75 (4.99–7.05)
LV A′, cm/s 5.37 (4.48–6.26) 5.49 (4.55–6.46) 5.26 (4.53–5.93)

5.21 (4.20–6.07) 5.80 (4.77–6.46) 5.64 (4.66–6.83) 5.42 (4.45–6.24) 5.40 (4.66–6.26) 5.08 (4.23–5.64)
LV S′, cm/s 4.68 (4.16–5.11) 4.63 (4.27–5.11) 4.54 (4.12–4.96)

4.68 (4.13–5.11) 4.68 (4.19–5.06) 4.57 (4.13–5.11) 4.68 (4.35–5.60) 4.70 (4.12–5.05) 4.43 (3.81–4.68)
LV E/E′ 9.64 (8.09–10.86) 8.63 (7.54–10.09) 9.88 (7.98–11.35)

9.79 (8.55–10.87) 9.21 (7.98–10.86) 8.29 (7.40–10.11) 9.21 (7.58–10.09) 10.24 (8.21–11.35) 9.87 (8.94–12.05)
LV MPI 0.41 (0.38–0.43)a 0.38 (0.35–0.40) 0.39 (0.35–0.44)

0.41 (0.36–0.42) 0.42 (0.38–0.44) 0.37 (0.35–0.39)a 0.38 (0.33–0.44) 0.39 (0.35–0.44) 0.39 (0.35–0.42)
LV MCO, millisecond 272 (256–282) 266 (259–281) 281 (272–292)

277 (262–288) 266 (255–277) 266 (262–277) 266 (251–283) 285 (274–292) 277 (266–285)
LV ET, millisecond 192 (184–202) 196 (189–203) 200 (192–211)

196 (198–207) 189 (181–196) 196 (192–203) 196 (185–203) 200 (193–211) 200 (192–211)
LV EDV, mL 3.99 (3.41–4.49) 3.61 (3.29–4.33) 3.8 (3.35–4.31)

3.73 (3.18–4.39) 4.18 (3.56–4.82) 3.58 (3.14–4.07) 3.33 (3.97–4.59) 3.51 (3.09–4.00) 4.10 (3.63–4.60)
TV E, cm/s 42 (39–48) 41 (37–46) 40 (39–43)

41 (35–45) 46 (41–52) 41 (37–44) 43 (37–46) 40 (39–45) 39 (37–41)
TV A, cm/s 54.1 (49.2–61.4) 53.8 (50.2–60.2) 52.3 (50.8–54.2)

50.6 (45.2–58.6) 56.1 (52.1–64.7) 51.3 (49.4–60.3) 56.3 (50.7–61.5) 52.7 (51.4–56.8) 52.0 (47.5–53.2)
TV E/A 0.78 (0.73–0.82) 0.78 (0.73–0.81) 0.79 (0.75–0.84)

0.78 (0.71–0.82) 0.78 (0.74–0.83) 0.78 (0.75–0.81) 0.78 (0.72–0.82) 0.77 (0.74–0.80) 0.79 (0.76–0.86)
RV E′, cm/s 5.86 (5.10–6.59) 5.97 (5.34–6.73) 5.53 (6.07–6.69)

5.53 (4.77–6.07) 6.40 (5.39–7.20) 5.97 (5.42–6.83) 6.07 (5.16–6.73) 6.16 (5.58–6.68) 5.97 (5.47–6.84)
RV A′, cm/s 7.60 (6.35–8.53) 7.60 (6.86–8.70) 8.11 (6.94–8.74)

6.83 (5.42–8.25) 7.92 (7.16–8.92) 7.60 (6.94–9.28) 7.60 (6.63–8.48) 8.20 (7.59–8.86) 7.81 (6.83–8.74)
RV S′, cm/s 5.76 (5.11–6.60) 5.98 (5.06–6.66) 5.65 (5.01–6.09)

5.44 (4.68–5.98) 6.31 (5.28–6.91) 5.76 (5.00–6.74) 6.31 (5.28–6.60) 5.47 (4.97–6.28) 5.70 (5.17–5.98)
RV E/E′ 7.41 (6.46–8.50) 6.95 (6.26–8.15) 6.92 (6.23–8.56)

7.51 (6.44–8.24) 7.29 (6.37–8.58) 6.61 (6.08–7.82) 7.20 (6.33–8.22) 7.98 (6.35–8.65) 6.72 (6.12–6.82)
RV MPI 0.43 (0.38–0.47)b 0.34 (0.31–0.37) 0.37 (0.33–0.40)

0.43 (0.41–0.47)b 0.39 (0.36–0.45)b 0.34 (0.31–0.38)b 0.33 (0.31–0.37) 0.37 (0.32–0.40) 0.37 (0.33–0.40)
RV TCO, millisecond 285 (274–296)c 277 (262–292) 281 (274–294)

285 (277–298) 281 (274–294) 285 (264–296) 274 (262–288) 283 (274–301) 281 (274–292)
RV ET, millisecond 200 (192–211)d 209 (200–218) 211 (200–214)

196 (189–203) 200 (194–214) 211 (200–214)d 207 (198–218) 211 (200–218) 211 (200–214)
RV EDV, mL 3.26 (2.74–3.65) 3.07 (2.72–3.54) 3.63 (3.08–4.28)

3.19 (2.69–3.63) 3.30 (2.82–3.88) 2.98 (2.51–3.42) 3.08 (2.79–3.75) 3.83 (2.87–4.32) 3.45 (3.16–4.21)
IVS E′, cm/s 3.69 (3.25–4.12) 3.92 (3.36–4.88) 4.00 (3.47–4.66)

3.69 (3.25–4.12) 3.69 (3.24–4.12) 4.01 (3.47–5.10) 3.90 (3.25–4.72) 4.00 (3.48–4.57) 4.1 (3.47–4.74)
IVS A′, cm/s 4.88 (4.23–5.61) 4.66 (4.23–5.53) 4.66 (4.00–5.47)

4.66 (4.01–5.31) 4.99 (4.40–6.02) 4.55 (4.01–5.31) 4.99 (4.23–6.07) 4.86 (4.01–5.87) 4.53 (3.79–5.37)
IVS S′, cm/s 3.81 (3.59–4.03) 3.92 (3.40–4.18) 3.43 (3.16–3.77)

3.81 (3.41–4.03) 3.81 (3.63–4.10) 3.92 (3.37–4.24) 3.92 (3.48–4.16) 3.51 (3.11–3.90) 3.38 (3.26–3.70)
TDI = tissue Doppler imaging, LV = left ventricle, RV = right ventricle, MV = mitral valve, TV = tricuspid valve, IVS = interventricular septum, E = peaks of early 
diastolic flow velocities, A = peaks of late diastolic flow velocities, E′ = peak annular velocities during early diastole, A′ = peak annular velocities during late 
diastole, S′ = peak annular velocities during systole, MPI = myocardial performance index, MCO = mitral valve closure to opening time, TCO = tricuspid valve 
closure to opening time, ET = ejection time, EDV = end diastolic volume.
aLV MPI: 0–24 hours increased significantly compared with 24–48 hours (P = 0.001) (0–12 hours vs. 12–24 hours, P = 0.650; 12–24 hours vs. 24–36 hours, P < 0.001; 
24–36 hours vs. 36–48 hours, P = 0.293; 36–48 hours vs. 48–60 hours, P = 0.982; 48–60 hours vs. 60–72 hours, P = 0.516); bRV MPI: 0–24 hours increased significantly 
compared with 24–48 hours (P < 0.001) (0–12 hours vs. 12–24 hours, P = 0.019; 12–24 hours vs. 24–36 hours, P = 0.001; 24–36 hours vs. 36–48 hours, P = 0.582; 36–48 
hours vs. 48–60 hours, P = 0.442; 48–60 hours vs. 60–72 hours, P = 0.845); cRV TCO: 0–24 hours increased significantly compared with 24–48 hours (P = 0.017) (0–12 
hours vs. 12–24 hours, P = 0.324; 12–24 hours vs. 24–36 hours, P = 0.599; 24–36 hours vs. 36–48 hours, P = 0.270; 36–48 hours vs. 48–60 hours, P = 0.147; 48–60 
hours vs. 60–72 hours, P = 0.358); dRV ET: 0–24 hours decreased significantly compared with 24–48 hours (P = 0.002) (0–12 hours vs. 12–24 hours, P = 0.354; 12–24 
hours vs. 24–36 hours, P = 0.042; 24–36 hours vs. 36–48 hours, P = 0.510; 36–48 hours vs. 48–60 hours, P = 0.321; 48–60 hours vs. 60–72 hours, P = 0.235).
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Table 5. The changes of morphometric, systolic and diastolic parameters with TDIs in LV, RV, and IVS according to the physiological closure of PDA at postnatal 
24 hours (represented as medians with quartiles)
Variables Postnatal 0–24 hr Postnatal 24–72 hr P
Aorta

Annulus, mm 7.06 (6.68–7.48) 7.06 (6.71–7.48) 0.885
VTI, cm/s 11.62 (10.55–12.87) 10.98 (9.84–12.12) 0.019

LA/Ao 1.21 (1.13–1.25) 1.17 (1.12–1.21) 0.087
BP, mmHg

Systolic 58 (53–64) 62 (58–67) 0.007
Diastolic 37 (32–42) 39 (34–43) 0.060
Mean 45 (41–49) 47 (42–50) 0.131

Heart rate, /min 140 (130–148) 139 (131–144) 0.461
SVC

VTI, cm/s 13.61 (12.21–15.12) 13.03 (11.83–14.48) 0.307
Diameter, mm 4.74 (4.49–5.34) 4.77 (4.38–5.26) 0.931
Flow, mL/min/kg 96 (86–109) 95 (85–108) 0.887

LV
EF, % 61.43 (57.97–67.42) 63.70 (60.32–66.95) 0.132
FS, % 30.6 (28.4–35) 32.04 (29.97–34.52) 0.145
SV, mL 4.66 (3.88–5.20) 4.36 (3.67–4.97) 0.090
SV/kg, mL/kg 1.45 (1.32–1.63) 1.40 (1.23–1.53) 0.008
CO, mL/min 638 (539–727) 583 (502–673) 0.064
CO/kg, mL/min/kg 205 (184–228) 189 (167–208) 0.005
CI, L/min/m2 3.13 (2.71–3.57) 2.95 (2.53–3.23) 0.015

SVC flow/LVCO 0.46 (0.43–0.53) 0.51 (0.44–0.57) 0.025
MV

E, cm/s 50 (44–55) 49 (42–55) 0.658
A, cm/s 52 (46–57) 48 (42–56) 0.046
E/A 0.94 (0.82–1.14) 1.07 (0.84–1.17) 0.164

LV
E′, cm/s 5.21 (4.72–5.97) 5.31 (4.66–6.29) 0.625
A′, cm/s 5.37 (4.48–6.26) 5.42 (4.55–6.29) 0.734
S′, cm/s 4.68 (4.16–5.11) 4.57 (4.24–5.11) 0.630
E/E′ 9.64 (8.09–10.86) 8.77 (8.00–10.43) 0.343
MPI 0.41 (0.38–0.43) 0.38 (0.35–0.40) < 0.001
MCO, millisecond 272 (256–282) 268 (262–281) 0.931
ET, millisecond 192 (184–202) 196 (191–203) 0.033
EDV, mL 3.99 (3.41–4.49) 3.82 (3.35–4.42) 0.330

TV
E, cm/s 42 (39–48) 41 (37–46) 0.246
A, cm/s 54.1 (49.2–61.4) 48 (42–56) 0.046
E/A 0.78 (0.73–0.82) 0.78 (0.73–0.81) 0.838

RV
E′, cm/s 5.86 (5.10–6.59) 5.97 (5.31–6.65) 0.584
A′, cm/s 7.60 (6.35–8.53) 7.60 (6.83–8.49) 0.576
S′, cm/s 5.76 (5.11–6.60) 5.98 (5.33–6.44) 0.413
E/E′ 7.41 (6.46–8.50) 6.87 (6.20–8.14) 0.127
MPI 0.43 (0.38–0.47) 0.34 (0.31–0.38) < 0.001
TCO, millisecond 285 (274–296) 279 (266–289) 0.020
ET, millisecond 200 (192–211) 209 (200–218) 0.001
EDV, mL 3.26 (2.74–3.65) 3.18 (2.73–3.65) 0.498

IVS
E′, cm/s 3.69 (3.25–4.12) 3.92 (3.36–4.77) 0.081
A′, cm/s 4.88 (4.23–5.61) 4.61 (4.12–5.37) 0.433
S′, cm/s 3.81 (3.59–4.03) 3.81 (3.45–4.13) 0.794

TDI = tissue Doppler imaging, LV = left ventricle, RV = right ventricle, IVS = interventricular septum, PDA = patent ductus arteriosus, VTI = velocity time integral, 
LA/Ao = left atrial to aortic root ratio, BP = blood pressure, SVC = superior vena cava, EF = ejection fraction, FS = fractional shortening, SV = stroke volume, CO 
= cardiac output, CI = cardiac index, MV = mitral valve, E = peaks of early diastolic flow velocities, A = peaks of late diastolic flow velocities, E′ = peak annular 
velocities during early diastole, A′ = peak annular velocities during late diastole, S′ = peak annular velocities during systole, MPI = myocardial performance index, 
MCO = mitral valve closure to opening time, ET = ejection time, EDV = end diastolic volume, TV = tricuspid valve, TCO = tricuspid valve closure to opening time.
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PDA during postnatal 24–48 hours. Aortic VTI, LA/Ao, and EDV in open PDA group showed 
significant increases compared with those in closed PDA group (all P < 0.05, Table 6).

DISCUSSION

We can consider group A as the same with group B because there are no differences between 
groups A and B in demographic and clinical parameters such as gender, delivery types, 
gestational ages, birth weight, birth height, Apgar scores, BP, and heart rate (Table 1). 
Therefore, we adopted groups A and B as same chronological data.

Previous studies have reported normal values of neonatal BP in preterm and term babies.13,14 
Our study showed that systolic, diastolic, or mean BP did not show significant changes 
between postnatal periods. Our BP values were between those of pre-term and late full-term 
neonates. BP values in healthy full-term measured in this study can be used as baseline 
data for comparison with those of sick term and preterm neonates. Also, systolic BP before 
postnatal 24 hours showed significant decreases compared with those after postnatal 24 
hours in our study (Table 5). The increase of systolic BP after postnatal 24 hours is associated 
with the hemodynamic closure of PDA as BP was observed at the (left) leg in our study. 
Actual BP of lower extremity can be decreased due to shunt blood although SV and CO can be 
increased in condition with opened PDA. Therefore, increase of systolic BP after postnatal 24 
hours is inevitable outcome according to the physiological closure of PDA.

Hemodynamic closure of PDA usually occurs within 48 hours after birth.2 Our study showed the 
similar pattern with previous studies because PDA sizes were decreased and PDA peak velocities 
were increased due to ductal constriction before postnatal 48 hours (Table 3). However, the 
critical time of hemodynamically physiological closure of PDA is not identical compared with 
previous study with postnatal 48 hours. PDA size showed gradually chronological decreases 
through postnatal 0–24 hours but it did not show significant changes after postnatal 24 hours 
in our study (12–24 hours vs. 24–36 hours, P = 0.001; 24–36 hours vs. 36–48 hours, P = 0.669). 
It needs to focus on the period of postnatal 24 hours in our study. PDA sizes after postnatal 24 
hours showed significantly chronological and dramatic decreases compared with those before 
postnatal 24 hours (Tables 2 and 5). Peak velocities of PDA also showed the same patterns as 
PDA sizes. Therefore, our results suggest strongly that postnatal 24-hour is hemodynamically 
critical time for physiologic closure of PDA instead of postnatal 48 hours.

Aortic VTI is needed to calculate SV and CO because SV = maximal VTI at the aortic valve 
(AV) level × the cross-sectional area of the AV and CO = SV × HR.15 If ductus arteriosus is 
hemodynamically open, left-sided volume overload can occur. Left-sided structures and 
parameters associated with LA, LV, and aorta are then enlarged. Therefore, aortic VTI, LA/
Ao, SV, and CO can be significantly increased by hemodynamic PDA.16,17 Aortic VTIs before 
postnatal 24 hours showed significant increases compared with those after postnatal 24 hours 
chronologically and dramatically (Tables 2 and 5). Our results suggest that aortic VTI shows 
the same change at postnatal 24 hours simultaneously with physiologic change of PDA at 
postnatal 24 hours. The hemodynamic closure of PDA decreased extra-volume of pulmonary 
venous return and it decreased LV SV or LV CO in a cascading pattern. Therefore, the decrease 
of aortic VTI after postnatal 24 hours was associated with the hemodynamic closure of PDA. 
However, anatomical parameters such as AV annulus and LA/Ao in comparison with functional 
parameters such as aortic VTI, SV, and CO did not show changes according to hemodynamically 
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Table 6. The changes of morphometric, systolic and diastolic parameters with TDIs in LV, RV, and IVS according to open and closed conditions of PDA during 
postnatal 24–48 hours (represented as medians with quartiles)
Variables Postnatal 24–36 hr (n = 27) Postnatal 36–48 hr (n = 29) Postnatal 24–48 hr (n = 56)

Open PDA (n = 6) Closed PDA (n = 21) P Open PDA (n = 6) Closed PDA (n = 23) P Open PDA (n = 12) Closed PDA (n = 44) P
Aorta

Annulus, mm 7.08 (6.75–7.51) 7.05 (6.48–7.64) 0.748 6.99 (6.44–7.52) 7.09 (6.92–7.42) 0.554 7.08 (6.63–7.48) 7.06 (6.72–7.51) 0.749
VTI, cm/s 12.3 (10.7–13.1) 11.1 (10.0–11.7) 0.129 12.0 (11.0–13.1) 10.1 (9.1–11.1) 0.013 12.0 (11.0–13.1) 10.8 (9.6–11.6) 0.004
LA/Ao 1.18 (1.15–1.25) 1.15 (1.12–1.20) 0.291 1.24 (1.19–1.28) 1.18 (1.10–1.22) 0.040 1.21 (1.16–1.27) 1.16 (1.11–1.20) 0.028

BP, mmHg
Systolic 67 (59–73) 62 (58–66) 0.444 64 (49–72) 59 (58–64) 0.538 64 (54–72) 60 (58–64) 0.214
Diastolic 39 (31–44) 39 (33–42) 0.678 38 (38–48) 41 (34–44) 0.453 38 (38–45) 40 (34–43) 0.860
Mean 51 (44–57) 47 (41–49) 0.216 47 (42–57) 46 (42–49) 0.496 47 (45–57) 46 (41–49) 0.175
HR, /min 130 (125–143) 140 (134–148) 0.107 138 9133–145) 139 (132–144) 0.871 136 (126–143) 139 (132–144) 0.276

SVC
VTI, cm/s 11.9 (10.7–13.5) 13.0 (11.9–14.1) 0.145 12.9 (11.5–15.0) 13.5 (12.6–14.7) 0.518 12.3 (11.2–13.6) 13.2 (12.4–14.5) 0.127
Diameter, mm 5.10 (4.63–5.44) 4.88 (4.14–5.31) 0.396 4.82 (4.6–5.15) 4.62 (4.38–5.15) 0.534 4.93 (4.71–5.39) 4.68 (4.38–5.15) 0.262
Flow, mL/min/kg 87 (84–98) 96 (84–116) 0.350 95 (78–108) 99 (88–108) 0.553 89 (81–107) 98 (87–112) 0.212

LV
EF, % 63.6 (61.4–67.7) 61.4 (59.9–67.4) 0.641 64.2 (59.4–67.0) 63.9 (61.4–65.5) 0.743 64.2 (60.7–67.2) 62.6 (59.9–66.5) 0.682
FS, % 32.3 (30.4–35.1) 30.9 (29.8–34.6) 0.620 32.8 (29.3–34.5) 31.9 (30.6–33.3) 0.686 32.8 (30.1–34.7) 31.5 (29.8–34.3) 0.604
SV, mL 3.05 (2.92–4.23) 3.16 (2.69–4.03) 0.431 3.71 (2.97–4.39) 3.07 (2.71–3.58) 0.106 3.51 (3.00–4.23) 3.12 (2.71–3.66) 0.082
SV/kg, mL/kg 1.09 (0.96–1.12) 1.02 (0.91–1.19) 0.953 1.13 (0.93–1.44) 0.99 (0.90–1.07) 0.218 1.09 (0.95–1.18) 1.01 (0.90–1.15) 0.237
CO, mL/min 420 (378–545) 390 (335–490) 0.266 410 (358–560) 390 (350–450) 0.571 420 (375–533) 390 (340–480) 0.208
CO/kg, mL/min/kg 137 (128–143) 135 (123–146) 0.977 144 (106–171) 139 (115–151) 0.893 143 (125–144) 138 (117–148) 0.803
CI, L/min/m2 3.01 (2.43–3.39) 2.97 (2.71–3.32) 0.953 3.11 (2.59–3.60) 2.84 (2.53–3.16) 0.333 3.01 (2.53–3.53) 2.96 (2.5–3.25) 0.549
SVC flow/LV CO 0.47 (0.40–0.58) 0.48 (0.41–0.57) 0.907 0.46 (0.42–0.53) 0.54 (0.49–0.57) 0.073 0.47 (0.43–0.52) 0.50 (0.45–0.47) 0.166

MV
E, cm/s 54 (50–59) 48 (41–54) 0.107 51 (42–55) 49 (42–56) 0.871 53 (48–58) 49 (41–55) 0.180
A, cm/s 53 (47–61) 48 (40–54) 0.209 51 (41–62) 48 (41–54) 0.553 51 (45–60) 48 (41–54) 0.171
E/A 1.01 (0.83–1.24) 1.08 (0.83–1.14) 0.396 0.96 (0.78–1.24) 1.05 (0.84–1.18) 0.746 0.97 (0.83–1.23) 1.07 (0.83–1.17) 0.826

LV
E′, cm/s 5.37 (4.88–6.13) 5.64 (5.10–6.73) 0.520 5.42 (4.18–6.56) 5.31 (4.45–6.29) 0.936 5.42 (4.88–6.27) 5.42 (4.72–6.48) 0.795
A′, cm/s 6.78 (5.64–7.43) 5.21 (4.55–6.24) 0.054 5.04 (4.40–6.05) 5.56 (4.45–6.29) 0.518 5.70 (4.69–7.08) 5.49 (4.55–6.26) 0.303
S′, cm/s 4.48 (4.63–5.14) 4.46 (3.92–5.00) 0.136 4.41 (4.16–5.19) 4.68 (4.35–6.09) 0.345 4.74 (4.38–5.11) 4.57 (4.13–5.19) 0.689
E/E′ 10.0 (8.6–10.7) 8.02 (7.32–9.44) 0.047 9.38 (8.42–10.1) 9.22 (7.43–10.2) 0.667 9.84 (8.65–10.4) 8.30 (7.39–10.1) 0.081
MPI 0.38 (0.34–0.41) 0.37 (0.35–0.39) 0.557 0.43 (0.38–0.45) 0.37 (0.32–0.42) 0.059 0.40 (0.36–0.44) 0.37 (0.34–0.40) 0.087
MCO, millisecond 268 (262–275) 266 (262–279) 0.977 272 (257–282) 266 (248–292) 0.726 268 (260–281) 266 (259–281) 0.748
ET, millisecond 196 (188–205) 196 (192–203) 0.836 187 (181–202) 196 (189–203) 0.330 192 (182–202) 196 (189–203) 0.404
EDV, mL 3.74 (3.26–4.59) 3.51 (3.11–3.92) 0.382 4.87 (3.82–5.39) 3.59 (3.29–4.33) 0.024 4.26 (3.49–4.95) 3.57 (3.24–4.21) 0.038

TV
E, cm/s 47 (41–53) 40 (37–43) 0.053 41 (36–46) 44 (37–46) 0.304 43 (37–52) 41 (37–46) 0.509
A, cm/s 59 (50–67) 51 (49–56) 0.162 57 (55–60) 56 (50–63) 0.389 57 (54–66) 52 (50–59) 0.079
E/A, cm/s 0.81 (0.75–0.83) 0.78 (0.74–0.81) 0.332 0.71 (0.64–0.79) 0.80 (0.73–0.82) 0.022 0.77 (0.70–0.81) 0.78 (0.74–0.82) 0.331

RV
E′, cm/s 6.19 (5.39–7.23) 5.97 (5.32–6.78) 0.815 5.92 (5.51–6.53) 6.07 (4.55–6.73) 0.936 5.92 (5.48–6.81) 5.97 (5.13–6.73) 0.780
A′, cm/s 7.46 (7.30–9.82) 8.25 (6.73–8.98) 0.815 7.60 (6.95–8.65) 7.60 (6.62–8.71) 0.686 7.46 (7.30–9.20) 7.60 (6.63–8.70) 0.697
S′, cm/s 6.09 (5.93–6.80) 5.65 (5.00–6.69) 0.101 6.36 (5.87–7.83) 6.31 (4.57–6.52) 0.246 6.26 (5.98–6.91) 5.76 (5.00–6.60) 0.060
E/E′ 7.04 (6.54–8.13) 6.52 (5.59–8.06) 0.243 7.08 (6.35–7.59) 7.53 (6.29–8.27) 0.554 7.08 (6.63–7.55) 6.85 (6.10–8.25) 0.704
MPI 0.35 (0.33–0.39) 0.33 (0.31–0.38) 0.430 0.31 (0.28–0.36) 0.34 (0.31–0.37) 0.224 0.35 (0.30–0.37) 0.34 (0.31–0.37) 0.795
TCO, millisecond 288 (283–296) 277 (262–294) 0.188 266 (257–288) 274 (262–296) 0.372 287 (264–288) 275 (262–295) 0.652
ET, millisecond 213 (207–217) 207 (197–216) 0.461 209 (187–222) 207 (200–218) 0.935 213 (201–221) 207 (198–217) 0.514
EDV, mL 3.41 (2.71–3.62) 2.86 (2.51–3.34) 0.280 3.71 (3.09–4.56) 2.98 (2.76–3.54) 0.067 3.48 (2.94–3.84) 2.98 (2.63–3.42) 0.053

IVS
E′, cm/s 4.10 (3.00–5.20) 4.01 (3.47–4.99) 0.977 3.96 (3.34–4.56) 3.90 (3.14–4.88) 0.767 3.96 (3.17–4.81) 3.92 (3.36–4.88) 0.905
A′, cm/s 4.93 (4.46–6.05) 4.55 (3.74–5.16) 0.254 4.99 (3.74–6.43) 4.99 (4.23–6.07) 0.829 4.99 (4.38–5.94) 4.66 (4.23–5.53) 0.529
S′, cm/s 4.35 (4.02–4.60) 3.70 (3.32– 4.13) 0.009 3.70 (3.29–4.22) 3.92 (3.48–4.19) 0.553 4.08 (3.54–4.54) 3.76 (3.37–4.13) 0.158

TDI = tissue Doppler imaging, LV = left ventricle, RV = right ventricle, IVS = interventricular septum, PDA = patent ductus arteriosus, VTI = velocity time integral,  
LA/Ao = left atrial to aortic root ratio, BP = blood pressure, HR = heart rate, SVC = superior vena cava, EF = ejection fraction, FS = fractional shortening, SV = stroke 
volume, CO = cardiac output, CI = cardiac index, MV = mitral valve, E = peaks of early diastolic flow velocities, A = peaks of late diastolic flow velocities, E′ = peak 
annular velocities during early diastole, A′ = peak annular velocities during late diastole, S′ = peak annular velocities during systole, MPI = myocardial performance 
index, MCO = mitral valve closure to opening time, ET = ejection time, EDV = end diastolic volume, TV = tricuspid valve, TCO = tricuspid valve closure to opening time.
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physiologic change of PDA. Whether anatomical parameters will significantly change with 
hemodynamic change of PDA needs to be determined in further studies.

SV and CO of LV (per body weight) before postnatal 24 hours showed significant increases 
compared with those after postnatal 24 hours in our study. Changes of these parameters 
are due to transient left-sided volume overload caused by increased PDA flow during the 
transitional period.18 Our results suggest that LV SV and LV CO are significantly decreased at 
postnatal 24 hours according to the time of physiological closure of PDA. The chronological 
and dramatic changes of LV SV, LV CO, and LV CI after postnatal 24 hours showed the same 
change simultaneously with physiological closure of PDA after postnatal 24 hours (Tables 2 
and 5). Our study is meaningful in terms of stratifying chronological and dramatic changes of 
LV SV, LV CO, and LV CI according to physiologic closure of PDA within early postnatal period 
with short-term intervals.

Diastolic parameters of MV E/A show inversed values (< 1) during fetal life and normal value 
(> 1) during neonatal period. They show increased normal values with advancing ages.19,20 
In our study, MV E, A, and E/A showed normal transition from fetal to neonatal life. MV E/A 
within postnatal 12 hours showed inversed value and it then returned to normal value after 
12 hours. These results suggest that MV E, A, and E/A as diastolic parameter can be used as 
baseline data of normal transitional hemodynamics from fetus to neonate.

TV pulsed Doppler and TDI studies have been performed for preterm and term neonates. A 
tricuspid E/A ratio < 0.8 suggests impaired relaxation while an E/A ratio of 0.8–2.1 with an 
E/E′ ratio > 6 suggests pseudo-normal filling in adults.21-23 During the neonatal period, RV 
has 13%–25% thicker wall than LV wall. However, neonatal cardiac muscle is less compliant 
than that of adults.1 In our study, TV E/A and TV E/E′ median ranges were 0.77–0.79 and 
6.72–7.51, respectively. They could be considered as normal transitional patterns based on 
neonatal reference. However, they could be considered as abnormal relaxation or pseudo-
normal filling based on adult reference. These results suggest that less compliance of 
neonatal RV can influence transient changes of TV E/A, E/E′, and impaired RV relaxation.

Decreases of E′, A′, and S′ reflect global systolic and diastolic function while an elevated E/E′ 
ratio indicates diastolic dysfunction.24,25 A previous study has revealed that peak velocities 
of E′, A′, and S′ in LV TDI are lower than those in RV TDI while LV E/E′ is significantly higher 
than RV E/E′.26 Our result also showed the same pattern. It can be interpreted that the LV 
during early transitional period represents a relative diastolic dysfunction in term neonates.

MPI is a well-known parameter reflecting global cardiac function. Increased MPI is correlated 
with global ventricular dysfunction.27 Our results revealed that MPI in both LV and RV before 
postnatal 24 hours showed significant increases compared with those after postnatal 24 hours 
chronologically and dramatically (Tables 2 and 5). This suggests that increased MPIs in LV and 
RV can signify transient adaptive dysfunction during the early transitional period. They might 
be associated with changes of PDA, aortic VTI, SV, and CO within postnatal 24 hours.

SVC flow is a novel marker of systemic blood flow at time of closed PDA.28 Our result showed 
that SVC flow/LV CO during 24–72 hours showed significantly increases compared with 
postnatal 0–24 hours although each SVC flow and LV CO did not show significant differences. 
Therefore, the increase of SVC flow/LV CO after postnatal 24 hours was associated with the 
hemodynamically physiologic closure of PDA.
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SVC flow, SVC VTI, EF, FS, SV, LV CO, and ratio of SVC/LV CO have been investigated 
in term and preterm neonates through cardiac magnetic resonance imaging and 
echocardiography.29-32 These values were slightly different but grossly similar patterns 
compared with results of our study. It is known that they can show differences by multiple 
causes, including gestational age, birth weight, medical conditions, PDA flow, and imaging 
modalities.33,34 Our results are meaningful in that chronologic neonatal changes of systolic, 
diastolic, and TDI parameters are represented within early postnatal period with short-term 
intervals. They can be used to compile normal baseline data of neonates.

Aortic VTI, LA/Ao, and EDV in open PDA group showed significant increases compared with 
those in closed PDA group but other parameters associated with hemodynamically significant 
PDA were not prominent during postnatal 24–48 hours. PDAs during postnatal 24–48 hours 
are located in the process of gradually physiological closure and only some parameters such 
as aortic VTI, LA/Ao, and EDV showed significant changes. It should be investigated more 
whether those parameters can be the markers of physiological closure of PDA.

The main limitation of the study was that we did not have enough time to observe 
hemodynamics beyond the transitional period but we have observed echocardiographic 
changes during the short period of postnatal 0–72 hours. However, we have considered 
postnatal 0–72 hours as enough time to observe the changes of hemodynamics associated 
with PDA. Longer observation time should be contributed in further studies. In addition, 12-
hour interval during transitional period might not be enough to deal with detailed changes. 
More detailed intervals should be used in future studies.

In conclusion, postnatal 24 hours can be used as a new critical time for hemodynamic 
closure of PDA instead of postnatal 48 hours. The increase of systolic BP after postnatal 
24 hours is inevitable outcome according to the physiological closure of PDA. Functional 
parameters of aortic VTI, LV SV, LV CO, LV CI and SVC flow/LV CO after postnatal 24 hours 
showed significantly chronological and dramatic decreases compared with those before 
postnatal 24 hours according to physiological closure of PDA at the same time as postnatal 24 
hours. However, anatomical parameters such as AV annulus or LA/Ao did not show changes 
according to physiological closure of PDA. MV E/A, TV E/A, and TV E/E′ have showed similar 
pattern with normal transition from fetal to neonatal life and these results can be used as 
baseline data of normal transitional hemodynamics from fetus to neonate. Increased MPI 
in LV and RV can signify transient adaptive dysfunction and they might be associated with 
physiological closure of PDA during the early transitional period. Chronological and dramatic 
changes of systolic, diastolic, and TDI parameters which are presented during early postnatal 
period can be used to compile normal baseline data of healthy full-term neonates.
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