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Growth and developmental 
outcomes of infants with hypoxic 
ischemic encephalopathy
Joonsik Park , Sook Hyun Park , Chloe Kim , So Jin Yoon , Joo Hee Lim , Jung Ho Han , 
Jeong Eun Shin , Ho Seon Eun , Min Soo Park  & Soon Min Lee *

Despite advances in obstetric care, hypoxic ischemic encephalopathy (HIE) remains a significant 
disease burden. We determined the national trends of HIE prevalence, therapeutic hypothermia (TH) 
use, mortality, and outcomes from 2012 to 2019. This study included term infants diagnosed with 
HIE between 2012 and 2019 from the National Health Insurance Service database. The prevalence 
of HIE was 2.4 per 1000 births without significant change during the period. TH was performed in 
approximately 6.7% of infants with HIE, and the annual variation ranged from 2.4 to 12.5%. The 
mortality among all term infants with HIE was 4.6%. The mortality rate among infants with HIE and TH 
significantly declined from 40 to 16.9% during the eight years. Infants with TH had higher mortality, 
increased use of inhaled nitric oxide, and more invasive ventilator use, indicating greater disease 
severity in the TH group. Infants with TH also showed significantly poorer outcomes, including delayed 
development, cerebral palsy, sensorineural hearing loss, and seizure, compared to infants without 
TH (p < 0.0001). With the increasing application of TH, mortality and developmental outcomes among 
infants with HIE have been improving in the past eight years in Korea. Further efforts to improve 
outcomes should be needed.

Hypoxic Ischemic Encephalopathy (HIE), caused by impaired cerebral blood flow and oxygen delivery to the 
brain, is a severe birth complication affecting term  infants1. Despite advances in obstetric care, HIE continues to 
affect 1.5 infants per every 1000 births worldwide and accounts for a significant disease burden in the developed 
 country2.

Since approved by the United States Food and Drug Administration in 2005, therapeutic hypothermia (TH) 
has been the standard treatment for neonates at a gestational age of 35 weeks or more with moderate to severe 
HIE within the first 6 h after  birth3. In the US, 2.4 per 1000 births are diagnosed with HIE, and TH is applied 
to 10.9% of those with  HIE4. In the United Kingdom, 1.2–3.0 per 1000 births are diagnosed with HIE, and TH 
is applied to 41–67%, with 0.98 deaths per 1000  noted5,6. In Sweden, 1.4 per 1000 births have HIE, and 47% 
have  TH7. Clinical trials have shown that TH reduces the risk of death in infants with HIE compared to control 
groups (10% vs. 20–30%)5,6,8. In Korea, TH has been adopted as standard therapy since 2012 and is covered 
under national  insurance9. A single center from Korea reported that 10% of infants die and 42% have abnormal 
neurological outcomes among the infants diagnosed with HIE who undergo  TH10: population-based national 
data about HIE and TH have yet to be reported in Korea.

TH for newborns with HIE has been shown to improve neurodevelopmental outcomes significantly. Results 
from a Cochrane Review stated that hypothermia at 33–34 °C for 72 h reduced death or significant neurode-
velopmental disability among survivors at 18 or 24 months of age. In particular, TH decreased the risk of neu-
romotor and developmental delay and that of cerebral palsy among the  survivors8. TH has also been shown to 
have a neuroprotective effect in children aged 6–7  years11. Data from the Total Body Hypothermia for Neonatal 
Encephalopathy trial showed that more children in the cooled group than the control group survived with an 
intelligence quotient more significant than  8512. Furthermore, more children in the cooled group demonstrated 
regular neurological exams, and fewer had cerebral palsy. MRI results have also shown a lower incidence of brain 
injury in the cooled population than in the non-cooled population (36% vs 66%)13.

In 2023, it is now well-established that TH yields superior outcomes and should be employed whenever indi-
cated. Despite receiving TH, up to 29% of neonates with HIE still develop adverse  effects14. The results of HIE 
included high mortality or severe disabilities, such as mental retardation, epilepsy, and cerebral palsy, in 40% to 
60% of such infants, attributed to the severity of the  disease15–17. While TH has benefits, its safety and efficacy in 
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diverse circumstances remain uncertain, particularly in newly introduced countries. In the HELIX trial of 2021, 
the authors emphasized the need for special attention until optimal care and effective cooling are  available18.

We aimed to assess the trends in HIE prevalence, TH application, mortality, and associated outcomes over 
a sequential 8-year period, starting from the early introduction in 2012, using a population-based national 
database in Korea.

Methods
Patients and data source
This study analyzed the data of term infants diagnosed with HIE (International Classification of Diseases-10 
code: G93.1) between 2012 and 2019 from the National Health Insurance Service (NHIS) database. For almost 
all Korean residents, healthcare claims data, such as diagnostic codes, diagnostic test costs, and administered 
procedures, are linked to the National Health Screening Program for Infants and Children database. Information 
on birth weight or gestational age was obtained by the ICD-10 codes input by the hospital or by the “Question-
naire” administered as part of the National Health Screening Program for infants and children. In Korea, the 
indications for TH are primarily based on the recommendations by the Korean Neonatal Society as a minimum 
birth weight range of 1800–2000 g, gestational age of 35 weeks, and moderate to severe Sarnat  stage9,19. But, due 
to discrepancies between international guidelines, domestic recommendations, and hospital variations over a 
research period of 8 years, there was a potential bias depending on the choice of subjects in this study. In addi-
tion, in ICD-10 codes, cases with birth weight exceeding 1800 g are mixed in the P07.17 code (1750–1999 g), 
making it impossible to distinguish them separately. Therefore, this study exclusively focused on term infants and 
a birth weight exceeding 2000 g. We excluded preterm infants if the questionnaire confirmed preterm status or 
those with ICD-10 codes P07.2 and P07.3. We excluded birth weight below 2000 g for term infants with ICD-10 
codes P07.0–07.17. We used birth certificate data from Statistics Korea to estimate the prevalence of HIE and 
TH incidence (https:// kosis. kr/ stati stics List).

The National Health Screening Program for infants and children in Korea was launched in 2007 to monitor 
current health issues. It has since been a successful part of the primary clinical  service20. The program provides 
population surveillance that includes medical history, physical examination, anthropometric measurements, 
screening for visual acuity, developmental screening via the Korean Developmental Screening Test (K-DST), oral 
examination, and questionnaires on anticipatory guidance. The study population of infants had their first visits 
at 4–6 months of age, second visits at 9–12 months, third visits at 18–24 months, fourth visits at 30–36 months, 
fifth visits at 42–48 months, and sixth visits at 54–60 months, based on the chronological age, not the corrected 
age. The K-DST screening test verifies whether infants have achieved normal neurodevelopmental status in 
six domains (gross/fine motor, cognition, communication, social interaction, and self-control)21,22. Tests were 
administered according to the child’s corrected age during the clinic visits. Results were categorized into four 
groups based on standard deviation (SD) scores (a score below −2 SD = “further work-up”, between −2 and −1 
SD = “close observation,” between −1 and 1 SD = “at a peer level”, and above 1 SD = “at a high-level”). For children 
in the close observation group, short-term checkups were recommended. Scores below − 1 SD were set as a critical 
cutoff to screen for developmental delays, indicating that these infants require further evaluation and follow-up 
tests. Additionally, there were some positive responses to questions that were considered red flags for clinically 
significant neurodevelopmental disorders, such as cerebral palsy, language delay, and autism spectrum disorders, 
and these infants were referred to medical specialists. The complications associated with HIE were identified 
using ICD-10 codes input by the hospital including delayed development (DD) (R62.9), cerebral palsy (CP) 
(G80), autism spectrum disorders (ASD) (F84.9), sensorineural hearing loss (SNHL) (H90.5), attention deficit 
hyperactivity disorder (ADHD) (F90.0), Blindness (H54.0) and Seizure disorder (G40 or R56.8). The Disability 
Rating Standards were established through an official announcement by the Ministry of Health and Welfare of 
the Republic of Korea, as per Notification No. 2013-56 (April 3, 2013) (http:// www. mohw. go. kr/ upload/ viewer/ 
skin/ doc. html? fn= 13650 62659 892_ 20130 40417 0421. hwp& rs=/ upload/ viewer/ result/ 202310/).

Statistical analyses
Baseline infant characteristics were expressed as percentages for categorical variables. The cohort was stratified 
according to birth year. A test was used to compare the neonatal features and complications between the groups. 
Logistic regression models were used to determine the significant changes in the incidence of complications, 
and odds ratios (ORs) and 95% confidence intervals (CIs) were calculated for each risk factor associated with 
mortality and morbidity. The Cochran-Armitage trend test was used to test for linear trends. All analyses were 
performed using SAS v 9.4 (SAS Institute, Cary, North Carolina). A p-value < 0.05 was considered statistically 
significant.

Ethics statement
This study used NHIS-NSC data (NHIS-2022-1-120) maintained by the NHIS. The authors declare no conflicts of 
interest with NHIS. In this study, all identifiable variables, including claim-, individual-, and organizational-level 
identification numbers, were randomly re-generated by the NHIS database to protect patient privacy. The study 
protocol was approved by the Institutional Review Board of Gangnam Severance Hospital, Yonsei University 
School of Medicine (No. 3-2021-0221). Informed consent was waived by Yonsei University School of Medicine 
owing to the retrospective study design. The relevant guidelines and regulations performed all methods.
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Results
According to the birth statistics, 3,188,372 live births occurred between 2012 and 2019. In total, 6994 infants 
were diagnosed with HIE. Of these, 470 infants were treated for TH during the study period. The HIE incidence 
in term infants was 2.4 per 1000 births (range:1.9 to 2.7), which did not change significantly during the study 
period. A 4.6% mortality was noted among the term infants with HIE, and this was maintained between 3.1 
and 6.2% during the eight years included in this study. TH was performed on approximately 6.7% of infants 
with HIE, but the annual rate varied widely from 2.4 to 12.5%. Mortality among the infants with TH showed a 
significant reduction (Fig. 1).

Among the 6994 term infants diagnosed with HIE, inhaled nitric oxide therapy and invasive ventilation were 
applied to 61 infants (0.9%) and 486 infants (6.9%), respectively, and anti-epileptic drugs were administered 
to 287 infants (4.1%). CP was diagnosed in 526 infants (7.5%), delayed development in 823 infants (11.8%), 
autism spectrum disorders in 96 infants (1.4%), SNHL in 212 infants (3.0%), blindness in seven infants (0.1%), 
and seizures in 84 infants (1.2%). The combined outcome, which included CP, delayed development, SNHL, or 
blindness, affected 1122 infants (16.0%). Infants with HIE and TH showed significantly higher mortality than 
those with HIE but without TH, and the mortality was significantly higher at all ages after birth (p < 0.0001). 
Infants with HIE and TH also showed considerably higher morbidities, including DD, CP, SNHL, and seizures, 
and invasive treatment, including inhaled nitric oxide and ventilator care, compared to infants with HIE and 
without TH (p < 0.0001) (Table 1).

Trends of developmental outcomes among infants with hypoxic ischemic encephalopathy are in Table 2. The 
CP incidence decreased from 7.0 to 5.3% over the 8 years (P < 0.001). The incidence of autism spectrum disor-
der, ADHD, and seizure showed significant changes from 2012 to 2019. When dividing study periods into two 
groups, year 2012–2015 (4022 infants) and year 2016–2019 (2972 infants), a significant decrease in the number 
of infants with CP (7.9% vs 6.9%) was observed.

Based on the data from the disability identification system, brain lesion disorder was the most common 
disability in infants with HIE (5.7% in the HIE and without TH group vs. 14.7% in the HIE with TH group; 
p < 0.0001), followed by auditory disorder, intellectual disorder, and language disorder (Supplement Table 1).

A total of 2045 infants (7.8%) with HIE showed a weight (WT) of < 10 percentile, 1777 infants (6.8%) showed 
a height (HT) of < 10 percentile and 2,263 infants (9.2%) showed a head circumference (HC) of < 10 percentile. 
There were significant variations in WT < 10 percentile (1.9–9.4%), HT < 10 percentile (3.2–8.8%), and HC < 10 
percentile (6.2–9.8%) during the study period. Comparisons of poor growth outcomes between infants with 
and without TH were shown in Fig. 2a–c. The incidence of infants with WT < 10 percentile showed a significant 
difference only at 6 months, and the incidence of infants with HC < 10 was significantly different at 6 months, 
12 month and 24 months of age. Although infants with TH demonstrated poorer conditions than those without 
TH, catch-up growth in HT, WT, and HC at 18 months was evident.

4.6% of infants with HIE required “further work-up,” and 10.6% required “close observation.” “Further work-
up” (2.7–8.6%) and “close observation” (5.4–23.8%) varied significantly during the study period. Poor devel-
opmental outcomes between infants with HIE, with and without TH, are shown in Fig. 2d. Infants in the HIE 
with TH group required more “further work-up” (7.0% vs. 4.4%) and also more “close observation” (13.2% vs 
10.9%). Exclusively, at the 12-month (p < 0.001), significantly poor developmental outcomes were demonstrated 
in the HIE with TH group.

The comparison of growth outcomes between infants with and without CP is shown in Table 3. Poor growth 
at the 2nd, 3rd, and 4th tests was significantly associated with an increased risk of CP regardless of TH.

Discussion
This population-based nationwide study showed that the HIE prevalence in term infants in Korea is similar to 
that in other developed countries. With the new introduction of TH as a treatment for HIE, poor neurodevel-
opmental outcomes and mortality showed decreasing trends; however, they remained in Korea. In addition, 
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Figure 1.  Incidence of hypoxic ischemic encephalopathy and the use of therapeutic hypothermia (a) and 
mortality (b) from 2012 to 2019. HIE hypoxic ischemic encephalopathy, TH therapeutic hypothermia.
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infants with HIE showed poor growth and developmental outcomes. Although catch-up growth was indicated 
as promising long-term outcomes, further efforts to improve outcomes for infants with HIE who treated TH or 
diagnosed CP should be needed.

The worldwide incidence of HIE varies between 1 and 3 per 1000 live births in developed countries and 2.3 
to 30.6 per 1000 live births in developing  countries23–25. The Korean incidence of 2.4/1000 live births is similar 
to the HIE incidence in the United Kingdom (2.63 in the 1990s, 2.96 per 1000 live births in the 2010s), which 
showed no significant changes over  time5,26. Providing better access to medical and antenatal care in developing 
countries may reduce the incidence of  HIE23. In contrast, in developed countries, significant improvement in the 
incidence is not usually observed once maternal care has settled down. Our results elucidated that the incidence 
of HIE in Korea has not changed over 8 years.

The mortality rate for newborns with HIE can vary depending on the severity of the condition and the 
availability of appropriate medical care. A study from Spain reported 21% mortality, which remained relatively 
constant during the study period from 2010 to  201927. In Canada, 27% mortality in infants with HIE was noted 
during the study period (1988 to 2015)28. As a standard therapy of moderate to severe HIE, TH can reduce the 
mortality rate by 10–20% compared to control groups that did not utilize  TH29. The United Kingdom study 
reported decreased mortality in infants with HIE who had undergone TH (12.9% to 6.7% from 2010 to 2017)6. 
In this study, it was impossible to compare the incidence due to the study’s observational nature. However, we 

Table 1.  Demographic characteristics and developmental outcomes among infants with hypoxic ischemic 
encephalopathy. HIE hypoxic ischemic encephalopathy, TH therapeutic hypothermia, iNO inhaled nitric oxide, 
OR odds ratio, CI confidence interval, SNHL sensorineural hearing loss, ADHD attention deficit hyperactivity 
disorder, CP cerebral palsy.

Total (n = 6994) HIE without TH (n = 6524) HIE with TH (n = 470) OR (95% CI) P value

Mortality

 < 1 month 81 (1.2%) 54 (0.8%) 27 (5.7%) 7.30 (4.56/11.71)  < 0.0001

 1–12 month 119 (1.7%) 84 (1.2%) 35 (7.4%) 6.17 (4.11/9.26)  < 0.0001

 ≥ 1 year 121 (1.7%) 73 (1.1%) 48 (10.2%) 10.05 (6.89/14.66)  < 0.0001

 Total 321 (4.6%) 211 (3.2%) 110 (23.4%) 9.14 (7.09/11.78)  < 0.0001

iNO therapy 61 (0.9%) 39 (0.6%) 22 (4.7%) 8.17 (4.80/13.89)  < 0.0001

Invasive ventilator 486 (6.9%) 399 (6.1%) 87 (18.5%) 33.13 (22.80/48.13)  < 0.0001

Anti-epileptic drug

 Total 1377 (19.7%) 1077 (16.5%) 300 (63.8%) 8.93 (7.31/10.89)  < 0.0001

 First prescription 287 (4.1%) 218 (3.3%) 69 (14.7%) 4.98 (3.73/6.65)  < 0.0001

Delayed development 823 (11.8%) 726 (11.1%) 97 (20.6%) 2.08 (1.64/2.63)  < 0.0001

Cerebral palsy 526 (7.5%) 453 (8.3%) 73 (15.5%) 2.47 (1.89/3.22)  < 0.0001

Autism spectrum disorders 96 (1.4%) 89 (1.4%) 7 (1.5%) 1.09 (0.50/2.37) 0.8218

SNHL 212 (3%) 186 (2.8%) 26 (5.5%) 2.03 (1.33/3.10) 0.0010

Blindness 7 (0.1%) 6 (0.1%) 1 (0.2%) 1.02 (0.80/1.32) 0.4816

ADHD 84 (1.2%) 80 (1.2%) 4 (0.9%) 0.69 (0.25/1.89) 0.4733

Seizure 1785 (25.5%) 1538 (23.6%) 247 (52.6%) 3.59 (2.97/4.34)  < 0.0001

CP or delayed development or SNHL 
or Blindness 1122 (16%) 981 (15%) 141 (30%) 2.42 (1.97/2.98)  < 0.0001

CP or delayed development or SNHL 
or blindness or mortality 1351 (19.3%) 1122 (17.2%) 229 (48.7%) 4.58 (4.78/5.54)  < 0.0001

Table 2.  Trends of developmental outcomes among infants with hypoxic ischemic encephalopathy. SNHL 
sensorineural hearing loss, ADHD attention deficit hyperactivity disorder. *The Cochran-Armitage trend test 
was used. **χ2 test was used.

Total (n = 6994) (2012–2019) P value* 2012–2015 (n = 4022) 2016–2019 (n = 2972) P value**

Delayed development 823 (11.8%) (8.4–8.8%) 0.2244 459 (11.4%) 364 (12.2%)  < 0.001

Cerebral palsy 526 (7.5%) (7.0–5.3%) 0.0464 320 (7.9%) 206 (6.9%)  < 0.001

Autism spectrum disorder 96 (1.4%) (1.3–0.3%) 0.0043 70 (1.7%) 26 (0.9%) 0.426

SNHL 209 (3.0%) (3.9–2.9%) 0.0667 135 (3.4%) 74 (2.5%) 0.057

Blindness 1 (0.0%) (0.0–0.1%) 0.0924 0 (0.0%) 1 (0.0%)

ADHD 84 (1.2%) (3.1–0.0%)  < 0.001 81 (2.0%) 3 (0.1%) 0.772

Seizure 1785 (25.5%) (19.2–19.0%)  < 0.001 948 (23.6%) 837 (28.2%)  < 0.001

Mortality 321 (4.6%) (3.4–3.1%) 0.179 179 (4.5%) 142 (4.8%) 0.002
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noted the mortality rate among infants with HIE and TH significantly declined from 40 to 16.9% during the eight 
years. In Korea, the overall mortality rate is low at 4.6%, which may be due to overestimation of HIE diagnosis 
due to retrospective ICD-10 code analysis.

TH was first introduced as standard therapy for moderate to severe HIE in Korea in the  2010s9. The use of TH 
in infants with HIE has remained under 10%, except for the year 2018. TH is broadly applied in up to 40.5% of 
all infants with HIE in the UK and 21.1% in the  US5,30. The reasons for a significantly lower rate of TH in Korea 
are as follows: missed or underestimation of moderate to severe HIE as mild to no HIE, the ideal time point for 
the diagnosis of HIE passed, inability to transport the infant within the therapeutic window, or an active decision 
not to offer intensive care and lack of facilities or experienced TH specialist. Opportunities to explore practice-
site variations and to develop quality improvement interventions to assure consistent, evidence-based care of 
term infants with HIE and the appropriate application of TH for eligible newborns should be  considered31. It is 
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Figure 2.  Comparisons of growth and developmental outcomes between Infants with and without therapeutic 
hypothermia. (a) Weight below10 percentile. (b) Height below 10 percentile. (c) Head circumference below 10 
percentile. (d) The abnormal developmental screening outcome using the Korean Developmental Screening 
Test.

Table 3.  Comparisons of poor growth outcome at 12, 24, and 36 months of age between infants with and 
without cerebral palsy adjusted with therapeutic hypothermia. CP cerebral palsy, OR odds ratio, CI confidence 
interval, HT height, WT weight, HC head circumference, p percentile.

CP (n = 526) No-CP (n = 6558) OR (95% CI) P value

HT below 10p at 12 month 38 (20.5%) 222 (4.8%) 5.03 (3.427–7.383)  < 0.0001

WT below 10p at 12 month 45 (24.3%) 210 (4.5%) 6.793 (4.713–9.793)  < 0.0001

HC below 10p at 12 month 69 (37.3%) 221 (26.5%) 11.368 (8.176–15.805)  < 0.0001

HT below 10p at 24 month 35 (22.6%) 226 (4.9%) 5.537 (3.707–8.272)  < 0.0001

WT below 10p at 24 month 47 (30.3%) 303 (6.6%) 6.274 (4.362–9.024)  < 0.0001

HC below 10p at 24 month 62 (40%) 296 (6.4%) 9.542 (6.768–13.454)  < 0.0001

HT below 10p at 36 month 42 (27.6%) 219 (5.5%) 6.512 (4.446–9.539)  < 0.0001

WT below 10p at 36 month 57 (37.5%) 301 (7.6%) 7.467 (5.261–10.599)  < 0.0001

HC below 10p at 36 month 71 (46.7%) 359 (9%) 8.835 (6.306–12.38)  < 0.0001
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promising that we should focus on building competence and designing quality improvement projects to increase 
the application of TH for newborns with HIE as an evidence-based practice.

HIE with TH group is affected by severe medical conditions compared to the HIE without TH group. Sig-
nificantly higher mortalities and morbidities requiring invasive ventilators and anti-epileptic medication were 
found among HIE infants with TH than those without TH. The occurrence of persistent pulmonary hyperten-
sion in the newborn was between 13 and 25% in asphyxiated hypothermic  infants32,33, which is higher than the 
incidence in the general  population34,35. Also, neonates with hypothermia showed a 2.5 times higher risk of PPHN 
than  controls36. In this study, 4.7% of infants with HIE and TH required inhaled nitric oxide treatment, which 
means it is 8.8 times more common than infants with HIE and without TH. This implies that either the baseline 
characteristics of the TH group were worse from the beginning or TH hurt the clinical course of PPHN itself.

It is encouraging to note that specific developmental outcomes, including CP, as a consequence of HIE, have 
decreased significantly in recent years in Korea. We assume that improvements in neonatal care and developmen-
tal follow-up protocols have led to better outcomes and the application of TH. Although other developmental 
products have not decreased significantly in the HIE with TH group, these results show that the active application 
of TH is promising for better outcomes.

TH significantly reduced the combined rate of death and severe disability in three trials that evaluated 
18-month outcomes (risk ratio: 0.81, P = 0.002)37. Although there was a significant reduction in the rates com-
pared to normothermia, hypothermia in survivors showed severe disability (28.1%), cerebral palsy (26.4%), deaf-
ness (4.7%), and mental and the psychomotor developmental index of less than 70 (26.5% and 26.2% respectively) 
with. We found that 21% of DD, 16% of CP, and 5.5% of SNHL were shown among the HIE infants treated with 
TH. Children with HIE scored significantly lower than typically developing children in fine motor skills, executive 
functions, memory, and language. In this study, infants in the HIE with TH group showed poor developmental 
outcomes (20.2%) in K-DST. Administering regular developmental screening and providing early intervention 
services should be needed. According to the National Health Screening Program for infants and children until 
72 months of age, infants with HIE tended to have poor growth. Poor motor abilities, such as spasticity, can 
lead to difficulties in proper feeding, further exacerbating issues with development. This, in turn, can create a 
detrimental cycle that adversely affects neurodevelopment. This disparity is more evident in infants with HIE 
and TH, probably because of the seriousness of the HIE, than in infants without TH. An HC under the ten per-
centile was significantly higher in the HIE with TH group than in the HIE without TH group until the fourth 
test, corresponding to a chronological age of 30 months. This phenomenon may be attributed to infants with 
developmental problems being less likely to undergo general screening at the appropriate age. Alternatively, it is 
possible that the TH group missed the chance to experience growth during the rapid HC growth period before 
36 months of  age38.

The strength of this study is the use of data from nationwide databases, encompassing all live births and 
affected patients included in the study period. Long-term growth and developmental screening data until 6 years 
old were also analyzed.

The study has some limitations. The study contains weaknesses inherent to an observational study. National 
claim data did not include individual patient medical information. Specifically, the severity of HIE is indistin-
guishable. It is expected that the TH and HIE without TH groups would exhibit different distributions of Sarnat 
stages, although this information was inaccessible. In a real-world setting, mild HIE cases may be misclassified 
as moderate and cooled, especially in scenarios where timely decision-making within the therapeutic window 
is  critical39. This adds a layer of complexity to the interpretation. Due to restricted access to individual data, 
nutrition status, and oral feeding difficulties, baseline growth parameters were not analyzed. It is impossible to 
establish the causality between CP or disabilities and poor growth in infants. The analyses relied on the accuracy 
of the included ICD codes, and labeling errors could not be identified and corrected. Due to the nature of ICD 
code search studies, we cannot differentiate the onset time of diseases. To prevent confusion, we excluded neo-
natal seizures from the seizure disorder category to focus on studying lifelong seizure disorders.

Nonetheless, understanding the timing of disease onset will offer valuable insights in the future. The KDST 
was used as a developmental screening tool, but the Bayley Scales of Infant Development was not used as a diag-
nostic tool. Moreover, the association of outborn birth status with mortality and morbidity was not evaluated.

With the new adaptation of TH treatment, neurodevelopmental outcomes showed decreasing trends; however, 
they remained in Korea. Further efforts and earlier interventions are warranted to improve infants’ developmental 
and growth effects with HIE.

Data availability
The dataset analyzed in this study are not publicly available due to the policy of Research of Korea Centers for Dis-
ease Control and Prevention. However, dataset is available from the corresponding author on reasonable request.

Received: 26 February 2023; Accepted: 16 December 2023

References
 1. Allen, K. A. & Brandon, D. H. Hypoxic ischemic encephalopathy: Pathophysiology and experimental treatments. Newborn Infant 

Nurs. Rev. 11, 125–133 (2011).
 2. Shankaran, S. Therapeutic hypothermia for neonatal encephalopathy. Curr. Opin. Pediatr. 27, 152–157 (2015).
 3. American Academy of Pediatrics. & American College of Obstetricians and Gynecologists. Guidelines for Perinatal Care. 7th edn. 

XIV. 580. (American Academy of Pediatrics/American College of Obstetricians and Gynecologists, 2012).
 4. Smith, J., Wells, L. & Dodd, K. The continuing fall in incidence of hypoxic–ischaemic encephalopathy in term infants. BJOG 107, 

461–466 (2000).



7

Vol.:(0123456789)

Scientific Reports |        (2023) 13:23100  | https://doi.org/10.1038/s41598-023-50187-0

www.nature.com/scientificreports/

 5. Shipley, L., Gale, C. & Sharkey, D. Trends in the incidence and management of hypoxic-ischaemic encephalopathy in the therapeutic 
hypothermia era: A national population study. Arch. Dis. Child Fetal Neonatal Ed. 106, 529–534 (2021).

 6. Hage, L. et al. Changing clinical characteristics of infants treated for hypoxic-ischaemic encephalopathy in England, Wales and 
Scotland: A population-based study using the National Neonatal Research Database. Arch. Dis. Child Fetal Neonatal Ed. 106, 
501–508 (2021).

 7. Torn, A. E., Lampa, E., Wikstrom, A. K. & Jonsson, M. Hypoxic ischemic encephalopathy in offspring of immigrant women in 
Sweden: A population-based cohort study. Acta Obstet. Gynecol. Scand. 100, 2285–2293 (2021).

 8. Jacobs, S. E. et al. Cooling for newborns with hypoxic ischaemic encephalopathy. Cochrane Database Syst. Rev. 2013, Cd003311 
(2013).

 9. Sung, I. K. Therapeutic hypothermia for hypoxic–ischemic encephalopathy in newborn infants. Neonatal Med. 24, 112 (2017).
 10. Chun, M.-K., Sung, H.-J., Park, J.-H., Lim, G.-Y. & Kim, S.-Y. Predictors of neurodevelopmental outcomes in newborns undergoing 

hypothermia therapy. Neonatal Med. 26, 17–23 (2019).
 11. Azzopardi, D. et al. Effects of hypothermia for perinatal asphyxia on childhood outcomes. N. Engl. J. Med. 371, 140–149 (2014).
 12. Azzopardi, D. et al. The TOBY Study. Whole body hypothermia for the treatment of perinatal asphyxial encephalopathy: A ran-

domised controlled trial. BMC Pediatr. 8, 17 (2008).
 13. Rao, R. et al. Utilization of therapeutic hypothermia and neurological injury in neonates with mild hypoxic–ischemic encepha-

lopathy: A report from Children’s Hospital Neonatal Consortium. Am. J. Perinatol. 39, 319–328 (2022).
 14. Shankaran, S. et al. Effect of depth and duration of cooling on death or disability at age 18 months among neonates with hypoxic–

ischemic encephalopathy: A randomized clinical trial. JAMA 318, 57–67 (2017).
 15. Pierrat, V. et al. Prevalence, causes, and outcome at 2 years of age of newborn encephalopathy: Population based study. Arch. Dis. 

Child-Fetal 90, 257–261 (2005).
 16. Hoehn, T. et al. Therapeutic hypothermia in neonates. Review of current clinical data, ILCOR recommendations and suggestions 

for implementation in neonatal intensive care units. Resuscitation 78, 7–12 (2008).
 17. Gluckman, P. D. et al. Selective head cooling with mild systemic hypothermia after neonatal encephalopathy: Multicentre ran-

domised trial. Lancet 365, 663–670 (2005).
 18. Thayyil, S. et al. Hypothermia for moderate or severe neonatal encephalopathy in low-income and middle-income countries 

(HELIX): A randomised controlled trial in India, Sri Lanka, and Bangladesh. Lancet Glob Health 9, e1273–e1285 (2021).
 19. Heo, J. S. et al. 2020 Korean Guidelines for Cardiopulmonary Resuscitation. Part 8. Neonatal resuscitation. Clin. Exp. Emerg. Med. 

8, S96-s115 (2021).
 20. Moon, J. S. Review of National Health Screening Program for infant and children in Korea. J. Korean Med. Assoc. 53, 377–385 

(2010).
 21. Moon, J. S. et al. One-year evaluation of the national health screening program for infants and children in Korea. Korean J. Pediatr. 

53, 307–313 (2010).
 22. Chung, H. J. et al. Development of the Korean developmental screening test for infants and children (K-DST). Clin. Exp. Pediatr. 

63, 438–446 (2020).
 23. Kurinczuk, J. J., White-Koning, M. & Badawi, N. Epidemiology of neonatal encephalopathy and hypoxic-ischaemic encephalopathy. 

Early Hum. Dev. 86, 329–338 (2010).
 24. Lawn, J. E. et al. Two million intrapartum-related stillbirths and neonatal deaths: Where, why, and what can be done?. Int. J. 

Gynaecol. Obstet. 107(Suppl 1), S5–S18 (2009).
 25. Namusoke, H., Nannyonga, M. M., Ssebunya, R., Nakibuuka, V. K. & Mworozi, E. Incidence and short term outcomes of neonates 

with hypoxic ischemic encephalopathy in a Peri Urban teaching hospital, Uganda: A prospective cohort study. Matern. Health 
Neonatol. Perinatol. 4, 6 (2018).

 26. Evans, K., Rigby, A. S., Hamilton, P., Titchiner, N. & Hall, D. M. The relationships between neonatal encephalopathy and cerebral 
palsy: A cohort study. J. Obstet. Gynaecol. 21, 114–120 (2001).

 27. Vega-Del-Val, C. et al. Temporal trends in the severity and mortality of neonatal hypoxic–ischemic encephalopathy in the era of 
hypothermia. Neonatology 118, 685–692 (2021).

 28. Ravichandran, L. et al. Incidence, intrapartum risk factors, and prognosis of neonatal hypoxic–ischemic encephalopathy among 
infants born at 35 weeks gestation or more. J. Obstet. Gynaecol. Ca 42, 1489–1497 (2020).

 29. Shankaran, S. et al. Whole-body hypothermia for neonates with hypoxic–ischemic encephalopathy. N. Engl. J. Med. 353, 1574–1584 
(2005).

 30. Acun, C. et al. Trends of neonatal hypoxic ischemic encephalopathy prevalence and associated risk factors in the United States 
2010–2018. Am. J. Obstet. Gynecol. https:// doi. org/ 10. 1016/j. ajog. 2022. 06. 002 (2022).

 31. Kracer, B., Hintz, S. R., Van Meurs, K. P. & Lee, H. C. Hypothermia therapy for neonatal hypoxic ischemic encephalopathy in the 
state of California. J. Pediatr. 165, 267–273 (2014).

 32. Shankaran, S. et al. Outcomes of safety and effectiveness in a multicenter randomized, controlled trial of whole-body hypothermia 
for neonatal hypoxic-ischemic encephalopathy. Pediatrics 122, e791-798 (2008).

 33. Yum, S. K. et al. Therapeutic hypothermia in infants with hypoxic-ischemic encephalopathy and reversible persistent pulmonary 
hypertension: Short-term hospital outcomes. J. Matern. Fetal Neonatal Med. 31, 3108–3114 (2018).

 34. Walsh-Sukys, M. C. et al. Persistent pulmonary hypertension of the newborn in the era before nitric oxide: Practice variation and 
outcomes. Pediatrics 105, 14–20 (2000).

 35. Szakmar, E., Jermendy, A. & El-Dib, M. Respiratory management during therapeutic hypothermia for hypoxic–ischemic encepha-
lopathy (vol 39, pg 763, 2019). J. Perinatol. 39, 891–891 (2019).

 36. Joanna, R. G. V. et al. Persistent pulmonary hypertension in neonates with perinatal asphyxia and therapeutic hypothermia: A 
frequent and perilous combination. J. Matern. Fetal Neonatal Med. 35, 4969–4975 (2022).

 37. Edwards, A. D. et al. Neurological outcomes at 18 months of age after moderate hypothermia for perinatal hypoxic ischaemic 
encephalopathy: Synthesis and meta-analysis of trial data. BMJ-Brit. Med. J. 340, 17 (2010).

 38. James, H. E., Perszyk, A. A., MacGregor, T. L. & Aldana, P. R. The value of head circumference measurements after 36 months of 
age: A clinical report and review of practice patterns. J. Neurosurg. Pediatr. 16, 186–194 (2015).

 39. Raurale, S. A. et al. Grading hypoxic-ischemic encephalopathy in neonatal EEG with convolutional neural networks and quadratic 
time-frequency distributions. J. Neural Eng. 18, 36 (2021).

Author contributions
J.S.P., S.H.P., wrote the main manuscript text  C.K. performed statistical analysis S.J.Y., J.H.L., J.H.H., J.E.S., H.S.E. 
and M.S.P. added figure and tables. S.M.L. revised whole article. All authors reviewed the manuscript.

Funding
This work was supported by the Korea Medical Device Development Fund grant funded by the Korean govern-
ment (the Ministry of Science and ICT, the Ministry of Trade, Industry, and Energy, the Ministry of Health & 
Welfare, the Ministry of Food and Drug Safety) (Project Number: 1711138055, KMMDF_PR_20200901_0057).

https://doi.org/10.1016/j.ajog.2022.06.002


8

Vol:.(1234567890)

Scientific Reports |        (2023) 13:23100  | https://doi.org/10.1038/s41598-023-50187-0

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 50187-0.

Correspondence and requests for materials should be addressed to S.M.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-023-50187-0
https://doi.org/10.1038/s41598-023-50187-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Growth and developmental outcomes of infants with hypoxic ischemic encephalopathy
	Methods
	Patients and data source
	Statistical analyses
	Ethics statement

	Results
	Discussion
	References


