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Abstract 

Background: Neonatal hypoxic‑ischemic encephalopathy (HIE) is an important cause of mortality and morbid‑
ity. Effective indicators for the early diagnosis of brain injury after HIE and prognosis are lacking. This study aimed to 
examine the predictive value of serum neuron‑specific enolase (NSE), amplitude‑integrated electroencephalography 
(aEEG), and magnetic resonance imaging (MRI), alone and in combination, for the neurological outcomes in neonates 
with HIE.

Methods: Newborns with HIE born and treated at the Third Affiliated Hospital of An‑Hui Medical University were 
consecutively included in this prospective cohort study (June 2013 to December 2020). Encephalopathy was clas‑
sified as mild, moderate or severe according to Samat and Sarnat. All patients were assessed serum 1‑day NSE and 
3‑day NSE levels after birth. The children were classified by neurological examination and Bayley Scales of Infant 
Development II at 18 months of age. ROC analysis was used to evaluate the predictive accuracy of the neurodevelop‑
ment outcomes.

Results: A total of 50 HIE neonates were enrolled (normal group: 32 (64.0%), moderate delay: 5 (10.0%), severe delay: 
30(26.0%)) according to Bayley II scores. Serum 3‑day NSE levels increased with worsening neurodevelopment out‑
comes (normal: 20.52 ± 6.42 μg/L vs. moderate: 39.82 ± 5.92 μg/L vs. severe: 44.60 ± 9.01 μg/L, P < 0.001). The MRI find‑
ings at 4–7 days after birth were significantly different among the three groups (P < 0.001). Forty‑two (84.0%) children 
had abnormal aEEG. The combination of the three abnormalities combined together had 100% sensitivity, 97.70% 
specificity, 98.25% PPV, and 99.98% NPV.

Conclusions: MRI, aEEG, and 3‑day NSE can predict the neurological prognosis of newborns with HIE without hypo‑
thermia treatment. Their combination can improve the predictive ability for long‑term neurobehavioral prognosis.
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Background
Neonatal hypoxic-ischemic encephalopathy (HIE) is a 
type of encephalopathy caused by oxygen deprivation 
to the brain [1, 2]. It is mainly reported and studied in 
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infants > 35 weeks gestation [1, 2]. Of note, the definition 
of HIE is more difficult in preterm infants, and preterm 
infants are not eligible for cooling; therefore, they have 
not been studied thoroughly. The reported incidence of 
neonatal HIE is 2–8 per 1000 live births in developed 
countries and 26 per 1000 live births in underdeveloped 
countries [2–4]. It is most likely the result of an acute 
peripartum (most common) or chronic (during preg-
nancy) event [1, 2]. It can be caused by sentinel hypoxic 
or ischemic events such as severe placental abruption, 
umbilical cord prolapse, or shoulder dystocia, but most 
cases are idiopathic [1, 4]. Common neurologic sequelae 
of HIE include neurodevelopmental disabilities such as 
cerebral palsy, seizures, hearing loss, blindness, learning 
disabilities, and behavioral disabilities [1, 2, 5, 6]. Pre-
dicting the neurological prognosis would ensure optimal 
management and treatment and avoiding exposure to 
potentially toxic therapies [7, 8].

In the last decades, the Apgar score and Sarnat staging 
have been applied to predict prognosis [4], but follow-
up studies demonstrated a low predictive value of Sarnat 
grading for the outcome of infants with HIE, especially 
moderate (Sarnat grade II) encephalopathy [9–12]. The 
infant’s condition after therapeutic hypothermia, includ-
ing neurophysiologic tests, amplitude-integrated elec-
troencephalography (aEEG), biochemical markers, and 
neuroimaging, have been used to assess the severity of 
HIE and predict long-term outcomes [1, 2, 4, 8, 13, 14]. 
Indeed, the tests above are recommended by guidelines 
[1] and by the literature [2, 4]. In addition, cranial ultra-
sound, computed tomography (CT), magnetic resonance 
imaging (MRI) are valuable tools to determine the extent 
of ischemia and brain damage [8], with MRI being the 
most sensitive modality for determining the patterns of 
brain injury, without the use of radiations [13, 14]. Unfor-
tunately, the results are influenced by the timing of the 
monitoring among studies [15–17] or the different timing 
of the different examinations within a given study [15].

Neuron-specific enolase (NSE) is specific to central and 
peripheral neurons and neuroendocrine cells [18]. High 
blood levels of NSE are associated with poor outcomes 
after cardiac arrest, stroke, and pediatric traumatic brain 
injury [18]. Celtik et  al. [19] showed that NSE could be 
used as a predictor of HIE severity. Hypothermia treat-
ment for HIE might be associated with decreased NSE 
levels and possibly with neurodevelopmental outcomes 
[20], but the results need to be confirmed. Still, whether 
a combination of different methods could improve the 
prognostication of HIE remains to be examined. Some 
recent studies examined NSE levels, MRI, and aEEG on 
the outcomes of HIE within the same study, but without 
combining the different modalities [21, 22]. A study sug-
gested that the combination of cerebrospinal fluid NSE, 

MRI, and EEG could predict the outcomes of HIE [23], 
but sampling cerebrospinal fluid in neonates is riskier 
than blood.

Therefore, this study aimed to examine the predictive 
value of serum NSE, aEEG, and MRI, alone and in com-
bination, for the neurological outcomes in neonates with 
HIE.

Methods
Patients
All consecutive surviving full-term newborns with HIE 
born and treated at the Neonatal Intensive Care Unit of 
the Third Affiliated Hospital of An-Hui Medical Univer-
sity and subsequently followed at the same hospital were 
included in this prospective cohort study (June 2013 to 
December 2020). Ethical approval was obtained from the 
clinical research and ethics committee of the Third Affili-
ated Hospital of An-Hui Medical University (#2013–021-
01). All parents gave their informed consent.

The inclusion criteria were 1) born after a gestational 
age of ≥37 and < 42 weeks [24–26], 2) birth weight of 
2500–4000 g [24–26], 3) initial umbilical artery blood pH 
< 7.0, 4) Apgar score 0–3 for more than 5 minutes [27], 4) 
abnormal neurological manifestation, including included 
altered consciousness (irritation, drowsiness, or coma), 
muscle tone (increased or decreased), primal reflexes 
(decreased or disappeared from sucking or embrace 
reflexes), convulsive seizures, brainstem symptoms 
(altered respiratory rhythm, altered pupil, retardation 
or disappearance of light reflexes), and increased fonta-
nelle tension, and 5) multiple organ dysfunction occurred 
shortly after birth (two or more organ dysfunction, 
including cardiovascular, gastrointestinal, hematologic, 
pulmonary, or renal systems) [27–29]. The exclusion 
criteria were 1) congenital malformations or major dys-
morphic features, 2) congenital viral infections, and 3) 
defined metabolic syndromes.

Respiratory dysfunction was defined as 1) respira-
tory rate > 90 breaths/min, 2)  PaO2 < 5.3 kPa in the 
absence of cyanotic disease, 3)  PaCO2 > 8.7 kPa,  PaO2/
FiO2 < 200 Torr in the absence of cyanotic disease, or 4) 
mechanical ventilation [29]. Cardiovascular dysfunction 
was defined as 1) systolic blood pressure < 40 mmHg, 2) 
heart rate < 50 or > 220 bpm, 3) cardiac arrest, 4) pH < 7.2 
with normal  PaCO2, or 5) continuous hemodynamic 
support [29]. Hematologic dysfunction was defined as 
1) hemoglobin < 5 g/L, white blood cells < 3 ×  109/L, 3) 
platelet counts < 20 ×  109/L, or 4) disseminated intra-
vascular coagulation [29]. Neurologic dysfunction was 
defined as 1) Glasgow coma score < 5 or 2) fixed dilated 
pupils [29]. Hepatic dysfunction was defined as total bili-
rubin > 60 μmol/L [29]. Gastrointestinal dysfunction was 
defined as 1) upper gastrointestinal bleeding or 2) any 
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of hemoglobin by > 20 g/L, blood transfusion, hypoten-
sion <3rd percentile, or gastric or duodenal surgery [29]. 
Renal dysfunction was defined as 1) blood urea nitrogen 
> 36 mmol/L, 2) serum creatinine > 177 μmol/L, or 3) 
dialysis/hemofiltration [29].

Hypothermia was not used in this study, ruling out 
the influence of hypothermia on many test results. Mild 
hypothermia is the HIE grade A treatment evidence, but 
many hospitals in China do not have mild hypothermia 
treatment equipment. Different from Western countries, 
hospitals without such treatment equipment will trans-
fer children to hospitals with medical equipment; but in 
China the medical system is continuing to improve and 
transport systems are not yet fully developed, such hos-
pitals are rare, often far away, and the children are not 
transported in time. Still, all patients received appropri-
ate ventilation and perfusion, maintaining blood glucose 
levels, and controlling convulsions and cerebral edema.

Amplitude‑integrated electroencephalography
According to the hospital protocol after admission, two-
channel monitoring of 8 electrodes aEEG (Bio-logic 
Ceegraphscan Netlink Monitor, NATUS Medical Incor-
porated, Mundelein, IL, USA) within 6 h after birth was 
recorded for 4 h [30, 31]. The aEEGs were assessed by 
two independent researchers blinded to the clinical data. 
The representative background pattern was determined 
using the scoring system suggested by Hellstrom-Westas 
et al. [32, 33]. The aEEG results were divided into three 
categories according to background activity of the neo-
natal aEEG: 1) normal amplitude: the boundary of the 
amplitude spectrum was > 10 μV, and the lower bound-
ary was > 5 μV; 2) mildly abnormal amplitude: bound-
ary > 10 μV and lower boundary ≤5 μV in the spectral 
band; 3) severe amplitude anomaly: the boundary of the 
spectral band was < 10 μV, and the lower boundary was 
≤5 μV. All three categories might be associated with an 
epileptic activity. According to aEEG background activ-
ity and the presence or absence of epileptic activity, the 
aEEG results were divided into four categories: 1) normal 
aEEG with normal amplitude; 2) mildly abnormal aEEG 
with normal amplitude and epileptic activity; 3) mildly 
abnormal aEEG with normal amplitude; 4) all other com-
binations were severely abnormal aEEG. According to the 
needs of this study, the results were divided into two cat-
egories, normal and abnormal (including mild and severe 
abnormalities).

Serum NSE levels
NSE was detected at 1 day (1-day NSE) and 3 days (3-day 
NSE) after birth. NSE was measured on a Cobas Core II 
Immunoanalyzer with the NSE EIA II kit (Roche Molec-
ular Biochemicals, Mannheim, Germany), a one-step 

sandwich-type enzyme immunoassay that uses mono-
clonal mouse antibodies. The manufacturers claim a low 
detection limit of 0.1 μg/L for NSE.

Brain MRI
MRI (T1- and T2-weighed imaging) scans were obtained 
within the 4–7 days after birth [34–36] when the vital 
sign of the children was relatively stable. All infants were 
scanned with a 1.5-T Magnetom Avanto MRI system 
(Siemens, Erlangen, Germany), including MRI plain0 
T1WI and T2WI scans. T1WI sequence parameters: RF 
pulse repetition time 585 ms, echo time 15 ms. T2WI 
sequence parameters: RF pulse repetition time 4000 ms, 
echo time 102 ms, a layer thickness of 4 mm, layer spac-
ing of 0.4 mm, and field of view of 20 × 20 cm. All MRIs 
in this study were read independently by two radiologists 
who specialized in neuroimaging, and they discussed 
their findings together. The basal ganglia/watershed 
scores were determined as proposed by Barkovich et al. 
[37]: 0 = no abnormalities in the basal ganglia or cortex; 
1 = an abnormal signal in the basal ganglia or thalamus; 
2 = an abnormal signal in the cortex; 3 = an abnormal 
signal in the cortex and basal nuclei (basal ganglia or 
thalami); 4 = an abnormal signal in the entire cortex 
and basal nuclei. All images and qualitative scores were 
assessed by an experienced radiologist, who was blinded 
to the serum NSE levels and clinical data.

Follow‑up and neurodevelopment outcomes
Periodical follow-ups of the neurodevelopment outcomes 
were performed once a month before 6 months of age, 
every 2 months between 6 months and 1 year, and every 
6 months after 1 year. At 18 months of age, the children 
were assessed in the neurological rehabilitation clinic 
according to the study protocol. All children received 
standardized assessment at 18 months. None of the chil-
dren were lost to follow-up. If the evaluation could not 
be made according to the appointment time, telephone 
communication, or picking up the children at home to 
the hospital for evaluation, to avoid the loss of follow-up 
and data loss.

The neurodevelopmental function was assessed with 
the Bayley Scales of Infant Development 2nd version 
(BSID-II) [38] and neurological examination by a pedi-
atric neurodevelopmental specialist. Motor testing at 
1 year improves the prediction of motor and mental out-
comes at 2 years after perinatal HIE [39]. The pediatrist 
was not involved in the neonatal and postnatal care of 
the children under investigation and was blinded for the 
clinical status, histories, NSE levels, and neonatal brain 
MRI scores of the children. This examination took place 
at a time chosen by the mother as the most optimal time 
for the child to cooperate, mostly around 10 a.m. The 
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children were classified into three groups depending on 
the examination results; normal (MDI and PDI > 79), 
moderate delay (MDI or PDI: 70–79), and severe delay 
(MDI or PDI < 70) [40, 41]. When normal and abnormal 
outcomes were predicted, excepting for MDI and PDI in 
BSID (both mild and severe abnormalities were classi-
fied as abnormal) were used to determine the neurode-
velopment outcome, a diagnosis of cerebral palsy, visual 
impairment and hearing loss or epilepsy was also consid-
ered an abnormal outcome.

Statistical analysis
Statistical analysis was conducted using SPSS 17.0 (SPSS, 
NY, USA). All values are presented as mean ± standard 
deviation or median (range). The distributions of the 
continuous data were assessed using the Shapiro-Wilk 
tests. ANOVA and Tukey’s HSD post hoc test were used 
to analyze normally distributed data, while the Kruskal-
Wallis test was used for non-parametric analyses. Cat-
egorical data are presented as n (%) and were analyzed 
using the chi-square test. A logistic regression model 
was fit to the binary outcome using aEEG, NSE, and 
brain MRI together as predictors for neurodevelopment 
delay. Receiver operating characteristic (ROC) analysis 
was used to evaluate the predictive accuracy of the logis-
tic regression model, as well as aEEG, NSE, and brain 
MRI, separately and together. Sensitivity, specificity, PPV, 

and NPV of aEEG, NSE, and brain MRI, separately and 
together, were calculated using binomial exact method. 
P-values < 0.05 were considered statistically significant.

Results
Characteristics of the patients
A total of 50 HIE neonates were recruited and followed 
during the study period (Fig.  1). The neonates were 
divided into three groups based on according to Bayley 
II scores: 32 children (64.0%) were in the normal group; 
5 (10.0%) and 13 (26.0%) children were in the moderate 
and severe neurodevelopmental delay group, respectively. 
The characteristics of the study population are shown in 
Table 1. There were no significant differences in sex, birth 
weight, gestational age, Apgar scores, and HIE sever-
ity among the children with three different neurodevel-
opment outcomes. Six neonates had recurrent seizures, 
which were significantly associated with poor progno-
sis (P < 0.001), and 12 had single clinical or subclinical 
seizures (six had poor outcomes, and six had good out-
comes). The antiepileptic drugs used were mainly phe-
nobarbital sodium and midazolam. More infants with 
severe delay were intubated or ventilated (P = 0.046) or 
received epinephrine (P = 0.030) in the delivery room. 
The BSID-II MDI and PDI scores decreased with increas-
ing severity of delay (both P < 0.001) (Table 1).

Fig. 1 Patient flowchart
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aEEG, NSE levels, and MRI of the neonates with HIE
Of the 50 neonates with HIE, 42 (84.0%) had abnor-
mal aEEG, and eight (16.0%) had normal aEEG. Serum 
1-day NSE levels were not different among the groups 
(P = 0.929), but serum 3-day NSE levels increased with 
worsening neurodevelopment outcomes at 18 months 
of age (normal: 20.52 ± 6.42 μg/L vs. moderate: 
39.82 ± 5.92 μg/L vs. severe: 44.60 ± 9.01 μg/L, P < 0.001; 
P < 0.01 normal vs. moderate, P < 0.01 normal vs. severe, 
P = 0.147 moderate vs. severe; 22 were above the cutoff 
value and 28 were below) (Table 1 and Fig. 2A). The MRI 
findings at 4–7 days after birth were significantly different 
among the three groups (P < 0.001) (Table 1).

The predictive values of aEEG, 3‑day NSE levels, and brain 
MRI for neurodevelopmental outcomes
As shown in Table  2, aEEG had high sensitivity (100%) 
but poor specificity (25.00%) for the neurodevelopmen-
tal outcomes at 18 months. MRI had good sensitivity 
(94.44%) and fair specificity (71.88%), while 3-day NSE 
had high sensitivity (100%) and specificity (87.50%). 3-day 
NSE levels were evaluated by ROC curve analysis, and 
the cut-off value that maximized sensitivity and specific-
ity for the moderate or severe developmental delay was 
27.3 μg/L (Fig.  2B). The combination of the three vari-
ables (high NSE, abnormal aEEG, and MRI abnormalities 
together) had a sensitivity of 100%, specificity of 97.70%, 
PPV of 98.25%, and NPV of 99.98% (Table 2).

Table 1 Baseline characteristics and outcome data (n=50)

Values are expressed as number (%), mean ± SD, or median and range. HIE Hypoxic-ischemic encephalopathy. 1-day NSE Serum NSE level of 1 day after birth, 3-day 
NSE Serum NSE level of 3 days after birth. aEEG Amplitude-integrated electroencephalography

Characteristics Neurodevelopment outcome P

Normal (n=32) Moderate delay (n=5) Severe delay (n=13)

Sex 0.502

 Male 18 (56.2%) 2 (40.0%) 9 (69.2%)

 Female 14 (43.8%) 3 (60.0%) 4 (30.8%)

Birth weight (g) 3161±397 2910±407 3118±377 0.502

Gestational age (week) 39.6±1.0 39.3±0.7 39.4±0.9 0.688

BSID‑II MDI 95.06±9.26 74.20±3.27 64.54±3.59 <0.001

BSID‑II PDI 94.84±5.89 74.20±3.49 65.08±4.23 <0.001

HIE severity 0.063

 grade I 11 (34.4%) 0 (0%) 4 (30.8%)

 grade II 21 (65.6%) 4 (80.0%) 7 (53.9%)

 grade III 0 (0%) 1 (20.0%) 2 (15.4%)

Apgar score (5 min), median (IQR) 2 (0~3) 2 (1~3) 2 (0~3) 0.673

pH, median (IQR) 7 (6.81‑7.25) 7 (6.80‑7.15) 7 (6.81‑7.19) 0.005

 <7.0, n (%) 13(40.63) 2(40.00) 5(38.46) 0.921

Delivery room resuscitation, n (%)

 Intubation or ventilation 18(56.25) 4(80.00) 12(92.31) 0.046

 Chest compression 10(31.25) 3(60.00) 8(61.54) 0.140

 Epinephrine administration 4(12.50) 2(40.00) 6(46.15) 0.030

aEEG (<6 h after birth) <0.001

 Normal 8 (25.0%) 0 (0%) 0 (0%)

 Abnormal 24 (75.0%) 5 (100%) 13 (100%)

1‑day NSE 40.31±7.98 41.74±8.34 40.85±8.92 0.929

3‑day NSE 20.52±6.42 39.82±5.92 44.60±9.01 <0.001

Brain MRI <0.001

 Grade 0 23 (71.9%) 1 (20.0%) 0 (0%)

 Grade 1 7 (21.9%) 0 (0%) 0 (0%)

 Grade 2 2 (6.3%) 0 (0%) 4 (30.8%)

 Grade 3 0 (0%) 2 (40.0%) 4 (30.8%)

 Grade 4 0 (0%) 2 (40.0%) 5 (38.5%)

3‑7 days neurologic exam 5(15.63) 2(40.00) 10(76.92) <0.001
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Discussion
Neonatal HIE is an important cause of mortality and 
morbidity [1, 2], but effective indicators for the early 
diagnosis of brain injury after asphyxia and prognosis 
are lacking [15–17]. Therefore, this study aimed to exam-
ine the predictive value of serum NSE, aEEG, and MRI, 
alone and in combination, for the neurological outcomes 
in neonates with HIE. The results suggest that the com-
bination of MRI, aEEG and 3-day NSE can predict the 
neurological prognosis of newborns with HIE. The com-
bination of the three methods can improve the predictive 
ability for long-term neurobehavioral prognosis.

Previous studies examined the value of the Sarnat score 
that could be used to determine the prognosis of the 
infants; Polat et al. [42] and Liauw et al. [43] showed that 
the PPV and NPV of the Sarnat staging for the adverse 
outcome (disability and death) were 52 and 100%, while 
the PPV and NPV were respectively 45 and 0% in chil-
dren with HIE grade II [43]. In the present study, the 
Sarnat staging had difficulty in assessing neurodevelop-
ment at 18 months due to the multifactor dependency 
of HIE, as supported by the above studies. Therefore, 

more reliable methods are needed. The Thompson score 
has been shown to be of prognostic value in infants with 
HIE [44] but was not assessed in this study. In this study, 
HIE grading was based on Sarnat grading but could be 
affected by a variety of clinical factors. Sarnat grading 
is not good in predicting long-term outcomes, and this 
study discusses other predictive indicators. This is con-
sistent with Shankaran et al. [45].

Elevated NSE levels have been reported after stroke, 
brain injury, cardiac surgery, cardiopulmonary arrest, 
and perinatal asphyxia [46–48]. Kunda et al. [49] showed 
that important increases in NSE levels could be observed 
after seizures in patients with temporal lobe epilepsy, 
suggesting neuronal damage, but the cause-to-effect 
relationship could not be established. Lee et al. [50] sug-
gested that NSE levels could be used for the differential 
diagnosis of seizures over syncope. In addition, Sheik 
et  al. [51] showed that NSE is elevated in patients with 
acute diseases of the central nervous system, and that it 
was elevated in patients with seizures vs. those without. 
Therefore, NSE is associated with brain damage and sei-
zures, but whether NSE levels increases before or after 
seizures remain to be determined.

HIE is a fetal or neonatal brain injury caused by 
decreased or suspended cerebral blood flow, with partial 
or complete asphyxia resulting from perinatal hypoxia. 
At the cellular level, decreased blood flow and oxygen 
delivery initiates a series of harmful biochemical reac-
tions. Oxygen consumption interferes with oxidative 
phosphorylation, which leads to the conversion to anaer-
obic metabolism, rapid depletion of high-energy phos-
phate reserves, accumulation of lactic acid, and failure 
to maintain cellular function [1, 2, 4]. Cell membranes 
are damaged, and intracellular components of neu-
rons, including NSE, are released into the cerebrospinal 

Fig. 2 a Serum neuron‑specific enolase 3‑day NSE levels in relation to outcome (1: normal, 2: moderate delay, 3: severe delay). b Receiver operating 
characteristic (ROC) curves for 3‑day NSE (cut‑off point 27.3 μg/L) as a marker for distinguishing infants with developmental delay from infants with 
the normal outcome, ROC curves for 3‑day NSE, Spearman correlation analysis, F = 59.349, P < 0.01

Table 2 Predictive values of aEEG, MRI, and 3‑day NSE for 
neurodevelopment outcomes (n=50)

Sensitivity, specificity, PPV, and NPV were presented as percentages. aEEG 
Amplitude-integrated electroencephalography, MRI Magnetic resonance 
imaging, 3-day NSE NSE level of 3 days after birth, PPV Positive predictive value, 
NPV Negative predictive value

Measure Sensitivity Specificity PPV NPV

aEEG‑abnormal 100% 25.00% 42.86% 100.00%

MRI 94.44% 71.88% 65.38% 95.83%

3‑day NSE 100% 87.50% 81.82% 100.00%

MRI + aEEG 94.45% 79.98% 66.56% 96.35%

aEEG+ MRI+ 3‑day NSE 100% 97.70% 98.25% 99.98%
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fluid and blood. In this study, increased NSE levels were 
observed at 3 days in neonates who eventually showed 
neurodevelopmental delay. It is supported by studies that 
suggested the value of NSE for HIE [52, 53]. Recent stud-
ies in asphyxiated neonates have correlated NSE with 
developmental outcomes, but the conclusions were con-
flicting because of different detection timing because it 
takes some time for the damaged cells to die and release 
their content [54], supporting the significant difference at 
3 days but not at 1 day in the present study. Kecskes et al. 
[55] also reported that NSE levels at 3 days had the best 
predictive value. Still, it is unknown whether the higher 
NSE levels at 3 days compared with 1 day is the result of 
delayed NSE release in the blood compartment or the 
result of the ongoing injury process. This will have to be 
examined in future studies.

The abnormal electrical activity in brain regions can be 
diagnosed by aEEG. Nakamura et  al. [56] reported that 
electrical changes could occur in damaged brain regions 
within 10–20 min after a hypoxic-ischemic attack, which 
can be detected by aEEG monitoring. The present study 
suggested that a persistent abnormal aEEG over 4 h and 
within 6 h after birth was associated with adverse neu-
rodevelopmental outcomes. Still, the PPV of 6-h aEEG 
was poor (PPV of 42.9%), and good outcomes might 
occur despite an abnormal aEEG. Therefore, an abnormal 
aEEG within 6 h after birth might have no clinical value 
if it is used alone. Conversely, a normal 6-h aEEG has a 
good NPV (100%). These results are supported by a pre-
vious study [57], but Vasiljevic et al. [58] showed higher 
specificity and PPV than in the present study. Their study 
showed the pattern of abnormal aEEG correlated with 
the severity of HIE (P < 0.0001) and subsequent neurode-
velopmental outcome (P < 0.001) [58]. They found that 
abnormal aEEG background patterns exhibited supe-
rior prediction of abnormal developmental outcomes 
at 12 months of age. Still, the discrepancies between 
the present and previous studies could be due to differ-
ences in monitoring time (within the first 72 h of life in 
their case [58]). aEEG is a useful tool for the monitoring 
and detection of seizures [59]. In neonates with seizures, 
more than two seizures detected by aEEG is predictive of 
progression to early-onset epileptic encephalopathy [60]. 
Still, the exact relationship between seizures and aEEG 
abnormalities could not be determined in the present 
study. Future studies will have to examine the exact role 
of seizures, duration of seizures, and seizure burden in 
infants with HIE.

Conventional MRI is an essential tool for assess-
ing the neonatal brain injury and degree of injury, but 
sometimes T1- and T2-weighted images can appear 
normal during the few days after birth or show only 
subtle findings that might be difficult to interpret or 

to distinguish from normal maturational phenomena 
in the neonatal brain. The most appropriate time for 
examination is 4–7 days after birth [35, 36]. The present 
study showed that in term infants with HIE, conven-
tional MRI detection 4–7 days after birth can be used 
for the relatively accurate prediction of neurodevelop-
ment outcomes at 18 months old (sensitivity, specific-
ity, PPV, and NPV, respectively were 94.44, 71.88, 65.38, 
and 95.83%).

Still, whether a combination of NSE, MRI, and EEG 
could improve the prognostication of HIE remains to 
be examined. Indeed, Leon-Lozano et al. [21] and Shim 
et al. [22] recently reported NSE levels, MRI, and aEEG 
(all assessed within the same study) on the outcomes of 
HIE, but without combining the different modalities. A 
previous study published by Ezgu et al. in 2002 [23] sug-
gested that the combination of NSE, MRI, and EEG could 
be used to determine the prognosis of HIE, but they 
measured NSE in the cerebrospinal fluid, which is less 
practical than from the blood. In the present study, con-
sistent relationships between the outcomes at 18 months 
and the injury degree on conventional MRI, aEEG results, 
and serum NSE levels of 3 days after birth  (rs = 0.719, 
P < 0.001) were observed. When dichotomizing the NSE 
levels based on the best cut-off value and when consider-
ing MRI and aEEG as normal/abnormal, combining the 
three test results in better sensitivity, specificity, PPV, and 
NPV than for each test alone. This possible predictive 
tool should be validated in a larger group of patients.

In this study, 27% of the children with mild HIE had a 
severe delay. Most previous studies used the traditional 
clinical Sarnat grading system, in which infants with mild 
Sarnat grading had a good prognosis and no long-term 
disability. For this reason, many studies did not carry 
out a systematic examination and long-term follow-up 
on neonates with mild HIE. Still, more and more stud-
ies are finding that they can experience major disability, 
and when followed up to 18 months, about 25% of infants 
with mild HIE have abnormal outcomes, defined as death 
or movement and/or developmental delay [61, 62]. Nev-
ertheless, it is not clear why a minor injury would lead 
to such severe adverse outcomes. It might be that early 
hypoxia injury will change, worsen, and expand over 
time. Since a significant proportion of children with mild 
encephalopathy have been reported to have significant 
long-term neurological sequelae, more measures are 
needed to evaluate brain injury and better predict prog-
nosis in addition to Sarnat grading.

There are limitations of this study. The sample size was 
small and from a single center. Long-term outcomes 
were not followed. A larger sample size, multiple cent-
ers, and longer clinical follow-up are needed to con-
firm the findings. In addition, additional indicators of 
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electrophysiological and biochemical changes of neurons 
after hypoxia and ischemia should be explored. Of note, the 
MRI examinations were read by a general radiologist, not 
a pediatric radiologist or a neuroradiologist. Due to copy-
right issues, Bayley III cannot be translated, standardized, 
and validated in Chinese for the time being; therefore, Bay-
ley II was used. Finally, in this study,the mortality among 
moderate/severe HIE infants was much lower than seen in 
the RCTs of therapeutic hypothermia and in subsequent 
prospective studies, part of the reason is that the special 
and complex doctor-patient relationship in China. When 
there is subjective evaluation for disease severity, Chinese 
doctors tend to classify them as severe cases, which is rela-
tively common and may be different from other countries, 
may have had some effect on the results.

In conclusion, in the earlier stages after birth, aEEG, 
MRI, and 3-day NSE levels can be used to predict the 
18-month neurodevelopmental outcomes of children 
with HIE not treated with hypothermia treatment. These 
tests might have a use in predicting prognosis in full-
term infants with HIE, providing them with more accu-
rate management strategies.
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