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Objective To determine whether blood-based biomarkers in the first days of life could specifically predict cerebral 
palsy (CP) and/or cognitive/language delay in infants with moderate-severe hypoxic-ischemic encephalopathy 
(HIE).

Study design A secondary analysis of the High-dose Erythropoietin for Asphyxia and Encephalopathy trial, which 
examined erythropoietin as an adjunct to therapeutic hypothermia for moderate-severe HIE. Recruitment took 
place in the United States from 2017-2019. Analysis focused on 180 infants with biomarker measurements per-

formed at baseline, day 2, and day 4 of life. Outcomes assessed were: a diagnosis of CP at 2 years and Bayley 
III cognitive/language scores <85 and, separately, <70 at 2 years. Magnetic resonance imaging (MRI) of the brain 
was performed on day 4-6 of life.

Results Mean gestational age was 39.0 weeks and 68 (44%) were female. After adjusting for multiple compari-

sons, 5 biomarkers: total tubulin-associated protein (Tau), glial fibrillary acidic protein, vascular endothelial growth 
factor, macrophage inflammatory protein 1b, and interleukin-13 were significantly altered in the CP group. On day

2 of life, Tau resulted in a receiver operating characteristic area under the curve (AUC) of 0.902 (95% CI: 0.812-

0.992), specificity 91%, and sensitivity 88%, performing as well as detailed MRI scoring (AUC: 0.90 [95% CI: 
0.80-1.0]). A different set of biomarkers showed altered expression in those with cognitive/language delay; Tau, 
ubiquitin carboxy-terminal hydrolase L1, S100 calcium-binding protein B, and neuron-specific enolase, with the 
best prediction seen with Tau on day 2 of life (AUC: 0.669 [95% CI: 0.564-0.774], sensitivity 40%, specificity 92%). 
Conclusions Tau on day 2 of life demonstrated excellent prognostic value for CP in this cohort with moderate-

severe HIE and gave similar prediction to detailed MRI score on day of life 4-6. Patterns of neurospecific biomarker 
perturbations were different for the prediction of cognitive/language delay, but Tau on day 2 remained the best per-

forming biomarker. (J Pediatr 2026;297:115216).

Trial registration ClinicalTrials.gov NCT02811263.
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C 
erebral palsy (CP) is the most common physical 
disability of childhood, with a prevalence of 1.6 per 
1000 live births in high-income countries and higher 

in low- and middle-income countries (LMICs). 1 Hypoxic-

ischemic encephalopathy (HIE) is an important cause of 
CP. Early prediction of outcome in HIE is complex and 
cannot be based on the severity of encephalopathy alone. 2,3 

Prognosis is necessary both for counseling of families and 
also to identify candidates for emerging therapies which 
may have efficacy beyond the current narrow therapeutic 
window. 4,5 Current methods of prognostication include 
magnetic resonance imaging (MRI), lactate/N-acetyl aspar-

tate peak area ratio on magnetic resonance spectroscopy, 
multichannel electroencephalography (cEEG), and 
amplitude-integrated electroencephalography (aEEG). 6-11 A 
combination of these, with expert interpretation combined 
with clinical information, can be highly predictive of 
outcome. 12 However, given the resources and expertise 
required, many centers do not have access to cEEG or 
aEEG. In LMICs, neither MRI nor cEEG/aEEG are widely 
available. 1 Specific patterns of brain injury on MRI are bene-

ficial in providing individualized prognostication. 12,13 Even 
for those in high-income countries with access to MRI, the 
detailed published reporting systems are cumbersome in 
terms of the scanning protocols required and the level of re-

porting detail. 14 In addition, up to 30% of those with CP will 
have normal neuroimaging. 13,15,16

Cognitive outcome following HIE is variable, even in the 
era of therapeutic hypothermia (TH), with or without a diag-

nosis of CP. 17 Despite detailed neuroimaging with expert 
interpretation, cognition can be even more difficult to pre-

dict than motor outcome. 12 This may be related to the fact 
that social and environmental factors have a significant 
impact on cognitive outcome, particularly maternal educa-

tion level and an enriched literacy environment. 18

Guidelines on early diagnosis of CP highlight the need for 
laboratory-based biomarkers. A combination of clinical in-

formation with biochemical measurements has been pro-

posed as the path forward for the early prediction of 
outcomes in neonatal HIE. 13,19 Predictive biomarkers can 
identify which individuals or groups are most likely to expe-

rience a known outcome based on the presence or change in 
biomarker concentrations. 20 Alterations in the expression of 
inflammatory and neurospecific proteins have been previ-

ously reported in HIE and when assessing neurodevelopmen-

tal impairment and death as a composite outcome. 19 

Blood-based biomarkers could offer a quantifiable measure-

ment for the early prediction of CP as a specific outcome mea-

sure. The ideal predictor of outcome would be early, objective, 
accurate with a high sensitivity and specificity, inexpensive, 
and easily performed and interpreted by nonexpert users.

One of the challenges in developing a predictor of outcome 
relates to the heterogeneity in defining “outcome.” While the 
literature has historically reported a composite of death and 
disability, there is a shift toward predicting more specific 
measures of outcome. What may be referred to as “disability” 
is a broad spectrum, ranging from a simple hearing aid to

quadriplegic CP with a gross motor functional classification 
system (GMFCS) level 5. Increasing patient and public 
involvement in research has added momentum to this 
concept of precision prognostication and defining outcomes 
that are meaningful to families, with parents becoming advo-

cates for change in health research. 21,22

This study is an exploratory, secondary analysis of the pre-

viously published High-dose Erythropoietin for Asphyxia 
and Encephalopathy (HEAL) study. 23 We sought to deter-

mine if early blood-based biomarkers can specifically predict 
CP and separately to determine if they can predict cognitive/ 
language delay.

Methods

Study Sample

This is an exploratory secondary analysis of data from the 
HEAL study, a multicenter, randomized controlled trial of 
erythropoietin (Epo) as an adjuvant neuroprotective agent 
for infants with neonatal encephalopathy undergoing TH, 
with a primary outcome of composite death and mild/mod-

erate/severe neurodevelopmental impairment at 2 years of 
age (ClinicalTrials.gov Identifier: NCT02811263). 23-25 Inclu-

sion and exclusion criteria for the HEAL study have been pre-

viously documented. 23 In brief, infants were those born >36 
weeks, with a diagnosis of moderate or severe encephalopa-

thy. All infants received TH as standard of care. Demographic 
details, including maternal race and ethnicity as reported by 
the mother/father, are included in Table I and are 
presented here due to the known impact of social factors on 
infants’ outcomes. Recruitment took place from January 25, 
2017 to October 9, 2019 at 17 sites involving 23 hospitals in 
the United States, with follow-up finishing in October 
2022. Written, informed consent was obtained prior to 
any study procedures taking place. The study was 
approved by the Food and Drug Administration and the 
institutional review boards at each site. This study 
follows the Consolidated Standards of Reporting Trials 
(CONSORT) guidelines (https://www.equator-network.org/ 
reporting-guidelines/consort/).

For the current analysis, the intervention and placebo 
groups were pooled, as in the primary outcome analysis there 
was no significant difference in the primary outcome mea-

sure or circulating biomarker concentrations based on treat-

ment group. 24,25

Biomarkers

Plasma biomarkers were obtained from a subset of infants at 
3 time points: within 24 hours of birth, day 2, and day 4 of 
life. 23,25 As planned in the HEAL study protocol, the first 
180 infants recruited who met the following inclusion criteria 
were selected for biomarker analysis: adequate volumes of 
plasma obtained at each time point, brain MRI data during 
the initial hospitalization, 2-year Bayley Scale of Infant and 
Toddler Development III with standardized neurologic ex-

amination, and GMFCS completed or who had died during
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the study period. Whole blood (1.5 mL) was collected in 
polypropylene K 2 ethylenediaminetetraacetic acid (EDTA) 
tubes (BD Microtainer), centrifuged at 2000 g for 8 minutes 
with plasma collected and stored at − 80 ◦ C within 4 hours of 
collection. 25 The panel of biomarkers analyzed included neu-

rospecific proteins (glial fibrillary acidic protein [GFAP], to-

tal tubulin-associated protein [Tau], ubiquitin carboxy-

terminal hydrolase L1 [UCH-L1], S100 calcium-binding pro-

tein B [S100B], and neuron-specific enolase [NSE]), proin-

flammatory mediators (complement component 5a, 
fractaline, intercellular adhesion molecule 1, interferon-

Table I. Participant baseline characteristics

Variable Overall, n = 153 (100%)*

Maternal race
Asian 8 (5.2%)
Black 18 (12%)

Other 16 (10%)
White 111 (73%)

Maternal ethnicity
Hispanic ethnicity 44 (29%)
Not Hispanic/not reported 109 (71%)

Maternal language

English 121 (79%)
Other 9 (5.9%)
Spanish 23 (15%)
Maternal age (y) 30.1 (6.9)

Maternal education
High school or less 62 (41%)

Some college or university 33 (22%)
College graduate or postgraduate 54 (35%)
Not reported 4 (2.6%)

Maternal parity
>2 64 (42%)
1 89 (58%)
Gravida 2.21 (1.77)

Number of fetuses
1 149 (98%)
2 3 (2.0%)

Chorioamnionitis
Yes 25 (16%)
No 128 (84%)

Maternal fever
Yes 21 (14%)
No 132 (86%)

Maternal thyroid disease
Yes 14 (9.2%)
No 139 (91%)

Preeclampsia

Yes 12 (7.8%)
No 141 (92%)

Gestational diabetes
Yes 21 (14%)
No 132 (86%)

Maternal obesity

Yes 28 (18%)
No 125 (82%)

Maternal employment status
Employed any 102 (67%)
Full-time stay at-home mother or caregiver 18 (12%)
Student 6 (3.9%)
Unemployed any 25 (16%)

Unknown 2 (1.3%)
Paternal employment status

Employed any 132 (90%)
Full-time stay at-home father or caregiver 2 (1.4%)
Student 2 (1.4%)
Unemployed any 7 (4.8%)

Unknown 3 (2.1%)
Maternal drug use

Yes 9 (5.9%)
No 137 (90%)
Unknown 7 (4.6%)

Maternal alcohol use
Yes 8 (5.2%)

No 138 (90%)
Unknown 7 (4.6%)

Maternal tobacco use
Yes 11 (7.2%)
No 135 (88%)
Unknown 7 (4.6%)

(continued )

Table I. Continued

Variable Overall, n = 153 (100%)*

Prenatal care
Yes 150 (98%)
No 1 (0.7%)
Unknown 2 (1.3%)

Delivery modality
Spontaneous vaginal 39 (25%)

Vacuum or forceps (vaginal assisted) 12 (7.8%)
Elective cesarean 3 (2.0%)
Emergency or urgent cesarean 99 (65%)

Sentinel event
Yes 45 (29%)
No 108 (71%)

Infant sex

Female 68 (44%)
Male 85 (56%)

Infant birth weight 3361.3 (604.3)
Gestational age 39.0 (1.4)
Apgar score at 5 min, median (Q1, Q3) 3.0 (2.0, 5.0)
Apgar score at 10 min, median (Q1, Q3) 5.0 (4.0, 7.0)

Infant resuscitation
Yes 136 (89%)
No 17 (11%)
Lowest pH 7.0 (0.2)
Worst base excess − 17.0 (5.4)

Grade of encephalopathy
Moderate 126 (82%)

Severe 27 (18%)
Treatment assignment

Placebo 72 (47%)
Erythropoietin 81 (53%)

Cerebral palsy status
No 135 (88%)

Yes 18 (12%)
Bayley motor <85

No 118 (78%)
Yes 33 (22%)

Bayley cognitive <85
No 112 (74%)
Yes 39 (26%)

Bayley language <85
No 86 (57%)
Yes 65 (43%)

Bayley motor <70
No 136 (90%)
Yes 15 (9.9%)

Bayley cognitive <70
No 131 (87%)
Yes 20 (13%)

Bayley language <70
No 116 (77%)
Yes 35 (23%)

*n (%); mean (SD).
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gamma, interleukin [IL] 1 beta, IL-6, IL-8, IL-12p70, IL-17, 
monocyte chemoattractant protein-1, macrophage inflam-

matory protein [MIP] 1a, MIP-1b, vascular cell adhesion 
molecule 1, and tumor necrosis factor α), anti-

inflammatory mediators (IL-1 receptor agonist, IL-10, IL-

13, and IL-33), and other growth factors (brain-derived neu-

rotrophic factor, neural cell adhesion molecule 1, neuroglo-

bin, vascular endothelial growth factor [VEGF], and Epo). 
Analysis was performed using the MILLIPLEX MAP Human 
High Sensitivity T Cell Panel from Millipore-Sigma, the Lu-

minex Multiplex assay from R&D Systems, and the R-PLEX 
Human GFAP Assay and the R-PLEX Human Tau Assay, 
both Meso Scale Diagnostics. All assays were performed cen-

trally according to the manufacturer’s instructions, in dupli-

cate, and the results were averaged for analyses. Epo 
concentrations were excluded from the current analyses as 
this was the drug of investigation in the trial.

For the purposes of brevity in this article, we developed a 
shorthand, for example, GFAP 1 is used to refer to GFAP 
measurement at time point 1, that is, within 24 hours of 
birth; Tau 2 refers to total Tau measurement at time point 
2, that is, day 2 of life; and UCH-L1 3 refers to UCH-L1 mea-

surement at time point 3, that is, day 4 of life. Infants 
included in the biomarker cohort did not differ from the 
overall HEAL cohort. 25

Outcome

For the current analysis, we have chosen to separate outcome 
measures from the HEAL study and focused initially on the 
prediction of CP. The diagnosis of CP was determined by a 
validated standardized neurologic examination. 23,24,26 

GMFCS was assessed using the modified algorithm used by 
the National Institute of Child Health and Human Develop-

ment Neonatal Research Network. 27 Second, the outcome of 
Bayley III cognitive or language score <85 (− 1 SD) and <70 
(− 2 SD) was chosen to assess the ability of biomarkers to pre-

dict cognitive/language outcome. A composite of cognitive 
or language scores was chosen due to the intrinsic links be-

tween cognition and early language development. This was 
derived from either a Bayley III cognitive score or a Bayley 
III language score (or both) below the stated cutoff (<85 or 
<70). Outcome assessments were performed between 22 
and 36 months of age. MRI findings were used as a compar-

ative predictor of outcome. The HEAL study used a harmo-

nized MRI protocol performed on day 4-6 of life when 
possible and a previously validated MRI scoring system. 28-30 

The severity of brain injury was determined by 3 independent 
reporters, yielding scores of 0-138, where a higher score indi-

cates a more severe injury.

Statistical Analysis

Descriptive statistics were used for demographic and baseline 
characteristics. Statistical analyses were performed using R 
software, version 4.2.2 (R Foundation for Statistical 
Computing). 31-37 A P value of < .05 was deemed significant.

A Wilcoxon test was performed for all 27 biomarkers at 
each of the 3 time points to determine significant differ-

ences between groups for CP diagnosis. Bonferroni correc-

tion was performed to account for multiple (81) 
comparisons and those that remained statistically signifi-

cant (P < .05) were subject to further analysis. Complete 
case analysis was performed for each individual biomarker, 
excluding cases with missing data. Wilcoxon testing was 
performed for CP diagnosis, and logistic regression was 
used to produce receiver operating characteristic (ROC) 
curves. Bootstrapping was performed for 95% CIs, and 
diagnostic sensitivities and specificities were calculated. 
ROC curves were produced for MRI injury score alone 
for comparison with biomarkers, and subsequently, MRI 
injury scores were combined with biomarker data, produc-

ing further ROC curves. For the ROC curves, no more 
than 2 predictors were fit to the logistic regression analysis, 
to avoid overfitting. 38

Spearman’s correlation coefficient was calculated for Bay-

ley cognitive and language scores for all 27 biomarkers at 
each of the 3 time points. After correcting for multiple 
comparisons using Bonferroni, those which remained sig-

nificant were selected for further analyses for cognitive/lan-

guage outcomes. Again, a complete case analysis was 
performed for each individual biomarker due to a small 
amount of missing data. Wilcoxon testing was performed 
for Bayley cognitive/language scores <85, and logistic 
regression was used to produce ROC curves, with boot-

strapping for 95% CIs, and sensitivities and specificities 
were calculated. Analyses were repeated for Bayley cogni-

tive/language score <70. ROC curves were produced for 
MRI injury score alone for comparison with biomarkers, 
and subsequently, the logistic regression model was trained 
to combine MRI injury scores with biomarker data, produc-

ing further ROC curves.

For theoretical cutoff determination, thresholds were es-

tablished with the goal of achieving 90% sensitivity for lower 
cutoffs and 90% specificity for upper cutoffs. In practice, this 
meant that for determining a lower cutoff value, a high sensi-

tivity was prioritized to minimize false negatives, whereas for 
the upper cutoff value, a high specificity was prioritized to 
reduce false positives. Measurements falling between these 
theoretically derived cutoffs have been termed ‘indetermi-

nate’ due to the outcome being less predictable in this region.

Results

Demographics

Of the 180 infants enrolled in the HEAL trial who had bio-

markers performed, 153 were included in this study 
(Figure 1). The baseline characteristics of this group are 
summarized in Table I. All measured biomarkers were 
compared between outcome groups: CP vs non-CP and 
cognitive/language delay vs no cognitive/language delay 
(Supplemental Table 1; available at www.jpeds.com). A 
diagnosis of CP was present in 18 (12%) of the 153 infants 
included in the analysis (Supplemental Table 2; available 
at www.jpeds.com). Of the 151 who had Bayley assessments 
performed, 78 had Bayley cognitive/language scores <85
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and 40 had scores <70. Between 147 and 153 infants had 
individual data available for each biomarker. Statistically 
significant differences were seen for outcomes in 18 
measured biomarkers at enrollment, 13 at day 2, and 10 at 
day 4 (Supplemental Table 1; available at www.jpeds.com). 
Following Bonferroni correction, only GFAP, NSE, S100B,

UCH-L1, total Tau, VEGF, MIP-1b, and IL-13 
remained significant.

Prediction of Cerebral Palsy

The biomarkers which remained significantly altered in chil-

dren who developed CP were Tau 2 and 3; GFAP 1, 2, and 3;

Figure 1. Study flowchart.
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VEGF 1; MIP-1b 2; and IL-13 1 and 2 (Supplemental

Table 1; available at www.jpeds.com). Of these, the most

significantly differentiating biomarkers were GFAP and

total Tau. These neurospecific biomarkers were then

examined for their ability to predict outcomes.

Total Tau: The P value corrected for multiple comparisons

for both Tau 2 and Tau 3 was < .01 (Supplemental Table 1;

available at www.jpeds.com). For the prediction of CP, total

Tau displayed excellent and good area under the curve

(AUC) values for Tau 2 and 3, respectively. Tau 2 displayed

a sensitivity of 88% and a specificity of 91% for the

prediction of CP (Table II and Figure 2).

For Tau 2, the lower theoretical cutoff for the prediction

of CP was 245.04 pg/mL and the upper cutoff was 304.03

pg/mL (Figure 3A). Levels between 245.04 and 304.03 pg/

mL were indeterminate (Figure 3A). For Tau 3, the

calculated lower cutoff was 197.66 pg/mL and the upper

was 447.19 pg/mL, with levels between these being

indeterminate (Figure 3A).

The MRI injury score yielded an excellent AUC for CP with

a sensitivity and specificity of 83% and 95%, respectively. In

combination with MRI injury score, Tau 2 AUC further

improved the prediction of CP (Table II and Figure 2). A

scatterplot demonstrating each participant’s change in total 
Tau concentration over time is displayed in Figure 4A. 
Results for Tau remained similar after outlier removal; 
therefore, we have chosen not to remove them from 
the analysis.

GFAP: GFAP 1, 2, and 3 were significantly increased in the 
CP group compared with the non-CP group, with corrected 
P values of .04, < .01, and .01, respectively (Supplemental 
Table 1; available at www.jpeds.com). GFAP alone was 
investigated for its ability to predict CP, with GFAP 3 
demonstrating the best prediction of outcome, producing a 
good AUC (Table II).

The theoretical lower cutoff level for GFAP 1 was 590.53 
pg/mL and the upper cutoff was 2158.75 pg/mL, with levels 
between 590.53 and 2158.75 pg/mL being indeterminate for 
outcome prediction (Figure 3B). For GFAP 2, the lower

Figure 2. MRI injury score and outcome comparative ROC curves for CP diagnosis, Tau 2 and 3.

Table II. ROC analysis for biomarkers and cerebral

palsy

Predictor AUC
Sensitivity

(%)
Specificity

(%)

Tau 2 0.90 [0.81-0.99] 88 91
Tau 3 0.88 [0.76-0.99] 88 80

GFAP 3 0.80 [0.66-0.94] 71 86
GFAP 2 0.78 [0.64-0.92] 78 75
IL-13 2 0.75 [0.64-0.87] 78 67
MIP-1b 2 0.74 [0.63-0.84] 94 51
IL-13 1 0.74 [0.62-0.85] 78 65
VEGF 1 0.72 [0.61-0.83] 88 54
GFAP 1 0.72 [0.58-0.85] 78 65

MRI injury score 0.90 [0.80-1.0] 83 95
MRI score and Tau 2 0.95 [0.90-0.99] 88 94
MRI score and MIP-1b 2 0.93 [0.88-0.98] 78 96
MRI score and IL-13 1 0.93 [0.86-0.99] 83 94
MRI score and IL-13 2 0.92 [0.84-0.99] 83 93
MRI score and VEGF 1 0.90 [0.82-0.99] 77 95

MRI score and Tau 3 0.88 [0.76-0.99] 88 80
MRI score and GFAP 3 0.80 [0.66-0.93] 67 86
MRI score and GFAP 2 0.78 [0.64-0.92] 78 75
MRI score and GFAP 1 0.72 [0.58-0.85] 78 65
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cutoff was 500.17 pg/mL and the upper was 1499.68 pg/mL, 
with values in between being indeterminate (Figure 3B). For 
GFAP 3, the lower cutoff level was 771.64 pg/mL. The 
theoretical upper cutoff level was 2490.23 pg/mL, with 
values between 771.64 and 2490.23 pg/mL being 
indeterminate for prediction (Figure 3B).

A scatterplot demonstrating change in GFAP concentra-

tion levels over time for those with CP is displayed 
in Figure 4B.

Biomarker Combinations

Finally, we combined pairs of biomarker measurements for 
the prediction of CP (Table III). These combinations 
demonstrated AUCs ranging from moderate for IL-13 1 
combined with IL-13 2 to excellent for GFAP 1 with Tau 3.

Prediction of Cognitive/Language Delay

Bayley cognitive and language scores were highly correlated 
(Spearman ρ = 0.8, P < .01). After correcting for multiple

Figure 3. Theoretical cutoff values.
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comparisons, 5 biomarkers remained significant: Tau 2, Tau 
3, UCH-L1 3, S100B 2, and NSE 3. Univariate analysis for in-

dividual biomarkers and Bayley’s domains is displayed in 
Supplemental Table 1; available at www.jpeds.com.

Infants who progressed to have a Bayley cognitive and/or 
language composite score <85 at 2 years had significantly 
higher values of Tau 2 and Tau 3 (median 160 [IQR: 201] 
vs 127 [132] pg/mL, P = .05 and 158 [338] vs 130 [128] pg/ 
mL, P = .03, respectively). They also showed increased levels 
of S100B 2 (1329 [2078] vs 791 [1275] pg/mL, P = .02), UCH-

L1 3 (1778 [1022] vs 1497 [822] pg/mL, P = .03), and NSE 3 
(36 389 [22 813] vs 29 251 [19 143] pg/mL, P = .02). Ability to 
predict Bayley cognitive/language score <85 was assessed us-

ing AUC, but produced weak results (Table IV). When a 
more severe outcome was examined (Bayley cognitive/ 
language <70), total Tau, UCH-L1, and S100B performed 
better (Tau 2 median 213 [339] vs 128 [124] pg/mL, 
P < .01; Tau 3204 [915] vs 137 [150] pg/mL, P < .01, 
UCH-L1 31 953 [1070] vs 1577 [886] pg/mL, P = .04, 
S100B 21 554 [3006] vs 813 [1345] pg/mL, P < .01), but 
AUC values remained weak (Table V).

MRI injury score correlated inversely with Bayley cognitive 
(ρ = − 0.36, P = < .01) and language scores (ρ = − 0.30, P < 
.01). MRI injury score alone predicted a Bayley cognitive/lan-

guage <85 with a weak AUC value and Bayley cognitive/lan-

guage <70 with a moderate AUC (Tables IV and V).

We next examined the combination of biomarkers with 
MRI score to predict cognitive/language delay. For Bayley 
<85, the highest AUC value obtained was 0.67 (0.58-0.75), 
which was for Tau 3 with MRI score, with a specificity of 
57% and sensitivity of 70% (Table IV). For Bayley 
cognitive/language <70, the combination of Tau 2 and MRI 
displayed the highest AUC of 0.74 (0.64-0.84), sensitivity 
62%, and specificity 81% (Table V).

Discussion

We have shown that blood-based biomarkers may provide 
valuable information for predicting CP and cognitive/lan-

guage delay in a large cohort of term infants with 
moderate-severe HIE. Combining biomarkers with MRI 
findings further improved the prediction of both CP and 
cognitive/language delay in this group of high-risk infants. 
This builds on previous research in the same cohort, where 
machine-learning techniques have shown that a combination 
of several biomarkers has predictive ability for a composite 
outcome of death or neurodevelopmental disability. 25 The 
present study examines different neurospecific biomarkers 
for different outcomes, just as certain MRI patterns may be 
more predictive of particular outcomes. 12 These findings 
suggest that distinct biomarkers or combinations thereof 
are most predictive for specific neurodevelopmental out-

comes, perhaps reflecting underlying differences in the path-

ophysiological mechanisms leading to motor vs cognitive 
and language impairment in neonates with HIE and potential 
earlier means of predicting outcomes. Furthermore, we show 
potential earlier means of predicting outcomes, which may 
be beneficial for precision medicine and addi-

tional therapies. 4,5

Early prediction of CP following HIE remains challenging, 
and MRI is often used for counseling parents in this context 
and forming part of the diagnostic pathway. 13 Clear diag-

nostic pathways are now available and in place in many cen-

ters with the aim of diagnosing CP within the first year of life. 
This has allowed clinical trials of early CP-specific interven-

tions with promising results. 39,40 These pathways use imag-

ing and standardized early neurologic examination and 
General Movements Assessment (GMA) to allow diagnosis

Figure 4. Biomarker scatterplot per participant.
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of CP as early as possible. However, this is not yet universally 
available as MRI requires intensive resources, both in terms 
of performing and acquiring the scan. The expertise required 
for detailed reporting remains a barrier for many centers. The 
GMA, a crucial part of the CP diagnostic guideline, similarly 
requires intensive training and expertise, with limited 
training available worldwide and resulting implications for 
scalability to widespread clinical use. 13 Constraints in access 
to both MRI and GMA are even more pronounced in 
resource-limited settings and LMICs. This study represents 
the analysis of blood-based biomarkers focusing on CP as a

specific outcome, in contrast to previous studies that have 
predominantly addressed composite outcomes, such as neu-

rodevelopmental impairment or death. 25,41 The introduction 
to clinical practice of quantifiable blood-based biomarkers, 
some of which are available as point-of-care tests, such as 
GFAP and UCHL-1, would be of significant clinical value. 
This would enable the enrollment of infants into CP-

specific interventions at the time of discharge.

In contrast, the prediction of cognitive disability is more 
complex, and therefore it is not surprising that the predictive 
ability of blood-based biomarkers was different in this 
context. There is clear evidence in preterm brain injury that 
environmental factors play a significant role. 42-45 Less has 
been reported on the effect of social factors on outcomes 
following HIE, but emerging evidence suggests a role. 18 It is 
likely that genetic factors, social factors, and early life envi-

ronment are also important, and hence the perinatal injury 
is only part of the puzzle. We found weaker prediction of 
low average cognitive/language ability and better prediction 
of scores <70, especially in combination with MRI. MRI 
injury score in the HEAL study was reported by leading ex-

perts in the field of neonatal MRI, using a detailed published 
scoring system. 30 Again, this is not always available, and 
hence blood-based biomarkers may help guide clinicians 
on the prediction of outcomes and counseling of parents, 
but with less power than for the prediction of CP.

Table IV. ROC analysis for biomarkers and Bayley <85

Predictor AUC
Sensitivity

(%)
Specificity

(%)

S100B 2 0.62 [0.52-0.71] 87 34
NSE 3 0.61 [0.52-0.70] 72 46

UCHL-1 3 0.61 [0.51-0.70] 49 75
Tau 3 0.61 [0.52-0.70] 60 60
Tau 2 0.60 [0.50-0.69] 31 87
MRI injury score 0.64 [0.55-0.73] 29 97
MRI score and Tau 3 0.67 [0.58-0.75] 57 70
MRI score and UCH-L1 3 0.66 [0.57-0.75] 58 71

MRI score and NSE 3 0.64 [0.55-0.73] 29 97
MRI score and Tau 2 0.64 [0.55-0.73] 44 84
MRI score and S100B 2 0.63 [0.54-0.72] 55 71

Table V. ROC analysis for biomarkers and Bayley <70

Predictor AUC Sensitivity Specificity

Tau 2 0.70 [0.56-0.77] 40 92
Tau 3 0.65 [0.53-0.76] 42 90
S100B 2 0.64 [0.54-0.74] 85 43

UCH-L1 3 0.61 [0.50-0.72] 54 70
NSE 3 0.59 [0.49-0.70] 56 66
MRI injury score 0.74 [0.64-0.84] 58 81
MRI score and Tau 2 0.74 [0.64-0.84] 62 81
MRI score and S100B 2 0.74 [0.63-0.84] 60 80
MRI score and Tau 3 0.73 [0.63-0.83] 65 75

MRI score and UCH-L1 3 0.73 [0.63-0.83] 57 81
MRI score and NSE 3 0.72 [0.61-0.83] 59 80

Table III. Combination of biomarkers for predicting 
cerebral palsy

Predictors AUC Sensitivity (%) Specificity (%)

GFAP 1 and Tau 3 0.93 [0.88-0.98] 94 82
GFAP 1 and Tau 2 0.91 [0.86-0.97] 94 78
Tau 3 and MIP-1b 2 0.91 [0.83-0.99] 88 87

GFAP 2 and Tau 3 0.91 [0.82-1.0] 94 86
Tau 2 and IL-13 2 0.90 [0.82-0.97] 88 83
GFAP 2 and Tau 2 0.89 [0.82-0.97] 88 84
Tau 2 and MIP-1b 2 0.89 [0.83-0.96] 94 74
Tau 2 and IL-13 1 0.89 [0.80-0.98] 94 83
Tau 3 and VEGF 1 0.89 [0.79-0.99] 94 83
GFAP 3 and Tau 2 0.89 [0.77-1.0] 88 93

Tau 2 and Tau 3 0.88 [0.77-0.99] 94 74
Tau 3 and IL-13 2 0.88 [0.78-0.98] 77 89
Tau 3 and IL-13 1 0.88 [0.77-0.99] 94 74
GFAP 3 and Tau 3 0.88 [0.76-1.0] 94 79
Tau 2 and VEGF 1 0.87 [0.76-0.97] 88 82
GFAP 3 and MIP-1b 2 0.86 [0.78-0.94] 94 61

GFAP 2 and MIP-1b 2 0.84 [0.76-0.93] 72 84
GFAP 1 and GFAP 3 0.84 [0.73-0.94] 65 92
GFAP 3 and IL-13 1 0.84 [0.72-0.96] 82 83
GFAP 3 and IL-13 2 0.83 [0.71-0.95] 82 79
GFAP 3 and VEGF 1 0.83 [0.71-0.95] 88 74
GFAP 2 and GFAP 3 0.83 [0.70-0.96] 82 82
GFAP 2 and VEGF 1 0.81 [0.71-0.91] 82 69

GFAP 2 and IL-13 1 0.81 [0.69-0.93] 83 73
GFAP 2 and IL-13 2 0.81 [0.69-0.93] 89 66
VEGF 1 and MIP-1b 2 0.80 [0.71-0.88] 100 60
GFAP 1 and MIP-1b 2 0.80 [0.70-0.89] 100 48
MIP-1b 2 and IL-13 2 0.78 [0.68-0.88] 67 81
MIP-1b 2 and IL-13 1 0.78 [0.68-0.88] 100 47

GFAP 1 and GFAP 2 0.77 [0.63-0.91] 61 91
VEGF 1 and IL-13 2 0.76 [0.65-0.87] 88 59
GFAP 1 and IL-13 2 0.75 [0.62-0.88] 72 80
GFAP 1 and IL-13 1 0.75 [0.61-0.89] 72 80
VEGF 1 and IL-13 1 0.75 [0.64-0.86] 88 64
GFAP 1 and VEGF 1 0.75 [0.64-0.85] 94 55
IL-13 1 and IL-13 2 0.74 [0.62-0.86] 89 54

GFAP 1 and Tau 3 0.93 [0.88-0.98] 94 82
GFAP 1 and Tau 2 0.91 [0.86-0.97] 94 78
Tau 3 and MIP-1b 2 0.91 [0.83-0.99] 88 87
GFAP 2 and Tau 3 0.91 [0.82-1.0] 94 86
Tau 2 and IL-13 2 0.90 [0.82-0.97] 88 83
GFAP 2 and Tau 2 0.89 [0.82-0.97] 88 84

Tau 2 and MIP-1b 2 0.89 [0.83-0.96] 94 74
Tau 2 and IL-13 1 0.89 [0.80-0.98] 94 83
Tau 3 and VEGF 1 0.90 [0.79-0.99] 94 83
GFAP 3 and Tau 2 0.89 [0.77-1.0] 88 93
Tau 2 and Tau 3 0.88 [0.77-0.99] 94 74
Tau 3 and IL-13 2 0.88 [0.78-0.98] 77 89
Tau 3 and IL-13 1 0.88 [0.77-0.99] 94 74

GFAP 3 and Tau 3 0.88 [0.76-1.00] 94 79
Tau 2 and VEGF 1 0.87 [0.76-0.97] 88 82
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Previous studies have highlighted key candidate bio-

markers such as Tau, GFAP, and S100B for predicting neuro-

developmental impairment in neonatal 
encephalopathy. 41,46,47 Tau and GFAP are brain-specific pro-

teins associated with neuronal axons and astrocytes, respec-

tively. Elevated concentrations of these biomarkers in blood 
plasma may indicate neuronal and astrocytic damage, thus 
potentially allowing for the quantitative assessment of neuro-

logical injury in the neonate. The results of this secondary 
analysis illustrate the prognostic capability of total Tau as 
an early biological marker in both predicting CP and cogni-

tive/language delay. Plasma measurements of total Tau on 
postnatal days 2 and 4 demonstrated equal sensitivity in 
the prediction of CP to that of detailed MRI scoring. Other 
studies investigating the utility of Tau as a biomarker for pre-

dicting poor neurodevelopmental outcomes have also identi-

fied measurements of Tau at 48 hours as a helpful 
prognosticator. 25,46,48,49 Among adults, there is growing evi-

dence for the role of Tau in the detection and prediction of 
Alzheimer’s disease, increasing the likelihood that a clinically 
validated assay may become available in the near future. 50 In 
addition, various phosphorylated forms of Tau, such as 
pTau-217 and pTau-181, are gaining prominence in Alz-

heimer’s research, potentially opening new avenues for 
studying these biomarkers in neonatal populations. 51,52 The 
addition of Tau immuno-assays into pre-existing laboratory 
infrastructure, such as mainline clinical chemistry analyzers, 
would allow for ease of integration into both the developed 
and LMIC settings.

Elevations in GFAP concentrations have been previously 
documented to correlate with abnormal MRI findings and 
poor neurological outcomes. 47,53 Our results highlight that 
GFAP, as an individual biomarker, displays good prognosti-

cation for CP. GFAP is expressed in response to reactive as-

trogliosis, a physiological response to brain injury. It is 
generally accepted that certain levels of postinjury gliosis 
are beneficial in the recovery from an insult. 54 However, 
excessive gliosis and its associated neuroinflammatory re-

sponses have a negative impact on brain structural and func-

tional recovery. 55 This aligns with our findings, which 
demonstrate that increased measurements of GFAP on day

4 were most closely linked with adverse outcomes in neonates 
with HIE. When corrected for multiple comparisons, our re-

sults did not display statistical significance for the utility of 
GFAP in predicting cognitive/language delay, and so GFAP 
seems to be more intrinsically linked with later motor 
disability. In adults, GFAP is emerging as a prominent 
biomarker in traumatic brain injury, used for decision-

making around computed tomography scans. 56,57 With the 
recent availability of a point-of-care device for GFAP mea-

surements, this would also be a convenient candidate to 
introduce clinically in neonates. 58 To date, the use of GFAP 
as a biomarker has predominantly been in the adult popula-

tion, with no validated pediatric normative reference inter-

vals. Studies involving a healthy pediatric population have 
demonstrated that physiological levels of GFAP are much 
higher in early life and decrease toward adolescence. 59,60 A

better understanding of physiological levels in early life is 
required before the potential use of GFAP in a neonatal clin-

ical setting can be fully exploited.

The HEAL study was a well-designed and carefully con-

ducted randomized controlled trial with detailed standard 
operating procedures and robust data collection methods, 
allowing for the production of a high-quality data set on 
many infants with moderate-severe HIE. This large cohort 
of babies with detailed information on MRI findings and 
CP status allowed this exploratory secondary analysis to be 
conducted with minor limitations. A subset of infants were 
selected for biomarker analysis from the HEAL cohort, based 
on sample-size calculation using the primary outcome of 
death or neurodevelopmental impairment. Even in a large 
cohort of infants with moderate-severe HIE, only a small 
number of those with biomarkers available were diagnosed 
with CP. We were, therefore, unable to investigate the ability 
of biomarkers to predict the severity or topography of CP. 
The HEAL trial included infants with well-defined sentinel 
events. Our findings, therefore, may not apply to infants 
with partial, prolonged hypoxic insults. Our cognitive/lan-

guage assessment of infants was limited to 2 years of age, 
and further longitudinal follow-up with school-age out-

comes may provide further information. This cohort of in-

fants was all diagnosed with moderate to severe HIE and 
treated with TH. We did not investigate which infants would 
benefit from TH, as biomarker measurements were per-

formed in the first few days of life. However, our data may 
help to identify which infants would benefit most from novel 
or emerging adjunct therapies, such as mesenchymal stem 
cells, which could be administered several days after birth. 61 

In addition, HIE is only one cause of CP, with preterm brain 
injury being a much more common cause. However, our data 
provide encouragement that robust neurospecific bio-

markers may be found in other forms of perinatal 
brain injury.

This study shows that neurospecific, blood-based bio-

markers, particularly total Tau protein on day 2, performed 
as well as detailed MRI scoring for the prediction of CP at

2 years of age. In addition, we have shown that while certain 
biomarkers may aid clinicians in prognostication and 
parental counseling, others may be more specific to either 
motor or cognitive/language outcomes. n
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