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1  |  INTRODUC TION

Four million infants experience perinatal asphyxia, leading to 
hypoxic-ischaemic encephalopathy (HIE), each year. HIE is one of the 

most common contributors to early neonatal mortality.1  The inci-
dence of moderate to severe HIE is 1–3 per 1,000 live births in high-
income countries.2 Hypoxic-ischaemic brain damage is a complex 
process that represents an evolving cascade of harmful events. The 
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Abstract
Aim: Perinatal asphyxia, resulting in hypoxic-ischaemic encephalopathy (HIE), has 
been associated with high mortality rates and severe lifelong neurodevelopmental 
disabilities. Our aim was to study the association between the proteomic profile in 
cerebrospinal fluid (CSF) and the degree of HIE and long-term outcomes.
Methods: We prospectively enrolled 18-term born infants with HIE and 10-term born 
controls between 2000 and 2004 from the Karolinska University Hospital. An anti-
body suspension bead array and FlexMap3D analysis was used to characterise 178 
unique brain-derived and inflammation associated proteins in their CSF.
Results: Increased CSF concentrations of several brain-specific proteins were ob-
served in the proteome of HIE patients compared with the controls. An upregulation 
of neuroinflammatory pathways was also noted and this was confirmed by pathway 
analysis. Principal component analysis revealed a gradient from favourable to un-
favourable HIE grades and outcomes. The proteins that provided strong predictors 
were structural proteins, including myelin basic protein and alpha-II spectrin. The 
functional proteins included energy-related proteins like neuron-specific enolase and 
synaptic regulatory proteins. Increased CSF levels of 51 proteins correlated with ad-
verse outcomes in infants with HIE.
Conclusion: Brain-specific proteins and neuroinflammatory mediators in CSF may 
predict HIE degrees and outcomes after perinatal asphyxia.
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primary phase of the injury, during exposure to hypoxic ischaemia, 
is followed by a latent phase, where the cerebral oxidative metabo-
lism may partially or completely recover. Therapeutic hypothermia is 
the only treatment that is available for moderate to severe HIE. It is 
applied during the latent phase, to ameliorate the secondary phase 
of progressive energy failure and brain cell death.3 However, the 
neuroprotective effect of therapeutic hypothermia is limited. The 
mortality rate is still high and infants that survive may face lifelong 
disabilities, including cerebral palsy, epilepsy and cognitive impair-
ment. Accumulating evidence indicates that inflammation contrib-
utes to a prolonged hypoxic-ischaemic brain injury, which may last 
for months or even years. This, in turn, provides the potential for 
adjunctive treatment options at later stages.4

Reliable biomarkers that reflect the complex pathology of HIE 
could facilitate the evolution of targeted neuroprotective treat-
ment approaches and provide early identification of the patients 
that could be at risk of long-term sequelae. It has been suggested 
that various biomarkers may be useful when it comes to predicting 
outcomes of neonatal HIE, but none of these have been established 
in clinical settings.5 Affinity-based proteomic techniques offer a 
novel insight into the underlying pathophysiology of brain disease. 
It enables large numbers of proteins to be simultaneously analysed 
in small samples. Protein arrays have been used in preclinical and 
clinical studies of adults with traumatic brain injuiries.6,7 They have 
also been used for protein profiling of cerebrospinal fluid (CSF) from 
preterm infants.8 The present study used antibody suspension bead 
array technology to assess the levels of brain enriched proteins and 
known inflammatory mediators9 in the CSF of infants with HIE. We 
then compared these results with non-asphyxiated infants, who 
formed the control group.

The study had two aims. First, we aimed to evaluate the use of 
protein arrays in predicting long-term outcomes following perina-
tal asphyxia. Secondly, we wanted to discover novel biomarkers for 
bedside use when treating these patients.

2  |  PATIENTS AND METHODS

2.1  |  Study population

We prospectively enrolled 18 term-born infants with perinatal 
asphyxia from the neonatal intensive care unit at the Karolinska 
University Hospital in Stockholm, Sweden, between October 2000 
and September 2004. The controls were 10 term-born infants 
without a history of asphyxia from the Hospital's general medical 
neonatal ward. The infants were included in the asphyxia group if 
they had undergone clinically indicated lumbar punctures and ful-
filled the criteria for perinatal asphyxia, by showing signs of foetal 
and postnatal distress. These included foetal bradycardia or decel-
erations on cardiotocographic registration and a pH of <7.1 or a 
lactate of >4.8 in scalp blood. The Apgar score needed to be under 
6 at 5  min and their umbilical arterial blood, or blood collected 
within an hour of birth, needed to have a pH of ≤7.00 and/or a base 

deficit of ≥16 mEq. The inclusion criteria included resuscitation for 
more than 3 min. The infants also had to have clinical signs of en-
cephalopathy within 6 h of birth, in accordance with the National 
Institute of Child Health and Human Development classification for 
modified Sarnat staging.10

All patients with asphyxia received supportive care under nor-
mothermic conditions, which was the standard treatment at the time 
of recruitment. The exclusion criteria were encephalopathy related 
aetiologies other than birth asphyxia. These included metabolic dis-
eases and chromosomal abnormalities, as well as confirmed meningi-
tis. The control infants underwent lumber punctures for suspected, 
but unverified, infections. They all had elevated C-reactive protein 
in their blood and displayed clinical symptoms that could represent 
an infection, in conjunction with negative bacterial blood and CSF 
cultures.

2.2  |  Clinical evaluation

Neurological assessments were performed on all patients and con-
trols, according to the Sarnat and Sarnat criteria,10 before they were 
enrolled and these were repeated on day 7 of life. The neurological 
assessment was repeated on the HIE patients at 12, 36 and 72 h of 
age in the neonatal intensive care unit. All assessments were per-
formed by the same neonatologist.

A neurodevelopmental follow-up was performed by an expe-
rienced paediatric neurologist, who examined all the surviving pa-
tients at 3, 6 and 18 months of age. The patients who had signs of 
abnormal neurodevelopment at 18  months of age were assessed 
with the Bayley Scales of Infant and Toddler Development, Second 
Edition.11 Adverse neurological outcomes were defined as: cerebral 
palsy, a seizure disorder, a mental developmental index of <85 or 
being deaf or blind at the 18-month assessment. Information was 
gathered from outpatient paediatric care centres on the outcomes 
of the control group when they were 18 months of age. Some of the 
clinical characteristics of a subgroup of the recruited infants have 
previously been published.12

Key notes

•	 Cerebrospinal fluid (CSF) proteomes following perinatal 
asphyxia provide valuable information on the pathogen-
esis and prognosis of brain injuries.

•	 This study identified a proteomic profile in CSF follow-
ing perinatal asphyxia, representing upregulation of 
neuroinflammatory pathways and various pathological 
cascades of hypoxic brain injuries.

•	 Several of these novel proteins correlated with the de-
gree of hypoxic-ischaemic encephalopathy (HIE) and 
unfavourable outcomes and had a diagnostic and pre-
dictive value for HIE.
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2.3  |  CSF analysis

The CSF samples were obtained within the first 3 days of life. The 
median times and interquartile ranges were 22.5 (15–42) hours 
after birth for the asphyxiated infants and 26 (13.3–48) hours 
for the controls. The samples were spun at 3,000 rpm for 10 min 
and then the supernatants were stored at −80°C until they were 
analysed.

Antibody suspension bead array technology was used to conduct 
a comprehensive profiling of the protein expression in the CSF sam-
ples taken following perinatal asphyxia. The suspension bead was 
created from 220 antibodies, which were the affinity reagents, and 
these targeted the 178 unique proteins, selected from the Human 
Protein Atlas (Science for Life Laboratory, Stockholm, Sweden)13 
(Table S1). The proteins that were selected had known associations 
with hypoxic brain injuries and there were previous indications that 
they had been used as brain injury biomarkers. The selected proteins 
all provided high tissue enrichment in the central nervous system 
and were involved in different brain functions.6,7  The FlexMap3D 
instrument (Luminex Corp, Texas, USA) was used to analyse cross-
linked interacting proteins in the antibody suspension bead. The rel-
ative abundance of proteins is reported as the median fluorescent 
intensities for each sample and bead identity. Further methodologi-
cal details can be found in Lindblad et al7 and Appendix S1.

2.4  |  Statistics

Clinical and laboratory variables are presented as medians and IQRs. 
The Mann–Whitney U test was used to compare the independent 
groups. The results of the protein array analysis have been reported 
as median fluorescent intensities and IQRs for each sample and 
antibody. We also used the Mann–Whitney U test to analyse the 
differences in CSF protein profiles between the patients and con-
trols. No normalisation was performed, due to the low numbers of 
samples, and this meant that raw median fluorescent intensity data 
were used. To simplify, we further calculated log2- transformed fold 
changes of protein levels, visualised as a Volcano plot, to analyse the 
differences between patients and controls.

We performed principal component analysis to reduce the num-
ber of dimensions spanned by the 178 proteins that we measured. 
The analysis was carried out in R, version 4.0.3 (R Foundation, 
Vienna, Austria), with the FactoMineR package, version 1.34 (R 
Foundation).14 The patients were grouped by their HIE grades and 
outcomes. The projections of loadings onto the line of best fit were 
used as a measure of the contribution of each protein to the sepa-
ration between patients, according to their HIE grade and outcome, 
respectively.

We compared the groups of patients with adverse outcomes, pa-
tients with normal outcomes and controls, using the Kruskal-Wallis 
test and then used Dunn‘s multiple comparison test to show differ-
ences in the rank sums. The sequentially rejective Bonferroni was 
used to control for the false discovery rate of multiple testing.15 The TA
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differences were considered statistically significant if the p value 
was <0.05. The results are presented on scatter plots that show 
the differences in protein levels. Pathway analysis was conducted 
using the R pathfinder package (R Foundation).16 All proteins were 
eligible for analysis and the threshold for being included in the 
input was p < 0.05. The enrichment analysis was performed using 
the BioCarta gene set (BioCarta, Charting pathways of life. http://
www.bioca​rta.com) and results were filtered at  p  <  0.05 after 
Bonferroni adjustment. The BioGRID (Biological General Repository 
for Interaction Datasets, thebiogrid.org) protein-protein interaction 
network was used.

2.5  |  Ethics

This study was performed in accordance with European Community 
guidelines and the Declaration of Helsinki. It was approved by the re-
gional ethics committees at the Karolinska Institute and Stockholm 
County (Dnr 98–246, 2003–174, 2011/1891-31). Informed, written 
consent was obtained from the parents of the enrolled patients.

3  |  RESULTS

The patient characteristics are summarised in Table 1. This shows 
that 7 patients had severe HIE (HIE-III), 7 had moderate HIE (HIE-II) 
and 4 had mild HIE (HIE-I), according to the Sarnat et Sarnat clas-
sification of clinical signs.10 Five patients died during the neonatal 
period, 8 patients had survived with adverse neurological outcomes 
by the time of the 18-month follow-up evaluation and 5  patients 
had normal outcomes. All the non-asphyxiated infants in the control 
group had normal outcomes.

The relative protein abundance detected in the CSF samples was 
measured as median fluorescent intensities for each antibody. A dis-
tinct CSF proteome, which reflected hypoxic-ischaemic brain injury 
characteristics, was observed following asphyxia, as several unique 
proteins were altered in CSF compared with controls (Figure 1A). A 
differential analysis was performed to compare the outcome groups 
with regard to the clinical importance of the protein signature in the 
CSF following perinatal asphyxia. This found that 51 unique CSF 
proteins correlated with unfavourable outcomes (p value <0.05) 
(Figure  1B, Table  S2). Furthermore, there was an upregulation of 
neuroinflammatory pathways in CSF following asphyxia, which 
demonstrated a distinct inflammatory profile compared to the non-
asphyxiated controls. Pathway analysis confirmed the importance of 
immune related proteins (Figure  1C-D). The complement pathway 
was the most important pathway when it came to discriminating be-
tween both HIE grades and outcomes.

A principal component analysis was applied to the data to reduce 
the number of dimensions spanned by all of the proteins (Figure 2A-
B). When the data were grouped by HIE grade and outcomes, both re-
vealed almost identical paths and these created similar gradients from 
favourable to unfavourable HIE grades and outcomes, respectively. 

The projections of loadings onto a line of best fit of the centroids are 
outlined in Table  S3. This effectively measured the contribution of 
each protein to the separation of the data along the favourable to un-
favourable gradient. These have been expressed as alpha coefficients. 
A strong correlation was observed between the principal component 
analysis alpha coefficients for the proteins that contributed strongly 
to the differences in data. These were evident in both the fold changes 
and the p-values on the volcano plot, (Figure 2C-D). Several proteins 
made a high contribution to the separation between the groups we 
examined. These included structural proteins, like myelin basic pro-
tein and alpha spectrin-II. They also included proteins related to the 
energy turnover of cells and hypoxic regulation, like neuron-specific 
enolase, Aldolase C and the ATPase H+ transporting V1 subunit G2. 
The list also comprised several synaptic regulating proteins. Table 2 
displays the proteins that exhibited the biggest changes in median 
fluorescent intensities and fold changes between the patients with 
unfavourable outcomes and control infants (p value <0.005). No dif-
ferences in median fluorescent intensities were seen between the 
proteins in patients with normal outcomes and the control infants, 
apart from beta-synuclein, which was higher in patients than in con-
trols (data not shown). The four proteins that differed most between 
outcome groups are show in Figure 3A-D.

4  |  DISCUSSION

We used an antibody array to analyse 178 proteins related to the 
central nervous system and inflammation in CSF samples from in-
fants with perinatal asphyxia and non-asphyxiated controls infants. 
This sensitive measure of the composition CSF proteins identified 
differences in the concentrations of 51  proteins that correlated 
with death or adverse neurological outcomes following perinatal 
asphyxia. The protein profiles that we observed reflected biochemi-
cal changes in the CSF, which is in direct contact with the extracel-
lular matrix of the brain, as opposed to blood analyses, which may 
not reflect events in the central nervous system.17 Proteins that in-
dicated brain injuries were identified and a clear relationship was 
determined between the protein concentrations and both the HIE 
grades and outcomes in patients.

4.1  |  Metabolic proteins

We confirmed previous studies that highlighted the importance of 
proteins that are related to the metabolism of brain cells in hypoxic 
brain injuries, including neuron-specific enolase, Aldolase C and 
ATPase H+ transporting V1  subunit G2. Neuron-specific enolase, 
which is involved in glycolytic energy metabolism, is an established 
brain-specific marker of neuronal damage18 and has been correlated 
with the risk of death or severe neurological impairment in HIE.19 It is 
a commonly used biomarker for traumatic brain injuries20 and is used 
in guidelines for managing cerebral anoxia following cardiopulmonary 
resuscitation in adults, where increasing levels in serum predict an 

http://www.biocarta.com
http://www.biocarta.com
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unfavourable outcome.21 Secondary ischaemic injuries are common 
following severe traumatic brain injuries.22 These are probably due to 
the deranged cerebral metabolism caused by a regional cerebral mis-
match between perfusion and metabolic demand. This is a pathology 
shared with anoxic injuries and presumably with HIE as well. Aldolase 
C, a primarily astrocytic protein, is released when there is an astrocyte 
injury. It has been indicated as a marker of brain damage following 
traumatic brain injuries and hypoxic ischaemia in animal models.6,23 
A proteomic screening of human adult CSF following traumatic brain 
injury identified Aldolase C as one of the most promising biomarkers 
of cell death and functional outcome.24 This could have a clinical use 
in HIE. ATPase H+ transporting V1 subunit G2, which is involved in cell 
metabolic turnover, has been associated with chronic and progressive 
traumatic brain injuries with a delayed onset of symptoms.25 These 

proteins might indicate the metabolic derangement preceding the 
secondary phase of a hypoxic-ischaemic brain injury, which leads to 
mitochondrial impairment and eventually apoptotic neuronal death. 
This might be of value in clinical decision making, because this time 
point in the pathological process has been referred to as the window 
of opportunity for therapeutic interventions.26  Metabolic derange-
ments during hypoxic ischaemia may lead to disrupted synaptic func-
tion, which can induce excitotoxicity and exacerbate brain damage.

4.2  |  Synaptic proteins

Several synaptic associated regulatory proteins were increased in 
our study and correlated with adverse outcomes. None of these 

F I G U R E  1  Volcano plots describe the relative abundances of CSF proteins in infants with hypoxic-ischaemic encephalopathy (HIE) and 
controls. The Mann–Whitney U test was used to calculate the differences in median fluorescent intensity (MFI) for each analyte, transform 
them into log2 fold changes, which are above zero when increased in HIE, and plot them against -log10 p-values. Figure 1A describes the 
differences between the 18 HIE patients and 10 controls. Figure 1B describes the differences between HIE patients with adverse outcome and 
the controls. Pathway analysis shows the upregulation of neuroinflammatory proteins in CSF following perinatal asphyxia, reflected in lectin, 
complement and classical pathways. The complement pathway was the most important pathway in both outcomes (C) and HIE grades (D)
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proteins have previously been investigated in relation to HIE. These 
include synaptic vesicle glycoprotein 2A, a regulator of neurotrans-
mitter release, and reticulon-1, which takes part in excitotoxic neu-
rotransmitter release and may mediate brain damage in hypoxia 
ischaemia through apoptosis.27  They also include beta-synuclein, 
which plays a detrimental role in Alzheimer's disease and Parkinson's 
disease.28  Nevertheless, agents that have the potential to reduce 
excitotoxicity are currently under investigation as promising HIE 
therapies.29

4.3  |  Cytoskeletal proteins

Cytoskeletal proteins are released when there is cellular damage or 
death, and this means that they may serve as markers of brain dam-
age. The myelin basic protein and the alpha II-spectrin protein both 

increased following perinatal asphyxia and were correlated with un-
favourable outcomes. Myelin basic protein is an essential compo-
nent of the myelin sheath and myelin damage has been correlated 
with white matter injuries and epilepsy.30 A correlation has been 
indicated between increased myelin basic protein levels in serum 
and CSF and adverse outcomes in paediatric traumatic brain inju-
ries and HIE.31,32 The same correlation has been seen in traumatic 
brain injuries and hypoxic-ischaemic brain injury models,.33,34 Alpha 
II-spectrin is a protein that is essential for maintaining the integrity 
of brain cells, as it provides a link between the cytoskeleton and the 
plasma membrane.35 It is a novel biomarker for neonatal HIE. It is 
notable that the present data are in line with suggestions that alpha 
II-spectrin might be a promising biomarker of brain injuries in infants 
following cardiac operations36 and in paediatric traumatic brain 
injuries.37 Furthermore, spectrin breakdown products have been 
shown to exist as exosomes in CSF when adults sustain traumatic 

F I G U R E  2  The principal component analysis (PCA) score plot of all 178 proteins in the CSF of patients with hypoxic-ischaemic 
encephalopathy (HIE) and controls. Patients were grouped by either HIE grades (A) or outcomes (B). Centroids are depicted as enlarged 
symbols and connected in paths from most to least favourable. The contribution of each protein to the separation of the data is expressed 
as alpha coefficients. Dim1 and Dim2 are the first two principal components. Relationships are described between the alpha coefficients on 
PCA and fold changes (FC) and expressed on volcano plots (C) and -log10 p-values (D). Fold changes describe the log2 transformed median 
fluorescent intensity (MFI) differences between HIE patients and controls. Values are based on Mann–Whitney U test. FC; Log2Fold Change
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brain injuries. They function as cell death signalling molecules in the 
pathological pathways, leading to neurodegeneration.38

4.4  |  Neuroinflammatory pathway proteins

The key cellular pathways of hypoxic-ischaemic brain injuries include 
the upregulation of the innate immune system. Inflammatory media-
tors may be produced within minutes of a brain insult and continue 
to expand for weeks and even months. They are the main contribu-
tors to the chronic prolonged phase of the injury, when the regenera-
tion and repair of neurons may be prevented and neurodevelopment 
altered.4 Clinical and experimental data that underline the impor-
tance of inflammatory mediators in perinatal brain injuries continue 
to emerge.12,39,40 The present study found that increased levels of 
several inflammatory biomarkers correlated with unfavourable out-
comes in patients. Furthermore, pathway analysis confirmed the im-
portance of the complement pathway. It is of upmost importance 
to recognise the neuroinflammatory reaction in hypoxic-ischaemic 
brain injuries, as this may open up new possibilities for therapeutic 
interventions.

4.5  |  Strengths and limitations

The study´s main strength was that we used a protein array, which 
is an emerging technique in hypoxic-ischaemic brain injuries. Doing 
this enabled us to provide novel insights into the underlying patho-
physiology of brain disease. This technique also enabled us to simul-
taneously quantify 178 proteins in small CSF samples.

The study also had several limitations that must be acknowl-
edged. It is important to point out that there was a time lapse be-
tween recruiting the patients and analysing the samples, as well as 
presenting the results. This means that it is possible that some of the 
frozen protein samples deteriorated over time. Also, hypothermia 
was not a standard treatment for HIE at the time of recruitment, so 
we did not have cooled infants in our patient group. On the other 
hand, this provide us with important information about brain pathol-
ogy without the influence of therapeutic hypothermia. Another lim-
itation was that the developmental evaluation, carried out with the 
Bayley Scales of Infant and Toddler Development, Second Edition, 
was only performed on infants with abnormal neurological symp-
toms at 18  months of age. Infants without symptoms did not un-
dergo this test.

F I G U R E  3  Scatter plot of the proteins that exhibited the largest differences between the outcome groups: aldolase C (ALDOC) (A), Beta-
synuclein (SNCB) (B), ATPase H+ transporting V1 subunit G2 (ATP6V1G2) (C) and neuron-specific enolase (NSE) (D). Adverse outcomes are 
defined as death or abnormal neurological outcomes at 18 months. Data were analysed with the Kruskal-Wallis test and Dunn's Multiple 
Comparison Test (p < 0.0001)
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5  |  CONCLUSION

This study has demonstrated an unprecedented array of CSF pro-
teomic profiling alterations in protein levels following perinatal as-
phyxia and showed that these were associated with the severity of 
HIE and long-term outcomes. These can provide biomarkers for peri-
natal asphyxia. Several of these proteins are novel biomarkers for 
long-term outcomes after HIE and will require external validation in 
larger patient cohorts. Alterations in several novel biomarkers have 
previously been observed in biofluids in similar cerebral conditions, 
like traumatic brain injuries. This suggests a shared pathophysiology. 
Our study also characterised the pathological pathways involved in 
perinatal asphyxia, and this may open up new therapeutic options 
for reducing long-term morbidity and mortality.

As a result of our findings, we suggest that these markers should 
be used to monitor different pathophysiological processes following 
HIE. This could present tentative treatment options, but further re-
search is warranted.
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