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Editorial on the Research Topic
 Pathomechanisms and Treatments to Protect the Preterm, Fetal Growth Restricted and Neonatal Encephalopathic Brain



Every year, many hundreds of thousands of infants are at high risk of perinatal morbidity, poor neonatal outcomes, and life-long disability because they are exposed to events such as preterm birth, fetal growth restriction, or they present with neonatal encephalopathy. Collectively, these negative perinatal events compromise brain development and the high rate of disabilities include outcomes such as cerebral palsy, learning and attention difficulties, behavioral issues, and psychiatric disorders. There are only very limited treatments available to protect the newborn brain. For instance, we are fortunate to have a therapy for neonatal encephalopathy, therapeutic hypothermia, but this is not completely neuroprotective and is difficult to implement outside high resource health care settings. Nevertheless, hypothermia shows that therapies are possible. As such, there is a critical need for further high-quality research into improved identification, stratification, and care of these infants at risk of poor outcomes.

This Research Topic contains an equal contribution of articles focusing on neonatal encephalopathy related to hypoxia-ischemia (HIE) and prematurity, including three systematic reviews examining differing aspects of detection and prediction of adverse neurological outcomes in the HIE infant.

The first systematic review and article of this Topic (Liu et al.) examines the unmet clinical need for markers to predict outcome in hypothermia-treated infants with HIE. The authors consolidate our current knowledge that the currently available clinical tests magnetic resonance imaging (MRI) and electroencephalopathy (EEG) are useful predictors of adverse outcomes, however continued follow-up of the children is crucial to determine whether their predictive abilities include the ability to predict long-term outcomes.

The second systematic review in this issue examined cerebral near infrared spectroscopy (NIRS) monitoring in term and near-term infants with HIE (Mitra et al.). NIRS monitoring is an important tool in the neonatologist's toolbox, as it can provide information regarding changes in cerebral oxygenation and hemodynamics. The authors demonstrated that monitoring HIE newborns using a combination of NIRS and EEG is not only feasible but may improve prognosis of neurodevelopmental outcome. However, further randomized clinical trials and large observational studies are necessary to assess the utility of NIRS in predicting neurodevelopmental outcome and guiding therapeutic intervention.

The importance of defining of a good prognostic marker of adverse neurodevelopmental outcome in HIE babies is also highlighted in the work from Shah et al.. This team showed that in a cohort of HIE babies, increased levels of plasma neurofilament light protein (NfL) were associated with adverse outcomes at 18 months of age in HIE babies who have undergone hypothermia treatment.

A meta-analysis was undertaken to assess the overall strength of the links between birth asphyxia (as determined by pH value of umbilical cord blood) and increased risk of cerebral palsy (CP) by Zhang et al.. This meta-analysis solidified our understanding of the positive association between asphyxia and CP and reassuringly found the available studies are high quality with little publication bias.

The piglet model of HIE has a strong translational value to the human newborn with HIE. In the first of two studies using piglet models of HIE, Pang et al. focus on inflammation sensitized LPS/HIE. They reveal that in the LPS/HIE piglet treated with hypothermia, melatonin, and magnesium, and assessed using magnetic resonance spectroscopy (MRS); that the lactate to N-acetylaspartate (Lac/NAA) ratio is robust outcome predictor—correlating strongly with overall cell death and microglial reactivity.

The second piglet study, (Andelius et al.) induced a relatively mild HIE insult, with a shorter duration of amplitude electroencephalography (aEEG) suppression and duration of hypotension compared to the model from the Robertson team (Pang et al.). Andelius et al. assessed the combined effects of therapeutic hypothermia (TH) and remote ischemic conditioning (RIPC) on HIE. TH itself lowered the lactate to creatine measurement (Lac/Cr) on MRS but there was no additive neuroprotective benefit and additional research in a more severe model is suggested by the authors to fully examine the neuroprotective potential.

We are also provided with specific data on the role of chemokine signaling in driving pathology in LPS-sensitized HIE, using a well-established rat model. Serdar et al., outlined that there is a specific role of NLRP3 upregulation in microglia and the CXCL1/CXCR2 pathway in this model using a battery of gene and protein-based analyses. This pathway may be involved in LPS-sensitized HI brain injury in the newborn and may lead to new treatment options.

A further six articles in this Research Topic examined pathology and mechanisms of brain injury in the preterm born neonate. These are led by an interesting study that supports erythropoietin (EPO) may have neuroprotective abilities for preterm born infants in the context of hyperoxia related injury. Dewan et al. used repeated doses of EPO and showed improvements in short term neuropathology and long-term motor-cognitive outcomes.

Blesa et al. provides evidence for the validity of a novel approach to the analysis of mean diffusivity from 3T MRI, bringing a histogram-based approach validated in adults and showing its promise for assessing preterm born infant brain injury.

Parodi et al. undertook a retrospective cohort study assessing placental and perinatal risk factors for intraventricular hemorrhage (IVH) and cerebellar hemorrhages in preterm infants. Assessing placental pathology may help in understanding mechanisms leading to IVH, though its potential role in predicting cerebellar bleeding needs further investigation.

Although much of the work in this edition focuses on white matter outcomes in preterm born infants, a review from Fleiss et al. outlines the increasingly important evidence for gray matter injury. This review includes a summary of gray matter findings in animal models, how gray matter injury explains neurodevelopmental outcomes and discusses therapeutic targets.

An interesting review presents the hypothesis that in the preterm infant loss of plasma from the circulation results in hypovolemia, and that this is a significant driver of cardiovascular instability and thus poor cerebral oxygenation (Eiby et al.). The authors present their rationale for this hypothesis and how this may be tested in the future.

Further refinements to our imaging arsenal for assessing preterm brain injury were presented by Malova et al.. This retrospective study of 81 patients used susceptibility-weighted imaging (SWI) of punctate white matter lesions in preterm born infants. The study found that are haemosiderin positive SWI lesions occurred more often in infants with lower gestational age and closer to the ventricle. Further research stemming from these interesting findings will hopefully uncover the biological meaning of the observed differences.

Rounding out the edition, is a review from Ross-Munro et al., that proposed that the growth factor midkine may have beneficial roles as a neuroprotectant across forms of perinatal injury. This review brings together a great deal of information on the developmental expression of midkine across species and covers its potential role across a vast number of pathogenic processes.
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Background and Objective: There remains an unmet clinical need for markers that predict outcomes in the hypothermia-treated (HT) infants with HIE. The aim of this meta-analysis was to investigate the prognostic accuracy of currently available clinical tests performed in the immediate post-natal period for predicting neurological outcomes between 18 months and 3 years of age in HT near-term and term infants with perinatal asphyxia and HIE.

Methods: A comprehensive review of the Embase, Cochrane library, and PubMed databases was performed to identify studies that evaluated the prognostic value of clinical tests for neurological outcomes in HT near-term and term infants with perinatal asphyxia and hypoxic-ischemic encephalopathy. Pooled sensitivity and specificity with corresponding 95% confidence intervals and area under the receiver operating characteristic (ROC) curve (AUC) were calculated.

Results: Of the 1,144 relevant studies, 26 studies describing four clinical tests conducted in 1458 HT near-term or term infants were included. For predicting an unfavorable neurological outcome, of the imaging techniques, MRI within 2 weeks of birth performed best on sensitivity 0.85 (95% CI 0.79–0.89), specificity 0.72 (95% CI 0.66–0.77), and AUC 0.88; among the neurophysiological tests, multichannel EEG (Electroencephalogram) demonstrated the sensitivity 0.63 (95% CI 0.49–0.76), specificity 0.82 (95% CI 0.70–0.91), and AUC 0.88, and for aEEG (amplitude-integrated electroencephalography) background pattern pooled sensitivity, specificity and AUC were 0.90 (95% CI 0.86–0.94), 0.46 (95% CI 0.42–0.51), and 0.78 whereas for SEPs (Somatosensory evoked potentials), pooled sensitivity and specificity were 0.52 (95% CI 0.34–0.69), 0.76 (95% CI 0.63–0.87), and AUC 0.84, respectively.

Conclusions: In the wake of the era of TH, MRI and neurophysiological tests (aEEG or EEG) were promising predictors of adverse outcomes, while SEPs need high-quality studies to confirm the findings. Continued follow-up of the children and well-designed large prospective studies are essential to determine whether these benefits are maintained in later childhood.

Keywords: therapeutic hypothermia, hypoxic-ischemic encephalopathy, neonates, clinical test, prognosis


INTRODUCTION

Hypoxic-ischemic encephalopathy (HIE) after perinatal asphyxia is the primary cause of death or long-term neurological impairment in infants born at term. Early predictive indicators of neurological outcomes in infants with HIE is essential for making rational clinical decisions. Before the era of therapeutic hypothermia, the prognostic value of MRI (first week) in neonates with HIE has been well-validated. aEEG or EEG recorded within the first 7 days of life in term infants may have potential as a neurophysiologic predicting tests. However, the prognostic value of SEP should be interpreted with caution due to small sample sizes (1).

Therapeutic hypothermia for 72 h provides neuroprotection that significantly improves survival and neurological outcomes in term infants with moderate to severe HIE (2). However, the prognostic capability of these parameters may vary under hypothermic conditions, and there remains an unmet clinical need for markers that predict outcomes in hypothermia-treated (HT) infants (3, 4).

To the authors' knowledge, there are no published meta-analyses that investigate the prognostic capabilities of currently available clinical tests for predicting long-term neurological outcomes in HT term-infants with HIE. Therefore, a meta-analysis was conducted to evaluate the prognostic accuracy of currently available clinical tests performed in the immediate post-natal period for predicting neurological outcomes between 18 months and 3 years of age in HT near-term and term infants with perinatal asphyxia and HIE.



METHODS


Search Strtegy

Three review authors (W.L, Q.Y and Z.H) independently searched the PubMed, Cochrane Library, and Embase databases from 2009 to February 2019 using the following keywords “hypoxic-ischemic encephalopathy” AND “newborn” AND “hypothermia”; “neonatal Encephalopathy” AND “newborn” AND “hypothermia” Searches were limited to literature published in the English language.



Inclusion and Exclusion Criteria

Inclusion criteria were: (1)observational prognostic studies that included infants ≥35 weeks of gestation with perinatal asphyxia and HIE diagnosed according to clearly described criteria; (2) that were treated with therapeutic hypothermia; and (3) that underwent neurological follow-up longitudinally until ≥18 months of age, with outcomes defined as good or adverse.

Exclusion criteria were: (1) reviews, letters, abstracts, or editorials; or (2) studies that reported insufficient data, (3) Non-English language, (4) Uncertain follow-up time and Follow-up time is >18 months.



Study Selection

Three review authors (W.L, Q.Y, and Z.H) independently screened the titles and abstracts identified by the search for potentially relevant studies. Texts were retrieved and reviewed to determine which studies met the inclusion criteria. Disagreements about data extraction were resolved by discussion with a third review author (ZH) until consensus was reached.



Data Extraction

Three review authors (W.D, H.W., and Y.F) independently extracted data from the included studies using a data extraction sheet. The following information was recorded: authors, year of publication, number of study subjects, gestational age, birth weight, Apgar score, blood pH, clinical tests (e.g., imaging, neurophysiological, other), neurological tests, and length of follow-up. If both hypothermic and normothermic infants were included in a study, data about the hypothermic infants were extracted separately. According to the review of the studies, we established the MRI subgroup and the aEEG subgroup.



Statistical Analysis

Statistical analyses were conducted with RevMan v5.3 and Meta-Disc 1.4. Three review authors (W.L, Q.Y, and Z.H) examined the quality of the included studies using Quadas 2, which evaluates four key domains, including patient selection, index test, reference standard, and flow and timing and independently extracted individual patient data from each of the studies into a predefined database. Personal patient data from all studies were pooled to create 2 × 2 tables and pooled sensitivity and specificity with 95% confidence intervals (CIs) and area under the receiver operating characteristic curve (AUC) were calculated. Heterogeneity between studies was tested with the inconsistency (I2) index and χ2- test. A fixed-effect model was used if there was no evidence of heterogeneity between studies (I2 <50%, P > 0.05); otherwise, a random-effects model was used.




RESULTS


Study Identification

The searches identified 1,144 articles. Following the removal of duplicates, the titles and abstracts of 925 studies were screened, and 82 studies were considered potentially eligible for inclusion in this meta-analysis. Full-text articles were retrieved and reviewed; among these, 11 studies were excluded because they were not published in the English language, 27 studies were excluded due to missing data. Fifteen studies were excluded due to uncertain follow-up time and follow-up time is <18 months, and three studies were not analyzed due to small sample size. Finally, 26 reviews were included in the pooled analyses (Figure 1 and Supplementary Table 1).


[image: Figure 1]
FIGURE 1. Flowchart of the search and selection process.




Characteristics of Included Studies

The characteristics of the included studies are shown in Tables 1, 2. The 26 eligible studies included 1458 HT near-term or term infants with perinatal asphyxia and HIE and follow up available after 18 months of age. Clinical tests performed in the immediate postnatal period included brain magnetic resonance imaging (MRI), EEG, aEEG, SEPs. Neurological examinations were performed between 18 months and 3 years of age.


Table 1. Characteristics of included studies.

[image: Table 1]


Table 2. Neurological outcomes defined by study.
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Methodological Quality of Included Studies

The risks of bias in the index test and patient selection were low (Figures 2, 3). Sixteen studies (5, 8, 10, 12, 14–21, 25, 27, 28, 30) did not indicate whether the reference standard results were interpreted without knowledge of the results of the index test. For flow and timing, 14 studies (5, 7, 8, 10, 13, 14, 18–20, 22, 24, 26, 29, 30) did not include all patients in the analyses. Overall, most of the included studies did not have a high risk of bias.


[image: Figure 2]
FIGURE 2. Quality assessment of included studies using QUADAS-2.



[image: Figure 3]
FIGURE 3. Percentage of the studies with risk of bias and applicability concerns in the different domains of QUADAS-2.




Prognostic Value of Clinical Tests

The results of the meta-analysis are shown in Table 3 (pooled sensitivities and specificities with confidence intervals) and Figure 4 (forest plots of sensitivity and specificity as calculated from the original reports).


Table 3. Pooled sensitivities and specificities with confidence intervals for tests where pooling was possible.
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[image: Figure 4]
FIGURE 4. Forest plots of sensitivity and specificity as calculated from the original reports.




Imaging: Brain MRI

Fourteen studies (5, 8, 9, 12, 13, 15–17, 19–21, 25, 29, 30) evaluated the prognostic value of brain MRI(I2 = 47.9%, fixed-effect model) for neurological outcomes in HT near-term and term infants with perinatal asphyxia and HIE. Pooled sensitivity and specificity were 0.85 (95% CI 0.79–0.89) and 0.69 (95% CI 0.64–0.74), and AUC was 0.87 for predicting an unfavorable outcome. Early MRI (≤ 6 days from birth) (I2 = 60%, random-effects model) performed best on sensitivity 0.91 (95% CI 0.83–0.96). Late MRI (≥7 days from birth) (I2 = 33%, fixed-effect model) performed best on specificity 0.88 (95% CI 0.78–0.94). MRI within 2 weeks (I2 = 59.5%, random-effects model) of birth performed best on sensitivity 0.85 (95% CI 0.79–0.89), specificity 0.72 (95% CI 0.66–0.77), and AUC 0.88.



Neurophysiological Tests: aEEG, EEG, and SEPs

Nine studies (6, 7, 10, 11, 14, 26–29) evaluated the prognostic value of aEEG tests for neurological outcomes in HT near-term and term infants with perinatal asphyxia and HIE. For aEEG background patterns (I2 = 65.2%, random-effects model), pooled sensitivity and specificity were 0.90 (95% CI 0.86–0.94) and 0.46 (95% CI 0.42–0.51), and AUC was 0.78 for predicting an unfavorable outcome. For aEEG voltage classification (I2 = 36.7, fixed-effect model), pooled sensitivity and specificity were 0.90 (95% CI 0.84–0.95) and 0.32 (95% CI 0.26–0.39), and AUC was 0.66 for predicting an unfavorable outcome.

Multichannel EEG (I2 = 17.7%, fixed-effect model) demonstrated the sensitivity 0.63 (95% CI 0.49–0.76), specificity 0.82 (95% CI 0.70–0.91), and AUC 0.88. Three studies (16, 23, 24) evaluated the prognostic value of SEPs for neurological outcomes in HT near-term and term infants with perinatal asphyxia and HIE. For SEPs (I2 =57.9%, random-effects model), pooled sensitivity and specificity were 0.52 (95% CI 0.34–0.69) and 0.76 (95% CI 0.63–0.87) for predicting an unfavorable outcome, and AUC 0.84.




DISCUSSION

HIE after perinatal asphyxia is a significant cause of mortality and morbidity in newborns, accounting for approximately 20% of cerebral palsy cases (31, 32). Evaluating long-term neurological outcomes based on clinical evaluations in the immediate post-natal period can be challenging. However, a reliable, evidence-based prognosis is essential for parental counseling regarding possible long-term sequelae. Hypothermia is generally accepted as the safest method for reducing neurological morbidity and mortality in infants with perinatal asphyxia and HIE (33, 34). Although the literature is replete with studies evaluating novel but relatively unknown test modalities, to ensure clinical relevance. The present review focused on tests that are widely used in clinical practice and did not attempt to provide an overview of all available procedures (1).

Current MRI injury scoring systems published in the literature include the Barkovich, the National Institutes for Child Health and Development (NICHD) and Rutherford systems (5, 9, 35). Each scoring system has some limitations. The previous does not explicitly address posterior limb of the internal capsule injury, whereas the latter two systems do not include diffusion-weighted imaging (DWI) (25), and Clinicians often evaluate the neonatal brain MRI as a whole test rather than specific brain MRI components. So, we considered parenchymal (gray or white matter) abnormalities on T1, T2, and diffuse weighted images to define an abnormal MRI. In the systematic review, brain MRI predicted an unfavorable neurological outcome in HT infants with perinatal asphyxia and HIE with a sensitivity of 0.85. Accordingly, in the TOBY trial, the accuracy of prediction of death or disability to 18 months of age by MRI was 0.84 (0.74–0.94) in HT infants and 0.81 (0.71–0.91) in a normothermic group (5). Evidence suggests that therapeutic hypothermia without affecting the overall predictive value of MRI as a marker of neurological impairment (5, 13).

In the era of predates hypothermia treatment, late MRI (8–30 days) had higher sensitivity but lower specificity than early MRI (1–7 days) (36). However, the current literature does not provide detailed individual data on the time of neonatal brain MRI in HT (37). In the present review, late MRI predicted an unfavorable neurological outcome with a sensitivity and specificity of 0.88 and 0.88, respectively, whereas early MRI showed less specificity of 0.73. However, Charon et al. reported that the specificity of MRI for predicting death or disability to 18 months of age in HT infants with HIE was 96.3% in the first week and 89.3% in the second week (18). The discrepancy between our findings and those reported by Charon et al. might be explained by the various abnormal findings and the thresholds for the index tests. Results from the present meta-analysis indicate that within 2 weeks of birth correctly predict neurological outcomes at 18 months of age in HT infants with HIE (pooled sensitivity, 0.85 [95% CI, 0.79–0.89].

Deep gray matter lactate/N-acetyl aspartate (Lac/NAA) peak/area ratio is the most quantitative biomarker for prediction of neurodevelopmental outcomes in magnetic resonance spectroscopy (38). However, the equipment is not widely used in clinical practice, and based on limited available studies, the validity of the results has not been quantified in previous reviews of the literature.

aEEG is the commonly used neurophysiological tests for assessment of HIE severity, for monitoring improvement over time, and for predicting neurological outcomes in infants (39). aEEG can be performed at the bedside, and background patterns and voltage classification have been considered an early predictor of neurological outcomes in HT infants with HIE. In normothermic infants, a persistently abnormal aEEG between 6 and 24 h of age is considered predictive of adverse outcomes (6, 40). However, the predictive value of aEEG for subsequent neurological impairment is altered by hypothermia. In one study, the positive prognostic value of an abnormal aEEG increased from 6 to 48 h of age in HT term infants with HIE. This shift in prognostic accuracy may be explained, at least in part, by the neuroprotective effects of therapeutic hypothermia (41). In the present review, aEEG background pattern predicted an unfavorable neurological outcome with a sensitivity and specificity of 0.90 and 0.46, respectively, and an AUC of 0.78, while aEEG voltage classification was less predictive [sensitivity 0.90 [95% CI 0.84–0.95]; specificity 0.32 [95% CI 0.26–0.39], AUC 0.66]. Possible explanations are that the sedative drugs and anticonvulsants that are commonly administered to HT infants have prolonged half-lives and increased plasma levels compared to normothermic conditions, causing voltage fluctuations on the EEG signal (12). In accordance with our findings, Shany et al. reported that background pattern was more sensitive than voltage classification for predicting neurological outcomes in infants with HIE, although assessment of background pattern may be more subjective (42).

Multichannel EEG is the gold standard for assessment of the severity of HIE and for monitoring improvement over time (39). In our review, EEG predicted subsequent neurological impairment in HT infants with HIE with a sensitivity of 0.63 (95% CI, 0.49–0.76), specificity of 0.82 (95% CI, 0.70–0.91), and an AUC of 0.88, yielding a higher specificity than aEEG. However, EEG is a relatively complex technique. Technicians are required to site EEG leads and specialists are needed to interpret neurophysiology, but these resources may not be readily available (39). High seizure burden and sleep-wake cycling have been independently associated with poor outcomes in HT infants with HIE (41). Unfortunately, lack of data meant that these parameters could not be examined in the present meta-analysis.

SEPs assess the deep brain structures such as the thalami and brainstem, which are known to be selectively vulnerable to hypoxia and ischemia (43). Several studies had shown that normal SEPs were strongly predictive of a favorable outcome, and absent SEPs were strongly predictive of an unfavorable outcome (44, 45). In our review, SEPs predicted an unfavorable neurological outcome in HT infants with HIE with a sensitivity of 0.52 (95% CI, 0.34–0.69) and a specificity of 0.76 (95% CI, 0.63–0.87). Although SEPs may provide complementary prognostic resources to HIE after perinatal asphyxia, the predictive value of SEPs investigated in this review should be interpreted with caution due to small sample sizes.

Although not explored in this review, we propose that a combination of the above prognostic tests performed would provide the greater prognostic accuracy for predicting long-term neurological outcomes in the HIE infants undergoing HT.


Strengths and Weaknesses

To the authors' knowledge, this is the first meta-analysis to investigate the prognostic value of clinical tests performed in the immediate post-natal period as predictors of adverse neurological outcomes in HT near-term and term infants with perinatal asphyxia and HIE. Importantly, to investigate which HIE infants would have neurological sequelae, this review only included studies with long-term follow-up, whereby infants were followed until ≥18 months of age. In our opinion, outcomes couldn't be accurately assessed in infants younger than 18 months as neurological sequelae usually manifest at ≥12 months of age, and mental and behavioral disabilities might appear even later (46).

This meta-analysis has several limitations. First, the sample size was small. Second, this review was restricted to articles published in the English language, which may have led to an overestimation or underestimation of prognostic reliability. Finally, heterogeneity was low to moderate, possibly due to differences in thresholds for the index test, the severity of HIE and the design of the studies. Subgroup analyses were not performed to investigate the source of this heterogeneity. Well-designed more extensive studies are required to determine an accurate estimate of the value of clinical tests performed in the immediate post-natal period for predicting in HT infants with HIE.




CONCLUSIONS

This systematic review and meta-analysis provided insight into the prognostic value of clinical tests performed in the immediate post-natal period as predictors of adverse neurological outcomes in HT near-term and term infants with perinatal asphyxia. MRI and neurophysiological tests (aEEG or EEG) were promising predictors of the adverse outcomes, whereas SEPs need high-quality studies to confirm the findings. Given the heterogeneity in the tests' performance, continued follow-up of the children and well-designed large prospective studies are essential to determine whether these benefits are maintained in later childhood.
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Preterm birth is closely associated with cognitive impairment and generalized dysconnectivity of neural networks inferred from water diffusion MRI (dMRI) metrics. Peak width of skeletonized mean diffusivity (PSMD) is a metric derived from histogram analysis of mean diffusivity across the white matter skeleton, and it is a useful biomarker of generalized dysconnectivity and cognition in adulthood. We calculated PSMD and five other histogram based metrics derived from diffusion tensor imaging (DTI) and neurite orientation and dispersion imaging (NODDI) in the newborn, and evaluated their accuracy as biomarkers of microstructural brain white matter alterations associated with preterm birth. One hundred and thirty five neonates (76 preterm, 59 term) underwent 3T MRI at term equivalent age. There were group differences in peak width of skeletonized mean, axial, and radial diffusivities (PSMD, PSAD, PSRD), orientation dispersion index (PSODI) and neurite dispersion index (PSNDI), all p < 10−4. PSFA did not differ between groups. PSNDI was the best classifier of gestational age at birth with an accuracy of 81±10%, followed by PSMD, which had 77±9% accuracy. Models built on both NODDI metrics, and on all dMRI metrics combined, did not outperform the model based on PSNDI alone. We conclude that histogram based analyses of DTI and NODDI parameters are promising new image markers for investigating diffuse changes in brain connectivity in early life.

Keywords: diffusion MRI, PSMD, preterm, neonate, NODDI, DTI


1. INTRODUCTION

Preterm birth is closely associated with a phenotype that includes cognitive impairment in childhood and cerebral white matter disease. White matter disease is apparent as diffuse changes in signal intensity on conventional MRI (1, 2), and alterations in diffusion MRI parameters based on the diffusion tensor [fractional anisotropy (FA), and mean, axial, and radial diffusivities, (MD, AD, RD)], and more recently, metrics based on biophysical models, such as neurite orientation and dispersion imaging (NODDI) (3, 4). These metrics have proven useful for making inferences about microstructural alteration of white matter that characterizes dysmaturity associated with preterm birth, for investigating upstream pathways to typical / atypical brain development, and for studying the anatomical bases of subsequent cognitive function in early life (5–13). However, deriving whole brain estimations of these parameters is often computationally expensive, there are uncertainties about which metric or combination of metrics best captures generalized white matter disease associated with preterm birth, and which is likely to be most useful for prognosis.

Peak width of skeletonized mean diffusivity (PSMD) is associated with processing speed—a foundational competence of cognition—in patients with small cerebral vessel disease, patients with Alzheimer's disease, healthy adults, and with a broader set of cognitive impairment (14, 15). In addition, it is a marker of widespread white matter tissue damage in multiple sclerosis (16). It works by calculating the width of the histogram of mean diffusivity of the skeletonized white matter (WM) tracts, thereby largely eliminating cerebrospinal fluid (CSF) contamination and focusing on the core of the main WM tracts. The framework is readily extensible to other DTI metrics (FA, RD, and AD) and to NODDI metrics.

Peak width of skeletonized DTI and NODDI metrics have potential to be useful biomarkers of preterm brain dysmaturation because several are known to be altered throughout white matter in association with preterm birth. Specifically, low FA and increased MD occur throughout the white matter in preterm infants at term equivalent age compared with term-born infants (4, 17–20), and NDI at term equivalent age it is negatively correlated with gestational age at birth (8). Additional advantages are that this framework is fully automated, only requires a single diffusion MRI acquisition, is computationally inexpensive, and has high inter-scanner reproducibility so could be used in clinical settings and for multi-center clinical trials (14).

In this work, we first optimized the PSMD pipeline described by Baykara et al. (14) for application to neonatal data in order to calculate values for PS- MD, FA, RD, AD, NDI, and ODI in early life. Next, based on the generalized dysconnectivity phenotype associated with preterm birth, we tested the hypothesis that infants born preterm would have differences in one or more of the histogram based metrics compared with infants born at term. Finally, we investigated the utility of these metrics by studying their relationship with gestational age at birth and testing their predictive ability in a classification task to discriminate between preterm and term brain images.



2. METHODS


2.1. Participants and Data Acquisition

Participants were recruited as part of a longitudinal study designed to investigate the effects of preterm birth on brain structure and long term outcome (www.tebc.ed.ac.uk) (21). One hundred and thirty-five neonates underwent MRI at term equivalent age at the Edinburgh Imaging Facility: Royal Infirmary of Edinburgh, University of Edinburgh, UK.

A Siemens MAGNETOM Prisma 3 T MRI clinical scanner (Siemens Healthcare Erlangen, Germany) and 16-channel phased-array pediatric head coil were used to acquire: 3D T2-weighted SPACE (T2w) (voxel size = 1 mm isotropic) with TE 409 ms and TR 3,200 ms; and axial dMRI. dMRI was acquired in two separate acquisitions: the first acquisition consisted of 8 baseline volumes (b = 0 s/mm2 [b0]) and 64 volumes with b = 750 s/mm2, the second consisted of 8 b0, 3 volumes with b = 200 s/mm2, 6 volumes with b = 500 s/mm2 and 64 volumes with b = 2,500 s/mm2; an optimal angular coverage for the sampling scheme was applied (22). In addition, an acquisition of 3 b0 volumes with an inverse phase encoding direction was performed. All dMRI images were acquired using single-shot spin-echo echo planar imaging (EPI) with 2-fold simultaneous multislice and 2-fold in-plane parallel imaging acceleration and 2 mm isotropic voxels; all three diffusion acquisitions had the same parameters (TR/TE 3,400/78.0 ms). Images affected by motion artifact were re-acquired multiple times as required; dMRI acquisitions were repeated if signal loss was seen in 3 or more volumes.

Infants were fed and wrapped and allowed to sleep naturally in the scanner. Pulse oximetry, electrocardiography and temperature were monitored. Flexible earplugs and neonatal earmuffs (MiniMuffs, Natus) were used for acoustic protection. All scans were supervised by a doctor or nurse trained in neonatal resuscitation. Structural images were reported by an experienced pediatric radiologist (A.J.Q.) using the system described in Leuchter et al. (23), the exclusion criteria were the evidence of focal parenchymal injury (post-hemorrhagic ventricular dilatation, porencephalic cyst or cystic periventricular leukomalacia), or central nervous system malformation.



2.2. Data Pre-processing

All DICOM (Digital Imaging and Communication On Medicine) image files (dMRI and sMRI) were converted to the NIFTI (Neuroimaging Informatics Technology Initiative) format (24). Diffusion MRI processing was performed as follows: for each subject the two dMRI acquisitions were first concatenated and then denoised using a Marchenko-Pastur-PCA-based algorithm (25–27); eddy current, head movement and EPI geometric distortions were corrected using outlier replacement and slice-to-volume registration (28–32); bias field inhomogeneity correction was performed by calculating the bias field of the mean b0 volume and applying the correction to all the volumes (33). From the diffusion images we calculated the tensor (FA, MD, AD, and RD) and the NODDI (intracellular volume fraction [NDI] and the overall orientation dispersion index [ODITOT]) maps (3, 34–36).



2.3. Atlas Construction

Images from 50 term born infants were used to create a multi-modality template (including T1w, T2w, FA, and tensor templates in addition to different parcellation schemes and tissue probability maps) using established methods (37). The final atlas is the Edinburgh Neonatal Atlas 50 (ENA50) (38). Prior to template creation, the structural images were processed using the minimal processing pipeline of the developing human connectome project (39, 40). To obtain the parcellation schemes, different neonatal atlases were registered to the T2w (38, 41–45). The mean b0 of each subject was co-registered to the T2w (46) and the inverse transformation was used to move all the maps to diffusion space (label maps, T1w and T2w).

The template was constructed using DTI-TK. In summary, it performs white alignment using a non-parametric, highly deformable, diffeomorphic registration method that incrementally estimates the displacement field using a tensor-based registration formulation (37). The resulting transformations were then applied to all the modalities. The final templates were obtained by averaging all the images of the same modality registered to the template space. For the parcellation maps, majority voting was used (47).



2.4. Peak Width of Skeletonized Water Diffusion MRI Derived Maps Calculation

All the subjects were registered to the tensor atlas using DTI-TK (48, 49). The tensor derived maps of each subject were calculated after registration and the NODDI metrics were propagated using the computed transformation. Then, the main skeleton of the FA template was created (50) by thresholding at 0.15, and individual FA maps were projected into this skeleton. Driven by the FA, the rest of the maps were projected onto the WM skeleton.

A custom mask was created by editing the skeleton mask to remove CSF and GM contaminated areas, and removing tracts passing through the cerebellum, the brainstem and the subcortical GM areas using ITK-Snap (51), using as a reference the custom mask created by Baykara et al. (14). The resulting skeletonized maps were then multiplied by the custom mask. Finally, the peak width of the histogram of values computed within the skeletonized maps was calculated as the difference between the 95th and 5th percentiles (14).

A brief overview of the full pipeline can be seen in Figure 1.


[image: Figure 1]
FIGURE 1. Overview of the full pipeline. For simplicity only NDI, MD, and FA are shown. The subject is registered to the ENA50 using a tensor registration. Then the DTI derived maps are generated and the transformation applied to the NODDI maps. Using FA as a conductor, the images are skeletonized, and finally, all images are multiplied by the custom mask.




2.5. Statistical Analysis

In the following analyses, metrics were adjusted for age a scan by fitting a liner model of each metric on GA at scan and retaining the residuals. We report Pearson's correlations between each of the residualized metrics and GA at birth in the whole sample. A D'Agostino and Pearson's test was used to assess the normality of the residualized imaging metrics. Group comparisons of residualized PS-MD, AD, RD, FA, NDI, and ODI were made using two-sample t-test for normally distributed variables and the Mann-Whitney U test for variables that did not have a normal distribution. Reported p-values were adjusted for the false discovery rate (FDR) using the Benjamini–Hochberg procedure. We then used the residualized metrics as predictors in a logistic regression model to discriminate between preterm and term born infants. We compared the performance of each metric individually and of three multivariate models including all the metrics, only DTI metrics and only NODDI metrics, respectively. We measured classification accuracy using a 30-repeated 10-fold cross validation, meaning that in each of 30 repetitions data are randomly split in 10-folds of which one in turn is used as a test set to assess the generalization ability of the model trained on the remaining 9-folds. Folds were stratified to preserve the proportion of term and preterm subjects of the whole sample. Accuracy was computed as the percentage of correctly classified subjects across folds and repetitions.




3. RESULTS

Table 1 shows summary statistics of demographic characteristics of the study group.


Table 1. Demographic characteristics of the study group.
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Table 2 shows the median, 25th and 75th percentiles, minimum and maximum values for each of the six histogram based metrics grouped by term and preterm categories, and Table 3 shows the mean 5th and 95th percentiles for the original metrics separated by group. Figure 2 shows the variation of each histogram based metric with respect to GA at birth and correlations between the metrics and GA at birth are reported in Table 4, together with results of group comparisons. With the exception of PSFA, all metrics were correlated with GA at birth (p < 0.01) and showed group differences in the term vs. preterm comparison (p < 0.01).


Table 2. Summary statistics for all metrics.
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Table 3. Mean 5th and 95th percentiles of imaging metrics in preterm and term groups.
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FIGURE 2. Scatter plots showing the relationship between each of the metric and gestational age at birth.



Table 4. Results for the correlation with GA and the classification task.
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Table 4 reports the cross-validation accuracy of each metric in the classification task (term vs. preterm). Four out of six metrics achieved at least 70% accuracy, with the exception of PSFA (60±5%) and PSODI (67±17%). PSMD and PSNDI obtained the best results among the DTI and NODDI metrics, respectively. Combining the metrics in a multivariate model increased only slightly the prediction accuracy: using all DTI metrics: 79±9% accuracy; using all NODDI metrics: 81±7% accuracy; using all metrics: 79±7% accuracy.



4. DISCUSSION

We developed a pipeline for calculating peak width of skeletonized diffusion MRI derived metrics of the developing brain, and we show that five of these histogram based markers detect generalized white matter microstructural alteration associated with preterm birth. Calculation of these image markers is fully automated and computationally inexpensive, so peak width of skeletonized water diffusion metrics could have high value for research designed to investigate generalized dysconnectivity phenotypes in early life.

The NODDI and tensor derived metrics have been applied to different populations including healthy and aging adults (52, 53), patients with amyotrophic lateral sclerosis and Alzheimer's disease patients (54, 55), and to preclinical models (56, 57). In the neonatal MRI field, tensor derived metrics have been widely used to study the effects of prematurity on the brain (5), and several other factors, such as chronic lung disease, nutrition, prenatal drug exposure, among others (11, 13, 19, 58). In recent years NODDI metrics have been applied to neonatal data because of the added inference they offer with respect to microstructural organization and characteristics (59). They have revealed new insights into cortical maturation in perinatal life, and identified dysmaturation in newborns with congenital heart disease (59, 60). Recently, the tensor derived and NODDI metrics have been used together in integrated approaches, such as morphometric similarity networks (12, 61), but to our knowledge, this is the first time that DTI and NODDI metrics have been used within the peak width skeletonized framework for studying the developing brain.

We found that all the PS metrics with exception of the PSFA were higher for preterm infants at term equivalent age compared with values calculated from infants born at full term, meaning that the range of values was wider for the preterm population. However, the behavior of the metrics was different, which enables an inference about underlying tissue microstructure. For example MD has the same 5th percentile in term and preterm infants at term equivalent age but the 95th percentile is much higher in preterm group, whereas for NDI the opposite is true: both groups have the same 95th percentile, but the 5th percentile is much lower in preterm infants. Taken together, the metrics indicate higher variability in water content (toward higher values) and in intra-axonal volume (toward lower values) in preterm infant. This is consistent with lower myelination in preterm infants and/or less coherent WM organization (62), which is suggested by an overall higher PSODI for the preterm population. For RD the values in 95th and 5th percentile are higher in preterm than term, but the difference is much more accentuated in the 95th percentile, in agreement with PSMD. Increased PSAD in preterm infants at term equivalent age is consistent with altered axonal integrity, which is a feature of white matter disease in preterm infants. PSFA was the only metric that did not show a significant difference between groups, although there was a histogram shift (Table 3) such that term infants do have higher mean FA across the skeleton, which is a consistent finding across studies (4).

All the metrics, with exception of the PSFA and PSODI, achieved high accuracy (≥70%) in the classification task of preterm vs. term brain images. PSMD and PSNDI performed with greatest accuracy (Table 3), and this was not enhanced by combining multiple features in the same model. Different methods for preterm vs. term classification have been proposed with varying accuracy: 80% (63) or 92% (12). However, previous methods usually require long acquisitions and/or complicated processing frameworks. The main advantage of the histogram based framework is that it is possible to calculate measures from standard diffusion MRI acquisition and with relatively simple processing, making it suitable for large scale multi-site studies (14).

Application of histogram based methods to neonatal data required some modifications to the original framework proposed by Baykara et al. First, we optimized the method to operate in a specific neonatal space, as opposed to the MNI152 co-ordinate system (64). For doing this, a neonatal template was created (ENA50) and used as a common space for the whole process. The registration method was also changed: the original method uses FNIRT (65) because it is based in the main TBSS framework (50). Due the nature of the tensor-based neonatal atlas, we are able to use a tensor-based registration (48, 49) with a three-step registration, adding a rigid step at the beginning (19). This method has been shown to improve the alignment of WM tracts in neonatal data (10, 19, 66). One of the main advantages of the proposed framework, is that due to the multi-modal nature of the ENA50 (FA, T1-weighted, T2-weighted and tensor templates) the pipeline can be easily modified to change the registration process for any of the available intensity-based algorithms (41, 65, 67–69).

Histogram based analyses of DTI and NODDI metrics offer tractable markers that could be used to investigate generalized white matter connectivity in other neonatal populations at risk of atypical brain development and the extensible nature of the framework means that it could be applied to other myelin sensitive metrics not derived from diffusion, such as T1w/T2w (70) or g-ratio (71). Future work could investigate the utility of histogram based metrics for assessing the impact of perinatal exposures and co-morbidities on brain tissue development, and their predictive value for cognitive and behavioral outcomes in children at risk of impairment. Furthermore, their possible utility in clinical settings, providing summary information about WM microstructure from MRI datasets acquired on different scanners, and as potential biomarkers in neuroprotection trials should be evaluated.



5. CONCLUSION

In this work, we introduce an age-specific pipeline for calculation of peak width of skeletonized MD, RD, AD, FA, NDI, and ODI of the neonatal brain. We found that these histogram based metrics, which represent generalized water content, myelination, and complexity of dendrites and axons across the WM skeleton, are altered in association with preterm birth. PSMD and PSNDI appear to be the most promising biomarkers due to their relative ease of computation compared with other methods, and their comparable accuracy.
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Background: Neonatal hypoxic ischemic encephalopathy (HIE) remains a significant cause of mortality and morbidity worldwide. Cerebral near infrared spectroscopy (NIRS) can provide cot side continuous information about changes in brain hemodynamics, oxygenation and metabolism in real time.

Objective: To perform a systematic review of cerebral NIRS monitoring in term and near-term infants with HIE.

Search Methods: A systematic search was performed in Ovid EMBASE and Medline database from inception to November 2019. The search combined three broad categories: measurement (NIRS monitoring), disease condition [hypoxic ischemic encephalopathy (HIE)] and subject category (newborn infants) using a stepwise approach as per PRISMA guidance.

Selection Criteria: Only human studies published in English were included.

Data Collection and Analysis: Two authors independently selected, assessed the quality, and extracted data from the studies for this review.

Results: Forty-seven studies on term and near-term infants following HIE were identified. Most studies measured multi-distance NIRS based cerebral tissue saturation using monitors that are referred to as cerebral oximeters. Thirty-nine studies were published since 2010; eight studies were published before this. Fifteen studies reviewed the neurodevelopmental outcome in relation to NIRS findings. No randomized study was identified.

Conclusion: Commercial NIRS cerebral oximeters can provide important information regarding changes in cerebral oxygenation and hemodynamics following HIE and can be particularly helpful when used in combination with other neuromonitoring tools. Optical measurements of brain metabolism using broadband NIRS and cerebral blood flow using diffuse correlation spectroscopy add additional pathophysiological information. Further randomized clinical trials and large observational studies are necessary with proper study design to assess the utility of NIRS in predicting neurodevelopmental outcome and guiding therapeutic interventions.

Keywords: neonate, hypoxic ischemic encephalopathy, oxygenation, metabolism, near infrared spectroscopy


INTRODUCTION

The current practice of therapeutic hypothermia (TH) has reduced the disability rates and the severity spectrum of cerebral palsy in newborn infants with hypoxic ischaemic encephalopathy (HIE). Infants with HIE are routinely monitored in the neonatal intensive care unit (NICU) with electroencephalography (EEG) or amplitude integrated EEG (aEEG) and cranial ultrasound (CrUSS) during TH to detect seizures, investigate the severity of the injury and inform prognosis. Brain magnetic resonance imaging (MRI) and spectroscopy (MRS) are gold standard tools for prognostication of injury and are optimally performed after completion of TH. However, these current technologies do not offer all the necessary physiological information that is needed for a continuous assessment of the changes in the newborn brain.

Following perinatal hypoxia-ischaemia, significant cerebral haemodynamic and metabolic derangements evolve over time (1–3). This evolution is associated with changes in the brain energy state and underlying neurochemical and neurotoxic state. Following acute hypoxia ischaemia (HI), brain high energy metabolites decrease with a reduction in CBF. Oxidative metabolism appears to recover after resuscitation along with improvement in brain perfusion but a period of hypoperfusion persists in the latent phase (up to 24 h following injury). Without any intervention, mitochondrial failure and cell death start in the secondary phase (persisting for days after birth) together with a state of hyperperfusion. Over the next few weeks and months, cerebral hemodynamic and metabolic abnormalities gradually normalize despite pathological processes persisting in this tertiary phase of injury. The degree of deranged cerebral oxidative metabolism following HIE can be identified using magnetic resonance spectroscopy (MRS) (4, 5).

Cerebral NIRS has several advantages as a neuromonitoring tool in the neonatal intensive care unit (NICU) and can be combined with aEEG/EEG monitoring. Its application is easy and quick. The monitoring can be continuous over a long period of time. NIRS can continuously monitor CBF, oxygenation, and metabolism at the cot side from the early stages after birth, with the potential to provide information on the severity of the evolving injury and outcome. NIRS uses the relative transparency of biological tissue in the near infrared (NIR) region of light (700–1,000 nm). In comparison to adults and older children, the thinner skin and skull thickness in newborn infants allows a better depth penetration of brain tissue and make the technique an ideal neuromonitoring tool for newborn infants. Hemoglobin is one of the compounds (chromophores) in the human body that absorbs light. The absorption spectra of oxygenated and de-oxygenated hemoglobin (HbO2 and HHb) are different in the near-infrared region, allowing changes in concentration to be individually monitored using NIRS. Total hemoglobin (HbT = HbO2 + HHb) and hemoglobin difference (HbD = HbO2-HHb) are derived parameters and have been used to represent changes in cerebral blood volume (CBV) and cerebral oxygenation, respectively. Most commercially available NIRS systems measure cerebral oxygenation or tissue saturation (StO2, rScO2, TOI, rSO2), which is the percentage ratio of HbO2 to HbT (HbO2/HbT); these systems are often referred to as brain oximeters, with different manufactures implementing different NIRS techniques to derive brain tissue saturation (6–9). We will use the term cerebral oxygenation in this review and this measurement will be discussed in further detail later under “NIRS devices and methodology.” In healthy term infants, irrespective of the mode of delivery, cerebral oxygenation is lowest at birth (between 40 and 56%) (6–10) and gradually increases to reach ~78% (±7.9%) in the first 24 h (11). It stabilizes over the next few weeks between 55 and 85% (12–14). Using the combined measurement of cerebral oxygenation and peripheral arterial oxygen saturation one can estimate fractional tissue oxygen extraction (FTOE = SaO2 – cerebral oxygenation/SaO2). It represents the balance between oxygen delivery and oxygen consumption, a proxy marker of cerebral metabolism (15). An increase in FTOE indicates an increased extraction of oxygen by brain tissue, suggesting a higher oxygen consumption in relation to oxygen delivery. A decrease of FTOE, on the other hand suggests reduced use of oxygen by brain tissue in relation to supply. Neither cerebral oxygenation nor FTOE accurately reflects the cerebral metabolic rate of oxygen consumption (CMRO2).

Beyond the NIRS measurements of hemoglobin oxygenation, another NIR chromophore is cytochrome c oxidase (CCO). It is the terminal electron acceptor in the electron transport chain (ETC) and is responsible for more than 90% of ATP production, thus providing important information related to the changes in mitochondrial oxidative metabolism. The absorption spectra of the CCO will depend on its redox state, which in turn will depend on oxygen and energetic substrate availability. The NIRS measurements of CCO attracted a great deal of attention in the 1980's (16–19) but accurate measurement of CCO proved challenging due to its low in vivo concentration. However, recent developments in optical methods have enabled this measurement in the NICU, as will be discussed later under “NIRS devices and methodology.”

We performed a systematic review of NIRS measurements in term or near-term newborn infants with HIE. Although several NIRS reviews in the preterm population have been published (6, 20), there is no comprehensive review of NIRS in term infants with HIE. The aim of this work is to review the potential benefits of cerebral NIRS monitoring in newborn infants with HIE and the utility of different NIRS variables to prognosticate outcome (short term or long term). We present a review of different optical measurements: how these indices evolve over time and their relationship with outcome, monitoring of cerebral autoregulation using NIRS and the use of NIRS together with other neuromonitoring tools. A brief description of the basic methodology and technology used for cerebral NIRS is presented along with emerging technologies in this area.



METHODS

A stepwise approach was taken to identify articles from databases following the guidance from the Preferred Items for Systematic Reviews and Meta-analysis (PRISMA) statement (21).



SEARCH STRATEGY

Published articles were identified using a systematic search of Medline database and Ovid EMBASE from inception to November 2019. Articles were filtered with publications in English only. The search focused on publications related to cerebral oxygenation, perfusion and metabolism using single or multiple site NIRS in infants with HIE. The retrieved articles were further examined for any other relevant published reports. Websites of manufacturers of NIRS monitors were also screened during the search to capture any articles that might have been overlooked.

The search combined three broad categories: measurement (NIRS monitoring), disease condition [hypoxic ischemic encephalopathy (HIE)] and subject category (newborn infants). Search term included: brain metabolism, brain function, tissue metabolism, cerebral metabolism or oxygenation or hemodynamic or blood flow or volume, near infrared, near infrared spectroscopy, brain hypoxia or anoxia, perinatal hypoxia or ischemia, asphyxia neonatorum, brain ischemia, brain injury or damage, encephalopathy, neonatal encephalopathy, newborn(s), newborn babies, infant(s) and neonate, neonates and neonatal.

The search strategies for the review is presented in Table 1.


Table 1. Search strategy for the systamtic review on EMBASE.
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STUDY SELECTION

Publications were included in the review if they presented original data discussing the use of NIRS in newborn term or near-term infants with HIE. The articles identified from the databases were screened for duplicity and were then evaluated using the publication title and abstracts. Full texts were examined where uncertainty was noted at this stage. Articles with preclinical studies and abstract-only publications (where a full-length article was not published in a peer-reviewed journal) were excluded. Studies on human infants were included for the final analysis. Full texts were assessed for the remaining articles and publications were excluded if they did not present original data in the term newborn population (review articles, commentaries, and studies in preterm population). Studies included for the final review were then assessed for data collection.



RESULTS

The initial search identified 3,144 articles. After excluding duplicate articles, preclinical studies and abstract only publications, 66 articles were identified, all of which discussed NIRS measurement in human newborn infants after HIE. Full texts of these articles were reviewed, and a further 14 articles were excluded (review papers:11, and studies in preterm population: 3), leading to final inclusion of 52 original research studies on the term and near-term infants following HIE. Five studies presented changes in NIRS variables specifically during seizures following HIE and were excluded from this review leaving 47 studies for the final review. The PRISMA chart detailing the searching and inclusion of the articles for the review is presented in Figure 1. Basic characteristics and brief details of the studies are presented in Table 2. Thirty-nine studies have been published since 2010, compared to eight studies before 2010. Most of the studies (thirty-five) investigated the changes in cerebral oxygenation. Other optical indices were FTOE, CBF, CMRO2, HbD, HbT, oxCCO, markers of haemodynamic reactivity and metabolic reactivity. Fifteen different devices were used in these studies and eleven of them were commercially available (Figure 2). Eight recent studies used broadband NIRS (BNIRS) to investigate changes in cerebral metabolism using direct measurement of changes in the oxidation state of cytochrome c oxidase (oxCCO). Fifteen studies presented MRI or MRS evidence of injury as short term outcome for comparing with NIRS makers while an equivalent number of studies presented neurodevelopmental follow up data. Eight studies used combined neuromonitoring using NIRS and aEEG/EEG.
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FIGURE 1. PRISMA flow chart for the systamatic review.



Table 2. Study characteristics.
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FIGURE 2. Different NIRS devices used in the studies with their year of publication.




DISCUSSION

Over the last decade, there has been increasing focus on NIRS monitoring at the cot side in babies with HIE and how it can inform clinical management and prognosis (Table 2).



NIRS DEVICES AND METHODOLOGY

Fifteen different NIRS instruments were used in the included studies, of which 11 instruments were commercially available. Among the non-commercial systems, a BNIRS system was used in eight studies (25–28, 46, 51–53), purpose-built to monitor concentration changes in oxCCO and hemoglobin parameters. A frequency-domain near-infrared spectroscopy (FD-NIRS) protocol in a customized commercial FD oximeter was used to measure cerebral oxygenation (35). This was also coupled with a diffuse correlation spectroscopy (DCS) system to measure an additional index of tissue CBF (41). Huang et al. used a prototype instrument (TSNIR-3, using SRS technology) to compare cerebral oxygenation between healthy controls and HIE infants (44).

Three different modes of NIRS have been developed and used in systems in clinical settings—continuous wave, time resolved, and frequency domain NIRS.

Continuous wave (CW) instruments were the earliest NIRS instruments to be developed and are the most commonly used. They use 2–4 discrete wavelength continuous sources [either laser or light-emitting diode (LED)] and measure the transmitted or reflected intensity through tissue. CW-NIRS systems are unable to separate attenuation of light due to absorption and scattering, so instead monitor changes in attenuation, and assume these are all due to absorption and that scattering remains stable within the measurement period. Using the modified Beer-Lambert law (66), these devices calculate changes in HbO2 and HHb concentration from an arbitrary baseline. Therefore, CW-NIRS protocols typically rely on variations in the signals or responses to specific (physiological or functional) stimuli.

In frequency domain NIRS (FD-NIRS) systems, the intensity of the emitted light is modulated at a particular frequency and the transmitted light attenuation and the frequency phase shift are measured. Observations of phase shift relate to tissue scattering, so FD-NIRS systems can derive absolute chromophore concentrations by decoupling absorption from scattering. This gives FD-NIRS a theoretical advantage of a more consistent quantitative measurement which can be important for cerebral NIRS.

The most complex NIRS mode, time domain NIRS (TD-NIRS) uses ultrashort pulses of light and measures the time of flight through the tissue with a photon counting device. This enables quantification of scattering and chromophore concentrations absolutely. An additional advantage of time resolved NIRS is the ability to gate the signal to obtain depth resolution. The disadvantages of this technology are the large instrument size and higher cost, although technological advances make up for these drawbacks (67). Both FD-NIRS and TD-NIRS systems appear to have superior depth sensitivity compared to CW-NIRS system (68).

The most common use of NIRS in the neonatal intensive care is a variation on CW-NIRS or FD-NIRS called cerebral oximetry, which allows the quantification of the oxygen saturation within tissue as a percentage using multi-distance approaches. These enable the recovery of scaled absolute measurements using a variety of different techniques (most commercial methods are not published). The NIRO series brain oximeter devices from Hamamatsu implements the spatially resolved spectroscopy (SRS) algorithm with their multi-distance measurements (69, 70). The multi-distance designs are less sensitive to changes in the extracerebral layers, giving more brain-specific measurements (71). Cerebral oxygenation represents the combined oxygen saturation of the arterial and venous vascular compartments, weighted by their volume (ratio of arterial and venous vessels in cerebral tissue is ~25:75%). The simplicity of the reading as an absolute number, small size and low weight of the instrument as well as the high sampling rate makes it ideal for bedside monitoring.

Most commercially available NIRS instruments only measure brain tissue light attenuation at 2–4 wavelengths to resolve hemoglobin oxygenation. However, broadband NIRS devices measure brain tissue light attenuation over a wide range of NIR wavelengths, allowing enhanced spectroscopic information and the possibility to resolve multiple chromophores. Broadband NIRS systems are particularly useful for monitoring changes in CCO (53) together with tissue saturation (46, 72). Due to the relatively low concentration of CCO in vivo, the selection of the specific wavelengths and number of wavelengths becomes an important factor for monitoring CCO. Broadband NIRS devices are able to accurately quantify changes in the oxidation state of CCO (oxCCO) by using over 100 wavelengths to improve the optical signal and extract the relatively low concentration changes (19).

DCS measures the microvascular blood flow in the biological tissue. It uses a NIR laser to measure temporal fluctuations in the detected laser intensity which are directly proportional to the speed of scatterers (mainly red blood cells) within the tissue. DCS has been used in combination with a multidistance FD-NIRS system to measure an index of the cerebral metabolic rate of oxygen (CMRO2) (35).



MONITORING CEREBRAL OXYGENATION

Thirty-five studies used cerebral oximetry measurements to describe changes in cerebral tissue oxygen saturation. Different oximetry terminologies have been described in Table 2. Seven studies have also used hemoglobin difference (HbD) as a marker of tissue oxygenation. Although cerebral oximetry presents an absolute value, HbD is measured as a change in concentration (27, 52).

Studies conducted continuously over the period of TH and rewarming revealed a difference in cerebral oxygenation between the groups of infants with good and poor outcome (56, 61). Cerebral oxygenation drops in the first 4–6 h of life following HI injury and recovers by 18–20 h (56). This post-HI drop in cerebral oxygenation was less evident in infants who subsequently develop brain injury (61). Peng et al. described a significant difference in cerebral oxygenation from birth till first 12 h of life between groups with evidence or absence of injury on MRI (56), while Lemmers et al. indicated a significant difference from 24 h onwards between groups of favorable and adverse neurodevelopmental outcomes at 2 years of age (48). The sensitivity and specificity of cerebral oxygenation to predict the adverse outcome within the first 10 h of TH were 100 and 83% in the study by Peng et al. (56). Lemmers et al. identified the highest predictive value at 24–30 h of life with a sensitivity of 92% and specificity of 64% (48). Higher cerebral oxygenation between 24 and 36 h of life also significantly increased the odds of having moderate to severe injury on MRI (45). This increased cerebral oxygenation is likely to be related to mitochondrial dysfunction or injury, reflected by decreased oxygen utilization. In addition, vasoparesis and luxury perfusion in the “secondary energy failure” stage, with cerebral perfusion exceeding the metabolic demand results in higher cerebral oxygenation in infants with severe injury.

Van Bel et al. reviewed cerebral hemodynamics and oxygenation responses in babies with HIE (18) in the pre-hypothermic era - CBV, HbO2, and HbR (deoxy-hemoglobin) decreased in the first 12 h of life in severely asphyxiated infants with the parameters becoming more stable between 12 and 24 h of life. Meek et al. also noted increased CBF and CBV on the 1st day of life in infants with severe HIE at presentation (Sarnat stage III) (2). These findings were further supported by the study from Nakamura et al. (54). CBV was significantly higher in the poor outcome group (three cooled and two non-cooled infants) at 6 h of age and by 24 h of age, cerebral oxygenation was significantly higher in the same group when compared to the infants with favorable outcome based on MRI findings. Cerebral oxygenation together with CBV at 24 h had a sensitivity, specificity, PPV and NPV of 100% for the predictive ability for neurological outcome based on MRI findings between 7 and 14 days after birth.



MONITORING MITOCHONDRIAL OXIDATIVE METABOLISM

Jöbsis in his seminal paper in Science (17) reported a new optical method (NIRS) intended to monitor changes in concentration of cytochrome c oxidase along with changes in oxy- and deoxy- hemoglobin for use as a clinical tool. Using a commercial NIRS system (radiometer using four wavelengths—904, 845, 805, and 775 nm) van Bel et al. described a decrease in Cytaa3 (cytochrome oxidase) with increasing postnatal age in infants with severe HIE in the pre-TH era. Recently, the UCL group monitored Δ[oxCCO] in a preclinical model using a broadband NIRS (BNIRS) and described a significant correlation between the indicators of brain energy state on phosphorus (31P) MRS [phosphocreatine/exchangeable phosphate pool (PCr/epp) and total nucleotide triphosphate/exchangeable phosphate pool (NTP/epp)] and Δ[oxCCO] during and after HI insult (73). Bale et al. subsequently described a new BNIRS instrument for clinical research (CYRIL, using 136 wavelengths, 770–906 nm) (25) and investigated how the relationship between the changes in [oxCCO] and systemic physiology was associated with injury severity (26). Mitra et al. presented a metabolic reactivity index using wavelet analysis (wavelet semblance or phase relationship between two variables) between [oxCCO] and MABP at 48 h of life during TH following HIE that differentiated between infants with good and poor outcome (based on MRI scores, thalamic MRS outcome biomarker (Lactate/N-acetyl aspartate) and neurodevelopmental outcome) (52). The relationship between cerebral oxygen delivery and mitochondrial oxidative metabolism also indicated injury severity during TH (27) and rewarming (51, 53). Findings from these studies using broadband NIRS are consistent with known pathophysiological changes following HIE and indicate deranged oxidative metabolism resulting from mitochondrial injury and altered hemodynamics associated with the neurochemical cascade effects on cerebrovascular tone.

Fractional tissue oxygen extraction (FTOE, five studies) and cerebral metabolic rate of oxygen consumption (CMRO2, two studies) have also been used to monitor cerebral oxidative metabolism. FTOE decreased from 24 h of age in the adverse outcome group as compared with the favorable outcome group in two studies from the Utrecht group in the cooling and pre-cooling era (15, 48), indicating an inability to utilize available oxygen due to more severe mitochondrial injury. Using an FD-NIRS–DCS system, the Harvard group (35, 41) successfully monitored CBF and calculated CMRO2 using Fick's principle. Increased CMRO2 and CBV were more sensitive markers of evolving neuronal injury compared to brain tissue oxygenation in a cohort of infants with evidence of brain injury on ultrasound and MRI following HIE (3 cases) and other etiologies in the pre-cooling era (41). A subsequent study from the same group in a cohort of infants undergoing TH (10 infants with HIE and 17 matched control infants) (35) presented lower CMRO2 and CBF and high CBV in infants during TH compared to control infants and post-TH values. The reason for difference in findings of CMRO2 was not clear, but CMRO2 depends on CBF which was also low in the second study and was not recorded in the first study. In the first study, all three infants had a severe injury (intensive care withdrawn in two cases and the third case developed significant impairment), but in the second study, eight infants had a comparatively milder injury (either normal MRI or decreased apparent diffusion coefficient (ADC) in the cortex and white matter). The neurodevelopmental outcome in the second study at 18 months of age (56.6% normal outcome) was similar to those reported in the literature. The findings in the different neurodevelopmental groups were not explored in this study. Elevated CBV during TH was noted (consistent with previous studies) although CBF was decreased. Possible effects of medications (e.g., dopamine) and deranged cerebral autoregulation following HIE were discussed as possible factors contributing to these findings.



MONITORING CEREBRAL AUTOREGULATION

Cerebral autoregulation refers to the physiological ability of the healthy brain to maintain a steady cerebral blood flow (CBF) during changes in cerebral perfusion pressure (CPP). In view of the difficulty in direct measurement of invasive CPP, mean arterial blood pressure (MABP) is used as a proxy marker in neonatal studies. The relationship between cerebral oxygenation (as a marker of changes in CBF) or total hemoglobin concentration (as a marker of total blood volume) and MABP has been used to determine the autoregulatory capacity of the newborn brain both in time and frequency domain analysis. Cerebral vasoparesis following perinatal hypoxia ischaemia is associated with impaired pressure autoregulation leading to poor outcome (2). Failure to regulate CBF during changes in MABP following HIE can lead to the uncoupling of the tight relationship between CBF and cerebral energy metabolism and results in further injury during secondary energy failure.

Nine studies investigated changes in different cerebrovascular reactivity indices in relation to outcome. Massaro et al. (49) used spectral coherence that quantifies the relationship between changes in MABP and changes in HbD to identify pressure-passive cerebrovascular circulation indicated by increased coherence between the two physiological signals. Pressure passivity index (PPI) and gain were used for quantification of the duration and magnitude of cerebral pressure passivity, respectively. Infants with poor outcome (evidence of injury on MRI) exhibited higher PPI and gain, indicating longer duration and higher magnitude of cerebral pressure passivity following hypoxia-ischemia. Howlett et al. used a time domain-based reactivity index between hemoglobin volume and MABP (HVx) to identify an optimal blood pressure (MAPOPT) where vasoreactivity is greatest (43). A greater severity of brain injury was associated with more time spent with MABP below MAPOPT during rewarming, while neonates with evidence of no or mild injury spent more time with MABP within or above MAPOPT. Burton et al. used the same index (HVx) and followed up 19 infants to 2 years of age (29). Infants with poor outcome at 2 years had higher MAPOPT values, spent more time with MABP below MAPOPT and had greater MABP deviation below MAPOPT during rewarming. Also, infants with greater MABP deviation above MAPOPT had lesser disability and higher cognitive scores. Lee et al. from the same group reviewed the role of HVx in a larger cohort of 64 infants and confirmed that greater duration and deviation of MABP below MAPOPT were associated with greater injury in the white matter and paracentral gyri on MRI. MABP within MAPOPT was associated with lesser injury in the white matter, putamen and globus pallidus, and brain stem (47). Restricted diffusion (characterized by low ADC values) in the posterior centrum semiovale and the posterior limb of the internal capsule correlated with MABP deviation below the MAPOPT during hypothermia was also observed (61). Lower ADC scalars in the basal ganglia correlated with worse autoregulation during rewarming after TH.

Chalak et al. reviewed the dynamic and multiple-time-scale properties of cerebral autoregulation with a moving time window correlation between cerebral oxygenation and MABP and demonstrated the presence of large spontaneous fluctuations in MABP during TH in the infants with abnormal outcome (31). Both in-phase and antiphase correlations were associated with poor outcome. Tian et al. from the same group used wavelet analysis to understand and characterize the cerebrovascular reactivity in both time and frequency domain (62). The time-scale dependent nature of dynamic cerebral autoregulation was described with both in-phase and anti-phase coherence between the spontaneous oscillations in MABP and cerebral oxygenation. Findings were similar to their previous study (31). Mitra et al. presented a refined wavelet analysis technique and described a metabolic and haemodynamic reactivity index (wavelet semblance or phase difference between [oxCCO] and MABP or [HbD] and MABP]) in relation to outcome (52).

These findings highlight the importance of appropriate haemodynamic management following HIE for the prevention of secondary brain injury. This potential benefit of optimizing haemodynamic management using NIRS based reactivity indices requires validation.



CEREBRAL NIRS MARKERS AND NEURODEVELOPMENTAL OUTCOME

Fifteen studies have included a neurodevelopmental follow up data to compare the NIRS based indices for outcome prognostication. Meek et al. followed up a cohort of infants following HIE to 1 year of age and noted a raised CBV in the adverse outcome group on day 1 (2). Toet et al. followed up their cohort up to 5 years of age using the Griffiths Mental Developmental Scale to identify the favorable and unfavorable groups in the pre-TH era (15). The same group has subsequently reviewed the prognostic value of cerebral oxygenation and FTOE in the cooling era in a cohort of 39 infants and noted significant differences in both cerebral oxygenation and FTOE between the good and adverse outcome groups (48). These findings have been discussed previously. Interestingly, in a study cohort of 18 infants (57), no definite relationship was noted by Shellhaas et al. between cerebral oxygenation and neurodevelopmental outcome at 18 months. Differences of these findings compared to previous studies can be related to: (a) smaller sample size; (b) decisions to withdraw intensive care were different; in the other two studies (15, 48) as most infants with a predicted adverse outcome died after redirection of care during the neonatal period; (c) use of different neurodevelopmental assessment tools—Shellhass et al. used Bayley Scales of Infant Development, Lemmers et al. and Toet et al. both used Griffiths Mental Developmental scales; and (d) use of different NIRS sensors—neonatal sensors were used by Shellhass et al. while the other studies used pediatric sensors. Different NIRS sensors are known to cause differences in absolute values of cerebral oxygenation (74, 75). Neonatal sensors tend to record tissue saturations higher than adult sensor (in case of INVOS NIRS monitors, this is ~10%). As most monitors have the upper limit set to 95%, higher values recorded by neonatal sensors can present in a straight line over time, without much variability.

Ancora et al. (23) noted a significantly higher cerebral oxygenation value at 12 h of age in infants with the adverse outcome on a 1-year Griffiths assessment. A trend toward higher values in the adverse outcome group was also observed at 6- and 24-h during TH. Similar findings were reported also by Zaramella et al. using the Amiel-Tison score at 1 year of age (65). Two recent studies (52, 62) using wavelet analysis also noted a clear difference in NIRS biomarkers between good and poor outcome infants based on their neurodevelopment assessment scores.



NIRS MONITORING WITH OTHER NEUROMONITORING TOOLS

Fifteen studies combined NIRS monitoring with structural and haemodynamic changes on MRI and metabolic derangement on thalamic 1H MRS while eight studies reviewed background electrical activity on aEEG together with NIRS.

Shellhas et al. (57), Peng et al. (56), and Mitra et al. (52) used different MRI scores to review the relationship between NIRS biomarkers with short term outcome. Massaro et al. (49) compared a measurement of CBF on Arterial spin labeling (ASL) MR imaging between 7 and 10 days with FTOE on day 1 (during cooling) and on day 4 (after rewarming) in infants with HIE and healthy controls. Infants with HIE had lower FTOE on both days (significantly lower after rewarming). Regional CBF on ASL in the basal ganglia thalamic (BGT) region and anterior white matter (AWM) was higher in the HIE cohort. However, CBF in BGT area in infants with no evidence of injury on MR imaging or watershed type of injury following HIE was higher in comparison to infants with confirmed evidence of injury in basal ganglia and focal/multifocal injury in the WM. The lack of hyperperfusion was thought to be related to the pseudonormalisation of CBF and low metabolic demand after the development of an irreversible injury. Wintermark et al. (63) further investigated the relationship between brain perfusion measured by NIRS and ASL-MRI. A strong correlation was noted between cerebral oxygenation and CBF measured with ASL MRI (mean CBF from both frontal lobes) in infants with severe HIE, although no significant correlation was found when both groups of infants with moderate and severe HIE were combined together. This study also demonstrated that infants with severe HIE had lower CBF and lower oxygen extraction compared to those with moderate HIE.

Tekes et al. reviewed the relationship between a NIRS marker of cerebrovascular reactivity (HVx) with diffusion weighted MR imaging (61). Blood pressure deviation from MABPOPT (using HVx) was associated with low ADC scalers in the posterior limb of internal capsule (PLIC) and posterior centrum semiovale on MRI performed on day 10 of life or later. Howlett et al. used the same index to identify the optimal blood pressure that relates to outcome based on MRI findings (43). Mitra et al. used wavelet based NIRS reactivity indices to describe the relationship with proton (1H) MRS derived thalamic Lac/NAA (52).

The first study combining NIRS and aEEG monitoring was reported by Ancora et al. (22). A persistently abnormal aEEG at 24 h of life was not predictive of the adverse outcome but the recovery of electrical activity within this period was associated with good outcome (23). In comparison, high cerebral oxygenation at 12 h indicated poor neurodevelopmental outcome. In two Dutch studies (15, 48), higher cerebral oxygenation and lower aEEG background scores both were subsequently associated with poor outcome. Lemmers et al. were the first to evaluate a combined NIRS (cerebral oxygenation) and aEEG score for the prediction of neurodevelopmental outcome (48). The combined score had a significantly improved positive predictive value (91%) compared to individual monitoring (cerebral oxygenation 67%, aEEG 62%). This combined score helped to predict the outcome as early as 12 h of age (sensitivity 100%, specificity 87%). Improvement in predicting outcome using a combined score was also described by Goeral et al. (38) and Neizen et al. (55). Chalak et al. introduced an estimation of neurovascular coupling (NVC) using wavelet analysis of cerebral oxygenation and aEEG. A few examples were presented as case studies where this wavelet index of NVC was related to outcome (32).

Shellhaas et al. compared cerebral and somatic oxygenation on NIRS and aEEG with a composite score of short-term outcome (using Thompson scores on neurological examination after rewarming and MRI scores) (58). Absolute values of cerebral and somatic oxygenation, as well as the aEEG variables before and during rewarming did not correlate with short term outcome. However, the variability of systemic oxygenation was a good predictor of the short-term outcome, Variability of cerebral oxygenation was not related to outcome. The study presented only the analysis of data 6 h before rewarming and during the rewarming period (6 h), although their monitoring included the entire period of TH, rewarming period and 12 h of normothermia after completion of rewarming. It would have been useful to identify the trend of cerebral oxygenation on days 1–3 during TH in relation to this new short-term outcome composite score. The authors speculated that the multiorgan dysfunction resulting from HIE was reflected in low systemic oxygenation variability.



FUTURE DIRECTION

Ideally, an optical neuromonitor in neonatal intensive care should provide continuous information regarding cerebral oxidative metabolism, oxygenation and blood flow in real-time at the cot side. Current studies using commercial NIRS oximeter systems can measure only cerebral oxygenation and in combination with other systemic measurements attempt to derive markers of metabolism. However, recent advances in NIRS technology and techniques have allowed the emergence of new directions in optical monitoring that promise to present a better insight into the degree of neural injury. New NIRS monitors that can monitor cerebral oxygenation and blood flow [Babylux: combining DCS and time-resolved reflectance spectroscopy (TRS) (76), Metaox: combining FD-NIRS and DCS (77)], Cyril: monitoring of CCO (BNIRS) and Florence: monitoring of CCO and blood flow together (combining BNIRS and DCS, currently being used by UCL group) are encouraging innovations in this area. There is continued research in the optical community to investigate the validity of existing tissue oximetry algorithms, especially regarding their precision and reproducibility (46, 78). New approaches, such as using broadband spectra (72) or novel combinations of spectral and multidistance techniques (79), are being developed to obtain more robust measurements of cerebral oxygenation. Advances in the optical developments to improve the accuracy of the measurement will increase acceptance within the clinical practice. The combination of (as opposed to the individual) measurements of brain tissue mitochondrial function, blood flow, oxygenation, and oxygen consumption will lead to a better assessment of neonatal hypoxic-ischaemic brain injury and most likely to offer enhanced prognostic value. An optical instrument that can deliver these measurements in real-time, non-invasively at the cot-side is necessary, with appropriate analysis techniques that will allow integration of these measurements toward the derivation of clinical information.

A small sample size often limits the validity of the findings of many NIRS studies. Future studies in this field need to be designed with sample size appropriate to answer the clinically relevant questions using measurable outcome parameters. This will provide further confidence in the clinical translation of this technology. Multicenter randomized controlled studies in the preterm population to review the benefit of NIRS monitoring have demonstrated the benefits of the cerebral oximetry monitoring (14), but no similar study has been published for HIE. One of the other complex issues is the use of different NIRS sensors and algorithms used by different manufacturers to measure cerebral oxygenation. Despite the difference in techniques and algorithms, most of the commercial monitors have shown a reasonable correlation between the measured tissue saturation values (74, 80–84) but without a uniform terminology, readers struggle to correlate the findings from different studies. Several manufacturers have developed smaller and flexible neonatal sensors but the use of different sensors with the same brain oximeter can produce different measurements, as pointed out by Lemmers et al. and colleagues (6, 74, 75). So, it is important to specify the type of NIRS oximeter sensor used with their reference values in each study. Finally, quantification of cerebral autoregulation using NIRS and systemic variables can offer a good insight of brain health; however, authors should consider the use of advanced signal processing techniques (e.g., wavelet analysis) to better quantify changes in the context of the dynamic nature of cerebral autoregulation.



LIMITATIONS

We only reviewed human studies to focus on the assessment of this neuromonitoring technique in the clinical environment. This is a limitation of this review as some important work in preclinical models were not included. The use of the English language as a filter during the search and literature search using two medical databases might have resulted in the omission of some studies, although the chance of missing any major publication in this field will be low.

There are also some inherent limitations of NIRS technology. Any strong light (e.g., halogen spotlight attached to the incubator or a standing spotlight) can cause interference with NIRS monitoring. Hair can also sometimes pose an issue as it can absorb a lot of light, although this is unlikely in newborn infants. Hematoma and significant edema in the layers between skin and the scalp can also cause problems with NIRS recording as they will contribute to the measured signals, reducing the amount of information detected from the brain. Movement artifacts can also be an issue if not carefully documented.



CONCLUSION

Significant effort has been made over the last decade to examine the role of cerebral NIRS monitoring in HIE. Commercially available cerebral NIRS parameters can identify cerebral hyperoxygenation, increased cerebral perfusion and loss of cerebral autoregulation in infants with severe HIE. Changes in NIRS variables in HIE are associated with subsequent neurodevelopmental outcome. Combined clinical neuromonitoring using NIRS and aEEG/EEG monitoring is feasible and appears to improve the prognostication of the neurodevelopmental outcome. Although the evidence from the currently available studies indicates a positive role for NIRS based neuromonitoring for infants with HIE, these findings need to be reviewed in larger prospective cohorts before translation to clinical practice.
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Introduction: Hypoxic ischemic encephalopathy (HIE) is a major cause of death and disability in children worldwide. Apart from supportive care, the only established treatment for HIE is therapeutic hypothermia (TH). As TH is only partly neuroprotective, there is a need for additional therapies. Intermittent periods of limb ischemia, called remote ischemic postconditioning (RIPC), have been shown to be neuroprotective after HIE in rats and piglets. However, it is unknown whether RIPC adds to the effect of TH. We tested the neuroprotective effect of RIPC with TH compared to TH alone using magnetic resonance imaging and spectroscopy (MRI/MRS) in a piglet HIE model.

Methods: Thirty-two male and female piglets were subjected to 45-min global hypoxia-ischemia (HI). Twenty-six animals were randomized to TH or RIPC plus TH; six animals received supportive care only. TH was induced through whole-body cooling. RIPC was induced 1 h after HI by four cycles of 5 min of ischemia and 5 min of reperfusion in both hind limbs. Primary outcome was Lac/NAA ratio at 24 h measured by MRS. Secondary outcomes were NAA/Cr, diffusion-weighted imaging (DWI), arterial spin labeling, aEGG score, and blood oxygen dependent (BOLD) signal measured by MRI/MRS at 6, 12, and 24 h after the hypoxic-ischemic insult.

Results: All groups were subjected to a comparable but mild insult. No difference was found between the two intervention groups in Lac/NAA ratio, NAA/Cr ratio, DWI, arterial spin labeling, or BOLD signal. NAA/Cr ratio at 24 h was higher in the two intervention groups compared to supportive care only. There was no difference in aEEG score between the three groups.

Conclusion: Treatment with RIPC resulted in no additional neuroprotection when combined with TH. However, insult severity was mild and only evaluated at 24 h after HI with a short MRS echo time. In future studies more subtle neurological effects may be detected with increased MRS echo time and post mortem investigations, such as brain histology. Thus, the possible neuroprotective effect of RIPC needs further evaluation.

Keywords: neonatal encephalopathy, neuroprotection, remote ishemic postconditioning, piglet model, magnetic resonance imaging, magnetic resonance spectroscopy


INTRODUCTION

Neonatal hypoxic ischemic encephalopathy (HIE) is a major cause of death and impairment in children (1). Treatment with therapeutic hypothermia (TH) has improved outcome in neonates with moderate to severe HIE, but morbidity and mortality remain high (2). Treatment with TH is limited by a narrow therapeutic time window and further limited to tertiary centers due to technical requirements and the need for specially trained staff. Accordingly, there is a need for neuroprotective strategies that can be combined with TH to improve outcome.

In 1986, Murry et al. showed in dogs that infarction size after coronary occlusion was reduced if the acute myocardial injury was preceded by short ischemic periods—preconditioning (3). Through short periods ischemia applied to a hind limp after the insult, the similar tissue protective effect was later demonstrated in a stroke model in adult rats—remote ischemic postconditioning (RIPC) (4). The tissue protective mechanism of RIPC remains to be fully elucidated together with the optimal timing, number, and duration of remote ischemic cycles. In a review of RIPC for cardio and neuro protection, clinical studies used 5-min cycles of RIPC (5, 6). RIPC has been proposed as a novel neuroprotective intervention for HIE and proven to be neuroprotective in both smaller and larger animal models (7). RIPC reduced infarct volume in rat pups compared to untreated controls (8). Another study in rat pups found improved long-term motor sensory deficits in animals treated with RIPC 24 h after the insult (9). When applied in a larger animal model of HIE, Ezzati et al. found reduced white matter Lac/NAA ratio, higher levels of whole brain ATP, and reduced histological white matter damage with 10 min cycles of RIPC (10). RIPC has also been shown to reduce nitrosative stress in piglets with HIE (11). We have recently shown reduced Lac/NAA ratio in the basal ganglia in piglets treated with 5-min cycles of RIPC compared to piglets who received supportive care only (12). RIPC is a low-tech, readily available intervention and therefore holds potential as a novel neuroprotectant for neonates with HIE. However, it is unknown whether RIPC in combination with TH will improve neuroprotection beyond that of TH alone (13).

We therefore investigated whether there is an added neuroprotective effect of combining RIPC with TH compared to TH alone using magnetic resonance imaging and spectroscopy (MRI/MRS).



MATERIALS AND METHODS

The study was approved by the Danish Animal Experiments Inspectorate (Permission nr. 2016-15-0201-01052). This study is reported in accordance with the ARRIVE guidelines (ARRIVE checklist in Supplementary Material 1) (14). Details on this piglet model of HIE have previously been given (12, 15).


Anesthesia

Newborn Danish Landrace piglets (<12 h old) were used in this study. Animals were transported directly from the farm to the experimental facilities. Piglets were anesthetized using inhalation of 2–4% sevoflurane. Peripheral intravenous access was acquired through an ear vein. A bolus of propofol 10 mg/kg, fentanyl 30 μg/kg, and rocuronium 1 mg/kg was given and the piglet was intubated and ventilated. Anesthesia was maintained through an infusion of propofol 4–10 mg/kg/h and fentanyl 5–12 μg/kg/h. Anesthetics were reduced to the lowest relevant dose to minimize any possible effect on the aEEG and neurological outcomes. The ventilator was adjusted to an end-tidal CO2 of 4.5–5.5 kPa. Under sterile conditions, umbilical venous and arterial catheters were placed. SatO2%, heart rate, mean arterial blood pressure (MABP), core temperature, and electrocardiogram were continuously recorded and downloaded to a computer (Datex Ohmeda S/5 Collect, Finland). Core temperature was measured through a rectal thermometer placed ~5 cm into the rectum. A single-channel amplitude-integrated electroencephalogram (aEEG) was recorded continuously (Natus Medical Incorporated, CA, USA). Two electrodes were placed on the left and the right side, one behind each eye (approximately equivalent to the parietal 3 and 4 electrodes used in a human neonate). A reference electrode was placed at the base of the snout and a ground electrode on the most caudal part of the head. Piglets received i.v. gentamicin 5 mg/kg once every 24 h and ampicillin 30 mg/kg every 12 h. Blood glucose and electrolytes were monitored and kept within the normal range through infusion of 5–10 ml/kg/h of NeoKNaG (Na+: 15 mmol/L, K+: 10 mmol/L, Cl−: 25 mmol/L, glucose: 505 mmol/L). We aimed to keep MABP >40 mmHg. If hypotension occurred, anesthetics were reduced to the minimum relevant dose and the following treatment given: first, a bolus of saline (10 ml/kg) was administered, followed by infusion of noradrenaline (0.25–1.5 μg/kg/min) and/or dopamine (5–15 μg/kg/min) and/or adrenalin (0.1–1.5 μg/kg/min) and/or dobutamine (2–20 μg/kg/min) (16). For refractory hypotension a bolus of hydrocortisone 2.5 mg/kg was administered.



Hypoxic-Ischemic Insult

During a 45-min period, piglets were ventilated at an FiO2 of 2–10% to mimic the generalized hypoxia neonates may experience during birth. To ensure maximal survival combined with a clinically relevant insult, FiO2 was titrated to a target aEEG (<7μV) combined with a target MABP (<70% of baseline MABP) for at least 5 min. FiO2 was briefly increased if HR <80 min−1 or aEEG <3 μV. After 45 min of hypoxia the piglets were resuscitated at an FiO2 of 21%. If needed, FiO2 was increased to keep SatO2 > 90%.



Therapeutic Hypothermia

TH was achieved through whole-body cooling with a target temperature of 33.5–34.0°C. TH was induced by active cooling with 5°C water bags directly placed on the piglet until target temperature was reached and then maintained through passive cooling with ambient air. TH was commenced 90 min after HI and continued for 24 h.



Remote Ischemic Postconditioning

Sixty minutes after the HI insult, RIPC was induced by four conditioning cycles of 5 min of ischemia and 5 min of reperfusion on both hind limbs. Total occlusion of blood flow was induced by two plastic strips around the proximal part of the hind limbs, and absence/presence of blood flow was verified by ultrasound with Doppler. 5-min periods of ischemia/reperfusion have been found cardio- and neuroprotective in adults (5, 6). In accordance with this, we have previously found reduced brain Lac/NAA ratios in piglets treated with 5 min of RIPC compared to untreated controls (12). Thus, to ensure comparability, 5 min of ischemia/reperfusion were chosen for this study.



Magnetic Resonance Imaging and Spectroscopy (MRI/MRS)

MRI/MRS was performed with a 3 T MR scanner using a knee transmit/receive coil (Skyra, Siemens, Erlangen, Germany). Axial and coronal T2-weighted images were acquired [fast spin echo, repetition and echo time (TR/TE) 6,430/74 ms, slice thickness 2 mm, matrix 320 × 240, field of view (FOV) 160 × 160 mm2]. Diffusion-weighted images (DWI) were acquired (single-shot EPI, TR/TE 3,300/108 msec, slice thickness 3 mm, matrix 196 × 190, FOV 213 × 206 mm2, b-value 800 s/mm2) and apparent diffusion coefficient (ADC) values were calculated in a region of interest (ROI) in the right thalamus. Perfusion-weighted images were acquired using an arterial spin labeling (ASL) sequence (PICORE Q2T, single-shot EPI, TR/TE 3,200/25.6 ms, slice thickness 5 mm, 84 × 84 matrix, FOV 144 × 144 mm2), and whole brain perfusion was calculated in three slices and averaged. Due to low signal-to-noise ratio, ASL data may be negative; all negative values were manually removed before final analysis. A multiecho gradient echo (MGRE) sequence was used for obtaining T2* maps (11 echoes TR/TE 431/3.67–49 ms, slice thickness 4 mm, 192 × 126 matrix, FOV 180 × 118 mm2). ROIs were drawn on the thalamus in two slices and values were averaged. The researcher performing the MRI data analysis was blinded to treatment allocation in the two intervention groups, but not to the group receiving supportive care only. Images were analyzed with Horos software (Annapolis, MD, USA) version 3.3.5. A representative image is provided in Supplementary Material 2. Single voxel proton MRS (PRESS, TR/TE 2,000/135 ms, voxel size 8 × 8 × 8 mm3, 1,024 sample points, spectral width (SW) 1,200 Hz, 128 averages) was acquired in the right side of thalamus, subcortical right-side white matter at the centrum semiovale level, and frontal and occipital cortex. N-acetylaspartate (NAA, 2.02 ppm), lactate (Lac, 1.33 ppm), choline (Cho, 3.2 ppm), and creatine (Cr, 3.02 ppm) were identified. Spectroscopy data were analyzed with LCModel (Stephen Provencher, Oakville, ON, Canada) version 6.3-1L, and Lac/NAA and NAA/Cr ratios were calculated. Thalamic MRS was acquired in two planes and averaged. An image illustrating voxel location and graph can be found in Supplementary Material 2.



Electroencephalographic Analysis

Amplitude integrated EEG (aEEG) recordings were obtained continuously throughout the study. During transport and acquisition of MRI/MRS, electrodes were removed and recordings were paused. aEEG was recorded for all animals during the HI insult. Due to equipment limitations, aEEG was recorded in only half of the animals during the observation period after the HI insult. aEEG recordings were analyzed and scored from 0 to 4 depending on severity as previously described (17, 18). aEEG recordings (0; flat trace, 1; continuous low voltage, 2; burst suppression, 3; discontinuous normal voltage, and 4; normal voltage) were analyzed for each hour after the HI insult and then averaged at 1, 6, 12, 18, and 24 h. Animals were selected randomly for continuous aEEG recording, and the researchers calculating the aEEG score were blinded to the intervention.



Experimental Protocol

A total of 26 piglets were subjected to 45 min of global hypoxia-ischemia (HI) and randomized to RIPC + TH (RIPC + TH group) or TH alone (TH group). The experimental protocol was carried out in two piglets from the same litter on each experimental day. After the HI insult one piglet was randomized to one of the intervention groups, while the other was automatically allocated to the other. Six piglets served as controls and were subjected to the HI insult, received supportive care only, and were kept normothermic (NT group). Animals were observed for 24 h and MRI/MRS was performed at 6, 12, and 24 h of observation. After 24 h, piglets were euthanized by a lethal pentobarbital (80 mg/kg) injection.



Statistics

Based on the data from Zhou et al., a reduction in infarction size from 31 to 22% in RIPC treated animals, and assuming an alpha level of 5 and 90% power, we estimated that 11 animals were sufficient to detect an effect in this study (8). With an expected mortality of 10%, 13 animals were enrolled in each treatment group. Statistical analysis was performed using GraphPad Prism® v8 software. Use of inotropes was registered hourly as infusion rate and then averaged for the 24-h observation period. Number of animals receiving inotropes was reported, the average infusion rate was calculated in the animals that received inotropes. Non-parametric MRS data were log transformed (y=log(y+(1/6)). MRI/MRS and EEG data were tested by mixed-effect model analysis with assumed sphericity and randomly missing values, corrected for multiple comparisons and post-tested with Tukeys test. Demographic- and insult-severity data, inotrope infusion, blood-gas values, and vital parameters were compared with one-way ANOVA for parametric data and Kruskal-Wallis test for non-parametric data. A two-sided p-value < 0.05 was considered statistically significant. Demographic- and insult-severity data, inotrope infusion, blood-gas values, and vital parameters are presented as median with interquartile range (IQR). MRI/MRS data are presented as scatter plots with superimposed median and interquartile range.




RESULTS


Insult Severity and Survival

Four animals in the TH group, three animals in the RIPC + TH group, and one animal in the NT group died after the HI insult. All died from refractory hypotension except for the one death in the NT group which was caused by mechanical ventilator failure. Thus, nine animals in the TH group, ten animals in the RIPC+TH group, and five animals in the NT group completed the whole study (Table 1). All three groups received a comparable insult with regard to duration of aEEG depression, hypotension, and metabolic acidosis (Tables 2, 3). The two intervention groups received more dopamine than the NT group (Table 2). One animal in the TH and two animals in the TH + RIPC group received a bolus of hydrocortisone. One animal in the NT group received infusion with adrenaline (0.01 μg/kg/min) and dobutamine (0.42 μg/kg/min). Temperature from before to 1 h after the insult was slightly increased but within normal range (Table 3). TH was successfully induced in both intervention groups and resulted in a decreased heart rate (Table 3).


Table 1. Survival and gender distribution in the three groups and number of animals who were scanned at the three time points.
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Table 2. Demographic- and insult-severity data for piglets subjected to a HI insult and subsequently treated with TH, TH + RIPC, or supportive care only.

[image: Table 2]


Table 3. Arterial blood-gas values and vital parameters at baseline, during hypoxia, and in recovery in piglets subjected to a hypoxic-ischemic insult and subsequently treated with TH, TH + RIPC, or supportive care only.
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Magnetic Resonance Spectroscopy

MRS showed no difference between the three groups with regards to Lac/NAA ratio at any time point (Figure 1). MRS showed decreased NAA/Cr ratio in the occipital cortex and thalamus 24 h after the insult in the NT group compared to the TH and TH + RIPC group (Figure 2) and the NAA/Cr ratio in the occipital cortex was lower in the TH + RIPC group compared to the TH group (Figure 2). NAA/Cr ratio was stable over time in the two intervention groups, while the NAA/Cr ratio decreased with time in the NT group (Figure 2).


[image: Figure 1]
FIGURE 1. Magnetic resonance spectroscopy in piglets subjected to a HI insult and treated with therapeutic hypothermia (TH), TH and remote ischemic postconditioning (TH + RIPC), or supportive care only (NT). Scans were performed at 6, 12, and 24 h after the insult. Lac, lactate; NAA, N-acetylaspartate. Data are scatter plots with superimposed median and interquartile range. Mixed-effect model analysis, *p < 0.05.



[image: Figure 2]
FIGURE 2. Magnetic resonance spectroscopy in piglets subjected to a HI insult and treated with therapeutic hypothermia (TH), TH and remote ischemic postconditioning (TH + RIPC), or supportive care only (NT). Scans were performed at 6, 12, and 24 h after the insult. NAA, N-acetyl aspartate; Cr, creatinine. Data are scatter plots with superimposed median and interquartile range. Mixed-effect model analysis, *p < 0.05.




Magnetic Resonance Imaging

Cerebral edema measured by DWI showed no difference between the three groups (Figure 3). Although not statistically significant, animals in the NT group had lower cerebral oxygenation 6 and 12 h after the HI insult as assessed from by BOLD measurements (Figure 3). There was no difference between the two intervention groups with regard to cerebral oxygenation. After a quality check of the ASL data one scan was removed from the TH+RIPC group and two from the NT group. CBF measured by ASL was similar in the three groups (Figure 3).


[image: Figure 3]
FIGURE 3. Magnetic resonance imaging in piglets subjected to a HI insult and treated with therapeutic hypothermia (TH), TH and remote ischemic postconditioning (TH + RIPC), or supportive care only (NT). Scans were performed at 6, 12, and 24 h after the insult. ADC, apparent diffusion imaging; BOLD, blood oxygenation level dependent. Data are scatter plots with superimposed median and interquartile range. Mixed-effect model analysis, *p < 0.05.




aEEG Analysis

aEEG was available for three animals in the NT group, six animals in the TH group, and seven animals in the TH+RIPC group. aEEG data were missing during the first 6 h in two animals in the TH + RIPC group. Early EEG recovery (continuous aEEG reached by the 2nd hour) was seen in two of the three animals in the NT group, four of the six animals in the TH group, and two of the five in the TH+RIPC group. Seizures and brief rhythmic discharges were detected in 0 out of three animals in the NT group, two of the six animals in the TH group, and three of the seven animals in the TH + RIPC group. There was no overall difference in aEEG score between the three groups (Figure 4).


[image: Figure 4]
FIGURE 4. aEEG score for piglets subjected to a HI insult and treated with therapeutic hypothermia (TH), TH and remote ischemic postconditioning (TH + RIPC), or supportive care only (NT). aEEG were scored every hour and averaged for 6, 12, 18, and 24 h. Data are median. Mixed-effect model analysis. #TH vs. NT, *TH vs. TH + RIPC, §NT vs. TH + RIPC.





DISCUSSION

This is the first study to assess RIPC in addition to TH in neonatal HIE. Overall, adding RIPC to TH resulted in no additional neuroprotective effect. When comparing duration of aEEG suppression and duration of hypotension from this study with data from a similar study in piglets, the insult severity acquired in this study should be regarded as mild rather than severe (19). Indeed, most of our animals presented with rapid recovery and normalization of aEEG after HI (Figure 4). To ensure survival and substantial neural damage, titration of the insult is essential as too extensive HI results in death and too little HI results in absence of damage (20). Insult titration also ensures that the animal is subjected not only to a period of hypoxia but also to a predetermined period of hypotension. Hypotension combined with hypoxia has been shown to be essential to produce a more severe insult (19). This is in accordance with our own observations in a previous study where severely damaged animals had aEEG suppression of at least 40 min combined with a period of hypotension (12). The importance of cerebral hypoperfusion in the pathology of brain injury is further underlined by other studies in which universal hypoxia was combined with carotid clamping (21). It would therefore be relevant in future studies to investigate the neuroprotective effect of RIPC when combined with TH after a severe insult.

Despite the mild insult, the NT group showed a lower NAA/Cr ratio at 24 h than was seen in the other groups. N-acetylaspartate is an amino acid present in healthy neurons and oligodendrocytes-type 2 astrocyte progenitor cells (22, 23), and a reduction in NAA after a HI insult is due to neural damage and reduction in progenitor cells. Peak-area ratio of NAA/Cr and [NAA] measured by MRS has high prognostic accuracy for neonates with HIE (24, 25). This is in accordance with our results as peak-area ratio of NAA/Cr was reduced as early 24 h after the insult in the NT group. This finding underline one of the possible neuroprotective mechanisms of TH.

Cerebral edema measured by diffusion weighted imaging (DWI) has been proposed as a biomarker of brain injury in neonates with HIE (26). Compared to MRS, DWI has been shown to underestimate the extent of damage when acquired on day 1 (27). McKinstry et al. found that edema measured by diffusion tensor imaging also underestimates the neural damage when performed on day 1 compared to images acquired on day 2–4 (28). In keeping with this, in our study we found no difference between the three groups on ADC maps acquired within the first 24 h after the HI insult.

BOLD measured by MRI is based on the paramagnetic properties of deoxyhemoglobin. Increased concentration of deoxyhemoglobin will result in decreased T2* relaxation time and signal loss (29). In this study, BOLD measurements were performed in the thalamus after the HI insult and compared local differences in oxygenation. Although not statistically significant, animals in the NT group had lower T2* values after 6 and 12 h and reached the same levels as did the TH and TH+RICP groups by 24 h. TH is known to reduce cerebral metabolism (30). The decreased T2* values could indicate an increased turnover of oxyhemoglobin to deoxyhemoglobin due to relatively high metabolism immediately after the HI insult. Increased oxygen consumption is coupled to regional changes in blood flow, and T2* values have been correlated to CBF measured by ASL (31). Surprisingly, change in blood flow was not demonstrated in our study as the NT group presented with CBF values comparable to the two intervention groups despite lower T2* values.

Several of the animals that received TH developed hypotension after the HI insult. Ethical standards for animal studies require pain relief and sedation. A side effect of propofol is reduced cardiac output and hypotension, which may be more severe when propofol is combined with opioids (32). In addition, drug metabolism may be impaired after HI due to liver and kidney failure and then be further reduced by TH because it alters drug metabolism (33, 34). Cardiac function might also be compromised due to TH (35). This was apparent in our study, as piglets in the two TH-treated groups required more inotropes and died from refractory hypotension more often than piglets that received supportive care only. The comparison between the two TH-treated groups should, however, still be valid. The increased mortality due to this complication is unlikely to influence the overall conclusion of this study because the majority of MRI/MRS data were similar between the two TH-treated groups.



LIMITATIONS

Piglets received intravenous infusion with fentanyl and propofol to ensure pain relief and sedation. One of the proposed mechanisms of RIPC is through opioid receptor activation (8). Since both intervention groups received fentanyl, the additional neuroprotective effect of RIPC may have been reduced.

Another limitation is spatial resolution of the MRI data. RIPC was shown to predominantly protect white matter measured by MRS in a previous piglet study (10). Due to limited spatial resolution in the MRI data we were unable to perform DWI, BOLD, and ADC measurements on white matter specifically.

An echo time (TE) of 135 ms was chosen as this is part of the MRS protocol used in our clinical MR Centre. A TE of 135 ms also allows for easy lactate-peak identification due to peak inversion. However, a prolonged TE of 288 ms will increase PRESS detection (36). Lactate peak identification with a TE of 135 ms in a 3T scanner is possibly further complicated by anomalous J-modulation (37). To ensure high spatial resolution, a 8 × 8 × 8 mm voxel was used despite the decrease in signal-to-noise ratio. However, the low signal-to-noise ratio and short TE may have obscured the detection of lactate peaks in some animals. Accordingly, in future studies an TE of 288 ms and a larger voxel size might identify more subtle differences.

We examined MRI/MRS 24 h after HI based on times-series pilot studies that showed significant lactate accumulation detectable early in normothermic piglets. This timing would coincide with the secondary energy failure phase. Clinical data on early MRI/MRS suggest that moderate-severe HIE can be identified at this time (38). However, TH augments and delays neuropathological processes and the possible protective effect of RIPC may not manifest until later as neurological injury after HI is a dynamic process that evolves over time (39). Thus, longer running studies are required to evaluate the full extent of neural damage. We opted to focus on outcome measures available in the clinical setting. However, histological analysis was not performed, but could contribute with valuable information on the more subtle neural damage present at this early stage.



CONCLUSION

We found no additional neuroprotective effect when RIPC was added to TH after mild HI. However, despite the mild trauma, the neuroprotective effect of TH was detectable by a reduction in peak-area ratio of NAA/Cr. Our results suggest that future studies may benefit from more severe insults, prolonged TE on MRS, less sedation, histological analysis, and outcomes measured at a later time point after HI.
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Preterm-born infants frequently suffer from an array of neurological damage, collectively termed encephalopathy of prematurity (EoP). They also have an increased risk of presenting with a neurodevelopmental disorder (e.g., autism spectrum disorder; attention deficit hyperactivity disorder) later in life. It is hypothesized that it is the gray matter injury to the cortex, in addition to white matter injury, in EoP that is responsible for the altered behavior and cognition in these individuals. However, although it is established that gray matter injury occurs in infants following preterm birth, the exact nature of these changes is not fully elucidated. Here we will review the current state of knowledge in this field, amalgamating data from both clinical and preclinical studies. This will be placed in the context of normal processes of developmental biology and the known pathophysiology of neurodevelopmental disorders. Novel diagnostic and therapeutic tactics required integration of this information so that in the future we can combine mechanism-based approaches with patient stratification to ensure the most efficacious and cost-effective clinical practice.
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INTRODUCTION

Preterm birth is defined as delivery before 37 completed weeks of gestation, and although the shorter the gestation, the higher risk of mortality and morbidity, even the late preterm-born infants are vulnerable to injury, including to the brain. The hallmarks of brain injury to the preterm born infant are: neuroinflammation, oligodendrocyte maturation arrest and hypomyelination, axonopathy, reduced fractional anisotropy and cortical volume determined by magnetic resonance imaging (MRI), and eventually, significant cognitive deficits (1). Collectively the brain damage associated with preterm birth is called encephalopathy of prematurity (EoP).

As long-term cognitive and behavioral consequences of preterm birth are increasingly recognized, neuropathological studies have focused on gray matter (GM), in addition to white matter (WM). It was initially thought that cortical GM injury only occurred in preterm infants in cases of very severe injury. Increased understanding of cortical development and more detailed post-mortem studies revealed that this not the case (2, 3). Over the past few years, work has increasingly indicated a widespread subtle neuronal injury in infants born preterm, that in some cases, such as interneuron deficits, may be independent of WM injury (4). Further than this, swathes of clinical and preclinical studies indicate that the cortical GM injury found in preterm infants significantly contributes to their increased risk of neurodevelopmental disorders (NNDs), such as autism spectrum disorder (ASD), attention deficit hyperactivity disorder (ADHD), and other learning and behavioral disorders.

The large and long running EPICURE (UK), EPIPAGE (France), and ELGAN (U.S.A.) studies have provided invaluable data on the incidence of neurological injury following very premature birth [e.g., (5–7)]. Together, these epidemiological studies confirm that preterm infants have a 25–30% incidence of neurological disorder, with as many as 40% of affected individuals having more than one diagnosable disorder (5–7). In all studies, incidence of cerebral palsy was 5–8% of preterm children, consistent between 2, 6, and 10 years of age (5, 6, 8). In addition, more than 40% of children at 2 years were below threshold for communication, motor, problem solving, and social skills (7), and 30% of children were diagnosed with cognitive impairment at 6 years of age (5), while at school age (10–11 years), 7–8% of preterm born children were diagnosed with ASD, 11% with ADHD, and 10% with emotional disorders, such as anxiety (8, 9). Using latent profile analysis in school age preterm born children (10 years of age), 25% of children were shown to have impaired executive functioning across a range of cognitive domains, while 41% of children fell into a “low-normal” category, where impairment was related to reasoning and working memory (10).



ENVIRONMENTAL CONTRIBUTORS TO EoP AND MECHANISMS OF INJURY

The maternal fetal membranes surrounding the amniotic cavity represent the boundaries of a sort of “black box,” inside which we struggle to know and understand the processes preceding preterm birth. This is due to technical difficulties in safely monitoring the biochemical processes ongoing in the uterine space. However, processes causing brain injury in the preterm born infants certainly begin before delivery, as indicated by a small study of brain functional connectivity in fetuses who went on to be born preterm (11) and an increasingly number of studies showing predictive biomarkers in maternal blood months before preterm birth (12–14). Numerous events and antenatal exposures have also been associated with preterm birth and EoP via epidemiological study and verified with preclinical studies. These include placental abruption or twin–twin transfusion, preeclampsia, or placental insufficiency (potentially contributing to a hypoxic-ischemic-like insult and/or intrauterine growth retardation) and, less commonly, complications linked to oligohydramnios and maternal substance abuse (15). A predominant role of hypoxia in EoP with no other complications (such as those described above) is not supported by clinical data (16). Chorioamnionitis, leading to a maternal–fetal inflammatory response, is a chief driver of the process of early parturition leading to preterm birth, demonstrated across clinical and preclinical studies (17–19). Maternal–fetal inflammatory response not only precipitates preterm birth, but a wealth of epidemiological and clinical studies have shown that, although it is often clinically silent, it is a major driver of EoP (20, 21) and its associated long-term neurological and behavioral/psychiatric deficits [see reviews (22, 23)]. While EoP can be initiated prenatally, there is evidence of continued disruption of the brain post-natally, which could be driven by a mixture of pre- and post-natal factors. For instance, Bouyssi-Kobar et al. (24) show reduced brain growth trajectories in preterm born infants compared to age-matched in utero controls that were associated with (antenatal) chorioamnionitis, as well as post-natal sepsis. Inflammatory drivers include pre- and post-natal events and conditions: chorioamnionitis, funisitis, early and late onset sepsis, and necrotizing enterocolitis. Other, non-inflammatory, post-natal contributors to EoP may include hyperoxia (25), as the ex utero environment is relatively high in oxygen compared to the in utero environment (26), and reduced exposure to maternal hormones, such as estrogen and other neuroactive precursors (27). While there has been little follow up on the estrogen hypothesis clinically (28), recent animal models have suggested a potential protective effect (4, 29, 30). That hyperoxia plays a role in EoP is also supported by animal studies (31–33).



CELLULAR MEDIATORS OF BRAIN INJURY

How, specifically, do these perinatal events lead to EoP? In the case of maternal–fetal inflammation, systemic inflammation drives changes in the brain after either crossing directly through the endothelial cells making up the blood–brain barrier (BBB) or by stimulating, via receptors for cytokines, such as interleukin-1 (IL-1), production of pro-inflammatory molecules by the endothelial cells that are secreted into the brain parenchyma (34, 35). It is currently unclear whether these immune mediators act directly on neurons or have their actions performed via stimulated glial cells, such as microglia and astrocytes, though it is likely that both processes occur. Inflammation has been shown in the fetal brain to reduce neurogenesis in embryonic proliferative zones (36) or to increase neurogenesis in the SVZ and dentate gyrus (37), which has been linked to microglia activity in some cases [reviewed in (38–40)]. The timing of the exposure of neurons to inflammatory stimuli is undoubtedly critical. The exact timing of events impacting EoP is not clear, though it is likely that events occurring in the third trimester are most influential. Although the vast amount of proliferation is complete in the third trimester, there are specific cell types, interneurons of note, that are still being born and migrating in this period and that are increasingly demonstrated to be vulnerable in preterm born infants and animal models (41, 42). Susceptibility of processes, such as neuronal arborization and synapse formation may be even more important, given the intersect between injury events sensitizing to EoP and the developmental timetable of the brain (discussed in more detail below).

Over the past decade, the importance of microglial activation has been exhaustively demonstrated in human preterm-born infant post-mortem brain samples and in models of perinatal brain injury [reviewed in (43, 44)]. These studies have included experimental evidence that microglia are necessary for the evolution of injury in the developing brain (45, 46), but conversely, that microglia also play protective roles in perinatal brain injury (47, 48). Microglia are also activated by other modulators of brain injury, such as hypoxia or hypoxia-ischemia, as these events lead to cell injury and the release of damage-associated messenger proteins (DAMPS) and/or the production of toxic metabolites that also activate microglia directly (49, 50). Microglia establish territories in the developing brain from early in embryonic life and are intimately involved in the processes of brain building. Thus, microglia activation to an immune responsive state leads to EoP via a double hit, whereby there is production of toxic factors for neighboring neural cells and loss of normal microglial functions to shape axonal connectivity and synaptic elimination/function. This has been well-described in the WM (51–54). There is substantially less information on the specific effects of activated microglia on the GM, including synapses and interneurons, which are relevant to EoP. However, as increasing evidence shows that microglial dysfunction persists for weeks to years after insult (55–58), the importance of this phenomena may become more apparent with further study. It is also plausible that the GM and WM are differentially vulnerable, as microglia in these tissues have differing gene expression patterns in the basal state and after injury, based on studies in adults (59, 60). However, nothing is known of this difference in a model relevant to EoP. As such, although we can speculate that there may be specific soluble factors or regulators (micoRNAs, cytokines, etc.) released (possible via vesicles) from GM microglia that influence GM development in ways that would offer therapeutic avenues (61, 62), evidence is still required.

Reactive astrogliosis is also observed in some forms of human perinatal WM injury (63, 64) and is associated with deleterious effects mediated by agents, including hyaluronic acid (65), bone morphogenic protein (66), cycloxygenase-2 induction and associated prostaglandin E2 production (64), and endothelin-1 (67), which can impair oligodendrocyte precursor cell maturation. Clinical and experimental studies have shown a role for GFAP-positive astrocytes in WM injury in preterm born infants, but specifically in older preterm born infants [>32 weeks; (68, 69)] and during equivalent stages of rodent development [5 post-natal days plus; (70)]. In the GM, astrocytes increase in number with gestational age. Compared to the WM, GFAP positive cells represent a far smaller proportion of cells (<1%) (71) and the response of the populations a whole to injury is under-studied. In preterm-born infants, a small increase in the number of GM astrocytes was reported in a study of infants with cystic periventricular leukomalacia (cPVL; severe injury), but as the control group had a significantly lower gestational age, this effect did not survive correcting for development (72). However, studies in animals support the hypothesis that astrocytic dysfunction proceeds neuronal damage in at least some injury paradigms (73).



DEVELOPMENTAL EVENTS SUSCEPTIBLE TO INJURY IN THE PRETERM BRAIN

When assessing how pre- and post-natal factors contribute to EoP, it is necessary to consider what developmental events happen during the preterm period that may be affected by preterm birth. The prenatal period most associated with EoP (from 23 to 32 weeks) is characterized by the final stages of neurogenesis in the human telencephalon, neuronal migration, differentiation and maturation, and the very early stages of cortical myelination. Neurogenesis peaks very early in gestation (8–12 weeks), but continues both in the ventricular zone of the dorsal cortex and within the ganglionic eminences for up to 29 weeks (41). The cortical plate forms around 11 weeks into gestation [reviewed in (74)] until shortly after the end of neurogenesis. Excitatory neurons primarily come from the progenitors in the ventricular zone of the dorsal cortex and migrate radially to the cortical plate [reviewed in (74)], while inhibitory cortical neurons derive from the ganglionic eminences and migrate tangentially to the cortical plate [reviewed in (75)]. Once neurons reach their final positions in the cortical plate, they start to mature—a process which includes extending dendritic arbors and forming synapses, detectable form 19–23 weeks gestation (76). At the same time, radial projections of the neural progenitors are lost, and tangential extension of subcortical and cortico-cortical projections continues. These processes continue through the prenatal and post-natal period of brain development, with an extensive period of synaptic modulation and pruning throughout the first year of life. Local electrical activity and connectivity between neurons can be detected early, undergoing numerous changes over development, and don't appear to find a mature state until early adolescence [reviewed by (77)]. Details of these events and many of the mechanisms underlying them are reviewed extensively in Molnar et al. (78) and Volpe (79). On top of these microstructural changes is a general increase in cortical thickness and a semi-stereotypical pattern of cortical folding, with primary sulci forming from 16 to 19 weeks gestation, and secondary and tertiary sulci formation starting from 32 to 36 weeks, respectively (80).

The real-time development of the brain, including the increasing complexity in the cortical structure, can be detected with non-invasive imaging methods, such as T1/T2 or diffusion-weighted MRI [(81–83); reviewed by (84)] and these techniques have allowed the detection of delayed or impaired cortical development in preterm born infants. However, given the relatively low resolution and integrated nature of diffusion MRI signal, interpreting the specific structural changes in relation to neurodevelopmental processes is difficult. Techniques are in development to scale match MRI and histological data [e.g., (85)], though changes in diffusion MRI are currently interpreted through comparison with standard histological measures. There is evidence that preterm birth can result in changes to all the processes of cortical development described above, including reduced progenitor proliferation, arborization, and myelination, as well as direct injury outcomes, such as cell death. The rest of this review will discuss a number of these in detail, including potential mechanisms of injury, overlap with neurodevelopmental disorders (NDDs), and potential therapeutics.



MACROSCALE ALTERATIONS IN CORTICAL GM

Many elegant neuroimaging studies have begun to correlate both typical and pathological behavior with specific brain areas or functional readouts. Based on these, we know that many brain regions contribute to the diverse array of neurological disorders presented by preterm-born children. In particular, the important role of cortical dysfunction underlying these cognitive disorders (but not so prominently in motor disorders) is increasingly clear. Rathbone et al. (86), in their study of cortical growth (cerebral volume and cortical surface area) in the 20 weeks between birth and term-equivalent age in preterm infants, showed that slow rates of cortical growth correlated directly with neurocognitive ability at 2 and 6 years of age. In particular, impaired cortical surface area growth correlated with poorer scores in numerous features of executive function, learning, memory, and attention, as well as social ability. However, there was a clear lack of correlation between cortical growth and motor abilities (86). Numerous neuroimaging studies using different post-imaging assessment methods have shown reductions in cortical GM volumes in preterm infants, both in the preterm population as a whole (87–89) or specifically those with periventricular leukomalacia [PVL; (90, 91)] and in very preterm born children [assessed at 7 years; (92)] and adolescence [assessed at 15 years; (93, 94)]. Reductions in volume of the deep GM have also been reported (95, 96); changes in thalamic volume were found to be a predictor of reduced cortical GM volume and alterations in diffusivity within the thalamocortical networks (95) were found to correlate with cognitive performance at 2 years of age, though they only accounted for 11% of the variance (97).

Importantly, Bora et al. (98) showed that very preterm infants had a 13%-increased risk of inattention and hyperactivity behavior at school age (4, 6, and 9 years), which correlated with decreased GM volumes, particularly within the prefrontal region. Increased anxiety-like behavior has also been associated with preterm born infants with reduced GM volume (99). In a small study group, very preterm infants that went on to have a diagnosis of ASD were found to have increased incidence of cystic WM lesions, and reduced cerebellar volume, but no changes in GM volume (100). However, only eight children in the cohort (4.7%) were diagnosed with ASD by the age of 7 years, so the study may have been underpowered for detecting more subtle changes in cortical GM.

In animal models, mimicking changes in these cortical volume parameters is difficult, due to differences in the relative GM and WM volumes in experimental species and the differences in the size/complexity of the individual regions relative to one another. Sheep are used in studies of perinatal brain injury, with advantages regarding physiological and neurological similarities to preterm humans, including gray–white ratios [discussed in (101)]. Dean et al. (102) have studied intra-amniotic LPS in sheep, a paradigm able to cause cystic WM injury. This inflammatory exposure caused no obvious cell loss in the GM, but reduced cortical volume by ~18%. In further work in sheep models, Dean et al. (103) also showed a reduction in cortical GM volume after in utero hypoxia-ischemia, in which there was again no cortical cell loss. Interestingly, there was no early reduction in cortical volume (+7 days) but these became increasingly apparent with time after injury [starting at 2 weeks and at least up to 4 weeks; (103)]. In a mouse model of maternal immune activation using poly I:C, subtle decreases in GM volumes were observed throughout development (104), though changes in cortical volumes were not specifically reported.

In addition to alterations in GM volume, complex changes in cortical architecture have also been identified. For instance, Zhang et al. (92) determined that there was a decrease in cortical surface area and the gyrification index of 7-years-old following very preterm birth compared to term-born controls. Maps of cortical folding patterns in neonates suggest that preterm infants have fewer and shallower sulci than term equivalent controls (105). Data suggested that the lower gyrification index and cortical surface area in preterm-born neonates was likely to be due to a combination of altered in utero and post-natal growth, and it was a finding independent of reduced total brain volume (105, 106). Reduced cortical folding has also been associated with increased incidence of NDDs later in life (106), matching, at least partly with data from specific disorder cohorts (107–110), though the data are not substantial here, as existing studies are small.

Collectively, these data point to the possibility that alterations in cortical folding are driven by numerous age-specific microstructural changes. The theories behind cortical folding are many, and include processes such as the rate of neurogenesis, of tangential migration and neuronal arborization [reviewed by (111–113)]; currently no single one is sufficient to explain the biological underpinning to normal or abnormal cortical folding. Numerous aspects of the in utero environment and preterm injury have been associated with changes in cortical folding [reviewed by (114)], though the mechanism by which this injury is produced is still unclear. Recent work by Garcia et al. (115) has shown regional differences in cortical growth rate between post-menstrual age 30 and term equivalent age (based on 2–4 MRI scans over this period in preterm-born infants), which are disrupted in preterm-born infants with gross injury, such as intraventricular hemorrhage (IVH). Their work suggests that severe injury in preterm born infants may alter local cortical growth and subsequently cortical folding (115), supporting the hypothesis that cortical folding may result from mechanical instability as the GM grows faster than underlying WM (116). Alternatively, recent compelling evidence also shows that the extracellular matrix is essential in normal cortical folding (117), likely contributing to the mechanical tension within the brain. The link between these highly reductionist ex vivo studies and EoP is currently unclear, though they have suggested that hyaluronic acid can inhibit cortical folding (117), and increases in hyaluronic acid have been found within the preterm brain (118).



GRAY MATTER NEUROPATHOLOGY ASSOCIATED WITH EoP

There are few neuropathological studies of GM injury in preterm-born infants, compared to the number of studies of WM injury. Complicating matters, due to the difficulties of defining appropriate controls, GM studies typically use evidence of WM injury as a starting point in the assessment of the GM, rather than searching for independent patterns of injury. We have created Table 1, which summarizes studies performed on human preterm-born, post-mortem tissue that have included GM analyses. From this, we can generalize that in studies of infants with severe and contemporaneously uncommon WM injury (cystic PVL), there are reductions in neuronal number and increased neuronal cell death (where assessed; 6/6 studies). However, in studies of infants predominantly with diffuse WM injury, global reductions in cell number are less frequently reported (1/5 studies), but interneurons seem to be a vulnerable subpopulation (present in 3/3 studies) and dysmaturation in cerebellar lamination are reported (1 study). Interestingly, there are complex subtle changes in interneurons in cases with non-cystic WM injury vs. controls (42) and when comparing very preterm infants to less preterm infants [irrespective of WM injury; (4)]. It is necessary to note that of the 12 studies identified, 6 of these were performed on archival tissue collected between 1993 and 2007 from the Department of Pathology at the Children's Hospital Boston. An additional observation study was not included in the table, as the data were expanded upon in a later study (127). It is not possible from the published details of the Boston group's work to determine whether cases in these studies have been reused. Thus, reports of cell death across regions in these studies may be interdependent, due to case severity in this center, and studies of other centers and in more contemporaneous cohorts are needed to determine the state of neuronal injury in preterm born infants more generally.


Table 1. Summary of post-mortem studies of preterm-born infants, including analysis of the GM, highlighting the case characteristics, regions of interest, and the GM and WM injuries described.
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ANIMAL MODELS OF GM PATHOLOGY

Severe Injury

Severe brain injury, including cystic lesions and severe IVH, occurs in very few preterm-born infants [<5% cystic lesions, <5% IVH; (128)]. Historically, the proportion of infants with these forms of injury was much higher. It was also once considered that hypoxia-ischemia was the leading (possibly the predominant) cause of perinatal injury, including in preterm-born infants. Because of these historical trends and (now updated) ideas, much of the data that we have on GM injury in EoP is from animal models of gross clastic lesion (30–80% hemispheric ablation). This initial wave of data suggested that of the cortical layers, the subplate was most susceptible to hypoxic-ischemic injury at preterm equivalent ages (129), possibly due to its relatively early birth and maturation. However, subsequent studies agree that the extent of cortical injury is dependent on the severity of the insult, and all lower cortical layers have the capacity for cell loss after severe hypoxia-ischemia (130). In a study of partial uterine artery occlusion, modeling hypoxia-ischemia in the fetal sheep, immediate low level necrotic cell death was found throughout the deep and cortical GM, followed by extensive apoptosis in both the GM and WM at 3 h post-injury (131). Other studies of in utero hypoxia-ischemia in sheep have shown some increase in pyknotic cells and activated caspase-3 staining from 24 h up to 4 weeks in the caudate nucleus and subplate (132, 133), reduced NeuN and somatostatin positive neurons in the caudate and putamen (134), specific loss of glutamate decarboxylase interneurons (a marker of GABAergic neurons) and their perineuronal nets in the cortex (135), along with reduced arborization complexity and spine density in both the caudate, hippocampus, and cortex (103, 132–134, 136).



Moderate/Mild Injury

Improvements in antenatal and post-natal care, including the use of prenatal steroids and post-natal surfactants and improved respiratory support, have collectively led to the decrease in severe brain injury, so that now the vast majority of infants suffer from diffuse WM injury (118). This has inspired the revision/creation of animal models focused on modeling white matter dysmaturation. A number of these new(er) models providing insights into the role of contemporaneously relevant insults to GM injury are described. A landmark study in our understanding of the GM injury induced by preterm birth came from the team led by Sandra Rees (137), wherein they delivered baboons preterm and held them in a NICU environment for 2 weeks. This important study isolated the roles of prematurity itself from exogenous/precipitating factors (such as chorioamnionitis and sepsis). WM injury and hemorrhage were most common in preterm baboons, but there were significant pockets of necrosis in layer IV/V cortical neurons (4/16 cases) and in the head of the caudate (1/16 cases). One of the first attempts to nail down the cellular substrate of GM injury was the analysis of the effects of intrauterine hypoxia-ischemia on the fetal sheep (103). Although it can be debated whether hypoxia-ischemia is particularly relevant to the majority of cases of EoP (16), this team used cutting edge combinations of high-field MRI and detailed neuropathological assessments of cell number and structure to reveal novel insights into brain injury. The team found that overall reductions in GM volume were not precipitated by neuronal cell loss, but that there were frank changes in dendritic arborizations [length, number, intersections; (103)].

Sheep models of moderate inflammatory injury are also providing important information. Exposure to intra-amniotic inflammation prior to preterm birth, was used to reveal the evolution of in utero inflammatory brain injury (138). Interestingly, sheep were all exposed to inflammation on the same gestational day, but sub-groups were culled every 24 h providing a detailed time course of events. Cleave caspase-3 positive cells were increased in number in the hippocampus at 2, 4, 8, and 15 days following LPS exposure, and in the cortex (at 8 days only), along with increases in MAP2 staining in both GM regions. Strikingly, there was only moderate WM injury (few cleaved caspase-3 positive cells, microgliosis, and mild demyelination) suggesting that neurons may be vulnerable to injury in the absence of overt WM damage. Reduced cortical neurons were found in another study exposing the developing sheep to LPS (139), 7 days after a single LPS challenge. In these experiments there was no difference in either astrogliosis or microgliosis at the time point analyzed compared with the previous sheep study (138) in which microgliosis was present, but astrogliosis was not.

Rodent models are by far the most common for studying potential neuropathology of EoP. In a rat model of inflammatory exposure (maternal LPS exposure at the end of gestation), significant post-natal reduction in brain and body weight were observed, and a small increase in cell death in the striatum and germinal matrix (140). In a milder injury model of prolonged induction of systemic inflammation [using systemic IL-1β exposure; (52)], there was no gross body weight change, no evidence of caspase-3 positive dying cells or alteration in the number of NeuN-positive neurons in the neocortex. However, in this injury model, there were numerous changes in gene expression for synaptic and neurotransmission related genes (141). In this same animal model, and similar to data reported in human cases, a specific alteration in interneuron number was identified in the neocortex (42)—a finding supported by a number of other early-life inflammatory exposure models (142, 143) and preterm birth models (4). It is likely that the migration and differentiation of these cell populations is affected, though many studies show that injury reduces or repairs in adult mice, following early-life inflammation (42, 143). The important advantage of rodent models is the potential for behavioral testing, where aspects of human clinical disease can be recapitulated. In the inflammatory injury models just described, behavioral dysfunction has been reported, including reduced social interaction (143), short and long-term memory deficits (46, 52), attention-shifting deficits, and anxiety-like behavior (142). These behaviors are commonly found in preterm infants, as described above, and in other NDDs, thus supporting the face validity of these models. This is further supported by an extensive body of work showing reduction in GABAergic interneurons or expression of parvalbumin (as distinct from a reduction in cell number) in clinical ASD cases (144–146) and genetic models of NDDs (147–149).




EoP AS A SYNAPTOPATHY

A synaptopathy is a disease or disorder caused by dysfunction of synapses. This dysfunction can arise due to a mutation in a gene encoding a synaptic-related protein, such as an ion channel, a neurotransmitter receptor, or a protein involved in neurotransmitter release; alternatively, a synaptopathy may be due to structural deficits in extension of neuronal arbors and synaptic process. Whether EoP can be defined as synaptopathy requires further study, but we suggest that this is likely to be an important part of the neuropathology of this condition. The changes in EoP of gross GM volume changes, variations in growth rate, and patterns of cortical folding discussed above all reflect a combination of microstructural deficits (150) and connectivity (97, 151, 152) including delayed acquisition of the default mode network, as assessed by MRI techniques. Additionally, there is the fact that EoP predisposes to strikingly increased odds of a diagnosis of a NDD that are clearly recognized as synaptopathies, such as: ASD, up to 17-fold increased rates (9, 153); attention deficit disorder, up to 2.5-fold increased rates (154, 155); epilepsy, up to 5-fold increased rates (156, 157); and decreases in IQ directly proportional to the severity of their preterm birth (158, 159).

Considering the developmental events happening during the period of preterm birth, it may be expected that alterations should be found in patterns of neuronal migration, time frames and degrees of arborization, axon extension, and synapse formation. On this subject, the recent study by Petrenko et al. (160), provides a number of important insights. In a highly reductionist model of selective neuronal apoptosis in layer 5 of the cortex, induced by diphtheria toxin (161), the authors showed a progressive loss of ~20% of neurons within the cortex over a 14-days period. While this degree of neuronal loss is unlikely to occur in EoP, the pre- and post-apoptosis changes to the brain have interesting correlates for the injury observed in EoP. Specifically, there was an associated increasing presence of astro- and microgliosis, retraction of dendritic arbors in dying neurons (days 3–5), and increased arborization (branch number and length) in the surviving neurons [day 14; (160)]. Alterations in dendritic arborization have been found in the GM in a number of experimental studies, many of which have already been referred to above [e.g., (103, 138)]. Additionally, a model of intrauterine growth restriction in pig, initiated at 100 days of pregnancy and assessed 22 days later, showed a loss of MAP2 staining in the parietal cortex and hippocampus, which was interpreted as disrupted somatodendritic neurites (162). Intrauterine growth restriction is an important contributor to poor perinatal outcomes, particularity in preterm born infants [see (163)]. Reduced dendritic branching and spine immaturity have also been reported in the CA1 region of hippocampus in a model of preterm birth in rabbit kits (30) and in the granular layer of the dentate gyrus in a maternal inflammatory activation (using i.p. poly I:C exposure) model in mice (164). These assessments are harder to perform in neuropathology on clinical samples, though reduced dendritic complexity (branch number and length) have been described for somatostatin and neuropeptide Y-positive neurons in the subcortical WM of preterm born infants with WM injury (42). Dendritic arborization, and relatedly, synapse formation [something also disrupted in these models; (42, 102, 165)], are essential developmental events for ensuring appropriate connectivity in the brain, and disruption in these processes have been implicated in a number of functional disorders of the brain (discussed below). The vulnerability of synapse structure in preterm born infants is clearly shown in a study that revealed a relationship between brain injury in preterm born infants and single nucleotide polymorphism (SNP) variants in the gene for the post-synaptic protein 95 [PSD-95, DLG4; (166)]. This work focused on a novel role for PSD-95 expressed specifically by microglia in early development in EoP, but the patient SNP data also suggest a wider vulnerability of synapse structure in preterm-born infants.

While evidence of EoP as a synaptopathy inevitable comes from neuropathological studies, our best capacity to clinical recognize disease, stratify patients for treatment, and monitor progress comes from neuroimaging. When relating in vivo imaging to pathology, the study by Petrenko et al. (160) suggested that (a) neurons loss could be detected by decrease in N-acetylaspartate and N-acetylaspartylglutamate and astrogliosis with reduced Glutamate/Glycine ratio, using magnetic resonance spectroscopy within 3 days of injury; and (b) diffusion MRI could also detect microstructural injury within 3 days of cell death induction, starting with increased water diffusivity (mean diffusivity) and extending to reduced factional anisotropy (FA) due to altered dendritic arrangement. Ball et al. (150) have shown a developmental decrease in FA in the cortex over the preterm period, with preterm born infants lagging behind term born infants in this maturational process, i.e., with a higher FA at term equivalent age. Modeling by Dean et al. (103) supports the idea that this increased FA value is due to delays in the normal dendritic arborization of the cortical neurons over this period. Vinall et al. (167), studied variation in diffusion MRI values between two scans in a cohort of very preterm infants. Their work showed that increased FA in the cortical GM at scan two was independently associated with reduced gestational age, birth weight, and slow weight gain. In addition, changes in FA were related to the second and third eigenvector direction, rather than the primary eigenvector direction. Collectively, these data imply that delays in cortical maturation were most likely driven by delays in neuronal process formation, or cell loss, and that cortical maturation was associated primarily with the phase of neonatal growth (167). Structural connectivity studies, typically based on the integrity of WM tracts using diffusion MRI, have shown a topographically dependent timetable of connectivity developing brain, which is impaired in the preterm brain (168, 169), and which is altered in nature over time, but persists in some form to adulthood (170). While these measures are not directly assessing cortical GM injury, it is likely that an interplay between WM and GM development occurs and that altered connectivity maps will reflect changes in GM development. These structural alterations are also likely to have functional consequences that reflect both local and global connectivity.



INTERPLAY OF STRUCTURAL AND FUNCTIONAL DEFICITS IN EoP

Altered structural and functional connectivity can be identified in the brains of preterm infants at term equivalent age, using combined diffusion and functional MRI (171). Aside from studies testing passive function, including touch and auditory stimulation, the majority of functional MRI studies in preterm infants have investigated resting states. Collectively, these resting state studies suggest that there is modular organization of the connectivity of the preterm brain, as is seen in the mature brain, but that integration between networks is altered (172–174). In these studies, there is evidence for disruption in both cortico-cortical and cortico-subcortical networks (172, 174), and reduced connectivity between areas associated with motor function, cognition, language, and executive function (173).

The electroencephalogram (EEG) is a clinical tool that has been shown to have some potential to monitor and predict severity and outcome of EoP. EEG waveforms are immature in the preterm brain, but appear to have some characteristic changes that can be used as a biomarker, including seizures, EEG suppression, and mechanical delta brush activity (175–178). The rate of spontaneous activity transients on EEG in preterm born infants with or without GM-IVH, measured over the first 48 h of life, was associated with cortical GM volume growth, increased gyrification index, and increased FA in WM tracts (179). Additional studies of the association between early EEG and cortical growth have revealed very specific band frequency relationships and with spontaneous activity transients (SATs) (180). As we begin to understand the biological drivers of these events, it will provide further information of the structure function relationship of the EEG recordings. Whitehead et al. (181), using EEG, showed that gross injury initially disrupts signal recruitment from cortical circuits. Signal recruitment appears to eventually be reinstated following injury but remains different from individuals without gross injury. Importantly, EEG abnormalities assessed shortly after birth (a week to a month after birth) were able to predict both developmental delay and cerebral palsy at 18–24 months (182, 183).

In animal models, fMRI has not been used, but EEG has been used extensively in sheep models of in utero hypoxic ischemic injury (more closely modeling hypoxic-ischemic encephalopathy) and shows reduced maturation of the EEG signal over time, seizure susceptibility, and microscale epileptiform events in the latent phase (up to 7 h post-injury) prior to seizure onset that correlates with cell death (184, 185). Following intrauterine inflammatory exposure in fetal sheep, changes in developmental patterns in alpha and beta power (reduced) and delta power (increased) have also been reported (186). However, while there is widespread evidence of altered EEG parameters in both clinical and preclinical studies, it is not clear how well these changes related to the neuropathology and how predictive they are for outcome. This work is only just beginning in clinical populations [e.g., (181–183)], but in pre-clinical studies, a number of studies have found a disconnect between EEG results and activity and arousal (187) or neuropathology (188, 189). However, it should be noted that the pathology examined in the study by Galinsky et al. (189) was largely focused on WM, rather than GM, features, and therefore may provide a limited understanding the pathological correlates of EEG. Van den Heuij et al. (185), for instance, have reported improved EEG findings together with reduced cortical and deep GM damage following intrauterine artery occlusion in the fetal sheep. In rodent models, EEG studies are less common, due to the size of the post-natal brain. Using ex vivo multi-electrode arrays, Mordel et al. (190) showed that inflammation and hypoxia, alone or together, increased the excitability of cortical neurons, in a glutamate receptor dependent manner. Interestingly, this research group has also shown that inflammation-induced alterations in cortical neuron spontaneous burst activity subsequently results in an increase in apoptosis in the same cell population (191). The work of Mordel et al. (190) suggests that altered electrical activity in the cortex occurs only in the first few weeks after injury and that it recovers in adulthood. However, long-term alterations in spontaneous and mini-inhibitory post-synaptic currents, a more subtle measure of neuronal activity, was found specifically for parvalbumin-positive interneurons following fetal exposure to inflammation (142). Electrophysiological studies in the preterm sheep have shown altered excitability in subplate neurons (133), as well as reductions in intrinsic excitability, altered polarization dynamics and reduced long-term synaptic plasticity in the hippocampus, following hypoxia-ischemia and hypoxia alone (136).

The relationship with structure and function is complex and needs to be understood better at a (sub-)cellular level in the context of EoP. However, the study of Zaslavsky et al. (192) in iPSCs from ASD patients shows increased dendritic arborization and synaptic connectivity associated with a significant increase in sESPC frequency, supporting suggestions that altered neuronal morphology does change cellular function (rather than being compensated for in the function of the cellular communications pathway). This link between structure and function, the capacity for one to affect the other, and the plasticity for recovery is a particularly important point to consider when exploring new therapeutic targets, and optimal periods of treatment, for EoP and NDDs. This concept has recently been supported in a study of genetically encoded epilepsy, where timely treatment with Bumetanide altered long-term neuronal activity and network formation (193).



POTENTIAL THERAPIES FOR EoP

Gray Matter Targets

The most obvious change in the GM of preterm born infants are reductions in volumes on MRI, changes that persist with increasing age. These gross changes are likely mediated by limited but significant cell death, changes in sub-classes of interneurons, and, across neuronal classes, reductions in arborization and/or synaptic number. There are no therapies designed to target GM injury in the preterm specifically. Given that there are striking similarities between the GM changes in EoP and NDDs, it would seem appropriate to consider if any therapeutic candidates from the NDD field might have efficacy in EoP. Current pharmacological strategies for the treatment of ADHD focus on normalizing, but not repairing, disturbances in synaptic transmission and activity (194), and the same is the case for the various forms of epilepsy (195, 196). For ASD, therapy focuses on treating the symptoms of the disorder, such as risperidone, to reduce irritability via antagonism of central type 2 serotonergic (5-HT2) receptors and central dopamine D2 receptors (197). There are no therapies for ASD to treat the underlying deficits in social abilities. Other NDDs, such as intellectual disability and learning disorders (dyslexia and dyscalculia), together with ASD and ADHD, are successfully treated with behavioral interventions. It is believed that these therapies do rewire the brain (198), but whether they are capable of repair is not at all established.

A recent review of the drugs under investigation review for ASD highlighted that potential therapies fall into several clear classes—GABA/glutamate modulators, neuropeptides, immunologics, and dietary supplementation (199). The only therapies whose specific underlying premise is to permanently alter the structure of the brain are immunological therapies; although, neurotransmitter modulators given at the optimal stage of development may normalize aspects of structural and functional development—something that needs to be considered in future research. That immunological therapies might enable repair is based on the underlying idea that, in the brains of people with ASD, there is a persistent immunological dysfunction that itself is the cause of the core social deficits. As such, removing this dysfunction allows the brain to return to a normal structural and functional state. A very similar process of persisting and damaging inflammation is hypothesized to occur in the brain after perinatal brain injury (200) that evidence begins to accrue, which, in this context, it is also a valid therapeutic target (57, 201).

Another exploratory area of understanding and treating ASD and other NDDs is the gut–microbiome–brain axis (202, 203). Gene mutations associated with autism pathogenesis impair brain and gut function and contribute to core and comorbid symptoms reported in autism (204, 205). The gut and brain share cellular structures, molecular pathways and processes that likely cause shared vulnerability to processes leading to autism (203). For instance, gut and brain synaptic structure and function are similarly vulnerable to disturbances in structural proteins, such as neuroligins, post-synaptic density proteins, and Shanks (166, 206–210). An inexorable production of gut microbe-derived neuroactive metabolites influences gastrointestinal function, and these also traverse the BBB to exert potent effects on the brain (211–213). Importantly, microbiome-mediated gut and brain crosstalk even alters early brain development (214, 215) via dysbiosis, which impairs the function of the brain's chief “building managers” and resident immune cells—microglia. Microbe-derived metabolites also regulate the function of the BBB itself (216) demonstrating the integral nature of the microbiome-gut-brain axis in brain health. As such, research investigating factors modulating the gut–microbiome axis in NDDs may uncover novel mechanisms for treatment (217, 218).

Considering the options from the classes of drugs already being tested in models of EoP, we find that, despite many compounds being tested (with mixed results), most have not considered outcomes in the GM. There are some notable exceptions, such as MgSO4 pre-treatment in a rat model of preterm HI (modeling antenatal treatment in at-risk mothers), significantly reduced tissue loss in the hippocampus and striatum and were associated with reduced neurological injury score (219). MgSO4 has also been tested in a sheep model of perinatal asphyxia, reporting reduced seizure burden, but worse WM outcomes and no GM neuropathology (189). Clinically, MgSO4 has a number to treat of 54 (220), though due to the nature of pre-treatment of at risk individuals, the exact efficacy is difficult to determine; a Cochrane review of four trials of antenatal treatment of at-risk women showed no significant effect on mortality or neurological outcome (220). Erythropoietin in this environment has not been shown to be protective for qualitative WM or GM injury when administered as three doses of 25 μg/kg within the first 2 days of birth in preterm infants (221). This is despite positive GM outcomes in rodent (188, 222) and sheep models (223). Robinson et al. (222) showed that 2,000 U/kg erythropoietin (~17 μg/kg), administered post-natally following intrauterine occlusion, was beneficial for both WM and GM, ameliorating behavioral deficits in gait and social interaction and fractional anisotropy changes in the WM, hippocampus, and striatum. In their study of perinatal injury, hypoxia-ischemia in the post-natal day-3 rat, van de Looij et al. (188) showed that erythropoietin improved somatosensory-evoked potentials and diffusion parameters in the WM, when measured with MRI, but didn't prevent cortical tissue loss. Wassink et al. (223) assessed neuronal number and cell death in the caudate, showing a significant improvement with erythropoietin (5,000 IU loading dose, followed by 832 IU/h) in the preterm sheep, as well as reduced seizure burden. More positive data on erythropoietin have been found for WM injury [reviewed in (79, 224)], supporting the numerous on-going clinical trials for this drug; however, it is clear that additional therapeutic agents need to be tested for GM efficacy.




LINKS BETWEEN EoP AND NEURODEVELOPMENTAL DISEASES

It has been unequivocally established that preterm born infants have increased rates of diagnosis for NDDs, including ASD, ADHD, and generalized learning disorders (5, 7–9, 225). It is also clear that, in the brains of people who suffered from EoP and those with NDDs (and from their matched preclinical models), there are a striking number of shared pathomechanisms. In this section, we will highlight key phenotypic, macrostructural, genetic, cellular, and sub-cellular processes shared with EoP and in cases of NDD. We will focus on the GM; but, we wish to highlight that for the WM these links between EoP and NDD are more established, such as shared deficits in corpus callosum structure in people after EoP and those with ASD and ADHD (226).

Recent work has assessed in detail the specific characteristics of behavioral disturbances in people born preterm with NDD, compared with people born at-term with an NDD [see reviews (227, 228)]. In general, in preterm vs. term NDD, the phenotypic presentations are similar. However, there are important differences. For instance, in people born at term, there is a higher rate of ADHD in males compared with females; but, this sex difference in not observed in people with ADHD who were born preterm (229). For ASD, a greater proportion of preterm (vs. term-born) males reported comorbidities (sleep apnea, seizure disorders, and ADHD) and people born preterm (particularly females) were more often non-verbal (230). Another recent small study of children with ASD demonstrated that, compared to term children, the preterm children had higher quality peer relationships and socioemotional reciprocity, but poorer non-verbal behaviors that regulate social communication (231). None of the current literature has indicated a problem with diagnosing those born preterm using the current diagnostic criteria. However, we speculate that just as autism has been expanded and refined into a complex spectrum of disorders that, in the future, ASD phenotypes specific to preterm born infants may be defined.

With increased MRI analyses of the GM in individuals with EoP, we begin to see a clear pattern of similarities in changes in brain structure in people with ASD and those born preterm—there are shared changes in the orbitofrontal regions, the amygdala, the basal ganglia, the hippocampus, and the cerebellum [reviewed in (227, 232)]. There is also a parallel with the altered cortical growth in preterm born infants and equivalent findings in ASD and ADHD patients. In MRI studies of ASD and ADHD, decreased GM volume has been associated with both conditions (233–237). In ASD, decreases have particularly been found in areas related to social behavior networks (233, 235, 237), while regions associated with inhibitory control (234) were changed in ADHD. In both cases, it is clear that patterns of GM deficits alter through the disease course (235, 238). Changes in the volume of GM in preterm infants/children/adolescents have been found in many of these regions [e.g., (91, 92, 239)], but are typically more widespread. Variation between studies has, of course, been reported, with not all studies finding cortical GM volume changes or associating them with neurological outcome. However, these are in the minority, and it has been suggested that these may be due to difficulties in accurately recognizing the gray-white matter boundary in the developing brain (240). Interestingly, in addition to this overlap in affected brain areas in both EoP and NDDs, MRI studies are also showing alterations in cortical networks [e.g., (236, 241)] in ASD and ADHD that warrant further exploration, and may come from as similar anatomical basis as in the EoP studies.

A newer avenue to link EoP and NDDs are genetic studies, such as genome-wide association studies (GWAS), copy number variant (CNV) studies, SNP, and haplotype studies, and these are revealing common risk factors. For instance, we have recently uncovered that an SNP in the gene for PSD95 is associated with poorer outcome for preterm born infants (166), mentioned above, as genetic variation in polymorphisms for PSD95 is a known risk factor for ASD (242). Common genetic variants and methylation patterns have been revealed in focused studies of people with ASD, with and without prior history of preterm birth (243). Changes uncovered by these targeted studies include tyrosine-protein kinase Met (MET), Neuregulin 3 (NRG3), and serotonin transporter (SLC6A4). A great deal can also be learned from comparing findings from studies of NDDs and studies of prematurity and EoP. For NDDs, there are numerous genes associated with synapse formation identified from GWAS studies including Shanks, Neuroregulin, Neurexin, and Contactins [reviewed by (244, 245)]. Many of these genes also associate with preterm birth or outcomes after preterm birth. Of note, neuregulin is found associated with infant outcome, with polymorphisms increasing mRNA levels in patients associated with better outcomes in babies born preterm (246).

A key vulnerable neuronal subpopulation in EoP is interneurons, although it is still unclear which populations are the most vulnerable at which time point and in what regions based on the human and preclinical studies (4, 42). Research into neuropathology in NDD, via post-mortem studies and animal models of NDD, also conclusively illustrates changes in interneurons (146). Quite strikingly, in a synaptic protein knockout model of ASD (PTEN KO), interneuron transplantation rescues social behavior deficits (247). This study also questions the established idea that interneuron deficits associate with NDDs due to negative effects on inhibitory circuit activation (248), as, although interneuron transplantation rescued the behavioral phenotype, there were no improvements in circuit function.

No discussion of the similarities between NDD and EoP could be complete with highlighting the shared common pathological process of neuroinflammation, which has, at its core, the aberrant activation of microglia. Indeed, across NDD and EoP models and human studies, evidence shows that microglial activities are altered [thoroughly reviewed in (22, 249–251)]. A chief function of microglia during development, but also throughout life, is regulation of connectivity via refinement of synaptic number [(252–254); and reviewed in (255–257)]. Based on all the evidence for the role of microglia and the presence of inflammation (both systemic and central) in EoP and NDD it is clear that microglia (and their effects on synapses and neurogenesis) are an important starting point in understanding GM pathology across NDDs and EoP and also a shared target for neurorepair.

We outlined above the reasons that EoP can be considered a synaptopathy, including genetic associations between injury severity and synaptic genes, connectivity deficits, and that preclinical studies show synaptic immaturity plus arborization deficits. These characteristics are also common among NDDs, and NDDs are clearly characterized as synaptopathies (258–261). For example, about half of the genes identified as candidate genes in people with ASD code synaptic proteins (262). Additionally, animal models of abnormal synaptic pruning induced by abnormal microglial function (227), or via genetic perturbation of synaptic structure (263), have cognitive and behavioral deficits reminiscent of NDDs. Thus, perhaps it is the collective change in these functional units of the neuron that give rise to the shared gross volumetric changes and pervasive behavioral problems in people with NDDs and due to EoP. Though it should also be said that a great many children and adults who were born preterm and who had EoP have typical neurodevelopmental profiles, potentially and interaction of genetics and environmental challenges in these case lead to structurally resilient synapses. There is clearly need for a better understanding of the vulnerabilities leading to NDDs and negative consequences after EoP.



CONCLUSIONS

Imaging and neuropathological studies indicate changes in GM are a subtle but substantial contributor to EoP. The full nature of this injury is probably only just being discovered and would benefit from more longitudinal MRI studies, with closer integration of both patient genetics data and neuropathology where possible. Given the link between GM injury and long-term cognitive and behavioral disorders, it is important to therapeutically target this injury, distinct from the WM injury aspects of EoP. In particular, while preterm birth and EoP increase the risk of NDD in later life, the current evidence suggests that preterm born infants may make up a specific subset of cases in these disorder spectrums and could benefit from a distinct treatment paradigm. In terms of what this therapeutic paradigm might look like, it is likely that a combination of ameliorating (e.g., anti-inflammatory or growth supporting) agents and restorative agents (e.g., drugs facilitating normal structural-functional development) will be required. If these treatments are delivered at optimal periods of brain development, it may be possible to limit the need for life-long symptom controlling medication. In this regard, it is necessary to focus more research on the synaptopathic aspects of EoP. Current research in this area is only the tip of the iceberg, particularly lacking in clinical studies, and increased understanding of the injury mechanisms and plasticity during the post-natal period may identify new therapeutic targets. Our great hope is actually that this proposed work becomes redundant. We hope that our highly skilled and motivated counterparts working on prediction and prevention of preterm birth have major breakthroughs. However, pragmatically, even major breakthroughs will take decades to make it across high and middle/low economic settings, meaning that millions more babies are going to need us to better understand the GM and its changes after EoP.
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Objective: To assess the association between birth asphyxia—as defined by the pH of umbilical cord blood—and cerebral palsy in asphyxiated neonates ≥35 weeks' gestation.

Methods: Two reviewers independently selected English-language studies that included data on the incidence of cerebral palsy in asphyxiated neonates ≥35 weeks' gestation. Studies were searched from the Embase, Google Scholar, PubMed, and Cochrane Library databases up to 31 December 2019, and the references in the retrieved articles were screened.

Results: We identified 10 studies that met the inclusion criteria for our meta-analysis, including 8 randomized controlled trials and 2 observational studies. According to a random effects model, the pooled rate of cerebral palsy in the randomized controlled trials was 20.3% (95% CI: 16.0–24.5) and the incidence of cerebral palsy in the observational studies was 22.2% (95% CI: 8.5–35.8). Subgroup analysis by treatment for hypoxic ischemic encephalopathy in asphyxiated neonates showed that the pooled rates of cerebral palsy were 17.3% (95% CI: 13.3–21.2) and 23.9% (95% CI: 18.1–29.7) for the intervention group and non-intervention group, respectively.

Conclusion: Our findings suggest that the incidence of cerebral palsy in neonates (≥35 weeks' gestation) with perinatal asphyxia is significantly higher compared to that in the healthy neonate population. With the growing emphasis on improving neonatal neurodevelopment and reducing neurological sequelae, we conclude that the prevention and treatment of perinatal asphyxia is essential for preventing the development of cerebral palsy.

Keywords: birth asphyxia, cerebral palsy, erythropoietin, hypothermia, meta-analysis


INTRODUCTION

Cerebral palsy (CP) is a group of syndromes caused by non-progressive brain injury in the fetus or infant and leads to lifelong disability (1). The prevalence of CP is 2.11 per 1,000 live births globally (2), which remained relatively stable from 1950 to 1980, but increased moderately between 1980 and 1990, probably due to the increased survival of very premature infants as a result of improvements in perinatal care (3, 4). The etiology of CP is complex and multifactorial (5). Although premature birth is a risk factor, the causes of CP for children born at term remain unclear (6–8). Birth asphyxia has been involved, but its contribution to CP is debatable. Evidence has suggested that most cases of CP are caused by prenatal factors and that the role of birth asphyxia is relatively small (<10% of cases) (9, 10). However, other studies have shown that birth asphyxia is one of the main causes of CP, accounting for more than 30% of cases (11–13).

Birth asphyxia is one of the important causes of neonatal morbidity and mortality (14, 15). Birth asphyxia refers to interruption of the blood flow to the placenta, leading to hypoxia and ischemia. When hypoxia–ischemia persists long enough, it will cause permanent neurologic injury, which may eventually develop into neurodevelopmental disorders such as developmental delay and CP (16, 17). The inconsistencies in the diagnosis of birth asphyxia contribute to variation in the prognosis of birth asphyxia. A previous study found that in studies with different diagnostic criteria of birth asphyxia, the proportion of CP cases with birth asphyxia ranged from <3% to over 50% (18). Metabolic acidosis in the umbilical cord has been recognized internationally as a necessary criterion for defining intrapartum hypoxia (19, 20) and has been used as the definition of asphyxia (21). Thus, the pH value of umbilical cord blood was used as the diagnostic criteria of birth asphyxia for conducting a meta-analysis of human studies to investigate the case exposure rates linking birth asphyxia to CP.



METHODS


Literature Search

Relevant studies were searched from the PubMed, Google Scholar, Embase, and Cochrane Library databases up to 31 December 2019. The search was performed using keywords and subject terms related to “birth asphyxia.” The keywords and subject terms related to “cerebral palsy” or “neurodevelopmental outcome” were used to acquire studies related to CP. We combined the two parts of the search terms using “AND” to retrieve the studies (Supplementary Table 1). In order to supplement the electronic searches, we also searched the reference lists of previous reviews, key papers, and other relevant literature screened by the electronic search. Two investigators independently reviewed the titles, abstracts, and full-text publications.



Inclusion Criteria

Eligible studies were limited to research focusing on the following: (1) newborn infants who were born at ≥35 weeks' gestation, (2) evidence of birth asphyxia based on a pH ≤ 7.0 and/or a base deficit ≥12 mmol/L in an umbilical cord blood sample during the first hour after birth, and (3) clinical hypoxic ischemic encephalopathy (HIE) manifestation as well as neurodevelopmental outcomes that included data on CP. Additionally, when multiple studies based on the same population were published, only the most complete one was included.



Exclusion Criteria

The following exclusion criteria were applied: (1) reviews, meta-analyses, or case reports, (2) studies not published in English, (3) studies using evidence for birth asphyxia that was inconsistent with our inclusion criteria described above, and (4) studies reporting overlapping data.



Data Extraction

Information relating to data extraction was gathered individually from each identified article, including the name of the first author, study design, publication year, the size of sample, gestational age, asphyxiation criteria, follow-up period, and neurodevelopmental outcome regarding CP.



Quality Assessment

Of the included studies, eight were randomized controlled trials and two were observational studies. The Newcastle-Ottawa Scale was used to evaluate the quality of the observational studies (22) (Supplementary Table 2), including the choice of the research population (0–4 points), the study comparability (0–2 points), and the evaluation of exposure factor and outcome (0–3 points). The Cochrane collaboration's tool for assessing risk of bias, which is based on the important elements of reducing bias, including selection bias, performance bias, detection bias, attrition bias, reporting bias, and other biases, was used to assess the quality of the randomized controlled trials (23) (Supplementary Figure 1).



Statistical Analysis

Stata software version 12.0 (Stata Corporation, College Station, TX, US) was used for data analysis. The combined rate of CP and 95% confidence intervals (CIs) were calculated for all predetermined groups. A random effects model was used to give a pooled estimate of prevalence because of the small number of studies and the heterogeneity across studies in this meta-analysis. Heterogeneity was estimated by the Q statistic and the I2 statistic. Sensitivity analyses were performed to identify any potential influence between the included studies on the pooled prevalence of CP. Possible publication bias was tested by Egger's and Begg's tests. The significance level of Q statistic for the heterogeneity test was set to 0.10 and p < 0.05 were considered statistically significant.




RESULTS


Search Results

The electronic database searches initially yielded 5,671 studies, and 5,616 studies were deleted due to either repetition or lack of relevance. A total of 55 full-text studies were retrieved and critically appraised. Of these articles, 45 did not satisfy the inclusion criteria (9 studies performed secondary analyses on the same study populations, 17 studies did not report the neurodevelopment outcomes, 4 studies did not have data for the pH of umbilical cord blood, and 15 studies were excluded due to unusable data such as articles that reported the prevalence of CP between those with birth asphyxia and those without birth asphyxia and articles for which the exact association between asphyxia and CP could not be determined). Of the remaining 10 acceptable studies, 8 studies were randomized controlled trials and 2 studies were observational studies (Figure 1).


[image: Figure 1]
FIGURE 1. Flow chart for study selection.




Characteristics of the Studies

We compiled a dataset of 1,665 infants from the 10 studies. All of the neonates in the included studies meeting the asphyxia criteria were diagnosed as HIE. Of the eight randomized controlled trials (24–31), six studies used moderate hypothermia as a treatment for HIE in asphyxiated neonates, one used erythropoietin treatment in asphyxiated neonates, and one used a combination of moderate hypothermia and topiramate treatment in asphyxiated neonates. The two observational studies (32, 33) investigated the neurodevelopment outcomes in asphyxiated neonates without any interventions. The characteristics of included trials were summarized in Table 1.


Table 1. Characteristics of the included studies.
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Sensitivity Analysis and Publication Bias

Sensitivity analysis was conducted on the eight randomized controlled trials, and none of them had a significant impact on the results of the meta-analysis, suggesting that this study had good stability (Supplementary Figure 2). Publication bias was evaluated by Egger's (P = 0.134) and Begg's (P = 0.536) tests (Supplementary Figure 3). The pooled results demonstrated that there was no significant publication bias.



Pooled Rate of CP

In the eight randomized controlled trials, the number of infants with CP was 308 for a pooled rate of 20.3% (95% CI: 16.0–24.5, I2 = 76.3%). In the two observational studies, the number of infants with CP was 24 and the combined incidence was 22.2% (95% CI: 8.5–35.8, I2 = 65.1%) (Figure 2). In the randomized controlled trials, the infants were divided into intervention and non-intervention groups. The number of infants with CP was 166 in the intervention group and was 142 in the non-intervention group. The pooled rate of CP was 17.3% (95% CI: 13.3–21.2, I2 = 57.6%) in the intervention group and was 23.9% (95% CI: 18.1–29.7, I2 = 63.5%) in the non-intervention group (Figure 3), indicating that whether interventions were performed or not led to the high heterogeneity between studies.


[image: Figure 2]
FIGURE 2. Forest plot of the pooled rate of cerebral palsy. The solid diamonds and horizontal solid lines represent the proportions and 95% CIs of each included study. The size of the gray area indicates the study-specific statistical weight. The hollow diamonds show the pooled proportions and 95% CIs of each group and the overall population. The vertical red dotted line shows the combined effect estimate.
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FIGURE 3. Forest plot of the pooled rate of cerebral palsy in the intervention and non-intervention groups in randomized controlled trials. The solid diamonds and horizontal solid lines represent the proportions and 95% CIs of each included study. The size of the gray area indicates the study-specific statistical weight. The hollow diamonds show the pooled proportions and 95% CIs of each subgroup and the overall population. The vertical red dotted line shows the combined effect estimate.





DISCUSSION

To our knowledge, this is the first evaluation of the link between birth asphyxia and CP using the pH value of umbilical cord blood as a diagnostic criterion for birth asphyxia in addition to clinical HIE manifestations. The results of this meta-analysis indicated that birth asphyxia is associated with CP in both term and near-term infants.

Birth asphyxia might affect the outcomes of neurodevelopment in infants through a variety of mechanisms. Prolonged or intense asphyxia will cause energy depletion in tissues that depend on aerobic metabolism, such as the central nervous system (34, 35). Lack of energy can lead to the failure of ATP-dependent pumps resulting in the loss of neuronal transmembrane potential (36), and thus the most sensitive areas of the brain will die (37–39). In areas that are more resistant, excessive excitability of neurons, abundant ionic calcium influx, free radical generation, and changes in mitochondrial metabolism (40–42) might cause secondary energy exhaustion and programmed neuronal death (43, 44). Thus, these irreversible brain injuries during early brain development might ultimately result in CP.

The accurate diagnosis of birth asphyxia is still a challenge worldwide, resulting in an unclear correlation between asphyxia and CP. Birth asphyxia is predicated by fetal metabolic acidosis, as measured by umbilical cord pH at birth (21, 45), and a recent study showed that a low umbilical cord pH was associated with the occurrence of CP but failed to prove that there was a link between the degree of acidosis and the prevalence or severity of CP (46). In two studies an umbilical arterial pH ≤ 7.00 was referred to pathological or severe fetal acidemia in which the risk of adverse neurological sequelae was increased (47, 48). Furthermore, different consensus statements have mentioned the diagnosis of intrapartum asphyxia since 1992. These statements point out that metabolic acidosis (pH < 7.0 and base deficit of 12 mmol/L or more) is the essential criterion for the diagnosis of asphyxia (49, 50). Therefore, an umbilical arterial pH ≤ 7.00 and/or a base deficit of 12 mmol/L or more was used as the standard of acidosis to diagnose birth asphyxia in this meta-analysis in addition to neonatal clinical HIE manifestations.

The American Academy of Pediatrics and the Society of Obstetrics and Gynecology suggests that infants suffering from “asphyxiation” near delivery, which is severe enough to result in acute neurologic injury, should meet the following criteria: (1) severe metabolic or mixed acidemia (pH < 7.00) on an umbilical arterial blood sample, (2) an Apgar score of 0 to 3 for longer than 5 min, (3) neurologic manifestation such as seizure, coma, or hypotonia, and (4) evidence of multiorgan dysfunction (51). However, it is difficult to measure all of the diagnostic criteria in the clinic, and currently the Apgar score system is most commonly used. Neither Apgar score nor umbilical arterial pH ≤ 7.00 and/or a base deficit ≥ 12 mmol/L as the diagnostic criterion of asphyxia is a complete definition of birth asphyxia, and fetal severe acidosis is instead considered to be a fairer and more objective standard (52).

The evidence reported in previous studies was unable to support a clear association between birth asphyxia and CP (9, 53). However, our pooled analysis of 1,665 infants in 10 studies showed that the CP incidence was 20.3% (95% CI: 16.0–24.5, I2 = 76.3%) in the randomized controlled trials and 22.2% (95% CI: 8.5–35.8, I2 = 65.1%) in the observational studies, which means a more relevant association between birth asphyxia and CP. With the popularization of blood gas analysis, the detection of umbilical arterial pH value at birth is easier to perform (54). Our results suggest that blood gas analysis should be used along with Apgar score in daily clinic work when there is the possibility of birth asphyxia. Considering that preterm birth is a risk factor of CP (6, 7), we only included studies with newborn infants who were born at term or near term. Some of the patients were treated with hypothermia and/or drugs in randomized controlled trials, so we divided these patients into intervention and non-intervention groups. The results showed that the incidence of CP in the intervention group had a slight decrease compared to that in the non-intervention group, which was consistent with the conclusion that hypothermia therapy can reduce the risk of neurological impairment in infants with HIE (55). Further treatment should be considered to prevent CP after hypothermia in the acute phase (56).

Previous analysis the association of birth asphyxia and CP showed a large variation from 3 to 50% (18). Other researchers also indicated that <12% of children who have CP were exposed to perinatal asphyxia, which contradicts our results (57–59). For such inconsistent results linking birth asphyxia and CP, the differences in the diagnosis criteria of birth asphyxia were probably the main problems (5, 60). The critical criteria might affect our results to a certain extent. Nevertheless, we still hope to emphasize the importance of severe acidosis as one of necessary criteria of asphyxia in clinical application through the results in this meta-analysis.

Our meta-analysis has some other limitations. First, we only searched literature published in English. Second, publication bias and incomplete ascertainment of published literature might exist. Third, the number of studies in our analysis was small, and the selection of the diagnostic criteria of birth asphyxia might have caused a selection bias in our study. Therefore, the results of this study should be interpreted with caution. Furthermore, some of the included studies used interventions, so measurement bias existed and some heterogeneity was inevitable.

In conclusion, our meta-analysis provides evidence that birth asphyxia is associated with CP in children. Thus, the prevention and treatment of birth asphyxia is of great significance for reducing the prevalence of CP.
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Introduction: Preterm infants born before 28 weeks of gestation are at high risk of neurodevelopmental impairment in later life. Cerebral white and gray matter injury is associated with adverse outcomes. High oxygen levels, often unavoidable in neonatal intensive care, have been identified as one of the main contributing factors to preterm brain injury. Thus, preventive and therapeutic strategies against hyperoxia-induced brain injury are needed. Erythropoietin (Epo) is a promising and also neuroprotective candidate due to its clinical use in infants as erythropoiesis-stimulating agent.

Objective: The objective of this study was to investigate the effects of repetitive Epo treatment on the cerebral white matter and long-term motor-cognitive outcome in a neonatal rodent model of hyperoxia-induced brain injury.

Methods: Three-day old Wistar rats were exposed to hyperoxia (48 h, 80% oxygen). Four doses of Epo (5,000 IU/kg body weight per day) were applied intraperitoneally from P3-P6 with the first dose at the onset of hyperoxia. Oligodendrocyte maturation and myelination were evaluated via immunohistochemistry and Western blot on P11. Motor-cognitive deficits were assessed in a battery of complex behavior tests (Open Field, Novel Object Recognition, Barnes maze) in adolescent and fully adult animals. Following behavior tests animals underwent post-mortem diffusion tensor imaging to investigate long-lasting microstructural alterations of the white matter.

Results: Repetitive treatment with Epo significantly improved myelination deficits following neonatal hyperoxia at P11. Behavioral testing revealed attenuated hyperoxia-induced cognitive deficits in Epo-treated adolescent and adult rats.

Conclusion: A multiple Epo dosage regimen protects the developing brain against hyperoxia-induced brain injury by improving myelination and long-term cognitive outcome. Though current clinical studies on short-term outcome of Epo-treated prematurely born children contradict our findings, long-term effects up to adulthood are still lacking. Our data support the essential need for long-term follow-up of preterm infants in current clinical trials.

Keywords: erythropoietin, neuroprotection, preterm brain injury, white matter injury, hyperoxia, myelination


INTRODUCTION

Extremely preterm born infants (<28 weeks of gestation) are at high risk for neurodevelopmental impairment. Around 50% of survivors suffer from neurological or developmental disabilities ranging from various motor, cognitive and sensory impairments to behavioral and emotional disorders in later life (1–3). Cerebral magnetic resonance imaging (MRI) studies at term equivalent age revealed that most survivors show cerebral gray and white matter abnormalities, which are associated with adverse outcome (4). The high risk of neurodevelopmental disabilities is caused by the high vulnerability of the immature brain to the extra-uterine environment in a period of enormous brain growth and maturation (5).

Clinical and pre-clinical studies suggested that the developing brain is particularly vulnerable to chronic exposure to high oxygen levels resulting in subtle and diffuse brain injury (6, 7). Rodent models of hyperoxia-induced brain injury demonstrated that supraphysiologic oxygen-levels induce oxidative stress, inflammation and cellular degeneration, leading to hypomyelination and long-term cognitive deficits (7–10). Despite these findings, oxygen remains an indispensable therapeutic agent in neonatal intensive care. Therefore, neuroprotective agents preventing oxygen-induced brain injury are urgently needed.

One of these promising neuroprotective candidates is Erythropoietin (Epo) (11), an endogenous hormone, which in its recombinant form has been used for the prevention of anemia of prematurity for almost three decades (12). Besides its hematopoietic effects, Epo is suggested to be a neurotrophic and neuroprotective factor in the developing brain, where it is expressed by different cell types such as neurons, oligodendrocytes and astrocytes from early gestation on (13–15). Several studies in experimental models of neonatal brain injury have confirmed its neuroprotective effects (16–19). However, findings from clinical studies are inconsistent: While some retro- and prospective studies revealed improved neurocognitive outcome and white matter development in MRI studies (20–22), recent results from two large randomized controlled trials could not confirm these findings at the corrected age of 2 years (23, 24).

In the rodent model of hyperoxia-induced brain injury, we have previously shown that a single bolus application of 20,000 IE/kg body weight of Epo at the onset of hyperoxia leads to long-lasting improvement of neurocognitive development up to adolescent and adult age (25). Suggested mechanisms include a reduction of oxidative stress, cellular degeneration and inflammation, as well as modulation of autophagy signaling and improvement of synaptic plasticity (16, 25–27). Although bolus Epo-application resulted in a reduced degeneration of oligodendrocytes in our previous study, myelination or white matter development were not changed (25). These results were in contrast to findings in other experimental settings and in clinical studies using multiple dosage regimes (21, 28–30).

Taking into account that in clinical settings, a single-dose Epo regimen is uncommon and that safety-studies have already proven good tolerability of even larger doses (31), the aim of this study was to investigate effects of a repetitive Epo treatment in a model of hyperoxia-induced perinatal brain injury. We hypothesized that repetitive Epo applications protect the developing brain against hyperoxia-induced hypomyelination as well as microstructural alterations of the white matter and ameliorate long-term neurodevelopmental deficits.



MATERIALS AND METHODS


Animals and Experimental Design

All animal procedures were approved by the local animal welfare committee and performed according to the guidelines of the University Hospital Essen. Three-day old (P3) Wistar rat pups were exposed to 80% oxygen for 48 h in an oxygen chamber (OxyCycler, BioSpherix, Lacona, NY, USA). The control group was kept under normoxic conditions (21% oxygen, room-air). In both groups, pups were with their lactating dams. After the first 24 h, dams were exchanged in order to avoid prolonged exposition to hyperoxia. From P3 to P6 animals received daily intraperitoneal (i.p.) injections of 5,000 IU/kg body weight Epo (Epo, NeoRecormon®, Boehringer-La Roche, Grenzach, Germany) culminating in a total dose of 20,000 IU/kg body weight. The first Epo dose was administered at the onset of hyperoxia. Control animals received an equal amount of saline (10 mL/kg body weight).

In total, 132 pups derived from 14 litters were enrolled in this study. Pups per litter were randomly assigned to all treatment groups considering sex–and weight. Increase of bodyweight was monitored daily until P11 and once a week afterwards. No differences were observed between the study groups throughout the entire experiments. Behavioral studies were performed in adolescent (1–2 months old) and adult (4 months old) rats. Pups were sacrificed on P11 (88 pups, 10 litters) and at the age of 5 months (44 pups, 4 litters). Animals sacrificed on P11 were evaluated for subacute white matter injury via Western blot analysis and immunohistochemistry. Pups sacrificed at fully adult age (5 months), which were subjected to behavioral assessment, were evaluated for microstructural changes via diffusion tensor imaging (DTI).

For Western blot analysis, animals were decapitated following transcardial perfusion with phosphate buffered saline. Hemispheres (excluding cerebellum) were snap frozen in liquid nitrogen and stored at 80°C until further processing. For histological and DTI studies, pups were transcardially perfused with phosphate buffered saline followed by 4% paraformaldehyde (PFA, Sigma-Aldrich, Munich, Germany). Brains were post-fixed in 4% PFA overnight at 4°C and embedded in paraffin or sent for DTI.



Immunoblotting

Snap-frozen brain tissues were homogenized in ice-cooled radioimmunoprecipitation assay (RIPA, Sigma-Aldrich) buffer, phenylmethanesulfonyl fluoride (PMFS, Sigma-Aldrich), complete Mini, EDTA-free (Roche, Basel, Switzerland) and sodium orthovanadate. Homogenates were centrifuged at 17,000 g for 20 min at 4°C. Protein concentrations of the cytosolic fraction were determined using the BCA assay kit (Thermo Fisher Scientific, Dreieich, Germany). Western blotting was performed with 30 μg lysate per sample. Proteins were separated in 15% sodium dodecyl sulfate polyacrylamide gels and transferred to 0.2 μm pore nitrocellulose membranes (Sigma-Aldrich). To control for equal protein transfer, membranes were stained with Ponceau S solution (Sigma Aldrich). Blocking of non-specific protein binding in 5% non-fat dry milk in Tris buffered saline/0.1% Tween 20 (TBS-T) for 60 min at room temperature was followed by primary antibody incubation in 2.5 or 5% non-fat dry milk in TBST at 4°C overnight. The following primary antibodies were used: monoclonal mouse anti-myelin basic protein (MBP) (1:1000, Covance, Münster, Germany), monoclonal mouse anti-oligodendrocyte transcription factor 2 (Olig2) (1:1000, Merck Millipore, Darmstadt, Germany), monoclonal mouse anti-2', 3'-cyclic nucleotide 3'-phosphodiesterase (CNPase) (1:1000, Merck Millipore) and monoclonal rabbit anti-Glycerinaldehyd-3-phosphat-Dehydrogenase (GAPDH) (1:5000, Cell Signaling, Frankfurt, Germany). To detect primary antibody binding, membranes were incubated for 1 h at room temperature with horseradish peroxidase-conjugated secondary anti-mouse (1:5000, Dako, Hamburg, Germany) or anti-rabbit (1:2000, Dako) antibody. Antibody binding was detected by using enhanced chemiluminescence (GE Healthcare Life Sciences, Munich, Germany) and visualized by the ChemiDoc XRS+ imaging system. ImageLab software (Bio-Rad, Munich, Germany) was used for densitometric analysis. Density ratios between the protein of interest and the reference protein GAPDH were calculated for each sample. These ratios were normalized to the control group NO.



Immunohistochemistry

Ten micrometre coronal sections (−3.72 ± 0.7 mm from bregma) were deparaffinized and rehydrated followed by antigen-retrieval in preheated 10 mM sodium-citrate buffer (pH 6.0) for 30 min. After blocking with 1% bovine serum albumin and 0.3% cold fish skin gelatine in TBST (Sigma-Aldrich) slides were incubated with primary antibodies at 4°C overnight. The following primary antibodies were used: polyclonal rabbit anti-Olig2 (1:100, Millipore), monoclonal rat anti-MBP (1:200, abcam, Berlin, Germany) and monoclonal mouse anti-adenomatous polyposis coli clone CC1 (APC-CC1, 1:100, Merck Millipore). This was followed by incubation with appropriate secondary antibodies for 1 h at room temperature [anti-mouse Alexa Fluor 488, anti-rat Alexa Fluor 555 and anti-rabbit Alexa Fluor 647 (all 1:500, Invitrogen, Darmstadt, Germany)]. Sections were counterstained with 4,6-diamidino-2-phenylindole (DAPI) (1 μg/mL, Invitrogen, Karlsruhe, Germany).

For image acquisition four laser lines (laser diode, 405 nm; Ar laser, 514 nm; G-HeNe laser, 543 nm; Rn Laser 639 nm) and four different filters (450/50-405 LP, 515/20-540 LP, and 585/65-640 LP) were used. Confocal z-stacks of 10 μm thickness (z-plane distance 1 μm) large-scale images of complete hemispheres were acquired with a 10 × objective. From each animal two slides of a total hemisphere were assessed. Data were acquired and analyzed by investigators blinded to treatment.

For analysis of triple-positive cells (Olig2+/APC-CC1+/DAPI+) nine regions of interest (ROIs) were selected: three specific ROIs in the white matter, three in the cortex and three in the thalamus (each 500 × 500 μm). The 3D-images were converted to maximal intensity projections and converted to Tiff-images followed by analysis with the cell counter plugin of ImageJ (National Institutes of Health, Java 1.8.0). Data are expressed as average positive cells per mm2 in the white matter, the cortex and the thalamus.

For analysis of MBP, the positively stained area was analyzed with the binary tool of the NIS AIR software using the NIS Elements AR software 4.0 (Nikon, Germany). Data are presented as percentage of MBP-positive area per hemisphere.



Behavioral Studies

From P22 on, animals were habituated to the blinded investigator and the inverse 12-h light-dark cycle. Behavioral testing was performed in adolescent animals from P35 to P49 and repeated in adult animals from P137 to P145 (32). Paradigms were chosen as they proved high reliability and validity in our recent studies (10, 25).

One day of open field was followed by 4 days of novel object recognition and further 4 days of Barnes maze test. The open field test (33) assesses anxiety-related behavior and spontaneous motor-activity. For this test, animals were placed into the center of an open field arena (50 × 50 × 40 cm for adolescent or 75 × 75 × 40 cm for adult animals) placed upon an infrared lightbox (emitted light 850 nm, TSE Systems, Bad Homburg, Germany). General motor activity (traveled distance and velocity) was assessed for 5 min. For the novel object recognition test, animals were placed into the center of a Y-maze (arm length: 60 cm; width: 26 cm; wall height: 56 cm) under red light. No external cues were visible from inside the maze. The first day, animals were habituated to the empty arena. On day two and three, they were familiarized with three identical objects (cones), placed at the end of the maze arms. On day four, a familiar object was replaced by a novel one (cylinder). The time spent with the familiar and novel object was recorded. Each session lasted 5 min while only the first 2 min were used for evaluation (34). Spatiotemporal memory was assessed by the Barnes maze (35) as described previously (10). Briefly, animals were placed into the center of the maze (1.22 m width, 0.8 m height, 20 holes at the border, TSE Systems) under red light followed by bright light to allow the animal to recognize extra-maze cues. Animals were expected to explore the maze and find the escape box within 120 s, where they were kept for 1 min. Animals who did not find the escape box were gently placed into it for 1 min. To avoid intra-maze cues due to odor the escape box was rotated clockwise for every other animal, with the same escape location for each animal as on the three training days. On the fourth day of the experiment, all holes were closed and the latency to find the trained escape box was measured (36). All mazes were cleaned with 70% ethanol between trials to eliminate possible odor cues of previous animals. Data were recorded using an automatic tracking system, Ethovision 14 (Noldus, Wageningen, Netherlands).



Diffusion Tensor Imaging

At the age of 5 months (P151), behavior tested animals were sacrificed and fixed brains were scanned with diffusion tensor imaging. Ex-vivo MRI experiments were performed on an actively shielded 9.4T/31cm magnet (Agilent) equipped with 12-cm gradient coils (400 mT/m, 120 μs) with a 2.5 cm diameter birdcage coil. Diffusion weighted images were acquired using a spin-echo sequence with the following parameters: FOV = 23 × 18 mm2, matrix size = 128 × 92, 15 slices of 0.6 mm thickness in the axial plane, 3 averages with TE/TR = 45/2000 ms. A total of 36 diffusion weighted images were acquired, 15 of them as b0 reference images. The remaining 21 directions were uniformly distributed and non-collinear with a b-value = 1,750 s/mm2. The diffusion tensor (DT) was computed using DTI-TK (37). The regions of interest (ROI) were manually delineated DTI derived color maps.

ROIs were selected in two different structures of the brain [corpus callosum (CC) and external capsule (EC)] in six different image-planes of the brain from the genu to the splenium of the corpus callosum.



Statistical Analysis

Statistical analysis was performed with Prism 6 (GraphPad Software, San Diego, CA, USA). Graphical data are presented as median values with boxplots including the 25% and the 75% percentile. Differences between groups were determined by one-way analysis of variance (one-way ANOVA) followed by Bonferroni post hoc test for multiple comparison. For DTI results, non-parametric Mann–Whitney U-test were used. p ≤ 0.05 were considered as statistically significant.




RESULTS


A Repetitive Application of Epo Ameliorates Subacute Hyperoxia-Induced Hypomyelination

MRI studies revealed white matter changes in preterm born infants later in life (4). From our previous experimental studies we know that hyperoxia is one factor causing hypomyelination in the developing brain (8–10, 25). Recently we have shown that a single Epo dose of 20,000 IU/kg body weight led to an improved oligodendrocyte survival acutely after hyperoxia but failed to prevent hypomyelination. According to the clinical setting (23, 24), where repetitive application regimens are common, we adopted our rat model of hyperoxia-induced brain injury and applied 4 × 5,000 IU/kg body weight from P3 to P6. The first dose was administered at the onset of hyperoxia (80% oxygen, 48 h). To analyse the influence of repetitive Epo applications on the developing white matter at P11, we performed immunohistochemical staining for MBP (Figure 1A), APC-CC1, a marker for mature oligodendrocytes, and the pan oligodendrocyte marker Olig2. We found a significant decrease in MBP-expression after hyperoxia, which was attenuated following repetitive Epo treatment (Figure 1B). Analysis of Olig2 and APC-CC1 showed no difference between the 4 study groups (Figure 2). These findings were confirmed by protein analysis via Western blot: While hyperoxia led to a significant decrease of MBP-expression, repetitive Epo-applications reversed this effect in the hyperoxia group (HO + Epo) (Figure 1C). No differences were observed for oligodendrocyte-associated markers Olig2 and CNPase (Figures 1D,E).


[image: Figure 1]
FIGURE 1. A repetitive application of Erythropoietin (Epo) ameliorates hyperoxia-mediated hypomyelination. Animals were exposed to either normoxia (NO, 21% oxygen) or hyperoxia (HO, 80% oxygen for 48 h from P3 to P5) and were either treated with Epo (4 × 5000 IU/kg body weight per day from P3 to P6) or with an equal amount of normal saline. Analysis of myelination and oligodendrocyte-associated proteins were assessed at P11. (A) Representative immunhistochemical images of MBP (green) in coronal brain sections (−3.72 ± 0.7 mm from bregma) on P11. Scale bar = 100 μm (B) Analysis of MBP-immunohistochemistry. Data are presented as percentage of MBP-positive area per hemisphere. n = 10–11 (C) Western blot analysis of MBP-, (D) CNPase- and (E) Olig2-expression in protein lysates of brain hemispheres (excluding cerebellum). *p < 0.05, **p < 0.01, n = 11–12 rats/group.



[image: Figure 2]
FIGURE 2. Mature oligodendrocytes were not modulated by hyperoxia and Epo-treatment. The amount of mature oligodendrocytes was analysed via immunohistochemistry for Olig2 and APC-CC1. Triple-positive cells (Olig2+/APC-CC1+/DAPI+) were determined in brain sections from 11-day old rats after exposure to either normoxia [21% oxygen (NO)] or hyperoxia [48 h 80% oxygen (HO)] from P3-P5. Rats were either treated with Epo (4 × 5000 IU/kg body weight per day from P3 to P6) or with an equal amount of normal saline. The average amount of triple-positive cells in (A) the cortex, (B) the thalamus, and (C) the white matter are expressed as cells per mm2. n = 10–11 rats/group.




Epo-Treatment Attenuates Neonatal Hyperoxia-Induced Cognitive Deficits in Adolescent and Adult Rats Without Obvious Long-Term Microstructural Alterations in the White Matter

We showed that repetitive Epo-applications of 4 × 5000 IU/kg body weight in neonatal rats (P3–P6) led to a significant improvement of hyperoxia-induced hypomyelination. To evaluate whether improved myelination on P11 was associated with improved long-term motor-cognitive function we performed a battery of motor-cognitive behavior tests. Anxiety-related behavior and general motor activity were analyzed in the open field test and cognitive function was assessed in the novel object recognition and the Barnes maze test. Figure 3A shows the results of the open field test with the parameters “traveled distance” and “velocity” as indicators of anxiety-related behavior and general motor-activity in adolescent and adult rats. No significant differences were found between study groups. The novel object recognition test is based on the observation, that rats show a preference to novel objects (34). As depicted in Figure 3B, adolescent control animals (NO and NO + Epo) spent significantly more time with the novel object, whereas animals in the hyperoxia group (HO) did not show a clear preference to any object. However, upon Epo-treatment we detected normalized preference for the new, unfamiliar object in adolescent rats. Adult rats exposed to hyperoxia (HO) spent significantly less time with the novel object than the control group (NO and NO + Epo) and the Epo-treated hyperoxic group (HO + Epo). In the Barnes maze, adolescent and adult animals exposed to hyperoxia needed significantly more time to find the trained escape box, while Epo-treatment significantly improved latency to find the box (Figure 3C).


[image: Figure 3]
FIGURE 3. Repetitive Epo treatment improved cognitive function in adolescent and adult rats after neonatal hyperoxia-induced brain-injury. Animals were exposed to either normoxia (NO, 21% oxygen) or hyperoxia (HO, 80% oxygen for 48 h from P3 to P5) and were either treated with Epo (4 × 5000 IU/kg body weight per day from P3 to P6) or with an equal amount of normal saline. Neurodevelopmental outcome was assessed at the age of 2 months (adolescent) and 4 months (adult) (A) General motor activity and anxiety-related behavior was tested in the open field, where animals were placed in the maze for 5 min. Movement was assessed by automated video tracking. Motor activity is expressed by the mean velocity and the total distance of the animals. (B) Cognitive function was analyzed in the novel object recognition task presented as the exploration time (s) at the novel object (N) vs. familiar objects (F). (C) Memory function was determined in the Barnes maze test expressed as the latency to find the trained escape hole after a 3-day training period. *p < 0.05, **p < 0.01, and ***p < 0.001, n = 10-12 rats/group.


To investigate whether improved cognitive outcome might be associated with microstructural alterations of the white matter, post-mortem diffusion tensor imaging was performed in brains of animals that underwent behavioral testing. Analyzing the corpus callosum (CC), we found decreased mean diffusivity (MD) and radial diffusivity (RD, DD⊥) in the hyperoxic Epo-treated group (HO + Epo) as well as decreased axial diffusivity (AD, D//) in the normoxic Epo-treated group (NO + Epo) compared to controls (NO). Nevertheless, no significant differences for fractional anisotropy (FA) as a marker for white matter integrity (38) were found between study groups. Likewise, no differences for MD, AD, RD, or FA were detected in the external capsule (Figure 4).


[image: Figure 4]
FIGURE 4. Long-term microstructural development after neonatal hyperoxia-induced brain-injury. Diffusion tensor imaging (DTI) was performed in 5 months old rats, which were exposed to behavior tests at the age of 2 and 4 months. From P3 to P5, rats were either exposed to normoxia [21% oxygen (NO)] or hyperoxia (80% oxygen (HO)] and treated with Epo (4 × 5000 IU/kg body weight per day from P3 to P6) or with an equal amount of normal saline. (A) For each treatment group, representative maps for axial diffusivity (AD, D//), radial diffusivity (RD, D⊥), mean diffusivity (MD), fractional anisotropy (FA) and direction encoded colour maps (DEC) derived from DTI are shown. Diffusivity values for MD, AD (D//), RD (D⊥) and FA are displayed for (B) corpus callosum, and (C) external capsule. *p < 0.05, **p < 0.01, n = 8 rats/group.





DISCUSSION

The present study investigated the effect of a repetitive Epo dosage regimen on myelination and neurocognitive outcome in a rodent model of hyperoxia-induced brain-injury. With the first application given at the onset of hyperoxia (oxygen 80%, 48 h), a repetitive Epo-treatment with 5,000 IU/kg body weight per day (P3 to P6) improved hyperoxia-induced hypomyelination at term-equivalent age (P11) and long-term neurocognitive outcome in adolescent and adult rats.

The positive effects of Epo on neurocognitive outcome and white matter development have already been described in other models of perinatal brain injury such as hypoxia-ischemia (17, 28, 39, 40). In the preterm model of hyperoxia-induced brain injury, we recently showed that a single Epo application of 20,000 IU/kg bodyweight at the onset of hyperoxia improved neurocognitive outcome in adolescent and adult rats. Nevertheless, in this previous study Epo did not modulate hyperoxia-induced hypomyelination or long-term white matter integrity (25). In the present study, a repetitive Epo application not only improved neurocognitive outcome, but also increased myelination at P11. Clinical studies in preterm infants also showed improved white matter integrity in MRI studies at term-equivalent age (21, 41). It has already been described that Epo promotes maturation and differentiation of oligodendrocytes (19, 29, 42). A direct interaction between oligodendrocytes and Epo may be possible, as oligodendrocytes of all maturation levels have been described to express Epo-receptors (43).

The different effects between a single and repetitive Epo application on myelination on P11 highlight the importance of dosing and timing of Epo-treatment, which varies both in experimental and clinical studies. In the present work, the dosage regimen of 4 × 5,000 IU/kg body weight was based on our previous studies, where the same total amount (20,000 IU/kg body weight) was administered as single bolus application (25, 27). Furthermore, a single dose of 5,000 IU/kg corresponds to a dose of 1,000 IU/kg body weight in preterm infants (44), which is in the range that is commonly used in clinical trials (500–3,000 IU/kg). Improved outcome observed in the present work are supported by a previous study in a model of hypoxic-ischemic brain injury demonstrating that a repetitive dose of 5,000 IU/kg body weight was superior to high-dose Epo treatment regimens in neonatal rats (45). In clinical studies, different treatment regimens have been used, which might explain inconsistent results with regard to Epo's neuroprotective effects in preterm infants. Compared to the placebo group, less moderate to severe disabilities were found by Song et al. in preterm infants <32 weeks of gestation, who received 500 IU/kg body weight at 72 h after birth followed by daily injections for 2 weeks (46). Another important randomized control trial studied the effect of 3 × 3,000 IU/kg Epo, administered within 3 h after birth, at 12 to 18 h and at 36 to 42 h after birth in preterm infants between 26+0 and 31+6 weeks of gestation. Despite promising findings on MRI at term-equivalent age (reduced risk of brain injury and increased structural brain connectivity) in a sub-cohort of this study (21, 47), the Swiss Epo Neuroprotection Trial did not find improved outcome at the age of 2 and 5 years (23, 48). Both studies were part of a recent meta-analysis of four randomized, controlled trials with 1,133 very preterm infants revealing a decreased risk of Mental Developmental Index <70 at the age 18 to 24 months (49). A combined regimen of high dose (6 × 1,000 IU/kg every 48 h) and a chronic application (400 IU/kg until 32 completed weeks of gestation) was used by Juul et al. in a large randomized placebo-controlled trial including only extremely preterm infants (<28 weeks of gestation). Neurodevelopment assessed at the age of 2 years revealed no beneficial effects of Epo treatment (24). However, further follow up at school age and beyond is necessary, to finally evaluate the role of Epo as neuroprotective agent. Neurodevelopmental testing with the Bayley Scales of Infant Development at this early age can predict motor outcome, however it is poorly predictive of later neurocognitive outcome (50). This is in line with the retrospective study by Neubauer et al. indicating improved neurodevelopmental outcome in extremely low birth infants at school age (20). Our pre-clinical results confirm these long-term effects with improved cognitive outcome even at adulthood. Taking these concerns into account, the Swiss study group has already planned a prospective follow-up study aiming to test executive function in their cohort at the age of 7–12 (48, 51). In addition to dosage, timing of Epo applications might be a further explanation for inconsistent study results. This seems to be supported by our findings demonstrating improved myelination at term-equivalent age after repetitive treatment but not after a single bolus administration of the same cumulative dose (25). However, it needs to be considered that compared to our previous study, we also changed the timing of hyperoxia with an earlier onset at P3. We intended to adopt our model to the group of extremely preterm infants (<28 weeks of gestation), as they are most vulnerable to white matter injury. In rats, this period is around P3 and characterized by the abundance of oligodendrocyte progenitors. Around P6 immature oligodendrocytes, which are less vulnerable, are predominant (52). These differences in maturation possibly explain the different effect on myelination between this study and our previous work (25).

Several studies have described that hyperoxia induces acute cell death with a reduction of immature and mature oligodendrocytes in the developing brain (7, 9, 53). Nevertheless, this reduction–as well as the reduction of MBP–is likely to be transient. In mice exposed to 48 h hyperoxia (80% oxygen) from P6 to P8, Schmitz et al. have described recovery of total and mature oligodendrocyte populations 4 days after insult while MBP-values were still reduced (54). This might explain our findings with reduced MBP-values on P11, which were not accompanied by a decreased number of mature oligodendrocytes and associated proteins. Neonatal hyperoxia induces long-term microstructural alterations of the white matter as previously shown in pre-clinical DTI studies. These studies revealed a reduced fractional anisotropy in different white matter structures (e.g., corpus callosum, external capsule) indicating disturbed white matter integrity (9, 25, 54). Interestingly, we could not replicate these findings in the present study even though animals exposed to neonatal hyperoxia showed long-term impaired cognitive function. The fact that the animals in this study were older (P151) compared to previous studies might have contributed to these results. Nevertheless, normal white matter integrity on DTI does not exclude abnormalities on the cellular level. Ultrastructural changes assessed via electron microscopy including disturbed long-term axon-oligodendrocyte integrity after neonatal hyperoxia-induced brain injury have been described (55, 56).

Limitations of our study include that we did not investigate long-term abnormalities of the white matter beyond the microstructural level. Future studies should more specifically analyse alterations at the cellular level. Though we detected changes regarding cellular degeneration and survival factors in previous studies (16, 25–27, 57), detailed molecular analyses should be addressed to better understand the mechanisms underlying the neuroprotective effect of Epo in this experimental setting. Furthermore, due to study design no detailed immunohistochemical analysis of oligodendrocyte degeneration or different oligodendrocyte populations was performed immediately after hyperoxia. Thus, we can only speculate that our findings (similar numbers of mature oligodendrocytes in both control and hyperoxia group) are the result of recovery processes (54). Recovery processes might also explain our DTI results as studies investigating earlier time points found an altered microstructure (9, 10, 25). Although in this study we focused on long-term outcome, serial MRI studies could provide this information in subsequent studies. A further limitation is that we only investigated cerebral structures, despite evidence from animal studies that hyperoxia has detrimental effects on the developing cerebellum (58, 59). As impaired neurocognitive outcome of preterm infants is associated with cerebellar injury (60), the effects of Epo on the cerebellum need to be elucidated in the future.

Nevertheless, the findings of this study are of importance, given that the exposure of extremely preterm infants to hyperoxia is almost unavoidable during their treatment in the neonatal intensive care unit. Hyperoxia increases their risk of long-term neurodevelopmental impairment in later life. Thus, understanding of the pathophysiology of hyperoxia-induced brain injury is required as well as the investigation of potential preventive or treatment options such as Epo. Despite disappointing results in first clinical trials (23, 24) our results underline the importance of long-term follow-up studies for neurocognitive outcome in these cohorts.

To conclude, the objective of this study was to investigate the effect of repetitive Epo treatment on cerebral white matter and motor-cognitive outcome in a rodent model of hyperoxia-induced brain injury. We found that a dosage regimen close to clinical application improved myelination and long-term neurocognitive outcome. Despite inconsistent results from recent clinical studies, Epo remains a promising neuroprotective agent in the prevention and therapy of preterm brain injury. The results of the long-term follow-up of recent clinical trials have to be awaited.
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Placental pathology as a predisposing factor to intraventricular hemorrhage remains a matter of debate, and its contribution to cerebellar hemorrhage development is still largely unexplored. Our study aimed to assess placental and perinatal risk factors for intraventricular and cerebellar hemorrhages in preterm infants. This retrospective cohort study included very low-birth weight infants born at the Gaslini Children's Hospital between January 2012 and October 2016 who underwent brain magnetic resonance with susceptibility-weighted imaging at term-equivalent age and whose placenta was analyzed according to the Amsterdam Placental Workshop Group Consensus Statement. Of the 286 neonates included, 68 (23.8%) had intraventricular hemorrhage (all grades) and 48 (16.8%) had a cerebellar hemorrhage (all grades). After correction for gestational age, chorioamnionitis involving the maternal side of the placenta was found to be an independent risk factor for developing intraventricular hemorrhage, whereas there was no association between maternal and fetal inflammatory response and cerebellar hemorrhage. Among perinatal factors, we found that intraventricular hemorrhage was significantly associated with cerebellar hemorrhage (odds ratio [OR], 8.14), mechanical ventilation within the first 72 h (OR, 2.67), and patent ductus arteriosus requiring treatment (OR, 2.6), whereas cesarean section emerged as a protective factor (OR, 0.26). Inotropic support within 72 h after birth (OR, 5.24) and intraventricular hemorrhage (OR, 6.38) were independent risk factors for cerebellar hemorrhage, whereas higher gestational age was a protective factor (OR, 0.76). Assessing placental pathology may help in understanding mechanisms leading to intraventricular hemorrhage, although its possible role in predicting cerebellar bleeding needs further evaluation.

Keywords: placenta, intraventricular hemorrhage, cerebellar hemorrhage, preterm infant, chorioamnionitis, maternal malperfusion, magnetic resonance imaging


INTRODUCTION

Despite significant improvements in the perinatal care of preterm infants, intraventricular hemorrhage (GMH-IVH), and cerebellar hemorrhage (CBH) still represent the most frequent lesions occurring during the very first few days of life (1–3). Besides ultrasonography, the implementation of magnetic resonance imaging (MRI) with susceptibility-weighted image (SWI) sequences as a diagnostic tool for preterm brain lesions has improved the accuracy in detecting minor forms of both supratentorial and infratentorial hemorrhages (4–7).

Both GMH-IVH and CBH have a multifactorial etiology (8–10), in which gestational age and perinatal factors seem to play a major role, although they have never been considered together in relation to placental risk factors. In the last decades, several studies have explored the contribution of the prenatal environment to the development of preterm brain lesions (11). In particular, the role of placental pathology in prematurity-related complications has been widely investigated but is still a matter of debate (12, 13). The heterogeneous results in different studies could be explained by the multiplicity of both placental lesion definition and classification.

In addition, whereas the majority of research has focused on GMH-IVH, to date, the contribution of placental pathology to CBH development is still largely unexplored. The aim of our study was to evaluate the role of placental histopathological features in the risk of developing GMH-IVH and CBH, which was diagnosed with brain MRIs performed at term-equivalent age (TEA) in a consecutive cohort of very low-birth weight (VLBW) infants. We hypothesized that the use of both a uniform and detailed placental histopathology classification and the use of brain MRI with SWI sequences to detect even minor forms of brain hemorrhage might better clarify the contribution of placental pathology for the development of both GMH-IVH and CBH in VLBW infants.



MATERIALS AND METHODS

The study was a retrospective analysis of a prospectively collected cohort of all preterm infants born with a birth weight of <1,500 g at Gaslini Children's Hospital (Genoa, Italy) between January 2012 and October 2016. Neonates were included if they underwent a brain MRI at TEA and had a placental pathology performed at birth. We excluded neonates with genetic syndromes, congenital malformations, and brain malformations. For GMH-IVH risk factor analysis, the case group included infants with MRI showing any grade of GMH-IVH, and for CBH risk factor analysis, the case group included infants with punctate (≤4 mm), limited (>4 mm but less than one-third of the cerebellar hemisphere), and massive (more than one-third of the cerebellar hemisphere) hemorrhage.


Clinical Data Collection

Demographic and perinatal clinical data, including known risk factors for prematurity-related brain lesions, were collected by chart review. Prenatal variables included preeclampsia, number of fetuses, twin-to-twin transfusion, intrauterine growth restriction, antenatal steroids (two doses), gestational diabetes, and type of delivery (vaginal delivery or elective/emergent cesarean section). Neonatal variables included gestational age, gender, birth weight, 1′ and 5′ Apgar scores, surfactant administration, neonatal sepsis (early and late onset), necrotizing enterocolitis, and patent ductus arteriosus (PDA) requiring surgical or at least pharmacological treatment. Intubation, mechanical ventilation, pneumothorax, and inotropic treatments were recorded if they occurred within the first 72 h of life.



Brain MRI

Brain MRI scans were obtained at TEA (between 39 and 41 weeks of corrected gestational age) according to our internal VLBW follow-up protocol. Scans were performed on a 1.5-Tesla system (Intera Achieva; Philips, Best, The Netherlands) using a pediatric dedicated head/spine coil. The exam was performed during natural sleep using the “feed and wrap” technique, whereas oral midazolam (0.1 mcg/kg) was used for mild sedation to prevent head motion in selected cases, according to the infant's state of arousal and image quality after the first sequence. Hearing protection was provided for all patients. Heart rate and oxygen saturation were monitored by pulse oximetry throughout the examination. MRI scans of the brain included 3-mm-thick axial T2- and T1-weighted images, 3-mm-thick coronal T2-weighted images, 3-mm-thick sagittal T1-weighted images, axial diffusion-weighted images (b value: 1,000 s/mm2), and axial SWIs. Informed consent that included statements about the significance and limitations of MRI at TEA was obtained in all cases.

In order to assess the presence of GMH-IVH and CBH, all images were reviewed by three neuroradiologists experienced in neonatal neuroimaging (DT, GM, and MS), who were unaware of perinatal history and placental pathology. Foci of signal loss on SWI alongside lateral ventricle walls or in the caudothalamic notch, without continuity suggestive of veins, were interpreted as intraventricular or subependymal hemosiderin depositions, consistent with previous GMH-IVH. Foci of signal loss on SWI within the cerebellum, without continuity suggestive of veins, were interpreted as hemosiderin depositions, consistent with previous CBH. Similar SWI findings within the fourth ventricle, potentially consistent with intraventricular blood of supratentorial origin, were not interpreted as CBH.



Placental Pathology

Macroscopic examination results of each placenta were collected from the electronic database of our pathology department, and data about the presence of twin monochorionic placenta, velamentous placental cord insertion, and retroplacental hematoma were obtained from placental examination reports. Three experienced placental pathologists (EF, FB, and MB) reviewed placental sections for the microscopic analysis. The following formalin-fixed sections of placental parenchyma, of 3–5 μm thickness and stained with hematoxylin and eosin, were analyzed for every patient: two or more sections of extraplacental membrane roll, three cross sections of the umbilical cord, and 12 full-thickness sections of villous tissue, including one adjacent to the umbilical cord insertion site.

Maternal and fetal stromal–vascular lesions were classified according to the Amsterdam Placental Workshop Group Consensus Statement (14), and the degree of maternal and fetal inflammatory response in ascending intrauterine infection was scored according to Redline et al. (15) and confirmed by the Amsterdam Placental Workshop Group Consensus Statement (14). Maternal inflammatory responses were classified as stage 1 (acute subchorionitis: patchy diffuse accumulations of neutrophils in the subchorionic plate and/or membranous chorionic trophoblast layer), stage 2 (acute chorioamnionitis: more than a few scattered neutrophils in the chorionic plate or membranous chorionic connective tissue and/or the amnion), or stage 3 (necrotizing chorioamnionitis: degenerating neutrophils, thickened eosinophilic amniotic basement membrane, and at least focal amnionic epithelial degeneration). Fetal inflammatory responses were classified as stage 1 (chorionic vasculitis/umbilical phlebitis: neutrophils in the wall of any chorionic plate vessel or the umbilical vein), stage 2 (umbilical vasculitis: neutrophils in one or both umbilical arteries and vein), or stage 3 (necrotizing funisitis or concentric umbilical perivasculitis: neutrophils, cellular debris, eosinophilic precipitate, and/or mineralization arranged in a concentric band, ring, or halo around one or more umbilical vessels) (Figure 1). Grade/intensity for both maternal and fetal inflammatory response was not included in the analysis.


[image: Figure 1]
FIGURE 1. Placental sections showing the three stages of maternal and fetal inflammatory response. (A) Maternal inflammatory response—stage 1. (B) Maternal inflammatory response—stage 2. (C) Maternal inflammatory response—stage 3. (D) Fetal inflammatory response—stage 1. (E) Fetal inflammatory response—stage 2. (F) Fetal inflammatory response—stage 3.


Maternal vascular malperfusion was defined by the presence of the following microscopic features: accelerated villous maturation, distal villous hypoplasia, villous infarction, and decidual arteriopathy. Fetal vascular malperfusion was reported in cases of thrombosis, segmental avascular villi, intramural fibrin deposition, and villous stromal–vascular karyorrhexis. The presence of villitis of unknown etiology (multiple foci on more than one section, at least one of which showing inflammation affecting more than 10 contiguous villi) and delayed villous maturation (monotonous villous population with reduced numbers of vasculosyncytial membranes) were recorded.




STATISTICAL ANALYSIS

Descriptive statistics were generated for the whole cohort, and data were expressed as mean and standard deviation for continuous variables. Median value and range were calculated and reported, as were absolute or relative frequencies for categorical variables. Demographic and clinical characteristics were compared using the χ2 or Fisher's exact test and the Student t-test for categorical and continuous variables, respectively. Univariate analysis was carried out to determine which demographic, perinatal, and placental characteristics were significantly more frequent among the patients with a specific lesion (GMH-IVH or CBH). Logistic regression analyses were used for each variable, and the results were reported as odds ratio (OR) with their 95% confidence intervals (CIs). The absence of exposure to the factor or the variable that was less likely to be associated with the risk of the lesion was used as the reference for each analysis. Multivariate analysis was then performed, and only variables that proved to be statistically or borderline significant in univariate analysis (P < 0.08) were included in the model. The model showing the best fit was based on backward stepwise selection procedures, and each variable was removed if it did not contribute significantly. In the final model, a P < 0.05 was considered statistically significant, and all P-values were based on two-tailed tests. Statistical analysis was performed using Statistical Package for the Social Sciences (SPSS) for Windows (SPSS Inc, Chicago, IL).



RESULTS

A total of 348 VLBW infants were identified across the study period. Of these, 26 (7.5%) patients died before reaching the TEA and one (0.3%) patient was excluded from the study because of the absence of brain MRI. Pathological examination of the placenta was not performed in 35 (10%) cases. The remaining 286 (82.2%) subjects were included in the study. Of the 286 patients in the final study population, 135 were male (47.2%). Mean gestational age was 28.2 weeks (standard deviation, SD ± 2.2 weeks), and mean birth weight was 1,040 g (SD ± 264 g). Median 1′ and 5′ Apgar scores were 6 (range, 0–9) and 8 (range, 0–10). GMH-IVH of any grade was detected in 68 patients (23.8%), whereas CHB was identified in 48 patients (16.8%). Of note, 50/68 infants (73.5%) with MRI-diagnosed GMH-IVH had already been diagnosed with cranial ultrasound, and the majority of them (47/50, 94%) received the diagnosis within the first 72 h of life. In addition, in the group of patients excluded because of the absence of placental examination, we found no significant difference in the incidence of GMH-IVH (10/35, 28.6%) nor CBH (4/35, 11.4%) compared to the study population (p = 0.677 and 0.626, respectively).


Risk Factors for GMH-IVH

Demographic and perinatal clinical data are shown in Table 1. Mean gestational age (27 ± 2.2 vs. 28.6 ± 2.1 weeks; P = 0.001) and birth weight (908 ± 250 vs. 1,080 ± 255 g; P = 0.001) were significantly lower in patients who developed GMH-IVH. In the univariate analysis, infants with GMH-IVH were less likely to be exposed to preeclampsia and delivered by cesarean section (P = 0.04 and P ≤ 0.0001, respectively). Infants with GMH-IVH had a significantly higher frequency of 5′ Apgar score lower than five, intubation, mechanical ventilation, and inotropic support within the first 72 h, surfactant, late-onset sepsis, and medically and surgically treated PDA (Table 1). In addition, the contemporary presence of CBH was significantly more frequent in this population (P = 0.0001).


Table 1. Demographic information, clinical characteristics, and placental findings of neonates with and without intraventricular hemorrhage (GMH-IVH).
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Placental findings of the two populations are shown in Table 1. Across the spectrum of histological chorioamnionitis, in the univariate analysis, severe maternal inflammatory response (stage 3) and fetal inflammatory response (stage 2) were associated with GMH-IVH (P = 0.007 and P = 0.04, respectively). Conversely, maternal vascular malperfusion was more frequent in infants without this lesion (P = 0.05).

As shown in Table 2, risk factors for GMH-IVH identified by multivariate analysis adjusted for gestational age were the presence of CBH (OR, 8.14; 95% CI, 3.63–18.24), mechanical ventilation within the first 72 h (OR, 2.67; 95% CI, 1.23–5.79), and pharmacologically treated PDA (OR, 2.6; 95% CI, 1.16–5.83). In our cohort, both mild (stage 1) and severe (stage 3) maternal inflammatory responses were found to be an independent risk factor for developing GMH-IVH (OR, 2.92; 95% CI, 1.04–8.19 and OR, 4; 95% CI, 1.24–12.9, respectively). Cesarean section was a protective factor (OR, 0.26; 95% CI, 0.11–0.58).


Table 2. Logistic regression analysis of potential risk factors for intraventricular hemorrhage (GMH-IVH).
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Risk Factors for Cerebellar Hemorrhage

Mean gestational age (26.6 ± 2 vs. 28.6 ± 2.1 weeks) and birth weight (904 ± 254 vs. 1,067 ± 258 g) were significantly lower in neonates with CBH (P = 0.0001). By univariate analysis, intubation, mechanical ventilation, surfactant, hemodynamically significant PDA, inotropic support, late-onset sepsis, and GMH-IVH were significantly more frequent (Table 3). Among placental factors, neither maternal or fetal vascular malperfusion nor histologic chorioamnionitis (both maternal and fetal sides) was associated with this lesion in our cohort. In the multivariate analysis (Table 4), lower gestational age, inotropic support within 72 h after birth (OR, 5.24; 95% CI, 1.88–14.6), and the contemporary presence of GMH-IVH (OR, 6.38; 95% CI, 3.02–13.5) emerged as independent risk factors for CBH.


Table 3. Demographic information, clinical characteristics, and placental findings of neonates with and without cerebellar hemorrhage (CBH).
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Table 4. Logistic regression analysis of potential risk factors for cerebellar hemorrhage (CBH) in our cohort.
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DISCUSSION

Over the last decades, advances in perinatal care have contributed to a consistent reduction in severe forms of prematurity-related brain injuries such as periventricular leukomalacia (16). Nevertheless, the same efforts have not been as effective in reducing the incidence of GMH-IVH, which remains a common brain lesion in preterm infants, affecting about one-third of neonates of <32 weeks' gestation (17, 18). Extremely preterm infants are also prone to CBH, and after implementation of MRI for studying neonatal brain, the reported prevalence of CBH in low-birth weight infants went from 2% to a maximum of nearly 20% (6, 19, 20). Both lesions have a significant negative impact on neurodevelopmental outcome in preterm infants (21), although the diagnosis of minor forms of hemorrhage is often challenging with ultrasound and conventional MRI (4, 22) and how these lesions affect neurodevelopment is still a matter of debate (23, 24).

The multifactorial etiology and the relatively small development time frame of GMH-IVH and CBH make their prevention extremely challenging (25). For this reason, many efforts have been made to deeply understand their etiopathology as well as their associated risk factors. A complex interaction between environmental and genetic factors contributes to intraventricular hemorrhage in preterm infants (26). The role of genetic factors has recently gained interest, although the association with the development of GMH-IVH still remains unclear (27). Studies investigating the role of thrombophilic disorders increasing the risk of developing GMH-IVH are consistent with the phenomenon of thrombosis in germinal matrix vessels as a “primum movens” (10, 28–31), although conflicting results have been also published (32). At the same time, many studies found an increased risk of GMH-IVH in neonates with gene polymorphisms of pro-inflammatory cytokines, including IL-1β, IL-6, and TNF-α and of genes associated with the regulation of systemic blood pressure and cerebral blood flow, such as endothelial nitric oxide synthase (33) and type IV collagen genes (34).

Gestational age and birth weight play a major role in the development of GMH-IVH and CBH, and the lower the weight and gestational age, the higher their incidence (19, 35). Our study showed a strong relationship between low gestational age at birth and CBH, in which the risk of this lesion was reduced at higher gestational ages.

The fetal environment is likely to influence the development of GMH-IVH and CBH because of the precocity of their occurrence. As placental macroscopic and histologic features reflect the quality of intrauterine life, several studies have focused on placental pathology in order to assess whether an association exists between placental lesions and the risk of developing neonatal brain injuries (12). Intrauterine inflammation/infection (chorioamnionitis) is among the most studied placental lesions associated with preterm birth and potentially with preterm-related complications (36).

The relationship between chorioamnionitis and the development of GMH-IVH is still a matter of debate. A study in 2012 failed to find any association (37), whereas the meta-analysis of Villamor-Martinez et al. (13) showed that both clinical and histological chorioamnionitis constitute an independent risk factor for GMH-IVH. In 2018, Granger et al. demonstrated the same association, although after adjustment for perinatal variables, this association disappeared (38). In the same year, a multicenter study on 350 preterm infants found no association between histological chorioamnionitis and GMH-IVH diagnosed with early postnatal brain MRI (39). Heterogeneous methodology of the studies, different criteria for chorioamnionitis and brain damage diagnosis and staging, and continuous improvement in the clinical care of preterm infants (e.g., the introduction of antenatal steroid prophylaxis) could be possible explanations for this discrepancy (40).

We observed that both mild and severe (stages 1 and 3) histopathologic chorioamnionitis involving the maternal side of the placenta were independent risk factors for the development of GMH-IVH. We observed that both stage 1 and stage 3 histopathologic chorioamnionitis were independent risk factors for the development of GMH-IVH, while stage 2 chorioamnionitis did not show any significant association with GMH-IVH in our cohort.

Besides, fetal inflammatory response, characterized by chorionic vasculitis and different stages of funisitis, was significantly more frequent in the GMH-IVH group only in moderate forms (stage 2 fetal inflammatory response), but this association disappeared in the multivariate analysis. The causal relationship between chorioamnionitis and GMH-IVH is still unclear (41, 42), although plausible mechanisms include the direct effect of pro-inflammatory cytokines on the brain (43, 44), the increased permeability of the brain–blood barrier (45), and the augmented cerebral oxygen consumption associated with antenatal infection/inflammation (46–48).

In our study, the maternal component of intrauterine infection seemed to play a major role in enhancing the risk of GMH-IVH regardless of the presence of fetal inflammatory response. Our finding is consistent with the meta-analysis of Villamor Martinez et al., who evaluated the effect of funisitis on the development of intraventricular hemorrhage. In an analysis of 13 studies regarding infants with histological chorioamnionitis with or without funisitis, the authors did not find a significant difference in GMH-IVH risk between these two groups (13).

Maternal vascular malperfusion is a common placental finding in preterm birth (49) and may be associated with preeclampsia, stillbirth, intrauterine growth retardation, systemic lupus erythematosus, and antiphospholipid antibody syndrome (50). The placenta of nearly half of the VLBW infants in our cohort showed signs of maternal vascular malperfusion. In the univariate analysis, infants with GMH-IVH were less likely to present with this placental feature, but after correction for gestational age, this association disappeared.

In our cohort, histopathologic lesions of the placenta were not associated with a higher risk of CBH. The lack of association between cerebellar insult and chorioamnionitis is consistent with a recent meta-analysis, which included five studies in which clinically diagnosed chorioamnionitis was evaluated as a possible risk factor for CBH (51).

Although predisposition to GMH-IVH and CBH may potentially follow common perinatal patterns, it is possible that a different vascular anatomy may partly modify the factors, making these two brain regions predisposed to hemorrhage. Although subependymal vein anatomy may facilitate venous congestion leading to GMH-IVH (52), cerebellar vascular anatomy has not been investigated in detail as a potential factor contributing to CBH. In addition, human cerebellar development extends from the early first trimester to final circuit maturity, which is achieved by the end of the second postnatal year (53). The protracted nature of human cerebellar development renders this organ particularly vulnerable to developmental injury after birth, in which postnatal preterm-related complications may heavily impact its occurrence (4, 54), while antenatal placental disturbances may not significantly predispose infants to this lesion.

Among perinatal and postnatal risk factors, we found that cesarean section exerts a protective role on the development of both GMH-IVH and CBH compared to vaginal delivery. The same conclusion regarding GMH-IVH has emerged from two recent studies, in which elective cesarean section was found to reduce the rates of GMH-IVH in large cohorts of preterm infants born before 32 weeks' gestation (11, 55). At the same time, emergent cesarean section seems to increase the risk of CBH (19, 56). Elective cesarean section improving preterm neonatal outcome may be explained by the advantages related to a planned preterm birth, including an increased chance to administer a complete corticosteroid and antibiotic prophylaxes before birth, more attentive monitoring of fetal conditions, and perhaps, a more efficient preparation of the neonatal resuscitation team (57, 58). Nevertheless, as we included both emergent and elective sections, we are not able to confirm these associations.

Both circulatory and respiratory complications soon after birth predispose infants to GMH-IVH. In very preterm infants, cardiopulmonary resuscitation (35, 59–62), an increased number of intubation attempts in the delivery room (63), and mechanical ventilation (11, 64) were found to be risk factors for severe GMH-IVH. In addition, several studies have reported that neonatal hypotension increases the risk of both GMH-IVH and CBH in extremely preterm infants in the 1st day of life (65–67), possibly because of the immature cerebral autoregulation that may affect the preterm brain (68). Our study confirmed that a difficult adaptation to extrauterine life, demonstrated by a 5′ Apgar score <5, the presence of hemodynamic instability caused by patency of ductus arteriosus, hypotension requiring inotropic support, and the need for surfactant administration, and intubation and mechanical ventilation in the 1st days of life are likely to predispose the infant to both GMH-IVH and CBH. As reported in previous studies on very preterm and extremely preterm infants (11, 69), postnatal sepsis predisposed infants to both GMH-IVH and CBH in our cohort, although its effect was mitigated when corrected for gestational age. In the multivariate analysis, pharmacologically treated PDA and mechanical ventilation within the first 72 h remained significant factors predisposing infants to GMH-IVH, whereas hypotension requiring inotropic support within the first 72 h of life was an independent risk factor for CBH.

Although predisposing factors for GMH-IVH and CBH appear to be slightly different between our cohort and previous studies (56), the chance to have both lesions is high (OR of having a GMH-IVH in presence of CBH was 6.38 in our population and OR of having a CBH in case of GMH-IVH was 8.14 in our population). We suggest that preterm infants at risk for one lesion should be monitored for both GMH-IVH and CBH; interestingly, cerebral and cerebellar anatomical origins of the bleeding share a similar function (3), germinal matrix for GMH-IVH, and external granular layer for CBH, areas where neurons are produced prior to take their final migratory destiny. Of note, the major part of neuronal migration has already taken place in the germinal matrix when GMH-IVH may occur, whereas the external granular layer remains active in healthy infants until a few months after birth (53, 70).

A strength of our study was the use of MRI with SWI sequences to detect even minor forms of hemorrhage that may escape detection not only by ultrasonography but also by conventional magnetic resonance studies (71). In addition, we considered both forms of hemorrhage, GMH-IVH and CBH. As there is an urgent need for standardizing placental findings, we reviewed placental sections of every neonate included according to the recent histologic classification of the Amsterdam Placental Workshop Group Consensus Statement (14), which provides a detailed and comprehensive description of macroscopic and microscopic placental lesions.

Limitations of our study were its retrospective nature and the exclusion of all the patients who died before undergoing brain MRI at TEA or without a placental histologic examination performed at birth. This may have excluded the most preterm and sick neonates in which high-grade GMH-IVH and CBH are common complications. Due to the retrospective nature of the study, we could not identify the reasons why the placental examination was not performed. However, the prevalence of both GMH-IVH and CBH in this subgroup of subjects excluded from the analysis was similar to the prevalence we found in the study population.

Our study stresses the importance of postnatal care in the early neonatal period in reducing the risk of GMH-IVH and CBH. In addition, our data confirm that the presence of intrauterine infection/inflammation may play a significant role in predisposing preterm infants to GMH-IVH and reinforce the importance of preventing prenatal infections. Furthermore, to our knowledge, this is the first study exploring the possible association between placental pathology and hemorrhages like GMH-IVH and CBH, diagnosed, and considered together with SWI sequences. Despite the intuitive role of prenatal influence in early neonatal lesions such as GMH-IVH and CBH, the multifactorial etiology of these lesions and the strong influence of early postnatal factors may modulate individual effects of the prenatal environment on the subsequent risk of GMH-IVH and CBH. We believe that the best way to discover more significant risk factors differentiating the origin of the two lesions should rely on prospective and multicenter studies comparing selected cases of GMH-IVH (in the absence of CBH) to the even fewer isolated CBH.
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Despite therapeutic hypothermia, survivors of neonatal encephalopathy have high rates of adverse outcome. Early surrogate outcome measures are needed to speed up the translation of neuroprotection trials. Thalamic lactate (Lac)/N-acetylaspartate (NAA) peak area ratio acquired with proton (1H) magnetic resonance spectroscopy (MRS) accurately predicts 2-year neurodevelopmental outcome. We assessed the relationship between MR biomarkers acquired at 24–48 h following injury with cell death and neuroinflammation in a piglet model following various neuroprotective interventions. Sixty-seven piglets with hypoxia–ischemia, hypoxia alone, or lipopolysaccharide (LPS) sensitization were included, and neuroprotective interventions were therapeutic hypothermia, melatonin, and magnesium. MRS and diffusion-weighted imaging (DWI) were acquired at 24 and 48 h. At 48 h, experiments were terminated, and immunohistochemistry was assessed. There was a correlation between Lac/NAA and overall cell death [terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)] [mean Lac/NAA basal ganglia and thalamus (BGT) voxel r = 0.722, white matter (WM) voxel r = 0.784, p < 0.01] and microglial activation [ionized calcium-binding adapter molecule 1 (Iba1)] (BGT r = −0.786, WM r = −0.632, p < 0.01). Correlation with marker of caspase-dependent apoptosis [cleaved caspase 3 (CC3)] was lower (BGT r = −0.636, WM r = −0.495, p < 0.01). Relation between DWI and TUNEL was less robust (mean diffusivity BGT r = −0.615, fractional anisotropy BGT r = 0.523). Overall, Lac/NAA correlated best with cell death and microglial activation. These data align with clinical studies demonstrating Lac/NAA superiority as an outcome predictor in neonatal encephalopathy (NE) and support its use in preclinical and clinical neuroprotection studies.

Keywords: neonatal encephalopathy, magnetic resonance spectroscopy, hypoxia–ischemia, piglet, therapeutic hypothermia, neuroprotection


INTRODUCTION

Neonatal encephalopathy (NE) secondary to intrapartum hypoxia–ischemia is a significant cause of brain injury in term infants affecting 2–3 per 1,000 live births in the UK (1). Therapeutic hypothermia (HT) has reduced mortality and disability in survivors of NE [relative risk (RR) 0.75, 95% CI 0.68–0.83, number needed to treat (NNT) = 7] (2). However, despite treatment, there remains a 24–30% mortality rate and 22–44% risk of moderate to severe disability at 18 months following moderate to severe NE (3, 4). NE has a complex and multifactorial etiology; however, over the last decade, preclinical (5) and clinical (6) studies suggest that coexisting infection and inflammation with hypoxia–ischemia (HI) exacerbate brain injury. A strong association exists between fetal infection/inflammation (e.g., chorioamnionitis, funisitis), perinatal brain damage, and neurodisability (7).

In single (8) and multicenter (9) studies of NE babies who have been cooled, the 1H magnetic resonance spectroscopy (MRS) thalamic lactate (Lac)/N-acetylaspartate (NAA) peak area ratio acquired within 15 days of birth accurately predicts neurodevelopmental outcomes. Refinements in the spectral fitting including threonine (Thr) and N-acetylaspartylglutamate (NAAG) in the fitting function can improve the analysis of the spectrum in the regions close to Lac and NAA, respectively, and better signal to noise at 3 Tesla (3T) have optimized the predictive accuracy of Lac/NAA (8). Using a threshold of 0.39, the sensitivity and specificity of BGT Lac/NAA for 2-year motor outcome was 100% and 97%, cognition 90% and 97% and language 81% and 97%, respectively (8). In the TOBY Xenon early-phase clinical neuroprotection trial, adverse outcomes were correctly identified in 95.65% of cases by basal ganglia and thalamus (BGT) Lac/NAA, whereas prediction of adverse outcome using fractional anisotropy (FA) was 78.79% (10). Using Lac/NAA peak area ratio as a qualified biomarker in the clinical context in a small proof-of-concept neuroprotection trial therefore avoids substantial financial and opportunity costs associated with large randomized controlled trials (RCTs).

Over the last two decades, we have used BGT and white matter (WM) Lac/NAA as one of our primary outcome markers in neuroprotection studies of adjunct therapies with HT in our piglet model (11–15). The piglet model allows for regional assessment of brain immunohistochemistry at 48 h with analyses including quantification of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive cells, assessment of neuroinflammation [ionized calcium-binding adapter molecule 1 (Iba1) ramification index], and quantification of cleaved caspase 3 (CC3), a marker of caspase-dependent apoptosis.

Given the importance of MRI biomarkers in neonatal clinical neuroprotection trials and the translational pathway from preclinical to clinical RCTs, our aim was to assess: (i) the relationship between MR biomarkers [1H MRS metabolite ratios, mean diffusivity (MD), FA], acquired at 24 and 48 h following injury, and brain cell death and neuroinflammation at 48 h in the piglet following various neuroprotective interventions; (ii) brain immunohistochemistry differences related to the Lac/NAA peak area ratio clinical threshold of 0.39 (this ratio accurately predicts 2-year motor, cognitive, and language outcomes in babies with NE) (8). In this study, we included retrospective data from different injuries (hypoxia–ischemia, hypoxia, inflammation-sensitization) and neuroprotective interventions (HT alone and with magnesium or melatonin) to assess the relation between MR biomarkers and immunohistochemistry in the piglet model.



METHODS


Animal Experiments, Surgical Preparation, and Intensive Care Management

All animal experiments were approved by the UCL Ethics Committee and performed according to UK Home Office Guidelines [Animals (Scientific Procedures) Act, 1986]. The study complies with Animal Research: Reporting of in vivo Experiments (ARRIVE) guidelines.

Piglets were anesthetized and surgically prepared as described previously (11, 13, 14, 16, 17). In brief, all piglets were sedated with intramuscular midazolam and anesthetized with inhaled 3–4% v/v isoflurane. A tracheostomy was performed, and piglets were intubated (Smiths Medical, Ashford, Kent, UK) and ventilated (SLE 2000 Infant Ventilator, Surrey UK) for the duration of the experiment. Carotid vascular occluders (OC2A, in vivo Metric, Healdsburg, CA, USA) were sited for all studies, except study 3. Umbilical venous and arterial access were obtained (arterial catheter Vygon 2.5Fr, venous catheter−2Fr double lumen), and a peripherally inserted central venous catheter (Vygon 2Fr Nutriline) was sited in the proximal forelimb for infusion of intravenous drugs. Piglets were transferred onto a specialized incubator following surgery where continuous vital signs, multichannel electroencephalography (EEG) (Nicolet EEG, Natus), and cerebral near-infrared spectroscopy (NIRS) were monitored. Sedation was maintained with infusion of fentanyl (4 μg/kg/h) and inhaled isoflurane.

Piglets were cared for in accordance with local neonatal intensive care guidelines throughout the experiment. Following insult, maintenance fluid was restricted to 40 ml/kg/day. Ventilation settings were titrated according to arterial blood gas measurements. Mean arterial blood pressure (MABP) was maintained >35 mmHg using infusions of dopamine, dobutamine, noradrenaline, and adrenaline as required. Electrolytes, urea and creatinine, and blood glucose were monitored. All piglets received benzylpenicillin and gentamicin. 10% calcium gluconate (0.5 ml/kg) and salbutamol (4 μg/kg) were used to treat hyperkalemia. Seizures were treated with intravenous phenobarbitone followed by phenytoin if persistent.



Study Selection and Variations in Study Design

This study was a retrospective, secondary analysis of four preclinical neuroprotection piglet studies (11, 13, 14, 17). The study protocols evolved, reflecting optimization and development of study designs over the years, and are shown in Figure 1. For full details of the study methodology and results, please refer to publications (11, 13, 14, 17).
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FIGURE 1. Summary of the experimental protocols. All experiments were 48 h in length; however, cerebral insults and neuroprotective interventions varied between studies. In all studies, 3T–1H magnetic resonance spectroscopy (MRS) was acquired at 24 and 48 h after insult, and immunohistochemistry was assessed at 48 h. Study 1 (11): Piglets were subjected to a transient hypoxia–ischemia (HI) followed by therapeutic hypothermia (HT) for 24 h, started at 2 h after insult. Piglets were randomized to either: (i) vehicle infusion or (ii) melatonin infusion over 6 h at 2 h after HI, repeated at 26 h. Study 2 (13, 17): Piglets were subjected to HI insult followed by cooling for 12 h started 1 h after insult. Piglets were randomized to: (i) vehicle infusion; (ii) magnesium bolus 1 h post insult followed by continuous infusion over 48 h; or (iii) melatonin infused over 2 h at 1 h and 25 h after insult. Study 3 (14): Piglets were randomized to: (i) control (saline bolus and infusion), (ii) lipopolysaccharide (LPS) (bolus followed by a continuous infusion); (iii) hypoxia; or (iv) LPS and hypoxia 4 h after bolus. Study 4: All piglets were subjected to LPS bolus 4 h prior to HI and continuous infusion over 52 h. Animals were then randomized to either normothermia or 12 h HT from 1 to 13 h after insult.


All studies lasted 48 h; however, studies varied according to brain injury protocols, duration of HT, and neuroprotective agents used. Primary outcome measures for all studies were identical; MRS was acquired at 24 and 48 h after insult, and immunohistochemistry was assessed at 48 h using the same methodology. Acquisition using the clinical 3T scanner (Philips Achieva) was introduced during study 1 to enhance the translational relevance of our preclinical model. Prior to this, 1H MRS was acquired using a 9.4T MRI scanner. Only piglets with MRS data at 3T and immunohistochemistry data were included in this secondary analysis. Piglets scanned at 9.4T or with no 3T MRS data were excluded.


Brain Injury

Piglets in studies 1 (11) and 2 (13, 17) were subjected to HI. Carotid artery occluders were inflated to induce brain ischemia and the fraction of inspired oxygen (FiO2) was reduced to 4% and titrated according to response. The HI insult for study 1 was conducted within the bore of a 9.4T MRI. During HI, the 31P MRS β-NTP peak height was continuously monitored, and the FiO2 was titrated to keep the β-NTP peak height between 30 and 40% of its original height for a period of 12.5 min. The insults for studies 2–4 were conducted outside the MRI. For these studies, insult duration and FiO2 titration were determined by MABP (target between 26 and 30 mmHg), duration of flat EEG, arterial blood gas measurements (target lactate between 10 and 12), and NIRS oxidized-cytochrome C levels. Persistent severe hypotension (MABP < 25 mmHg) or bradycardia was an indication to terminate the insult.

Piglets in studies 3 (14) and 4 underwent inflammation-sensitization with Escherichia coli liposaccharide (LPS) (Sigma O55:B5) prior to cerebral injury. A bolus of 2 μg/kg LPS followed by an infusion 1 μg/kg/h for the duration of the experiment was given. At 4 h after infusion, piglets in study 3 were subjected to a hypoxia-only insult by reducing FiO2 to 4%. In study 4, piglets were subjected to an HI insult as described in studies 1 and 2.



Neuroprotective Interventions

All piglets in studies 1 and 2 were cooled to 33.5°C using a servo-controlled water mattress (Tecotherm); however, protocols varied between the studies. In study 1, piglets were cooled from 2 h after HI over a duration of 24 h. Piglets in study 2 were cooled from 1 h after HI for a total duration for 12 h. No piglets in study 3 received HT. In study 4, piglets in the HT treatment arm were cooled for 12 h. All piglets that received HT were rewarmed at a controlled rate of 0.5°C/h to the target temperature of 38°C. Normothermia at 38.5°C was maintained by the water mattress.

Various neuroprotective agents were used in these studies. Piglets in study 1 received either an intravenous melatonin infusion at 2 and 26 h after HI at 5 mg/kg over 6 h or vehicle at the same volume and infusion rate. In study 2, piglets received (i) magnesium as a loading bolus of 180 mg/kg followed by continuous infusion 8 mg/kg/h at 1 h after HI; (ii) melatonin at 18 mg/kg over 2 h at 1 h and 25 h after HI; or (iii) vehicle at the same volume and rate. No additional agents were used in studies 3 or 4.




Magnetic Resonance Imaging

Piglets were transferred to the 3T MRI scanner at 24 and 48 h post insult. Imaging was performed with similar protocols as those used in NE babies on the same 3T scanner (8). 1H MRS was acquired with 8 × 8 matrix and 8 mm3 × 8 mm3 × 10 mm3 voxels with TR/TE 2,000 ms/288 ms. The spectral width was 2 kHz with 2,048 points. MRS data for the BGT (left thalamus) and WM voxels (left subcortical WM at the level of centrum semiovale level) were selected (Figure 2A) and processed using Tarquin with threonine included in the basis set. Lipids and macromolecules were excluded. The ratio of Lac/NAA was calculated from the amplitude of the fitted components (Lac+Thr/NAA+NAAG). Other metabolite peaks obtained include choline (Cho), and creatine (Cr) to give Lac/Cho, Lac/Cr, NAA/Cho, NAA/Cr, and Cho/Cr ratios.
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FIGURE 2. 3T Magnetic Resonance Imaging. Piglets were scanned at 24 and 48 h in the Philips Achieva clinical magnet. 1H- Magnetic Resonance Spectroscopy (MRS) (A) was acquired using chemical shift imaging (CSI) with 8 × 8 matrix and 8 × 8 × 10 mm3 voxels, TR/TE was 2,000 ms/288 ms. The spectral width was 2 kHz with 2,048 points. Voxels selected were over the left thalamus [basal ganglia, thalamus (BGT)] and left subcortical white matter (WM) at the level of the centrum semiovale. Spectra were processed with Tarquin included in basis set, and the ratio of lactate (Lac)/N-acetylaspartate (NAA) was calculated from the amplitude of the fitted components (Lac+Thr/NAA+NAAG). For diffusion-weighted imaging (DWI) (B), regional of interest (ROI) for mean diffusivity (MD) and fractional anisotropy (FA) in the deep gray matter (DGM) (red) and WM (green) were automatically identified by atlas label propagation. The internal capsule was selected to represent WM, and the caudate, putamen, globus pallidus, thalamus, and hypothalamus were used for DGM.


Diffusion-weighted imaging (DWI) was acquired using a protocol similar to clinical studies (Figure 2B) (8). DWI was acquired with diffusion sensitizing gradient in 16 directions, with b-value of 750 s/mm2, echo planar imaging (EPI) readout: TR = 9,000 ms, TE = 61 ms, slice thickness = 2 mm, in-plane resolution 2.0 mm2 × 2.0 mm2, slice thickness = 2 mm, 20 slices. Postprocessing of the data was carried out using FSL brain imaging software library (8). Brain tissue was manually segmented using ITK-SNAP (18), and DWI volumes were corrected for eddy current-induced distortions with FSL-EDDY tool. Deep gray matter (DGM) and WM regions were identified automatically by atlas (19) labels propagation. First, high-resolution structural template scans were co-registered to each piglet structural scan that was resampled to isotropic voxel size. DWI data and structural scans were then co-registered, and a combination of transformations was used to propagate and down sample labels using nearest neighbor interpolation. Finally, basal ganglia nuclei and thalami were combined into a single DGM region, and MD and FA were calculated within DGM, internal capsule, and whole-brain masks.



Histology

Brain histology and immunohistochemistry samples were prepared as previously described (11, 12). In brief, experiments were terminated 48 h post HI, and the piglets were euthanized with pentobarbital. Following this, piglets underwent cold phosphate buffered saline (PBS) cardiac perfusion and tissue fixation with 4% paraformaldehyde (PFA). The brain was dissected and stored in 2% PFA. Then, 5-mm coronal slices were made from the right hemisphere, embedded in paraffin, and cut into 8-μm sections. Two slices were selected for use for histology analysis: R0 at the level of the optic chiasm and R1 at the level of the hippocampus. These were dehydrated in xylene and rehydrated in graded ethanol solution (100–70%) prior to immunohistochemistry to stain cell death (TUNEL), microglia activation (Iba1), and apoptosis (CC3).

TUNEL was used to assess cell death. As previously described (12), slices were treated with 3% hydrogen peroxide followed by predigestion with protease K (Promega, Southampton, UK) and finally incubated in TUNEL solution for 2 h (Roche, Burgess Hill, UK). To visualize the biotin residues, slices were incubated in avidin-biotinylated horseradish peroxidase complex (ABC, Vector Laboratories) followed by diaminobenzidine/H2O2 (Sigma) with CoCl2 and NiCl2. A hematoxylin–eosin counterstain was applied, and slices were mounted on coverslips with dibutylphthalate polystyrene xylene (DPX).

For each piglet, eight regions of the brain were examined. In seven regions, TUNEL-positive nuclei were counted (Figure S1) from three fields in each of the R0 and R1 slices at 40× magnification. The hippocampus was present in the R1 section only. The counts were converted into cell counts per mm2.

To assess microglia activation, slides were prepared as previously described by Martinello et al. (14) and Ito et al. (20). Brain sections were pretreated in Ventana CC1 (950-124) and incubated in primary rabbit antibody anti-Iba1 polyclonal antibody (1:250) (WAKO 019-19741) for 4 h followed by incubation in secondary swine anti-rabbit immunoglobulin (DAKO E0343) for a further 1 h. Slices were mounted with Vectrashield + 4',6-diamidino-2-phenylindole (DAPI) aqueous mounting media. The Iba1-positive microglia cell bodies and branch density were calculated using a 0.049 mm × 0.049 mm square grid under 40× magnification. The number of cell bodies was counted within the grid (C), and the average number of branches crossing the three horizontal and vertical grid lines (B) was counted to give a microglial ramification index (B2/C).

For CC3 immunohistochemistry, brain sections were pretreated as for Iba1 staining, incubated in rabbit anti-CC3 (1:100) (Cell Signaling 9661L) for 32 min followed by swine anti-rabbit immunoglobulin for 44 min. Sections were mounted on Vectrashield + DAPI as described above. CC3 cells were counted at 20× magnification in three fields per brain region and converted to counts per mm2.



Data and Statistical Analysis

Data analysis was carried out using SPSS Statistics 24 (IBM). The overall whole-brain TUNEL-positive cell counts, CC3-positive cell counts, and Iba1 ramification index were deduced from the sum of the average counts in eight regions of the brain (Figure S1).

The 24 and 48 h MRS data were collected for each of the BGT and WM regions and separately correlated with average whole-brain TUNEL, CC3, and Iba1 counts. In addition, the overall mean MRS FA and MD values were deduced from the 24 and 48 h scans and compared with the three immunohistochemistry markers.

The MRS, DWI, and histology count values were log10 transformed to normalize the distribution. The correlation was assessed using Pearson's rank coefficient, and scatter plots were created with GraphPad Prism v8 to illustrate the trend. P-values were calculated with two-tailed test to indicate statistical significance. As we compared multiple independent tests, the threshold for statistical significance was corrected to preserve a type 1 error rate (where p < 0.05 is significant) using Bonferonni correction. A p < 0.01 denotes statistical significance. Logistic regression modeling in infants with NE identified Lac/NAA of 0.39 as the optimal cutoff value for sensitivity and specificity to predict adverse neurodevelopmental outcomes at 18 months (8). Using this clinical Lac/NAA value, the mean log10 TUNEL, Iba1, and CC3 counts were deduced, and significance was compared using independent t-test.




RESULTS

Sixty-seven male large white piglets were recruited from four neuroprotection studies including 11 (16.4%) from Robertson et al. (11); 28 (41.8%) from Robertson et al. (17), and Lingam et al. (13); and 16 (23.9%) from Martinello et al. (14). Twelve piglets were included from an unpublished study. Twenty-seven piglets were excluded as no 3T MRS data were available. There was a larger proportion of piglets excluded from study 1 (n = 17/27, 60.7%) as scans at 3T were introduced later in this study. MRS data at both the 24 and 48 h MRI scans were complete for 54 piglets (80.6%). The remaining 13 piglets had either 24 h scan (n = 8) or 48 h scan (n = 5) available. Reasons for incomplete data include piglet death prior to the 48 h scan (n = 4), 3T scanner not available due to technical issues (n = 3), or issues with the spectral fit processing (n = 6).

Figure 1 summarizes the treatment regimens across the four studies. In total, 59 of 67 (88.1%) piglets were subjected to cerebral injury. The remaining eight animals were either naive (n = 3, 4.5%) or LPS inflammation sensitized without cerebral injury (n = 5, 7.5%). Cerebral injury included: HI (39/67, 58.2%), LPS inflammation sensitized hypoxic injury (8/67, 11.9%), and LPS inflammation sensitized HI injury (12/67, 17.9%).

Neuroprotective interventions also varied with 45 of 67 (67.2%) piglets receiving HT for either 12 h (34/67, 50.7%) or 24 h (n = 11/67, 16.4%). Melatonin was given to 11 (16.4%) animals, and magnesium was given to eight (11.9%) piglets.


Lactate/N-Acetylaspartate to Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling

Mean Lac/NAA and TUNEL-positive cell counts of the whole brain correlated in the BGT (r = 0.722, p < 0.001) and WM voxel (r = 0.784, p < 0.001) (Figures 3A,B). The positive correlation was present at both 24 and 48 h (Table 1).
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FIGURE 3. The relationship between thalamic [basal ganglia, thalamus (BGT)] and white matter (WM) 1H magnetic resonance spectroscopy (MRS) lactate (Lac)/N-acetylaspartate (NAA) and whole-brain cell death [terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)] (A,B), microglia activation [ionized calcium-binding adapter molecule 1 (Iba1) ramification index] (C,D), and cleaved caspase 3 (CC3) (E,F). All data in the scatterplots were log10 transformed, and the Pearson's correlation coefficients (r-values) are illustrated. All values p < 0.001. Representative micrographs showing TUNEL, Iba1, and CC3 immunohistochemistry stains in piglets with Lac/NAA <0.39 (G–I) and Lac/NAA ≥0.39 (J–L) are shown.



Table 1. Pearson's correlation coefficient comparing magnetic resonance spectroscopy (MRS) lactate (Lac)/N-acetylaspartate (NAA), diffusion-weighted imaging (DWI) mean diffusivity and fractional anisotropy at 24 and 48 h and the mean of the two time points with whole-brain terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive count.
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Lac/NAA ≥0.39 was associated with significantly higher TUNEL-positive cells in the whole brain across both voxels and both the 24 and 48 h scans (Table 2, Figures 3G,J) (p < 0.001) [mean BGT Lac/NAA ≥0.39, mean TUNEL count = 103 cells/mm2 (SD 2.12); mean BGT Lac/NAA <0.39, mean TUNEL count = 15.2 cells/mm2 (SD 2.56); p < 0.001].


Table 2. Histology cell counts using a clinical threshold for lactate (Lac)/N-acetylaspartate (NAA) of 0.39.
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Lactate/N-Acetylaspartate to Ionized Calcium-Binding Adapter Molecule 1

Iba1 ramification index was used to assess microglial activation. Activated microglia become ameboid with fewer processes, represented by a lower ramification index. There was a strong negative correlation between mean Lac/NAA and whole-brain Iba1 ramification index (Figures 3C,D). The negative correlation was strongest with the mean BGT voxel (r = −0.786, p < 0.001) but also present in the mean WM voxel (r = −0.632, p < 0.001).

Using a Lac/NAA threshold of 0.39, we noted significant differences in the Iba1 ramification index between piglets at all time points and voxels (p < 0.001) (Table 2, Figures 3H,K). Lac/NAA ≥0.39 was associated with lower Iba1 ramification (mean BGT Lac/NAA ≥0.39, Iba1 ramification index 0.96 vs. 1.94 with Lac/NAA <0.39) (p < 0.001).



Lactate/N-Acetylaspartate to Cleaved Caspase 3

The correlation between Lac/NAA and CC3 was negative in the BGT voxel (r = −0.636; p < 0.001) but was weaker in the WM voxel (r = −0.495; p < 0.001) (Figures 3E,F).

Lac/NAA ≥0.39 was associated with lower CC3 counts at 24 h (CC3 count 4.89 vs. 25.8 cells/mm2, p < 0.001) and 48 h scans (CC3 count 6.78 vs. 27.9 cells/mm2, p < 0.01) in the BGT voxel. The CC3 count was also significantly lower with Lac/NAA ≥0.39 at 24 h in the WM voxel (CC3 count 7.71 vs. 25.0, p < 0.01) (Table 2, Figures 3I,L).



Magnetic Resonance Spectroscopy Metabolite Peak Ratios to Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling

Pearson's correlation coefficients were deduced to compare other proton MRS metabolite ratios with whole-brain TUNEL count (Table 3). We observed strong positive correlations between the total whole-brain TUNEL count and mean BGT Lac/Cho (r = 0.765, p < 0.001) and BGT Lac/Cr (r = 0.765, p < 0.001). There was a lesser correlation in the corresponding WM voxels (WM Lac/Cho r = 0.701, p < 0.001; Lac/Cr 0.671, p < 0.001). There was a weak correlation between BGT NAA/Cho (r = −0.530, p < 0.01) and BGT NAA/Cr (r = −0.565, p < 0.001) with TUNEL. There was no correlation between TUNEL and Cho/Cr (BGT voxel, r = 0.019, p = 0.88; WM voxel, r = −0.051, p = 0.68).


Table 3. Pearson's correlation coefficient comparing magnetic resonance spectroscopy (MRS) metabolite ratios with whole-brain terminal deoxynucleotidyl transferase dUTP nick end labeling.
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When compared with other metabolic ratios Lac/NAA was most consistent in yielding similarly strong correlation co-efficient values in the BGT and WM voxels.



Diffusion-Weighted Imaging to Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling

The correlation between DWI MD and TUNEL was negative (mean DGM MD to TUNEL r = 0.615, p < 0.001; mean WM MD to TUNEL r = −0.635, p < 0.001) as illustrated in Figures 4A,B; however, the correlation was not as a strong as between Lac/NAA and TUNEL-positive cells (Table 3). The correlation between FA and TUNEL was weak at 24 and 48 h (mean DGM r = 0.523, p < 0.001; mean WM r = 0.342, p < 0.01) (Figures 4C,D; Table 1). Representative T2-weighted images (T2W), MD and FA maps are shown in Figures 4E–J.
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FIGURE 4. Relationship between diffusion-weighted imaging (DWI) and whole-brain cell death [terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive cells]. Scatterplots showing the correlation between whole-brain TUNEL and average mean diffusivity (MD) (A,B) and fractional anisotropy (FA) (C,D) localized in the deep gray matter (DGM), white matter (WM) regions. Data were log10 transformed, and the Pearson's correlation coefficients (r-values) are illustrated. *p < 0.01, **p < 0.001. Representative T2-weighted images (T2W), MD and FA maps are shown for a piglet with low TUNEL-positive counts (E–G, respectively) and high TUNEL-positive counts (H–J).





DISCUSSION

1H MRS Lac/NAA peak area ratio correlated with overall TUNEL-positive cell death and microglial activation in a piglet model of term perinatal brain injury. Compared to other MRS metabolite ratios and DWI, Lac/NAA demonstrated the best correlation to TUNEL-positive cell death at 24 and 48 h. This concurs with studies in cooled infants with NE where BGT Lac/NAA peak area ratio has a high level of accuracy for outcome prediction compared to other MR methods (8, 9). Using the same Lac/NAA peak area ratio threshold of 0.39 identified in clinical settings (8), we demonstrate significant differences in TUNEL-positive cells and microglial activation. These data support the translational relevance of Lac/NAA in preclinical and clinical neuroprotection studies. In our piglet model, we observed strong correlations between BGT Lac/Cr and Lac/Cho and whole-brain TUNEL; however, these were not consistent in the WM MRS voxel (21–23).

The combined increased lactate and reduced NAA on MRS (translating to a high Lac/NAA peak area ratio) suggest brain mitochondrial impairment and impaired oxidative metabolism during “secondary energy failure.” It is possible that this ongoing injury may be amenable to late therapies and thus is an important measure to direct therapies. Woo et al. (24) previously demonstrated a correlation between MRS lactate and NAA with TUNEL-positive cells in a rat model. In this normothermic, middle cerebral artery occlusion model, Lac/Cr increased immediately after reperfusion, whereas NAA/Cr decreased 9 h after injury. There was a strong correlation between Lac/Cr and NAA/Cr at 24 h, and both these metabolite ratios correlated with TUNEL in the basal ganglia. Interestingly, Lac/Cr did not correlate with brain infarct volume at 4 weeks, which they argued was due to using a single voxel that may not reflect whole-brain injury. In our study, we show that Lac/NAA in both the deep gray matter and WM correlates with brain cell death across eight brain regions. Our data concur with those from a lamb model of birth asphyxia involving umbilical cord occlusion; there was a strong correlation between TUNEL in the thalamus and deep gray matter and Lac/NAA at 72 h (25). Our study goes further as we investigated relationships between both TUNEL cell death and neuroinflammation in a variety of perinatal injuries and neuroprotective interventions.

Lac/NAA peak ratio in our piglet studies represents more precisely Lac+threonine/total NAA. Mitra et al. (8) describes the optimization of metabolite fitting with the inclusion of threonine in the spectra. Threonine is an amino acid present in the brain, and the resonance of its methyl groups overlaps with that of lactate on the spectra at 1.3 ppm. The addition of threonine in the spectra fit is important in the accurate quantification of lactate (26).

The source and exact mechanism of raised cerebral lactate remain unknown. Both neurons and astrocytes produce lactate in hypoxic conditions in vitro (27). Lactate is a product of anaerobic respiration, produced by lactate dehydrogenase from pyruvate regenerating NAD+ for glycolysis. In traumatic brain injury (TBI) models (28, 29), it is thought that lactate reflects the redox state of NADH/NAD+. NADH is a product of glycolysis and the Krebs cycle, which is oxidized in the electron transport chain of the mitochondria to build a proton gradient for ATP production. Following HI, mitochondrial failure and disruption of the electron transport chain lead to the buildup of NADH and reduction in ATP levels. As a result, the equilibrium may shift toward lactate and NAD+ production to rebalance the intracellular NADH/NAD+ ratio. Pellerin and Magistretti (30) proposed the astrocyte to neuron lactate shuttle (ANLS) model whereby lactate, generated by astrocytes through their high glycolytic metabolism capacity, is shuttled to neurons via monocarboxylate transporters (MCTs) and metabolized in neurons to pyruvate as an alternative fuel to glucose. In a rat study of severe traumatic brain injury, uncoupling of the ANLS was associated with disruption in the neuronal uptake of lactate (31), thereby contributing to the rise in lactate. This suggests that where neurons are too damaged to utilize the lactate produced by astrocytes, i.e., uncoupling of neuronal and glial metabolism, high extracellular levels of lactate would accumulate, explaining the association between high lactate and poor outcome (29). Other proposed mechanisms of elevated lactate include increased phagocytes (which exhibit increased anaerobic activity), gliosis, altered Na+/H+ buffer system (32, 33), and influx of lactate from other injured tissues (34).

There is increasing interest in the role of lactate as a neuroprotective agent. In adults with traumatic brain injury, administration of 13C-labeled lactate via the microdialysis catheter and simultaneous collection of the microdialysates, with 13C NMR analysis, revealed 13C labeling in glutamine, consistent with lactate metabolism in the TCA cycle (31, 35). Interestingly, Roumes et al. (36) recently demonstrated the neuroprotective effect of exogenous lactate administration in a neonatal HI rat model. Rice-Vannucci P7 rats that received intraperitoneal injection of lactate following unilateral carotid ligation exhibited a significant reduction in the volume of high-signal intensity brain lesions on DWI and reduced severity of cytotoxic edema as demonstrated by higher apparent diffusion coefficient (ADC) values compared to animals that received 0.9% sodium chloride. Interestingly, rats with HI injury that received three daily injections of lactate performed as well as sham animals without brain injury in sensorimotor and memory neurobehavioral tests. It was proposed that the uptake of lactate by astrocytes, transported via the ANLS to neurons, provided an alternative source of energy, thereby sparing the limited glucose for use in the pentose phosphate pathway for glutathione production, a potent reactive oxygen species (ROS) scavenger. Lactate dehydrogenase inhibition using oxamate negated the neuroprotective effects of lactate, demonstrating a role of lactate in neuronal energy metabolism and a link to its neuroprotective properties. A reduction in ROS production was also observed in animals treated with lactate, which was lost when co-administrated with oxamate. We did not perform co-localization immunohistochemistry in all our studies; however, in study 1 (11), co-labeling with TUNEL and glial fibrillary acidic protein (GFAP) in the sensorimotor cortex demonstrated that the majority of TUNEL-positive cells did not co-localize with GFAP, suggesting that the dying cells were not astrocytes. The increased brain lactate that we observe in the most damaged brains after HI may thus reflect astrocytic activity to provide lactate for neuronal needs and an uncoupling of the ANLS.

NAA is a metabolite produced by aspartate N-acetyl transferase and found in neurons. NAA is transported from neurons to oligodendrocytes where it is metabolized into aspartate and acetate and used for energy production and myelin synthesis, respectively (37). NAA has been described as a surrogate marker of neuronal density, integrity, and metabolic activity (38) and of neuronal viability (39). Reduction in absolute concentration of NAA (9) and relative peak ratio of NAA (40), measured with MRS, alone predicts poor neurodevelopmental outcomes in babies with NE (23, 40). Lally et al. (9) reported the predictive accuracy of absolute [NAA] for 2-year cognitive, language, and motor outcomes (AUC 0.99), although Lac/NAA peak area ratio was also highly predictive (AUC 0.94). In our current study, the correlation between NAA/Cho and NAA/Cr with TUNEL was negative but weak compared to ratios that included lactate; this is supported by clinical studies showing NAA/Cho and NAA/Cr are less predictive in neurodevelopmental outcomes compared to Lac/NAA (21–23), although this may be due to inconsistencies in Cho and Cr measurement (39, 40).

We noted a negative correlation between DWI MD and TUNEL-positive cells in the brain. In babies with NE, MD pseudonormalizes at around 7 days in non-cooled infants or 10 days in infants who received HT (41). Our findings in our preclinical model and in babies with NE concur with the experience in a comparative stroke study, where MRS has been shown to better predict outcomes compared with MD. In this study, recovery to normal values of ADC occurred despite the subsequent infarction of tissue, whereas NAA levels continued to show a decline in the same area, thus reflecting tissue injury more accurately (42). Nevertheless, in clinical studies of NE, lower DWI-MD is associated with adverse neurodevelopmental outcomes (41, 43). FA may have more utility in the prediction of outcome as pseudonormalization does not occur; however, we showed poor correlation with TUNEL-positive cell death, which concurs with results from the TOBY Xe neuroprotection study in babies, where FA added little extra to Lac/NAA in accurately predicting neurodevelopmental outcome (10).

In our experience, although highest levels of Lac are seen in the first few days after birth, brain Lac persists for months in babies with adverse outcome after NE; this persisting brain Lac is associated with abnormal MRI and brain alkalosis (32, 44). In our study, piglets were scanned at 24–48 h, which is earlier than in clinical studies of NE [mean age 8.4 days (9) and 6 days (40), respectively]. Therefore, in our preclinical studies, the Lac component in Lac/NAA may have more influence on prediction than NAA in the early post HI period. Wu et al. (34) demonstrated significantly higher cerebral Lac levels early after HI in infants with moderate to severe encephalopathy, which progressively reduced over several days. It is likely that, in the early phase after injury, Lac levels drive the predictive accuracy, whereas in the later phases, the reduction in NAA drives the predictive accuracy (NAA reduction occurs more gradually than the acute Lac rise) (32). A further advantage of combining Lac/NAA peak area ratio is that they depend on both metabolite T2 relaxation times and concentrations, both of which are pathologically modulated, and hence injury severity prediction is improved (39).

Microglia are one of the first inflammatory cells to be activated following HI (45). We used Iba1 ramification index to quantify the morphology of the microglia. At rest, microglia are highly ramified cells with multiple processes sensing the environment (46). Once activated, microglia exhibit a larger body and fewer processes, measured histologically by a reduction in the ramification index. We demonstrated a strong correlation between the degree of microglial activation (Iba1 ramification index) and Lac/NAA, particularly in the BGT, supporting Lac/NAA as a biomarker for neuroinflammation. The role of microglia in secondary energy failure includes cytokine release, metalloproteinase production, breakdown of the blood–brain barrier, leukocyte infiltration, and ultimately further brain injury (46). We have previously shown that piglets with LPS sensitization 4 h prior to hypoxia resulted in an increase in mortality and overall brain cell death (TUNEL-positive cells), particularly in the internal capsule, periventricular WM, and sensorimotor cortex (14). In addition, microglial activation can persist for many years after insult, and it has been proposed that this pathological activation leads to altered neurogenesis and synaptogenesis (47) and persisting brain Lac.

We observed a poor correlation between Lac/NAA and CC3, and this relationship was unexpectedly negative. This finding concurs with our previous neuroprotection studies where we see little relation between CC3 and other markers of injury severity, particularly TUNEL-positive cells (11). The scatterplots indicate several outliers and a non-linear relationship. The reason for this disconnect between CC3 and brain injury markers is likely to be related to several factors including: (i) cell death occurring by processes independent of caspase, such as necrosis, necroptosis, and autophagy; (ii) sexually dimorphic cell death pathways; as our piglets included only males (in whom cell death occurs through caspase-independent routes such as poly(ADP-ribose) polymerase (PARP)-dependent cell death pathways), CC3 will be a poor marker of cell death (48); (iii) LPS can cause an increase in CC3 without resulting in cell death (49, 50), reflecting the alternative non-apoptotic functions of CC3 (51); (iv) most piglets in this study were treated with HT, which inhibits caspase 3 activation (52).

There are limitations to this study. These data were retrospective and obtained from different studies with differing insults and neuroprotective interventions. However, this is also a strength of the study as the strong correlation of Lac/NAA to TUNEL-positive cells supports the validity of this biomarker across perinatal brain injury which is frequently multifactorial and heterogeneous in nature. In this study, some animals were cooled for 12 h, rather than 24 h (17). This was justified as we develop the model to reflect the clinical situation where cooling is partially effective as in babies with NE; furthermore, the efficacy of HT over 12 h cooling has previously been demonstrated (53). Studies lasted only 48 h after HI, and as mentioned, this early phase will reflect higher Lac levels. In addition, according to the resolution of the DWI derived parameter maps (MD and FA), partial volume effects that could bias our result could not be excluded.

In conclusion, we describe a strong correlation between MRS Lac/NAA and TUNEL-positive cells and microglial activation across WM and gray matter in male piglets after a range of perinatal insults and neuroprotective interventions. These preclinical data concur with clinical studies that have demonstrated the utility of BGT Lac/NAA as a surrogate marker that best predicts outcome in NE and can be used to expedite early-phase clinical neuroprotection trials in NE.
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Background: Microglia are key mediators of inflammation during perinatal brain injury. As shown experimentally after inflammation-sensitized hypoxic ischemic (HI) brain injury, microglia are activated into a pro-inflammatory status 24 h after HI involving the NLRP3 inflammasome pathway. The chemokine (C-X-C motif) ligand 1 (CXCL1), and its cognate receptor, CXCR2, have been shown to be involved in NLRP3 activation, although their specific role during perinatal brain injury remains unclear. In this study we investigated the involvement of CXCL1/CXCR2 in brain tissue and microglia and brain tissue after inflammation-sensitized HI brain injury of newborn rats.

Methods: Seven-day old Wistar rat pups were either injected with vehicle (NaCl 0.9%) or E. coli lipopolysaccharide (LPS), followed by left carotid ligation combined with global hypoxia (8% O2 for 50 min). Pups were randomized into four different treatment groups: (1) Sham group (n = 21), (2) LPS only group (n = 20), (3) Veh/HI group (n = 39), and (4) LPS/HI group (n = 42). Twenty-four hours post hypoxia transcriptome and gene expression analysis were performed on ex vivo isolated microglia cells in our model. Additionally protein expression was analyzed in different brain regions at the same time point.

Results: Transcriptome analyses showed a significant microglial upregulation of the chemokine CXCL1 and its receptor CXCR2 in the LPS/HI group compared with the other groups. Gene expression analysis showed a significant upregulation of CXCL1 and NLRP3 in microglia cells after inflammation-sensitized hypoxic-ischemic brain injury. Additionally, protein expression of CXCL1 was significantly upregulated in cortex of male pups from the LPS/HI group.

Conclusion: These results indicate that the CXCL1/CXCR2 pathway may be involved during pro-inflammatory microglia activation following inflammation-sensitized hypoxic-ischemic brain injury in neonatal rats. This may lead to new treatment options altering CXCR2 activation early after HI brain injury.

Keywords: newborn, HIE, brain, infection, inflammation, microglia, chemokine


INTRODUCTION

Globally perinatal asphyxia is one of the leading causes of neonatal mortality and long-term morbidity, including mental dysfunctions and cerebral palsy (1). Perinatal asphyxia may lead to neonatal encephalopathy (NE), most likely due to hypoxia-ischemia (HI). To date therapeutic hypothermia (TH) is the standard treatment for hypoxic-ischemic encephalopathy (HIE) with a short therapeutic time-window of 6 h (2). However, almost half of all cooled asphyxiated newborns do not benefit from the treatment (1). As early specific biomarkers are yet not available, early identification of non-responders to TH is not possible. In low- and middle-income countries, where NE rates are significantly higher, the introduction of TH was unsuccessful in decreasing mortality (3). Therefore, the etiology of NE in this population appears to be different. Perinatal infection is an independent risk factor for adverse neurological outcome in term newborns (4). Clinically, it has been shown that infection rates in asphyxiated newborns are significantly higher, compared with the general newborn population (5). Experimentally, we have previously established a newborn animal model of inflammation-sensitized hypoxic-ischemic brain injury in newborn rats. In this model, we found that TH is not neuroprotective (6, 7). This possibly explains the clinical finding, that TH is ineffective in low- and middle-income countries where the prevalence of perinatal infections is higher. Therefore, we need to better understand the pathophysiology underlying inflammation-sensitized hypoxic-ischemic brain injury to explain why TH may be ineffective in this setting.

Hypoxia-ischemia triggers activation of microglia, the resident immune cells of the central nervous system (CNS) (7, 8). In our recent study modeling inflammation-sensitized HI brain injury an upregulation of pro-inflammatory cytokines in microglia 24 h post injury was shown (9). This indicates, that microglia are activated into a pro-inflammatory phenotype early after inflammation-sensitized hypoxia-ischemia. However, the underlying pathways and mechanisms leading to this pro-inflammatory state in the newborn brain are still unknown.

Chemokines are inflammatory mediators, which are released following different brain injuries (inflammation, trauma, hypoxia-ischemia) (10). The chemokine (c-x-c motif) CXCL1 is a chemoattractant for T cells, monocytes, and neutrophils in the brain (11) after binding to its specific CXCR2 receptor. It has been shown, that CXCL1 is essential for the production of reactive oxygen species, which in turn modulate further inflammation (12, 13). One cardinal response to toxic stimuli in the brain is the assembly and activation of inflammasomes. The most defined inflammasome is NLRP3 (nucleotide-binding domain, leucine-rich repeat protein 3), which is activated in neonatal brain injury either due to inflammation (E.coli lipopolysaccharide (LPS)) or HI (14, 15). Activation of the NLRP3 inflammasome induces cleavage and therefore activation of interleukin (IL)-18 and IL-1β from its preforms. We have previously shown that NLRP3 gene expression is significantly upregulated in different brain regions (cortex and hippocampus) in our animal model (9). Therefore, we hypothesized that microglia mediated pro-inflammatory cytokine release may be regulated through the CXCL1-NLRP3 pathway following inflammation-sensitized hypoxic-ischemic brain injury in neonatal rats. As previously shown in vitro CXCL1 activates the NLRP3 inflammasome through binding to the CXCR2 receptor (13). Here, we investigated the expression of NLRP3 and CXCL1 in microglia and brain tissue in our animal model, aiming to confirm the involvement of CXCL1/CXCR2 in our animal model which may lead to new treatment options for inflammation-sensitized HI brain injury.



MATERIALS AND METHODS


Animals and Experimental Procedure

All animal experiments were performed in accordance to the Animal Research: Reporting of in vivo Experiments (ARRIVE) guidelines with government approval by the State Agency of Nature, Environment and Consumer Protection North Rhine-Westphalia, Germany. Seven-day-old (P7) Wistar rat pups of both genders were used in all our experiments. All pups were kept at the central animal laboratory of the University Hospital Essen, Germany with 12:12 dark: light cycle at an environmental temperature 21°C with food and water ad libitum. As previously described, all animals were randomized across litter gender and observers blinded to the different treatments (6, 7, 9, 16).

Temperature during handling and experimental procedures was monitored in sentinel pups not further allocated to the different treatment groups. All rat pups were kept on a servo-controlled mat (CritiCool, MTRE, Yavne, Israel) during separation from their dams, controlled by the sentinel pup via a rectal temperature probe (IT-21, Physitemp Instruments, Clifton, NJ, United States) continuously maintaining nesting temperature of P7 rats (17) or treatment temperatures during experiments (see below). In our experimental setup, four groups were included: (1) sham group, underwent sham surgery (incision of the neck under isoflurane anesthesia (2% isoflurane) without further operation) (n = 21), (2) LPS group, received an intraperitoneal injection (i.p.) of lipopolysaccharide solution (LPS) (Escherichia coli lipopolysaccharide O55:B5, Sigma; 0.1 mg/kg) and underwent a sham surgery (n = 20), (3) Veh/ HI group, received an injection of 0.9% NaCl, underwent left sided ligation of the common carotid artery under isoflurane anesthesia and were thereafter exposed to hypoxia (8% O2) for 50 min at a rectal temperature (Trectal) of 36°C—resulting in a mild HI injury as previously described (9) (n = 39) and (4) LPS/ HI group, received injection of 0.1 mg/kg LPS and treated with unilateral ligation and exposed to hypoxia as above (n = 42). Immediately after the HI insult, pups were kept at Trectal of 37°C for 5 h, as in our previous studies (6–9, 17). After the treatment period, pups were immediately returned to their dam. At 24 h post-HI/sham period, all animals were sedated with chloralhydrate, decapitated, and brain tissue removed, dissected into regions of interest and frozen in liquid nitrogen (Figure 1, Table 1).


[image: Figure 1]
FIGURE 1. Experimental time course. 7 day old rats (P7) were randomized in 4 different treatment groups. Rats were either injected with NaCl 0.9% or LPS intraperitonally (i.p.) 4 h prior to unilateral ligation of the common carotid artery. Following ligation, rats were exposed to hypoxia (8% O2) for 50 min before being treated with normothermia (37°C) for 5 h and thereafter returned to their dam. Twenty-four hours after hypoxia brains were extracted and either used for MACS or Immunoblotting.



Table 1. Total number of animals used in this study.
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Magnetic Activated Cell Sorting (MACS) of CD11 b/c Positive Microglia

Twenty four hours after hypoxia-ischemia or sham-operation CD11b/c positive microglia were isolated via magnetic activated cell sorting according to our previous study (9). In groups (1) and (2) entire brains (including ipsi-/contralateral hemispheres) were used for analysis (n = 9 per group), while in groups (3) and (4) ipsilateral hemispheres were pooled to get a workable concentration of microglia (n = 18 animals in group (3) and n = 16 animals in group (4) with 2 hemispheres pooled per sample). The brain tissues were mechanically and enzymatically dissociated by using the Neural tissue dissociation kit by Miltenyi Biotech, followed by myelin removal according the manufacturer's instructions (Miltenyi Biotech, Bergisch Gladbach, Germany). Afterwards the cell suspension was incubated with anti-CD11b/c coupled microbeads followed by magnetic separation of CD11b/c positive microglia. The purity of magnetically sorted microglia was confirmed with immunocytochemistry for the microglia marker Iba1 (data not shown). Microglia were used for all further analyses, except of immunoblotting.



RNA Sequencing and Gene Set Analysis

We used n = 5 animals in groups (1) and (2), whereas, we used pooled ipsilateral hemispheres of two animals in groups (3) (n = 10) and (4) (n = 8) to get a workable concentration. RNA was isolated using Trizol (Thermo Scientific, Germany) and 500 ng total RNA was processed using the TruSeq RNA Sample Preparation v2 Kit (low-throughput protocol; Illumina, San Diego, USA) to prepare the barcoded libraries. Libraries were validated and quantified using DNA 1000 and high-sensitivity chips on a Bioanalyzer (Agilent, Boeblingen, Germany); 7.5 pM denatured libraries were used as input into cBot (Illumina), followed by deep sequencing using HiSeq 2500 (Illumina) for 101 cycles, with an additional seven cycles for index reading. Fastq files were imported into Partek Flow (Partek Incorporated, Missouri, USA). Quality analysis and quality control were performed on all reads to assess read quality and to determine the amount of trimming required (both ends: 13 bases 5'and 1 base 3'). Trimmed reads were aligned against the rn6 genome using the STAR v2.4.1d aligner. Unaligned reads were further processed using Bowtie 2 v2.2.5 aligner. Aligned reads were combined before quantifying the expression against the ENSEMBL (release 84) database by the Partek Expectation-Maximization algorithm using the counts per million normalization. Genes with missing values and with a mean expression less than one were filtered out. Finally, statistical gene set analysis was performed using a t-test to determine differential expression at the gene level (p < 0.05, fold change ±2). Partek flow default settings were used in all analyses.



Real-Time PCR

The RNA of ex vivo isolated microglia was isolated by using the RNeasy mini kit from Qiagen according to the distributed instructions. First strand complementary DNA was synthesized using the total RNA of the cells and TaqMan reverse transcription reagents (Applied Biosystems/ Thermo Fisher Scientific, United States). Analysis was performed 24 h after HI injury. We used n = 4 animals in groups (1) and (2), whereas we used pooled ipsilateral hemispheres of two animals in groups (3) and (4) (n = 8 animals) to get a workable concentration. Additionally, RNA of whole brains was isolated by using the RNeasy mini kit from Qiagen according to the distributed instructions and following procedures as before, for modulation of CXCL1 expression. We used n = 5 animals in group (1), n = 6 animals in group (2), n = 10 animals in group (3), and n = 8 animals in group (4). Animals of both genders were used. The expression of the inflammasome cryopyrin (NLRP3) (RN04244620_m1; Life Technologies, Germany) and the chemokine (C-X-C) ligand (Rn00578225_m1; Life Technologies, Germanys) was analyzed. As reference gene we used the Beta-2-microtubuline (B2M, Rn00560865_m1; Life technologies, Germany). Measurements were performed in duplicates and repeated two times for each sample. Target gene expression was quantified according to the 2ΔΔCT method (18). Sham-operated animals served as reference group, as results were normalized to the sham group.



Immunoblotting

For Western-Blot analysis we used n = 29 animals [n = 7 in group (1), n = 5 in group (2), n = 9 in group (3), n = 8 in group (4)]. Pups were transcardially perfused with PBS and brain regions were prepared using a standard matrix for uniformity as previously described (9) (ASI Instruments Inc., Warren, MI, United States). We used whole cortex, hippocampus and thalamus for further analyses. Western-Blotting was performed as previously described (16, 19), with adaptions in epitope detection. 12.5% gel membranes were loaded with 40 μg of each sample per lane and were blocked with 5% non-fat dry milk in Tris-buffered saline, 0.1% Tween-20 (TBST, Sigma Aldrich, USA) and incubated overnight (4°C) with the following primary antibodies: polyclonal goat anti C-X-C motif chemokine 1 (1:1,000, Thermo Fisher, Germany, catalog number PA5-86508), polyclonal rabbit anti-NLRP3 (1: 5,000, Abcam, Germany, catalog number ab214185), polyclonal rabbit CXCR2 (1:5,000, Abcam, Germany, catalog number ab65968), and polyclonal mouse anti β-Actin antibody (1:20,000, Sigma, Germany). Horseradish peroxidase-conjugated secondary anti mouse (1:5,000) or anti-rabbit (1:2000, both DAKO, Denmark) antibodies were used. All antibodies were diluted in 5% non-fat dry milk in TBST. Antibody binding was detected by using enhanced chemiluminescence (GE Healthcare Life Sciences, Germany). For visualization and densitometric analysis, ChemiDoc™ XRS+ imaging system and ImageLab software (Bio-Rad, Germany) were used.



Statistical Analysis

Graphical data are presented as median values with boxplots including the 25% and the 75% percentile. Data were analyzed using GraphPad Prism 6 (GraphPad Software, United States). Differences between groups were determined by one-way analysis of variance (one-way ANOVA) followed by Bonferroni post hoc test for multiple comparison. p-values < 0.05 were considered as statistically significant.




RESULTS

In total 2 experiments were performed using a 4-group design, as stated above. Out of the 122 animals used in our 4-group design, mortality was highest in the LPS/HI group. In total 12 animals died during hypoxia, 2/39 from group (3) and 10/42 from group (4), leaving 110 rat pups for further analysis. The high mortality in the LPS/HI group has been expected and reported in our previous studies (6, 7, 9).


Genome-wide Profiling of Pre-sensitized CD11 b/c Sorted Microglia 24 h After Inflammation-Sensitized Hypoxia Ischemia

In our previous study we showed that microglia polarize into a pro-inflammatory phenotype 24 h post HI after pre-exposure to LPS (9). To further investigate this pro-inflammatory polarization, we performed a transcriptomic profiling of microglia cells in our model 24 h post HI. After RNAseq we focused on gene sets of neutrophil migration and neutrophil degranulation, as this clustered gene set showed significant differences in the LPS/HI group compared with all other groups. Also, they are strongly associated with microglia (20). We used a total of 26 genes of interest, as illustrated in a heatmap (Figure 2). We observed a clear upregulation of the CXCR2 and CXCL1 genes in the LPS sensitized HI group compared with the other groups, especially compared with the control group. CXCR2 is a chemokine receptor, which is stimulated by the chemokine CXCL1. Based on the findings and documented results of our previous study (9), we proposed an activation of the inflammasome NLRP3 through a stimulation of the CXCR2 receptor. To verify this hypothesis, we quantified the level of gene expression of the chemokine CXCL1 in CD11b/c positive microglia via RT-PCR, as CXCL1 gene regulation was also significantly upregulated in the LPS/HI group. We determined a significant upregulation of CXCL1 in the LPS/HI group compared with the sham group (p = 0.0008) and LPS group (p = 0.0182) using RT-PCR.


[image: Figure 2]
FIGURE 2. Significant upregulation of several genes especially CXCL1/CXCR2 in inflammation-sensitized HI injury. Twenty-four hours after hypoxia CD11 b/c sorted microglia were used for transcriptome-analysis (RNA-sequencing). The most prominent 26 genes of neutrophil migration and neutrophil degranulation are depicted in a heatmap of each individual group. CXCL1 (ligand to CXCR2) and CXCR2 were significantly upregulated after inflammation-sensitized hypoxic ischemic-brain injury (A). Modulation of CXCL1 expression was confirmed via real time PCR and revealed a significant upregulation after inflammation-sensitized hypoxic ischemic-brain injury (B). n = 5 animals in Sham and LPS groups (whole brains), n = 10 animals in Veh/HI group and n = 8 animals in LPS/HI group (2 pooled ipsilateral brain hemispheres per sample). *p < 0.05.




Activation of the Inflammasome NLRP3 in Microglia After LPS-Sensitized Hypoxic-Ischemic Brain Injury

The NLRP3 inflammasome induces a cleavage of IL-18 and IL-1β, leading to further inflammation by microglia (21). We have previously shown an upregulation of the NLRP3 gene expression in hippocampus and cortex of the LPS/HI group compared with the other three groups (9). However, the modulation of NLRP3 had not been assessed on a cellular level in sorted CD11b/c microglia yet. Therefore, we analyzed the expression of NLRP3 in microglia via RT-PCR and determined a significantly increased expression in the LPS/HI group compared with the Sham group (p = 0.0031) (Figure 3).


[image: Figure 3]
FIGURE 3. LPS-sensitized hypoxic-ischemic brain injury induces an upregulation of the NLRP3 inflammasome in microglia. Twenty-four hours after HI magnetic sorted microglia were analyzed for the NLRP3-expression via real time PCR. n = 4 animals in Sham and LPS groups (whole brains), n = 8 animals in Veh/HI and LPS/HI groups (2 pooled ipsilateral brain hemispheres per sample). **p < 0.01.




Inflammation Sensitized Hypoxia-Ischemia Increases the CXCL1 Protein-Expression in Cortex of Male Pups

As gene expression levels do not fully represent protein expression levels, we analyzed the protein expression of CXCL1, CXCR2 and NLRP3 in the cortex, hippocampus and thalamus. For CXCL1, we observed no significant modulation in the individual groups as shown in Figure 4. Therefore, we investigated gender differences showing that in LPS-sensitized male pups the protein expression of CXCL1 is significantly increased 24 h after inflammation-sensitized hypoxia-ischemia compared with the Sham group (p = 0.0099). However, this gender-specific effect was only seen in the cortex and not in the hippocampus or thalamus. For CXCR2 and NLRP3, we did not observe any differences in the LPS-sensitized hypoxia-ischemia groups within the different brain areas and there was no gender differences (Figures 5, 6).


[image: Figure 4]
FIGURE 4. CXCL1 protein expression in different brain regions after inflammation-sensitized hypoxic-ischemic brain injury. Twenty-four hours after hypoxia-ischemia the expression of CXCL1 protein is not regulated in cortex (A), hippocampus (HIP) (B) or thalamus (TH) (C) from animals of both genders (Sham n = 7, LPS n = 5, Veh/HI n = 9, LPS n = 8). A significant upregulation is determined in cortex of males after inflammation-sensitized hypoxic-ischemic brain injury (A), whereas there was no gender specific upregulation in hippocampus (B) or thalamus (C) (Sham n = 4 males, LPS n = 4 males, Veh/HI n = 4 males, LPS n = 4 males). *p < 0.05, **p < 0.01.
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FIGURE 5. CXCR2 protein expression in different brain regions after inflammation-sensitized hypoxic-ischemic brain injury. Twenty-four hours after hypoxia-ischemia the expression of CXCR2 protein is not regulated in cortex (CX) (A), hippocampus (HIP) (B) or thalamus (TH) (C) from animals of both genders (Sham n = 7, LPS n = 5, Veh/HI n = 9, LPS n = 8). A significant downregulation is determined in hippocampus of males after hypoxic-ischemic brain injury (B), whereas there was no difference in the inflammation-sensitized hypoxic-ischemic brain injury groups (Sham n = 4 males, LPS n = 4 males, Veh/HI n = 4 males, LPS n = 4 males). **p < 0.01.
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FIGURE 6. NLRP3 protein expression in different brain regions after inflammation-sensitized hypoxic-ischemic brain injury. Twenty-four hours after hypoxia-ischemia the expression of NLRP3 protein is not regulated in cortex (CX) (A), hippocampus (HIP) (B) or thalamus (TH) (C) from animals of both genders (Sham n = 7, LPS n = 5, Veh/HI n = 9, LPS n = 8). There was no gender differences in any of the groups or analyzed brain regions (Sham n = 4 males, LPS n = 4 males, Veh/HI n = 4 males, LPS n = 4 males).





DISCUSSION

Up to now TH is the only established standardized neuroprotective treatment for neonatal encephalopathy following perinatal asphyxia. As treatment success might be influenced by different co-morbidities, the subgroup of non-responders to TH needs to be further investigated. In an experimental setup of inflammation-sensitized hypoxic-ischemic brain injury TH has failed to be neuroprotective (6, 7). To improve the understanding for the lack of neuroprotection from TH, we aim to focus on the underlying mechanisms leading to increased inflammation in our established model of inflammation-sensitized HI brain injury. As we have previously shown, microglia are activated into a pro-inflammatory phenotype early after inflammation-sensitized HI (9). In the current study, we show that the chemokine CXCL1 and its receptor (CXCR2) are upregulated and therefore may be involved in the pro-inflammatory response of microglia in our model. In addition, expression of the NLRP3 inflammasome is upregulated in microglia after inflammation-sensitized HI brains. As it has been shown that NLRP3 is regulated by the chemokine CXCL1 and its specific receptor CXCR2, we assume that CXCL1/CXCR2 is involved during the pro-inflammatory activation of microglia and that this activation also involves NLRP3 upregulation in microglia following inflammation-sensitized HI brain injury.

Only fifty percent of cooled asphyxiated newborns benefit from TH, whereas the others develop mild to severe motor-cognitive deficits in later life (1). Perinatal infection can lead to perinatal asphyxia and also neonatal infection rates are much higher in asphyxiated newborns (5, 22). Comparable with a clinical single-center experience (23), TH is not neuroprotective in our established model of inflammation-sensitized HI brain injury (6, 7). Therefore, there is an urgent need of neuroprotective treatments in the setting of inflammation-sensitized HI brain injury, presenting as neonatal encephalopathy. To identify new treatment options the underlying mechanisms, need to be analyzed. As previously shown, brain ischemia triggers a series of events that cause resident microglia to become activated and develop macrophage-like capabilities (24, 25). Microglia activation can be defined by two different phenotypes; a pro-inflammatory phenotype indicated as M1 and an anti-inflammatory phenotype indicated as M2. In the context of neonatal brain injury, it has already been shown that M1/M2 specific genes are upregulated in a time dependent manner (26) and that early M1 activation might be crucial in developing neonatal HI brain injury (27, 28). Recently, we determined an early upregulation of pro-inflammatory cytokines in different brain regions (cortex and hippocampus) in our model of LPS-sensitized HI brain injury, mainly produced by activated microglia (9). Additionally, we hypothesized that the NLRP3 inflammasome is involved in the inflammatory response of microglia in our model (9). Inflammasomes are activated during pathogenic stimulation including NLRPs (13, 29, 30). NLRP3, the most intensively studied inflammasome, has been shown to be involved in many neurological diseases in adults, such as multiple sclerosis, Alzheimer's disease and Parkinson's disease (31). It is a caspase-1 activating multi-protein complex regulating the cleavage of the interleukins 18 and 1β, which are associated with pro-inflammatory processes (32). Previously, we detected an activation of the NLRP3 inflammasome 24 h after hypoxia in selected brain regions (cortex and hippocampus) of inflammation-sensitized newborn rats. We believe, that the upregulation of NLRP3 in brains of the LPS/HI group is involved in the activation of M1 microglia, as we detected a microglia specific secretion of IL-1β (9). Therefore, we analyzed the NLRP3 gene expression in CD11b/c sorted microglia of brains from individual groups in the present study. We found an upregulation of NLRP3 gene expression following inflammation-sensitized HI brain injury, suggesting an involvement of the NLRP3 inflammasome as one potential regulatory pathway in LPS-sensitized HI brain injury. Several possible mechanisms activating the NLRP3 inflammasome have been described. The stimulation of Toll-like receptor 4 through LPS triggers the translocation of nuclear factor kappa B into the nucleus and induces the expression of pro-inflammatory genes in microglia involving the NLRP3 inflammasome (33, 34), indicating its role during CNS inflammation. In order to find out which signaling cascades are involved in the pro-inflammatory response of microglia in the LPS/HI group, we investigated the transcriptomic profile of ex vivo-isolated microglia from the defined experimental groups. We observed a significant upregulation of different gene clusters. One cluster were gene sets involved in neutrophil migration and neutrophil degranulation. We therefore focused on this set of genes, as neutrophil migration and neutrophil degranulation have been shown to be microglia associated following neonatal brain injury (28). According to our hypothesis that the induced inflammatory process in our model is due to the activation of the NLRP3 inflammasome, we looked at targets which are associated with the activation of the NLRP3 inflammasome. We observed a significant increase of the chemokine receptor CXCR2 in the LPS/HI group compared with the other groups. As previously described in the literature of adult animal models, interaction between CXCL1 and CXCR2 can modulate the activation of the NLRP3 inflammasome (13). However, its function in neonatal brain injury is still unclear and has not been studied under normothermic or hypothermic conditions yet. We investigated the gene expression of the ligand CXCL1 in microglia and showed a significant upregulation in the LPS/HI group comparable with the increased expression of the NLRP3. To clarify whether the modulation of CXCL1 gene expression in the LPS/HI group is also associated with its modulation on protein level, we performed Western-Blot analysis in different brain regions. However, as we performed Western-Blot analysis in brain lysates and not isolated microglia, we determined no different protein regulation between the treatment groups in any of the analyzed brain regions. Region-specific differences in chemokine or inflammasome activation have also been shown by other groups, representing variability in different models. Ystgaard et al. found different distribution of NLRP3 gene upregulation in their newborn mouse model 24 h post hypoxic-ischemic injury, with a significant upregulation in the hippocampus and thalamus (35). Yellowhair et al. showed that CXCL1/CXCR2 signaling contributes to newborn brain inflammation in an in-vitro model of preclinical chorioamnionitis and that blocking the CXCR2 receptor reduces neuroinflammation in different white matter regions (36). Interestingly in our study, we found a gender-specific upregulation of CXCL1 protein level in males in the LPS/HI group compared with the Sham group in the cortex (Figure 4). These gender-specific differences might emphasize the findings by Mammun et al., showing inflammatory responses are gender-specific and males are more sensitive to HI brain injury than females (25). This also corresponds to pre-clinical and clinical observations, where males are more sensitive to ischemic insults and have worse outcomes compared to females (37–39). However, this has to be further confirmed in our model.

There are some limitations in our study. First, analyses were performed at a single time point. However, the inflammation process will change over time. Therefore, we need more time-points to understand the time-depended changes in inflammation and to evaluate possible applicable treatments. Second, to analyze if the microglia mediated pro-inflammatory response in the LPS/HI group is regulated specifically through the CXCL1/NLRP3 pathway, we should use a specific antagonist for the CXCR2 receptor, like SB225002, blocking the receptor and the downstream pathway. Furthermore, cell-type specific experimental approaches will be needed to assess the causal relationship between CXCR2 activation and NLRP3 activation and the functional relevance of this pathway for the development of inflammation sensitized hypoxic-ischemic brain injury. Third, although we found gender-specific differences in our western blot results, we were not able to analyze gender differences in our microglia specific analyses, as we used pooled samples of both genders to receive a feasible working concentration of microglia. Therefore, further gender-specific studies need to be performed in our model using microglia, before a gender-specific effect can be assumed. Fourth, we assumed that differences in gene expression would lead to differences in protein expression. However, this is often not the case, as transcription does not automatically lead to translation with the release of proteins (40). Last, we did not include TH in our study. As shown in adult animal models, TH reduces NLRP3 activation and microglia activation after traumatic brain injury (41) or cardiac arrest (42). However, it has been found in a newborn animal study of hypoxic-ischemic encephalopathy, that NLRP3 deficiency increases brain injury (35). Therefore, before we investigate alterations of the CXCR2/NLRP3 pathway under hypothermic conditions, we need to understand the function and role under normothermic conditions.

Our results demonstrate that microglia reveal an early pro-inflammatory response demonstrated by an upregulation of CXCR2, CXCL1 and NLRP3 gene expression following LPS-sensitized HI brain injury in neonatal rats. These findings may contribute to a better understanding of the complex pathophysiology of NE, which is indispensable to develop new treatment options and to improve outcome in asphyxiated newborns, especially in countries with a high prevalence of perinatal infection and associated asphyxia.
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Midkine (MK) is a small secreted heparin-binding protein highly expressed during embryonic/fetal development which, through interactions with multiple cell surface receptors promotes growth through effects on cell proliferation, migration, and differentiation. MK is upregulated in the adult central nervous system (CNS) after multiple types of experimental injury and has neuroprotective and neuroregenerative properties. The potential for MK as a therapy for developmental brain injury is largely unknown. This review discusses what is known of MK's expression and actions in the developing brain, areas for future research, and the potential for using MK as a therapeutic agent to ameliorate the effects of brain damage caused by insults such as birth-related hypoxia and inflammation.
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INTRODUCTION

The structural and functional development of the brain depends on neurotrophic factors that drive the growth, differentiation, and migration of neural precursor cells. Midkine (MK) and pleiotrophin (PTN) are structurally and functionally related neurotrophic factors and are the only two members of the neurite growth-promoting factor family. MK is called midkine because it was originally identified as a cytokine highly expressed in mid-gestation in many organs of the mouse, particularly the kidneys, heart, and brain (1, 2). PTN expression has a different pattern, increasing from birth and persisting into adulthood (3, 4). However, expression of MK in the adult is induced following many forms of injury, and in many forms of cancer (5), where it mediates hypoxic or inflammatory-driven cell response pathways (6, 7). Previous work has demonstrated the potential therapeutic efficacy of MK for repair and regeneration after ischemic brain damage (8) and in seizure (9), and drug addiction-related brain injuries (10). Specifically, MK has been shown to ameliorate cell death, modulate glial reactivity, and enhance proliferation and migration of neural precursor cells (8, 10). MK also promotes hypoxia-induced angiogenesis (11) and serves as a chemoattractant for leukocytes (12). However, the therapeutic potential of MK following injury to the developing CNS has yet to be explored.

In this review, we discuss the spatiotemporal expression of MK and some of its key receptors during neurodevelopment and the function of MK following injury-induced expression. Both highlight the potential for the use of MK as a treatment for perinatal brain damage. We also interrogated gene expression databases to bring together the developmental and cell specific expression of MK and where possible PTN and their receptors. Perinatal brain damage arises from events such as fetal hypoxia, birth asphyxia, exposure to in utero and postnatal inflammation/infection (e.g., chorioamnionitis, sepsis), and/or preterm birth. These global problems in perinatology all too often result in death or life-time disabilities (13, 14), and account for around 2.4% of the total Global Burden of Disease (15). These disabilities include cerebral palsy, mild cognitive deficits, learning difficulties, epilepsy, and pervasive behavioral deficits such as autism spectrum disorders (16). At the present time, the treatment options for perinatally acquired brain damage are very limited. The option for impending preterm birth is intrapartum use of magnesium sulfate preterm birth, but there are no postnatal therapies. The option for term-born infants diagnosed with neonatal encephalopathy (NE) linked to hypoxia-ischemia (HI), (hypoxic-ischemic encephalopathy, HIE) is hypothermia (head alone, or whole-body cooling), which is only effective if commenced within 6 h of birth and requires specialized medical facilities (17, 18). In both cases, lives are saved and outcomes are improved, but the number needed to treat (NNT) for intrapartum use of magnesium sulfate is between 42 and 74 to see a significant reduction in rates of cerebral palsy (18, 19), and the NNT is 7 for hypothermia to see a reduction in mortality and severe morbidity (20), meaning there are still many more infants that need help. This is despite considerable efforts to find adjunct therapies for use with hypothermia (21), and additional therapies for all infants. As such, there remains a strong unmet need for treatments that can be delivered easily and quickly, and over a wider window of time after birth. The focus of this review is to evaluate the potential for MK to meet this need. We surveyed publications listed on PubMed using the search term MK, and then MK coupled with cancer, brain, neuroprotection, infant, neonate, birth, HIE, prematurity, and other terms as shown in Table 1. Of the 956 papers captured, only 22 (2.3%) were linked to studies in infants, neonates, brain, and/or birth, 1 was linked to prematurity and preterm birth, and none was linked to HIE or other commonly associated conditions of fetal injury such as intrauterine growth restriction. This demonstrates the great paucity of studies of MK in relation to the cause and treatment of perinatally acquired brain injury in the human neonate, despite the clear potential that MK has in this regard that we will outline in this review.


Table 1. Details of the spectrum of publications related to Midkine (MK), highlighting the vast number of works across areas such as cancer, but the striking lack of research in the area of perinatal brain injury (PubMed search, August 20, 2020).
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MIDKINE PROPERTIES

MK is a secreted, low molecular weight (13–18 kD) basic heparin-binding protein (24). MK has a 46% homology to pleiotrophin (PTN), and both share trophic and cytokine-signaling activities. MK consists of 121 amino acids (25) and is highly endowed with the positively charged basic amino acids-arginine, lysine, and histidine (26). The mRNA and protein of mouse and human MK are similar (27), with the amino acid sequence predicted to have an 83% homology (28). The protein structure of MK is composed of N-terminal and C-terminal halves linked by five disulfide bonds. The C-terminal portion of MK holds a strong conformation-dependent heparin binding site that is needed for full expression of the neurite extension and plasminogen activator activities, but not for promoting cell survival (25, 29). It is noteworthy that the effects of MK on neuronal outgrowth and survival are highly dependent on the sulfate groups (30).

MK binds to highly sulfated structures in the glycosaminoglycan chain of proteoglycans, namely, chondroitin sulfate-E structures and the tri-sulfated structure in heparin sulfate disaccharide units prevalent on the cell surface and within the extracellular matrix (31). In fact, MK protein is the ligand for several receptor-type proteins implicated in various physiological roles as described in Table 2. Though this provides an array of potential therapeutic targets, these receptors also have several potential ligands, and this has created difficulty in defining the exact functions of MK.


Table 2. MK receptor-ligand binding and signaling functions.
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DEVELOPMENTAL EXPRESSION OF MIDKINE

MK gene expression is regulated by retinoic acid, a derivative of vitamin A (43, 44). MK's role in promoting cell proliferation, differentiation, and mitogenic senescence during development is once it shares with other trans-retinoic acid or retinoic-derived gene products (45, 46). The most complete understanding of the developmental expression of MK and PTN comes from zebrafish and the altricial mouse and rat. In the sections below, we outline this data and highlight what little is known for humans, while also presenting data available from public datasets, as summarized in Figures 1–5. In contrast to the staging of developmental events in rodent (and of course zebrafish), in humans, organogenesis occurs predominantly in utero. Therefore, it is subject to the influence of the maternal and intrauterine environment, and to the influence of hormones and growth factors released by the placenta (47, 48). In this regard, study of model pregnancies closer to human pregnancy might be very important. For instance, it is known that glucocorticoids negatively regulate MK expression (49). Specifically, glucocorticoids downregulate MK expression in alveolar cells isolated from fetal mouse lungs, and prolonged and exaggerated MK expression occurs in adult mice lacking the glucocorticoid receptor (49). Hence, the observation that MK decreases after mid-gestation in some species might reflect the increased fetal glucocorticoid secretion that occurs toward the end of gestation, a process required for functional maturation of many organs, including the lungs (50, 51), heart (52), and gut (53).


[image: Figure 1]
FIGURE 1. Developmental expression of human mRNA in the cortex for our proteins of interests and known receptors. Each plot shows the gene expression from a frontal cortical sample on the Y axis (age) adjusted to the total average global gene expression across timepoints. Each blue dot is an individual human sample, and the red line is the moving average of gene expression. Age on the Y axis is in weeks of gestation (far right) and then in years after birth. (A) Midkine (MDK). (B) Pleiotrophin (PTN). (C) Syndecan-1 (SDC1). (D) Syndecan-3 (SDC3). (E) Syndecan-4 (SDC4). (F) Protein tyrosine phosphatase ζ (PTPRZ1). (G) Low-density lipoprotein receptor-related protein (LRP1). (H) Neuroglycan C/chondroitin sulfate proteoglycan 5 (CSPG5). (I) Laminin binding protein precursor/40S ribosomal protein SA (RPSA). (J) Anaplastic lymphoma kinase (ALK). Data collated from the http://braincloud.jhmi.edu/.



Prenatal Expression

As indicated above, MK is named due to its high expression in mid-gestation. This expression pattern in humans is highlighted in Figure 1, but this data is from total cortical extracts, hiding any cell-specific variance. Cell-type specific analysis using RNA-sequencing across fetal and adult time points revealed that across cell-types, MK expression is approximately 10-fold greater in Mus musculus (house mouse) when compared to that of humans (Figure 2). The most complete ontogenic description of mammalian MK expression comes from rodents (summarized in Table 3), for which localization of MK and PTN proteins overlap in the embryonic stages (see also Figures 2–5). In the mouse, intense expression of MK mRNA can be detected as early as embryonic day 5 (E5) in the ectoderm and in the allantois and chorion of the placental tissues (54). Then by E8.5, MK expression is found throughout the whole mouse embryo as well as in the extra-embryonic membranes (amnion and yolk sac) (54), and in the placenta at E11.5 (55). Also, in the mouse embryo, strong MK mRNA is present throughout the developing cortical plate at E14.5 and E15.5 (Figures 3, 4), and is also present in the jaw, hindlimb bud, skin, placental capillary endothelial cells, brain, and spinal cord (44) (Figure 3).


[image: Figure 2]
FIGURE 2. Gene expression profiling data of our targets of interest in purified cell populations from the mouse (Mus musculus, blue) and human (Homo sapiens, red) at stages of development as indicated. (A) Midkine (Mdk/MDK). (B) Pleiotrophin (Ptn/PTN). (C) Syndecan-1 (Sdc1/SDC1). (D) Syndecan-3 (Sdc3/SDC3). FPKM, fragments per kilobase of transcript per million mapped reads = the relative expression of a transcript. Top right inset on each panel shows the overall expression of the gene relative to all transcripts in the analysis. Data collated from the http://www.brainrnaseq.org/.



Table 3. Developmental expression of MK and pleiotrophin (PTN) in the rat brain.
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[image: Figure 3]
FIGURE 3. Gene expression in the embryonic day 14.5 mouse embryo for midkine (Mdk), pleiotrophin (Ptn), and syndecan-1 (Sdc1). Data for Syndecan-3 (Sdc3) not available. Data for the common reference gene glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and the immature neuronal gene doublecortin (Dcx) shown to help understand the relative intensity in our targets. Data collated from Genepaint: https://gp3.mpg.de/.



[image: Figure 4]
FIGURE 4. Gene expression in the mouse brain at embryonic (E) day 15.5, postnatal day (P) 7 and in adulthood for midkine (Mdk), pleiotrophin (Ptn), Syndecan-3 (Sdc3). Data for Syndecan-1 (Sdc1) not available. Data collated from GENSAT: http://www.gensat.org/index.html.



[image: Figure 5]
FIGURE 5. Gene expression profiling data of our targets of interest at stages across development (P7-2 years) and across regions of the brain (cortex, blue; hippocampus, green; striatum, red) from the mouse (Mus musculus). (A) Midkine (Mdk). (B) Pleiotrophin (Ptn). (C) Syndecan-1 (Sdc1); (D). Syndecan-3 (Sdc3). FPKM, fragments per kilobase of transcript per million mapped reads = the relative expression of a transcript. Data collated from http://www.brainrnaseq.org/.


In rats, MK protein immunoreactivity (IR) is found in the ventricular zone of the cerebral vesicle at E10, whereas little PTN-IR is detected here at this time. By E17 in the rat, both MK and PTN-IR emerge radially from the ventricular zone into the telencephalon, and dual expression is most intense in the intermediate zone and subventricular zones beneath the subplate. Moderate expression of MK and PTN is found within the subplate, and most importantly, coexpression in the cortical plate is localized to the radial glial processes (56)–a network that governs migration of postmitotic neurons (57). Expression patterns for MK protein at E17 (4) and MK mRNA at E14.5 and E15.5 are similar (Figures 3, 4).

Of note, in human pregnancies, MK and PTN proteins are present in amniotic fluid in normal mid-term pregnancy, during preterm labor with or without rupture of the membranes, and at term with and without labor (58); the significance is discussed further below.



Postnatal Expression of Midkine

In postnatal life (P7), protein expression for MK in the forebrain of the rat is now largely restricted to the choroid plexus (4). However, there is an obvious discrepancy in this restricted protein expression and mRNA levels, as mRNA data shows that mRNA for MK is still robustly expressed at P7 across the cortex (Figure 4). On the other hand, PTN protein shows a distinct spatiotemporal pattern of expression during completion of cortical lamination—corresponding to the inside—out development of the cortex (Table 3) (4). Specifically, PTN-IR is localized in the cell surface of neuronal cell bodies and processes and is intensely expressed in the marginal layer at P1, and cortical layer I at P7 and P14. PTN-IR is also robust in the corpus callosum when assessed at P7, localized in the axoplasm and, to a lesser extent, the surface of callosal fibers. In the forebrain, PTN-IR intensity peaks at P7–P14, consistent with other reports of PTN mRNA peaking at around this age before decreasing progressively into adulthood in humans (Figure 1) and in rats (4, 59). Across postnatal life in rats (P7–2 years), mRNA studies indicate that the regional heterogeneity in expression of MK and its associated receptors continues (Figure 4).

In the developing rat cerebellum in early postnatal life, MK and PTN protein are coexpressed (3) (see Table 3). From P1 to P5, PTN protein expression is found in the cerebellar cortex; at P3, MK protein expression is colocalized with PTN, and MK-IR reaches similar levels to PTN by P5. Most importantly, at P7, intense expression of both proteins is colocalized to neural and glial processes extending downward from the external granular layer, through the molecular layer and Purkinje cell layer, with weaker expression in the internal granular layer but with intense expression in the white matter. This pattern of expression is associated with Bergmann glial processes (3, 60)—a cerebellum-specific radial glial network that mediates migration of postmitotic neurons (61). Expression of MK diminishes from P7 to P14, while PTN-IR becomes restricted to the internal granular layer and the white matter (4). This comprehensive study of MK and PTN protein covered the developmental ages of E17, P7, and P14, but mRNA data for MK in the adult rat cerebellum (Figure 4) illustrates a robust expression of MK transcript in the molecular layer that is worth further investigation.



Developmental Importance of MK Expression

During embryonic and early postnatal development in these altricial rodents, both MK and PTN are highly expressed in neurites and glial cell extensions (3, 4) and are key in regulating neurite outgrowth (62–64), earning their membership in the neurite outgrowth family. Co-expression of PTN and MK in the embryonic stages of forebrain development is prominent in regions where cell migration and neurite outgrowth occurs (4), and the same is also true for the postnatal cerebellum, where MK and PTN likely combine to mediate the development of fiber networks (3).

Gene expression and protein studies suggest that MK signaling in the rat embryo occurs predominantly through members of the Syndecan (Synd) family, namely, Synd-1 and Synd-3 (35). Each of the four Synd family members have a specific, developmentally regulated pattern of tissue expression—with high expression of the Synd-1 receptor before birth, which then decreases postnatally, and high expression of the Synd-3 receptor from immediately after birth (Figures 1–3) (65). However, both receptor proteins are expressed during mid-gestation, with expression of Synd-1 at E10-12, and Synd-3 at E10-16—implicating both in the early construction of the CNS from the neural tube (66). Despite this, Synd-1 or Synd-3 knockout (KO) mice are viable and fertile (67–69). However, Synd-1 KO mice present with a growth restricted phenotype, being, on average, 15% smaller in weight throughout the first 4 months of life, and this is detected as early as E17.5 (69). In addition, Synd-3 KO mice exhibit impaired migration of glia and neurons in the cerebral cortex during development, resulting in fewer neurons residing in the superficial cortical laminae when assessed later in adult life (68). Both MK and PTN facilitate neurite outgrowth in vitro (43, 70), and so MK and PTN signaling via the Synd-3 receptor during corticogenesis is implicated in axonal/neural migration. Moreover, Synd-3 KO mice exhibit enhanced long-term potentiation in the CA1 region of the hippocampus, resulting in impaired memory formation as assessed using water maze and fear conditioning assays (67).

As outlined in mRNA datasets in Figure 2, Synd-3 is more highly expressed than Synd-1 in both Mus musculus and humans. More importantly, RNA sequencing suggests that the density of Synd-1 expression is approximately 100-fold less in humans than that of the Mus musculus, and this difference is 50-fold less for Synd-3. It is unknown currently if these differences are real (71), and if they are, whether there are differences in protein abundance or stability in humans that counteract any higher expression of the mouse mRNA. Irrespective, it is an example of how results from rodent experiments must be interpreted cautiously considering that this difference may indicate fundamental physiological differences between organisms that prevent simple extrapolation of findings (72).

Difficulties in understanding the specific role of MK come from the fact that MK interacts with several receptors (Table 2), each of which have numerous potential ligands, thus limiting the ability to delineate the activity of MK through receptor blockade or KO studies. Also, there are structural and functional similarities and complex feedback loops in actions between MK and PTN. These lead to redundancy, illustrated by the fact that (73), to date, there are no conditional KO mice for MK to provide more nuanced data on functions. Nevertheless, MK KO mice do still show an abnormal phenotype (74). Brain-specific structural abnormalities in MK KO studies include delayed hippocampal development, as shown by a transient abnormal increase in calretinin in the granule cell layer of the dentate gyrus (75). However, at this young adult stage of life for a rat, behavioral analysis unveiled that MK KO mice exhibit increased anxiety and impaired working memory assessed via the elevated plus maze test and y-maze test, respectively. (67), suggesting that MK activity via Synd-3 may serve to modulate hippocampal synaptic plasticity. MK KO mice also exhibit reduced striatal dopamine content, which has been interpreted as an increased vulnerability for development of behavioral disorders such as schizophrenia and autism, and abnormal serum levels of MK have been reported in people with these behaviors (76).

MK/PTN double KO (DKO) mice have been previously produced by cross breeding mice heterozygous for MK and PTN deficiency. DKO mice are born at one third the expected frequency based on Mendelian segregation (77). The authors attributed this to lethality occurring prior to E14.5; however, no histological abnormalities of organ architecture were found at this stage, and an earlier assessment was not made. DKO mice present with a severe postnatally developing growth retardation (50% reduction at 4 weeks of age) not corrected with high-calorie postnatal feeding (77). As mentioned previously, Synd-1 KO mice also present with a growth-restricted phenotype evident as early as E17.5 (69). We speculate that MK and PTN signaling via Synd-1 may be of functional importance during growth and may provide key insights for exploring interventions to ameliorate fetal growth restriction. MK/PTN DKO mice at 4 weeks of age exhibit 40–50% reduction in the spontaneous locomotor activity compared to wild-type (WT) mice, with the difference resolving somewhat to a 20% deficit at 3 months of age (77). Interestingly, MK, KO, and/or PTN KO mice have auditory deficits, but in the case of DKO, the deficit is more severe, consistent with a role for both PTN and MK in regulating the tectorial membrane proteins α- and β-tectorin that are crucial proteins for cochlear development (78).

MK and PTN proteins are present in the amniotic fluid from at least midgestation to birth in normal pregnancies and those disrupted by preterm labor (58). The functional significance and the source of these heparin-binding growth factors in amniotic fluid are unclear. It is known that both MK and PTN are expressed during development of the epithelial-mesenchymal interactions in the fetal lung (2, 49) and gastrointestinal tract (2), and MK is expressed in embryonic mouse keratinocytes in the epidermis (79). As such, MK in the amniotic fluid may be participating in, or be a by-product of, the development of the epithelia of the lung, gastrointestinal tract, and skin. Of course, fetal urine is a major contributor to amniotic fluid, and amniotic MK may also come from the fetal kidney, consistent with the observation that MK is highly and constitutively expressed in the kidney (80) and is involved in kidney nephrogenesis in the fetal rat (81). The human fetus swallows amniotic fluid regularly for at least the last half of pregnancy, and as such, amniotic MK may have a role in promoting development of the luminal epithelium of the gastrointestinal tract. Finally, given the current interest in the use of amniotic stem cells for regenerative repair of perinatal brain damage (82), it is worth investigating if amniotic MK enhances the survival and potential for further differentiation of these cells, as already shown for neurogenic stem cells ex vivo (58, 83).




NEUROPROTECTION AND REPAIR

We outline in this section, the primary neuropathological processes occurring in perinatal brain injuries and how these may be influenced by MK. A summary of these processes for encephalopathy of prematurity (EoP) and NE linked to HI is given in Table 4 together with a summary of proposed MK approaches. The focus of this review is perinatal brain injury, but it is highly likely that MK would also be useful for targeting damaging processes occurring during adult brain injury, such as stroke or traumatic brain injury (8, 87). Injury process do differ by age though, for example, that cell death in the developing brain is more likely to occur via a caspase-dependent process (88) and that microglia are in a “brain building” mode in the developing brain, compared to an adult homeostatic role (89). We wish to highlight that the developmental window in which a perinatal injury occurs is a key determiner of the type of damage that is caused (see Figure 6). For example, in preterm born infants, there is a widespread interneuronopathy as these cells are still migrating throughout the last trimester, a period of development disturbed by their early birth (91, 92). Interneuron damage in neonatal stroke and HIE is limited to the region of frank cell loss (93, 94). A role for HIE in preterm born infants is not conclusively supported (95), but oxygen variability is a likely contributor to injury (96). Also, myelination deficits are predominantly localized in areas such as the posterior limb of the internal capsule and the corona radiata in infants with HIE (97, 98). However, in infants with EoP, white matter injury is diffuse due to the vulnerability of populations of oligodendrocytes across the brain, and this leads to global connectivity deficits (99). Other key factors governing the specific pathogenesis include insult severity, patient population (ethnicity, social demographics), and standards of care/availability of care.


Table 4. An outline of the common neuropathological processes occurring in babies born preterm (with EoP) and those born at term with NE linked to HI (HIE) [as reviewed by (84–86)] and the current available therapies (18–20) and proposed application of MK.
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FIGURE 6. An outline of the timing of the more common perinatal insults relative to gross brain development. MRI panels adapted from Vasung et al. (90). Top, representative MRI reconstructions showing the striking changes in brain development across the weeks of gestational development. Bottom, indications of the timing (weeks of gestational age) of common perinatal insults.



MK Expression Following Injury

Following hypoxic and/or inflammatory injury, there is induction in MK expression. Specifically, MK has been shown to mediate response to injury by suppressing programmed cell death (apoptosis), modulating the glial response, propagating peripheral immune cell recruitment, stimulating angiogenesis, and enhancing proliferation and migration of neural stem cells—all of which will be discussed further below.

The MK gene harbors response elements specific to signals arising from hypoxia and inflammation (6, 40), two conditions that are frequently associated with perinatal brain damage. The hypoxia response element in the promotor region of MK (6) binds with the transcription factor, hypoxia-inducible factor 1α (HIF-1α). MK itself also increases HIF-1α expression creating a positive feedback loop for signal propagation (6). Hypoxic upregulation of MK expression likely explains the MK expression observed in tumors, where higher levels correlate with a worse prognosis (100, 101). The MK promoter region also possesses a putative nuclear factor kappa light-chain enhancer of activated B cells (NFκB) response element (7, 40). Stimuli that induce NFκB activation include reactive oxygen species, proinflammatory cytokines such as tumor necrosis factor α (TNFα) and interleukin-1β (IL-1β), and the bacterial endotoxin, lipopolysaccharide (LPS) (102–105). MK expression can be upregulated during many forms of inflammatory reaction (102–105). Consistent with this, an elegant study that used a prostate adenocarcinoma cell line showed that induction of MK expression following TNFα exposure occurs in an NFκB-dependent manner (7).



Cell Death

Many studies demonstrate that MK is involved in the suppression of apoptosis (9, 106–108). For instance, MK treatment in serum-starved cortical neuronal cultures from E17 rats attenuates expression of caspase-3 via rapid activation of the ERK and Akt pathways by MK (106). This finding is consistent with other in vivo evidence that MK has an antiapoptotic effect by downregulating caspase-3 in hepatocellular carcinoma and human meningiomas (107, 108). Furthermore, in vitro knockdown of the MK gene using small interfering RNA (siRNA) in gastric cancer cell lines inhibits cell growth, upregulates proapoptotic Bax, downregulates antiapoptotic Bcl-2, increases activity of caspases-3, -8, and -9, and increases release of mitochondrial cytochrome c (109). Cell death occurs in the perinatal brain in response to insults including HI in term infants, and it is often ascribed to apoptotic processes (110, 111), and MK may act to ameliorate these events. However, it is not known if MK interacts with the more recently identified necroptotic pathway—a form of cell death that is initiated using the signal transduction mechanisms of apoptosis, but which culminates with a necrotic phenotype (112, 113). Necroptosis is largely mediated via receptor-interaction protein-1 (113) and is a primary contributor to cell death where it is occurring following perinatal brain injury (114–116). As such, it is now important to assess the potential involvement of MK in necroptosis.



Reactive Gliosis

Microglial activation is almost ubiquitously reported across forms of perinatal brain injury, and a causal role for these processes in injury has been demonstrated across paradigms (117, 118). Conversely, a neuroprotective role for microglia is also shown in other experimental settings (119, 120). It is now generally regarded that microglia play numerous different roles in brain injury, dependent on the nature, severity, and stage of development of the injury, and the timepoint of the analysis (121, 122). Analysis of microglia in MK KO mice has found no significant effects on distribution and morphology in adulthood before or after LPS challenge (123). Another study used fluorescently activated cell sorting (FACS) to phenotype microglia from these mice and observed that MK−/− microglia had higher expression of B7-2 (cluster of differentiation-80), macrophage chemotactic protein-1 (MCP-1), and IL-1β, and these differences were lost once the cells were activated with either LPS or interferon γ (IFNγ) (124).

A pathological role for astrocyte activation becomes apparent in infants older than 28 weeks gestational age, linked to maturation of these supportive glia at that time (125–127). These cells increase production of proinflammatory cytokines and proliferate around focal lesions sites (128, 129). As such, activation of astrocytes is reported in post-mortem studies of infants with encephalopathy of prematurity (126, 130) and infants with NE linked to HI (127, 131). As for microglia, astrocytes also play roles in protecting the brain, with injury leading to increased uptake of glutamate, production of antioxidants, and production of trophic factors [as reviewed by (132)]. Animal studies of brain injury, such as transient cerebral ischemia causing damage to the hippocampal CA1 region in adult male rats (133), and kainic acid-induced epileptic seizure injuries in adult male mice (9), show that reactive astrocytes produce MK. Similarly, astrocytes in autopsied adult human brains express MK 4 days after ischemia (134), and MK is produced by fetal human astrocytes in culture (135). Furthermore, following middle cerebral artery occlusion (stroke model) in the rat, MK expression is induced in the reactive astrocytes localized to the zone surrounding the ischemic tissue at 4 to 14 days following stroke (136). Glial-fibrillary acidic protein (GFAP)-IR astrocytes are not only a source of MK but also produce chondroitin sulfate proteoglycans (CSPGs)—broadly considered to impede neuronal regeneration (137). In a rat model of spinal cord injury, MK treatment overrides the inhibitory effects of CSPG's on neurite outgrowth (138). Specifically, MK treatment significantly improved functional recovery of injured rats as assessed using open field locomotor performance, grip strength, and correct paw placement (138). Importantly, exogenous MK treatment in in vitro purified astrocyte and microglia cell cultures did not induce reactive astrocytosis or microgliosis (138).

Adding complexity to the role of MK in modulating reactive gliosis is evidence of the response being stimulus dependent and region specific. For example, amphetamine-induced reactive gliosis (GFAP-IR) is enhanced in the striatum of adult MK KO mice compared to WT; however, hippocampal GFAP-IR is reduced (139). In contrast, adult MK KO mice treated with LPS have reduced striatal GFAP-IR compared to WT—and in the prefrontal cortex, there is a decrease in the perimeter and circularity index of ionized calcium binding adaptor molecule 1 (Iba1; marker of microglia/macrophage) cells in MK KO compared to WT (123). Of interest is that MK enhances migration of microglia/macrophage isolated from the forebrain of newborn mice when assessed in vitro (140). As such, MK may contribute to the recruitment of microglia following injury to the developing CNS.



Oligodendrocytes and Myelination

Oligodendrocyte maturation occurs via a highly orchestrated set of sequential processes for which many of the numerous regulatory pathways are known (141). How oligodendrocytes are affected in forms of perinatal brain injuries depends on the timing, nature, and severity of the brain injury (142–145). Very generally, research in post-mortem and preclinical models illustrates that severe injury at any time of development can lead to the death of oligodendrocytes (142). Given the antiapoptotic abilities of MK (outlined above), it may be a valid therapy for this negative outcome of perinatal brain injury. In the preterm brain, where injury is severe enough to cause cell loss, there appears to be a compensatory proliferation, but the newly born oligodendrocyte cells then fail to mature (146). In the cases of moderate/mild injury in the preterm born equivalent brain, this oligodendrocyte dysmaturation occurs without any appreciable preceding cell death (126, 147). Moderate levels of injury are the most prevalent and only 5% are severe, cystic cases (148).

Receptors for MK (listed in Table 2) are found on oligodendrocytes, with complex interactions with other maturation pathways. For instance, Fyn tyrosine kinase-mediated downregulation of Rho activity through activation of p190RhoGAP is crucial for oligodendrocyte differentiation and myelination. MK binds to the extracellular region of the protein tyrosine phosphatase receptor type β/ζ (PTPRZ) that is highly expressed by oligodendrocyte progenitors. Interestingly, p190RhoGAP is also a substrate for PTPRZ indicating that the presence of MK can influence the activity of the p190RhoGAP cascade and, as such, oligodendrocyte maturation. It is worth noting that in the adult brain, there is a pool of oligodendrocyte precursors (OPC) responsible for the homeostatic replacement of mature oligodendrocytes (149) and (attempted) replacement of cells in the case of injury (150). PTN, via its inhibitory actions on PTPRZ, supports this homeostatic self-renewal of the OPC pool (151). In oligodendrocytes, PTPRZ signaling has antagonistic roles for PTN and MK, but it is not yet known if MK plays a role in the maintenance of this OPC pool.

There is little work on the effects of MK on oligodendrocytes directly. Preliminary reports indicate that MK exposure increases oligodendrocyte maturation in an immortalized precursor population (OL1 cells) (152). It has similarly been shown that in the oligodendroglia precursor cell line (CG4), MK acted via the neuroglycan C receptor to stimulate process extension (37). Of note, the authors also overexpressed the neuroglycan C receptor in neuroblastoma cells and were able to induce a similar MK-dependent cytoskeletal arrangement, indicating that this is not necessarily a cell type-specific effect.

Looking for further evidence for a role of MK in oligodendrocyte biology, we note that MK mRNA is increased in the demyelinated white matter of the lumber spinal cord in a mouse model of myelin oligodendrocyte glycoprotein-induced experimental autoimmune encephalopathy (EAE) (153). Subsequent studies of MK's role in EAE (124, 154), including experimental MK therapies, have not reported specific data on the basal or post-insult state of the oligodendrocytes or myelin. However, they have reported a causal link between MK and suppression of regulatory T-cell (Treg) proliferation. We assume that these studies had explored, but had not reported, on the “low hanging fruit” of direct effects of MK on oligodendrocytes or myelin in EAE. So then perhaps the lack of information on any effect of MK on oligodendrocytes in such obvious models itself rules out a significant interaction.



Recruitment of Peripheral Immune Cells

In adult animal models of brain injury, MK facilitates the migration of leukocytes to the site of injury, namely, neutrophils and monocytes/macrophages (12, 140). These immune cells are implicated in modulating repair pathways and positive processes such as angiogenesis (155–157). However, an excessive stimulation of these processes is known to exacerbate brain injury (118, 126, 158–160). In models of perinatal brain damage linked to stroke and moderate systemic inflammation, the role of macrophages is minimal (161, 162), but more significant in models involving HI (160, 163). Under hypoxic conditions, both neutrophils and monocytes isolated from adult human blood transiently express MK, peaking after 4 h of exposure to 1% oxygen (11), and MK-IR is localized to both the cell surface and intracellular cytoplasmic vesicles. Following 6 h of hypoxia, MK expression in neutrophils decreases to near baseline levels. After 20 h of hypoxia, Western blotting techniques revealed that MK expression in monocytes resembles that of normoxic conditions; however, immunostaining for MK showed that the cell membrane is almost completely saturated in MK. However, MK is not detected in the supernatant of neutrophils and monocytes, and so it is assumed that it is not secreted from these cells. Instead, MK may participate in autocrine or cell–cell contact-dependent paracrine signaling pathways. An alternate hypothesis (proposed by 11) is that MK is internalized via endocytosis to prevent an excessive inflammatory response, as for IL-1β and the expression of its decoy receptor, IL-1RII.

MK is involved in extravasation of neutrophils. In neutrophils isolated from adult human blood, MK mediates neutrophil extravasation via interaction with low-density lipoprotein receptor-1 (LRP-1), which, in turn, causes conformational changes in β2 integrins promoting adhesion (12). It is unknown if this mechanism of extravasation is age dependent; however, neutrophil extravasation is impaired in MK KO mice in vivo following hindlimb ischemia, and blockade of LRP-1 impairs MK binding to neutrophils in vitro–suggesting an important role for MK in neutrophil trafficking. Systemic neutrophil responses are elevated in preterm born infants with brain injury (164), but it is not clear if neutrophils have a significant role in the development of brain injury in these infants (162, 165). In term-born brain injury related to HI, neutrophils are clearly involved in the sequence of events as the injury evolves (166–168), and if one effect of MK was to reduce their transmigration, this could be of significant therapeutic benefit.

The chemoattractant properties of MK for recruitment of peripheral immune cells may explain, in part, the results of a recent study on the examined traumatic brain injury (TBI) in MK KO adult mice (87). Here, MK KO mice had reduced levels of apoptosis at 7 days post-TBI as assessed via cleaved caspase 3 expression and showed improved neurological outcomes at 14 days following TBI. Importantly, MK KO mice had reduced microglial/macrophage Iba1-IR at 3 days post-TBI when compared to WT. Using immunohistochemical markers for the proinflammatory-like or M1 (CD16/32+) and anti-inflammatory-like or M2 (arginase1+) phenotypes at 3 days post-TBI, MK KO mice had fewer M1 CD16/32+ cells in the perilesional site. Furthermore, mRNA levels of other M1 markers (e.g., TNFα, CD11b) were reduced in MK KO compared to WT. Flow cytometry was used to segregate macrophages and microglia, and at 3 days post-TBI, MK KO mice had increased levels of M2 arginase1+ microglia and M2 CD163+ macrophages, but fewer M2 arginase1 + macrophages. Thus, these results suggest that MK modulates neuroinflammation by influencing the polarization of microglia toward the M2 phenotype. However, in the case of TBI, blood–brain barrier (BBB) permeability is significantly increased with effects seen up to 7 days post injury, facilitating leukocyte trafficking to the brain parenchyma (169). As such, the chemotactic properties of MK may potentiate injury to the adult CNS via amplifying recruitment of peripheral immune cells, and this could explain the reported beneficial effect of MK KO in the adult mouse model of TBI (87). Due to known age-dependent differences in BBB permeability, chemokine function, and leukocyte recruitment following CNS injury (170), it will be important to characterize the effect of MK activity in the context of the developing CNS.

Mast cells are first responders in the response of the brain to experimental HI (171, 172). There is a well-known role for mast cells in adult TBI (173, 174); however, the use of cromoglycate in a P14 rat model has shown that they appear to have no effect on injury outcome (175). A role for these cells in the less developed (preterm) brain, possibly via their lesser known homeostatic secretory roles, is unknown. It is logical that MK may have an impact on developing brain injury as it has striking effects on mast cell activation causing rapid and dose-dependent degranulation (176). Mast cells themselves produce MK, and this expression is increased in people with cystic fibrosis, which is linked to the role of MK as a host defense protein (177).

Finally, MK suppresses Treg proliferation by suppressing the activity of tolerogenic dendritic cells (124, 154). To the best of our knowledge, the role of tolerogenic dendritic cells in perinatal brain injuries is not known. Together with the host of effects on other immune cells, MK may influence perinatal brain injury via these populations.



Angiogenesis

Following HI brain injury in the adult human, a robust angiogenic response occurs within 3–4 days (178). However, several studies indicate that in the neonate, this response is limited and occurs much later, and ischemic tissue presents with severe and chronic signs of vascular degeneration spreading beyond the site of injury (179–181). Indeed, a small study has associated the presence of proangiogenic factors in the serum of asphyxiated neonates with better outcomes (181), and although MK does not appear to be critical for the development of the vascular system (11), MK does promote angiogenesis in certain situations. Angiogenesis is severely compromised in MK KO adult mice subjected to occlusion of the right femoral artery (hindlimb ischemia model) as assessed via immunohistochemistry using markers for proliferation (Ki67) and endothelial cells (CD31) (11). Also, treatment with an antisense oligonucleotide targeting MK impairs angiogenesis in the chick chorioallantoic membrane, and reduces tumor progression in situ in hepatocellular carcinoma xenografts in mice (182). Indeed, Synd-1 has been implicated in regulating angiogenesis via activation of αvβ3 and αvβ5 integrins in human vascular endothelial cells in vitro, and in mouse mammary tumors in vivo, suggesting that activity of MK via Synd-1 may modulate angiogenesis (183). Promoting angiogenesis supports neural regeneration in a model of neonatal stroke (184), and thus, the angiogenic potential of MK following perinatal brain damage may be relevant for exploring strategies to enhance this response.

Notably, endothelial cells are thought to be a major source of soluble MK (11). MK is localized in the Golgi apparatus of human umbilical vein endothelial cells (HUVECs) following 4 h of hypoxia (1% oxygen), and the supernatant of cultured HUVECs contains increased MK levels after 4 and 20 h of hypoxia. Interestingly, intraperitoneal injection of hypoxia-preconditioned HUVECs in a neonatal rat model of HIE ameliorates neuronal apoptosis, stimulates angiogenesis, and attenuates neurovascular damage in the acute and subacute stages of brain injury—and also improves motor and neuropathological outcomes assessed later in adult life (185). The possibility that the beneficial effects of hypoxia-preconditioned HUVEC treatment may be attributable to the actions of MK is worth further investigation.

As mentioned previously, MK facilitates migration and extravasation of neutrophils and macrophages to sites of tissue injury, and these cells promote angiogenesis (186). Thus, MK's angiogenic role may arise as a result of two primary mechanisms: (i) directly by enhancing growth and proliferation of endothelial cells and (ii) indirectly by recruiting neutrophils and macrophages. With regard to the latter, resident brain microglia/macrophages dominate the site of injury in the acute stages following neonatal HI injury in the neonatal rat (161). Also, microglia have been shown to prevent hemorrhage following focal neonatal stroke in rat pups by modulating the neurovascular response (119). As such, in the context of perinatal brain injury, MK may not only enhance angiogenesis but may also facilitate migration of microglia to the damaged vasculature to preserve BBB integrity. Further work is needed to clarify this.



Proliferation and Migration of Stem Cells and Regeneration

Inflammation and hypoxia have the effect of suppressing neuroglial proliferation in the developing brain (187, 188), although specific effects are linked to the severity of HI [as discussed by (189)]. One important effect of MK is that it promotes neural stem cell proliferation and migration, and MK is strongly expressed in migrating neurons and radial glial processes during development of the cerebral cortex and cerebellum in the rat (4). Injection of MK mRNA into the embryos of zebrafish promotes neurogenesis (190), and expression of MK in neural precursor cells in mice promotes their survival and proliferation (191). Viral-mediated short hairpin (sh) RNA knockdown of MK also significantly reduces sympathetic neuron proliferation (42), where MK-mediated proliferation was shown to occur largely through the receptor anaplastic lymphoma kinase (ALK), as shALK and shMK treatment in sympathetic ganglia resulted in a similar reduction in proliferation (42). In zebrafish, the ALK ortholog leukocyte tyrosine kinase (ltk) is critical for neurogenesis of the developing CNS, where its overexpression increases proliferation of neural progenitors (192). Indeed, MK-mediated cell proliferation via ALK activation has been implicated in many cell types and occurs via activation of downstream signal transduction pathways PI3K and MAPK (41).

Unlike mammals, zebrafish can regenerate photoreceptor neurons (193), providing a platform to assess MK's role in neuronal regeneration. The zebrafish has two species-specific MK genes—mka and mkb (194). Analysis of retinal development and regeneration in zebrafish identified that mka is highly expressed in stem cells destined to be retinal horizontal cells, and in the outer layer of the retina, a prominent site of stem cell differentiation (195). Importantly, mka is transiently expressed in Müller cells in the developing retina—a retina-specific radial glial network (195). Conversely, the zebrafish mkb is transcribed in newly postmitotic cells deeply entrenched in the inner retinal layers, and in the amacrine cells and other components in the ganglion cell layer (195). During retinal development, MKA protein is localized in the neuroepithelium and the retinal margin and remains localized in the circumferential marginal zone of the retina (196). Following photolytic death of photoreceptors, mka adopts a center-to-peripheral pattern of expression in rods and cones as photoreceptor function regenerates (196). Thus, MK may be a trophic factor critical for development of the retina that also mediates regenerative processes. The developing eye is very sensitive to hypoxia and hyperoxia (197, 198)—consistent with reports of retinal atrophy in human infants following perinatal asphyxia (197) and “retinopathy of prematurity” that occurs due to supraphysiological levels of oxygen (198, 199) and exposure to perinatal inflammation (200). Currently, there is no effective treatment to specifically repair the infant's retina from such damage, and MK may provide the effective therapy needed here. This is further supported by research that showed that intravitreal injection of MK rescued retinal damage induced by exposure to high intensity light in adult rats (201).

In a rat focal brain ischemia model utilizing photoembolism, MK overexpression produced by ipsilateral injection of an adenoviral vector into the lateral ventricle 90 min after injury resulted in proliferation of neuronal stem cells, reduction of infarct volume by ~33%, and an increase in the number of callosal and subventricular neuronal cells expressing other migratory factors (202). These neuroprotective effects of MK gene transfer persisted beyond the acute phase of infarction. Taken together, there is evidence to support MK's therapeutic potential in enhancing neuronal regeneration following injury to the CNS.




CHALLENGES AND POTENTIAL OF MK TREATMENT IN THE PERINATAL PERIOD

As discussed above, MK has been shown to have diverse actions—in a cell type and developmentally regulated manner. These include effects on neurogenesis, neuronal survival, apoptosis, and glial activation across inflammatory and hypoxic CNS insults. There is an obvious promise for the use of MK in neonates with perinatal brain damage, but careful consideration needs to be made to factors such as patient selection (i.e., HIE with or without exposure to additional inflammatory challenge (203), the mode of MK delivery (systemic, intranasal, intracerebroventricular), and the timing to address the acute, secondary, or tertiary phases of injury (204).

Systemic delivery of MK is appealing because alongside the brain, other organs susceptible to inflammatory and hypoxic damage in preterm and term neonates include the heart, lung, kidney, and skeletal muscles, and in particular the diaphragm [reviewed by (205)]. In term-born infants, a focus was on understanding injury to the brain, but it is important to note that NE can develop secondary to cardiac, pulmonary, hepatic, and renal dysfunction, and is often exacerbated by systemic and cerebral inflammation (206, 207). While brain-specific treatment is an obvious clinical goal, there is the need to protect other vital organs, and it is here that MK might offer benefits in addition to the rescue of brain damage. For example, MK has been shown to be cardioprotective in rodent (208), rabbit (209), and pig (210) models of ischemic myocardial infarct by virtue of both its antiapoptotic and potent angiogenic actions, leading to reduced infarct size, less left ventricular scarring, improved cardiac performance, and overall survival (211). Importantly, the intracardiac injection of MK protein ameliorated heart failure not only when delivered at the time of cardiac ischemia/reperfusion injury but also following a delay of up to 14 days post-infarct (208). This important finding suggests that MK treatment might benefit neonates when given at various times after birth. That is, unlike therapeutic hypothermia where the “window of opportunity” to have an impact on perinatal HIE is only hours after birth (17, 212, 213), MK treatment might not be so time critical. It may be with caution that trials of systemic MK are undertaken though, given the plethora of diverse effects of MK on immune cells that may conflict with supportive recovery and overall health of the infant. The complexity of cross-organ effects is shown in studies where a putative therapy, erythropoietin, used to prevent brain damage in preterm born babies (214–216) has damaging effects on the lung in preterm lambs (217, 218). In the case of term born infants, it is also worth noting that therapies need to be tested in relation to hypothermia, the current standard of care. In this case, careful pharmacokinetics need to be assessed as it has recently been shown that cooling can lead to toxic bioaccumulation of potential neurotherapeutics (219).

The BBB in the healthy neonate is functional and more than capable of excluding circulating factors, as reviewed elsewhere (220). There is no specific evidence of the ability (or not) of MK to cross the BBB, although many neurotrophic factors are known to not penetrate the brain parenchyma sufficiently to facilitate neuroprotection (221). Evidence indicates that many forms of perinatal brain injury open the BBB to varying degrees related to the severity of the insult (162, 222–224). This regionally selective opening of the BBB may then be a useful strategy to deliver MK to the sites of injury while keeping it away from the uninjured parts of the brain. Even so, the many pro- and anti-inflammatory systemic effects of MK might mitigate against it as an effective therapeutic agent but highlights the need for more experimental evidence.

The poor penetration of MK into the brain could be assumed to be reflected in the many experimental studies that use delivery of MK by intracerebroventricular or direct intracranial injection (9). Obviously, this delivery route comes with substantial risks in infants, but it is worth noting that MK administration may be no more complicated than the surgical techniques developed for treating intraventricular hemorrhage or hydrocephalus. For example, the DRIFT procedure, necessitating the placement of two shunts into the infant's brain (225), has been able to improve the cognitive quotient of children with severe intraventricular hemorrhage by as much as 23 points (226). So, although not ideal, as the future of MK testing proceeds, it may be worth including intracerebroventricular delivery as it might directly target brain injury and avoid the side effects of systemic administration.

Two other approaches for MK delivery are of more obvious value for newborn infants. First, the intranasal route, which has been used to deliver diverse proteins to the brains of neonatal and adult experimental animals (e.g., insulin, IGF1, Fgf2, C3a, EGF, anti-tPA, osteopontin) for protection and repair (104, 227–230). What is lacking here is the experimental data on the distribution of MK after nasal delivery. Second, a route in might be mediated by new nanoparticle. For instance, a polyamidoamine dendrimer has been used to successfully deliver n-acetylcysteine to reduce brain injury in a rabbit model of cerebral palsy induced by hypoxia/ischemia (231, 232). In addition, a poly(lactic-co-glycolic acid)-poly(ethylene glycol) (PLGA-PEG) nanoparticle has successfully increased the delivery of the histone deacetylase inhibitor, curcumin, to the brain in a model of term infant NE related to HI (233). An interesting biomaterials approach involves the engineering of nanoparticles to release their “cargo” in response to tissue damage–in this case–in response to acidosis in the brain subsequent to ischemia (234). This approach is valuable because it reduces possible off-target effects of drug delivery. Indeed, highly targeted effects are possible, as shown by Van Steenwinckel et al. who showed that 3DNA nanocarriers administered intraperitoneally not only cross the BBB but are taken up specifically by microglia and not by liver, bone marrow, or spleen macrophages (118). This enables this 3DNA nanoparticles to target peptides, small molecules, siRNA, and microRNA, and as such, could be used to deliver MK itself or an MK modulator. 3DNA nanoparticles are 200-nm diameter constructs that escape the endosome to enable intracellular delivery of the tagged “cargo,” and appear to have no toxicity in vitro or in vivo (235), and can be tagged with fluorophores for tracking—making them an exciting prospect for future studies.



CONCLUSION

Current methods of preventing or treating perinatal brain damage have low success rates, and as such, there is a need to develop novel therapeutic approaches. The evidence summarized here shows the potential for MK, as an endogenous growth factor and cytokine, to be used to mitigate processes associated with perinatal brain injury such as apoptosis and inflammation, as well the possibility of it inducing increased turnover of the endogenous stem cell pools–neural, cardiac, renal, or muscle. However, many of the experiments discussed above were conducted in vitro and a few are conducted in vivo. In vivo testing is always the key, but given the multitude of cell and developmentally regulated effects of MK, it seems to have even greater importance to prove the validity of MK as a potential therapeutic. It will also be important to understand the roles of MK in animal models of development and injury, which incorporate the maternal–placental–fetal unit, such as the precocial spiny mouse (236, 237), or fetal and newborn sheep (165, 238). Current data predominantly comes from altricial species but given the high levels of MK in the amniotic fluid, there is the possibility that preterm birth causes an MK deficiency, and the effect of prematurity and brain injury in these infants warrants attention. Therefore, further in vivo investigations are needed to demonstrate the efficacy of MK, and improved drug delivery platforms are warranted to determine how its therapeutic efficacy and bioavailability can be fully realized in the context of perinatal brain injury.
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Aim: To determine the predictive value of plasma neurofilament light protein (NfL) as a prognostic marker for outcomes in babies who have undergone therapeutic hypothermia (TH) for hypoxic ischemic encephalopathy (HIE).

Method: NfL levels from three groups of term newborns were compared: (1) those with mild HIE who did not receive TH, (2) newborns treated with TH who had minimal or no brain injury on MRI, and (3) newborns treated with TH who had substantial brain injury on MRI. Follow-up outcomes were collected from 18 months onward.

Results: Follow-up was available for 33/37 (89%) of children. A cutoff NfL level >436 pg/ml after rewarming (median age 98 h) was associated with adverse outcome with a diagnostic sensitivity 75%, specificity 77%, PPV 75%, and NPV 77%. NfL levels at earlier time points were not predictive of outcome.

Interpretation: This pilot study shows that persistently raised plasma NfL levels after rewarming are associated with adverse outcomes in babies with HIE who have undergone TH.

Keywords: newborn, hypoxic-ischemic encephalopathy, neurodevelopment, neurofilament light protein, therapautic hypothermia


INTRODUCTION

Mild therapeutic hypothermia (TH) has been shown to be effective in improving outcomes in newborns suffering hypoxic–ischemic encephalopathy (HIE) with a number needed to treat of 7–9 (1) and is a recognized standard of care (2). At present, there are no specific blood biomarkers in clinical use that assist in stratification of severity of encephalopathy and selection for neuroprotection.

Neurofilament light (NfL) is a structural protein present in myelinated axons and is abundant in the central nervous system (CNS). In response to CNS axonal damage

caused by inflammatory, neurodegenerative, traumatic, or vascular injury, the release of NfL sharply increases (3). The NfL that is released reaches the interstitial fluid, which communicates freely with the CSF, and the blood, where its concentration is roughly 40-fold lower than it is in the CSF. Increased concentrations of NfL in blood have been shown in patients with chronic neurodegenerative conditions such as Alzheimer's disease (4) amyotrophic lateral sclerosis (4, 5) and multiple sclerosis (6). As such, the potential role of NfL as a biomarker for brain injury in the context of HIE in newborns remains to be explored more fully.

Previously, we have shown that it is feasible to study NfL levels from newborns (7). We demonstrated that raised plasma NfL levels assessed at three time points from newborns undergoing TH for HIE were associated with cerebral MRI findings predictive of unfavorable outcomes. However, the relationship between plasma NfL and later outcome in this group of patients has yet to be demonstrated. We hypothesize that raised plasma NfL levels during the newborn period are predictive of longer-term adverse outcome in babies with HIE.



METHOD

Term newborns with HIE were recruited between January 2014 and January 2016 from four tertiary neonatal centers as part of the Brain Injury Biomarkers in Newborns Study (BIBiNS): the Royal London Hospital, Homerton University Hospital, Ashford, and St Peter's Hospitals and Southampton University Hospital. This study was carried out with research ethics committee approval (REC reference: 13/LO/17380).


Participants

These recruits have been described previously (7). For the purposes of the NfL study, samples were studied from three groups of newborns from this cohort: (1) consecutively recruited babies with mild acidosis and/or mild HIE (mild HIE group) who did not fulfill standard criteria (8) for TH and were managed conservatively; (2) consecutively recruited babies who underwent TH but had cerebral MRI predictive of adverse outcome as described previously (9) (TH unfavorable MRI group), and (3) consecutively recruited babies who underwent TH but had cerebral MRI predictive of a favorable outcome (TH favorable MRI group).



Blood Sampling

Newborns who had TH for HIE had blood samples taken at three time points: (i) after the infant had reached target temperature (S1), (ii) prior to commencing rewarming (S2), and (iii) after completing rewarming (S3). Infants with mild HIE who did not receive cooling therapy had a single specimen taken (S1). Preparation and analysis of plasma samples has been previously described (7).



Outcomes and Neurodevelopment Assessment

Neurodevelopmental testing was administered by the local centers and were collected as per local follow-up protocols for babies with HIE, as previously described (9). Abnormal outcome was defined as a cognitive or motor composite score <85 (−1 SD) in either cognitive or motor domains, a diagnosis of cerebral palsy or death related to associated causes.



Statistical Analysis

Analysis was carried out using SPSS V25.0 (IBM Corp, Armonk, New York) and GraphPad Prism V7 (GraphPad Software, La Jolla California USA). Continuous variables between groups were compared using Mann–Whitney U and categorical variables using x2 in SPSS. NfL levels for S1 were positively skewed and thus were log transformed prior to analysis. A receiver operating characteristic (ROC) curve was created in GraphPad Prism, comparing the mild HIE group with TH babies with abnormal outcome. Additionally, TH babies with abnormal outcomes were compared with the TH babies with normal outcomes at timepoints S1, S2, and S3. Cutoff levels for the ROC curves were obtained where sensitivity and specificity were the highest, where a value p < 0.05 was highly significant.




RESULTS

Eleven babies were studied in the mild HIE group, 13 in the TH favorable MRI group, and 13 in the TH unfavorable MRI group. The perinatal characteristics of these three groups have already been described in Table 1 of our previous publication (7). Perinatal characteristics of babies with mild HIE compared with all the newborns treated with TH combined are shown in Table 1 in the present publication. Babies who received TH were more likely to have chest compressions, resuscitation with cardiac medication, meconium aspiration, positive blood culture, seizures, anticonvulsants, and use of inotropes (p < 0.05).


Table 1. Perinatal characteristics of the mild HIE group compared with all the TH babies in the study.
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NfL Levels

NfL levels in the three groups have previously been described (7). The single blood sample from the mild HIE group was obtained at a median age of 24 h. In the cooled babies' samples, S1, S2, and S3 were obtained at median ages of 18, 54, and 98 h, respectively. Only 3/8 babies in the mild HIE group who had outcomes available had a detectable plasma NfL level (83, 156, and 172 pg/ml). Of these three, one child who had high functioning autism with difficulties with social interaction was assigned an abnormal outcome.



Outcomes

Outcomes were available for 33/37 (89%) children, with neurodevelopmental assessment performed at a median age of 2.7 [interquartile range (IQR) 2.0, 3.2] years. Of the 33 babies, 23 had Bayley-III assessments, four had ASQ-3 (Ages and Stages Questionnaire−3) assessments, and six were assigned outcomes by DS based on the follow-up information supplied by the local team. Of the six children with assigned outcomes, three were from the mild HIE group and three had received TH. Only one of the six was in the abnormal outcome category; a baby from the mild HIE group who was diagnosed with features of high functioning autism.

Three children in the mild HIE groups were lost to follow-up, and one child in the TH favorable MRI group was not available, detailed as below.

Outcomes were available for 8/11 children in the mild HIE group. Seven of these children had normal outcomes. One child, who had high-functioning autism with difficulties with social interaction, was assigned an abnormal outcome. Outcomes were available for 12/13 in the TH favorable MRI group. One child was discharged from follow-up at 5 months as he was thought to be doing well, and no further follow-up data was available. Of the other 12, 11 children had a normal outcome and one had an abnormal outcome. This child had normal motor findings but severe impairment in cognition and language in keeping with other features of autism. Outcomes were available for all 13 children in the TH unfavorable MRI group. Of these, two had normal and 11 abnormal outcomes. Of these 11, nine had a diagnosis of cerebral palsy.



Diagnostic Accuracy of Plasma NfL Levels in Prediction of Outcomes

To assess the diagnostic value of plasma NfL levels in predicting later neurodevelopment, ROC curves were constructed, along with cutoff levels of plasma NfL for each sampling time (Figure 1). The area under the curve (AUC) for each blood sample showed that plasma NfL is a variable classifier of neurodevelopmental outcome (Table 2). A cutoff of 436 pg/ml at timepoint S3 was strongly predictive of later neurodevelopmental outcome with an AUC 0.81, p = 0.009, sensitivity = 75%, and specificity = 77%. Of the nine children who developed cerebral palsy, all nine had detectable NfL levels and seven had levels >436 pg/ml (Table 3).


[image: Figure 1]
FIGURE 1. ROC curves of plasma NfL levels. (A) Comparison of mild HIE babies vs. cooled babies with abnormal outcomes and (B–D) comparison of cooled babies with normal and abnormal outcomes at timepoints S1, S2, and S3 respectively.



Table 2. The predictive value of plasma NfL levels at timepoints S1, S2, and S3 with later neurodevelopment.

[image: Table 2]


Table 3. Characteristics of babies with cerebral palsy.
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DISCUSSION

In this paper, we provide additional data to complement our previous work in which we have demonstrated the feasibility of using NfL levels as a biomarker of brain injury in term newborns who have undergone TH. We demonstrate that a cutoff level >436 pg/ml after rewarming was associated with abnormal outcome with a diagnostic sensitivity 75%, sensitivity 77%, PPV 75%, and NPV 77%.

Thus far, this is the first study to examine the relationship between serial plasma NfL levels in newborns undergoing TH and later neurodevelopmental outcome in newborns. Toorell et al. (10) highlighted the importance of NfL as an early predictive marker in asphyxia from cord blood. Our study comparing levels from babies with mild HIE who are not cooled with those from cooled babies with substantial brain injury on MRI as well as babies with relatively normal cerebral MR imaging shows that plasma NfL levels rise during the period of TH (7), and the present work shows that NfL levels after the rewarming period, taken at days 4–5 (median age of 98 h in this group), are predictive of later outcomes.

Various novel blood biomarkers of brain injury have been investigated in newborns with HIE (11); however, as yet none has been established in clinical practice.

We chose to explore NfL levels as researchers at our institute, and others have found levels raised in other neurological conditions (5, 12, 13). In cases of severe traumatic brain injury (TBI) in adults, plasma NfL levels were shown to correlate with 12-month follow-up outcomes with an AUC of 0.70, with an AUC of 0.99 at admission to detect TBI. Rodent studies in mild TBI have shown that NfL levels are robustly detectable in younger rodents; however, plasma NfL levels were markedly reduced in older rodents, making NfL a potential biomarker in the younger population (14). Mattsson et al. showed that high plasma NfL levels correlated with poor cognition and Alzheimer's disease-related brain atrophy, with an AUC of 0.87 (15). In comparison to these conditions, the brain injury observed in newborn HIE is arguably a less heterogeneous entity than TBI; is thought to be associated with an acute generalized hypoxic–ischemic insult to a relatively immature brain; and follows a shorter disease time course than conditions such as Alzheimer's disease. We speculate that these differences may account for the difference in NfL cutoff levels that we note in the babies compared to these other groups.

Our work has a number of limitations. As a pilot feasibility study, the numbers are small and the study is not adequately powered to detect smaller differences. Also, we do not have NfL levels from cord blood or earlier samples from babies prior to commencing TH. As the samples are obtained once TH is already established, the role of TH in attenuating NfL levels cannot be excluded. Of the three sequential samples studied, as only NfL levels from the last sample (obtained after rewarming) at a median age of 98 h are significantly associated with outcome, we postulate that NfL levels are unlikely to provide an early biomarker for selection of newborns for neuroprotection but may assist with identifying infants who will benefit from additional treatments in the post-acute period, as they become available. A larger cohort study is required with serial sampling commencing at earlier time points.



CONCLUSION

We have demonstrated in this pilot study that it is feasible to study plasma NfL as a biomarker of brain injury in newborns and that levels after rewarming correlate with later outcomes in newborns who have undergone TH for moderate to severe HIE. As such, NfL may be a candidate biomarker for neuroprotective interventions in the post-acute period, once these are available. A larger prospective cohort study is required.
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Background: The pathogenesis of punctuate white matter lesions (PWMLs), a mild form of white matter damage observed in preterm infants, is still a matter of debate. Susceptibility-weighted imaging (SWI) allows to differentiate PWMLs based on the presence (SWI+) or absence (SWI–) of hemosiderin, but little is known about the significance of this distinction. This retrospective study aimed to compare neuroradiological and clinical characteristics of SWI+ and SWI– PWMLs.

Materials and Methods: MR images of all VLBW infants scanned consecutively at term-equivalent age between April 2012 and May 2018 were retrospectively reviewed, and infants with PWMLs defined as small areas of high T1 and/or low T2 signal in the periventricular white matter were selected and included in the study. Each lesion was analyzed separately and characterized by localization, organization pattern, and distance from the lateral ventricle. Clinical data were retrieved from the department database.

Results: A total of 517 PWMLs were registered in 81 patients, with 93 lesions (18%) visible on SWI (SWI+), revealing the presence of hemosiderin deposits. On univariate analysis, compared to SWI- PWML, SWI+ lesions were closer to the ventricle wall, more frequently organized in linear pattern and associated with lower birth weight, lower gestational age, lower admission temperature, need for intubation, bronchopulmonary dysplasia, retinopathy of prematurity, and presence of GMH-IVH. On multivariate analysis, closer distance to the ventricle wall on axial scan and lower birth weight were associated with visibility of PMWLs on SWI (p = 0.003 and p = 0.0001, respectively).

Conclusions: Our results suggest a nosological difference between SWI+ and SWI– PWMLs. Other prospective studies are warranted to corroborate these observations.

Keywords: punctate white matter lesions, brain damage, preterm, magnetic resonance imaging, newborn, SWI


INTRODUCTION

Following a noteworthy reduction in the incidence of severe forms of white matter injury in preterm infants, modern research now focuses on mild forms of damage, such as punctate white matter lesions (PWMLs). PWMLs are diagnosed in up to 30% of very preterm infants (1–6) and can be defined upon brain magnetic resonance imaging (MRI) as focal areas of high T1 and/or low T2 signal intensity located in the periventricular white matter (7).

The pathophysiology of PWMLs is still a matter of debate (6, 7). They are often considered ischemic/inflammatory in origin (8, 9); however, since their first description, it has been postulated that at least some punctate lesions can be hemorrhagic (8). These PWMLs are reported to be connected with congested medullary veins, and their pathogenesis could be similar to that of small venous infarcts (9, 10). Susceptibility-weighted imaging (SWI), a recently developed MRI sequence highly sensitive to hemosiderin deposits, can detect hemorrhagic PWMLs (visible as punctate areas of decreased signal, SWI+), distinguishing them from lesions without hemosiderin (not visible, SWI–) (9, 10). In a previous study, we have found evidence regarding the diversified clinical risk factors of SWI+ and SWI– PWMLs, suggesting that these two lesions have different pathogenesis (6).

To corroborate the hypothesis of the different nature of SWI+ and SWI– lesions, the aim of the present study was to further characterize these two types of PWMLs based on their anatomic localization, pattern, and associated clinical factors.



MATERIALS AND METHODS

In April 2012, routine brain MRI at term-equivalent age (TEA, between 39 + 0 and 41 + 6 weeks post-menstrual age) was introduced as part of a screening program for prematurity-related lesions in all very low birthweight (VLBW) infants admitted to our department. For the present study, MR images of all VLBW infants scanned consecutively between April 2012 and May 2018 were retrospectively retrieved and reviewed by two neuroradiologists experienced in neonatal neuroimaging (performing more than 200 neonatal brain MRI per year: MS and DT). Infants presenting PWMLs, defined as small areas of high T1 and/or low T2 signal in the periventricular white matter (7), were selected and included in the study. The presence of germinal matrix–intraventricular hemorrhage (GMH–IVH), cerebellar hemorrhage (CBH) and cystic periventricular leukomalacia (PVL) on MRI scans of included subjects was registered. The clinical data of the enrolled patients, including antenatal steroid course, type of delivery, birth weight, gestational age, need for intubation, presence of bronchopulmonary dysplasia (BPD), retinopathy of prematurity (ROP) and of necrotizing enterocolitis (NEC) were retrieved from clinical charts. This retrospective study was approved by the local ethics committee.


Image Acquisition

MRI was performed at TEA during spontaneous sleep using the “feed and wrap” technique. The need for sedation (oral midazolam, 0.1 mcg/kg) to prevent head motion was determined by the neuroradiologist based on the quality of the images after the first sequence and the infants' state of arousal. Hearing protection was used in all patients, and heart rate and oxygen saturation were monitored non-invasively. Scans were performed using a 1.5 Tesla MR system (InteraAchieva 2.6; Philips, Best, The Netherlands) with a dedicated pediatric head/spine coil. Institutional standard MRI protocol in use at the moment of the study included 3-mm thick axial T2- and T1-weighted images, coronal T2-weighted images, sagittal T1-weighted images, axial diffusion-weighted images (b value: 1,000 s/mm2), and axial SWI. Informed consent, including statements regarding the significance and limitations of MRI at TEA, was obtained in all cases.



Image Analysis

A secondary analysis of MR scans of included subjects was performed by two trained investigators (EM and MM) blinded to the clinical history of the patients. Each PMWL was analyzed separately. In the presence of a low signal on SWI (“black dot”), corresponding to hemosiderin deposits, PWML was defined as SWI+, whereas in the absence of a low signal, it was defined as SWI– (10) (Figure 1).


[image: Figure 1]
FIGURE 1. (A–C) Brain magnetic resonance imaging (MRI) performed at the term-equivalent age of an ex-preterm infant born at 25 weeks of gestation showing SWI+ PWMLs. SWI+ lesions are barely detectable on the axial T1-weighed image (A), whereas they are clearly visible as hypointense spots on axial T2-weighted (B) and SWI (C) sequences. (D–F) Brain MRI performed at term-equivalent age of an ex-preterm infant born at 29 weeks of gestation showing SWI– PWMLs. SWI- lesions are more clearly defined on the axial T1-weighted (D) than on the axial T2-weighted image (E) and are not visible on SWI (D).


The distance between each lesion and the ventricle was measured on axial (T1 or T2, based on major visibility) and coronal (T2) scans using the “measure” instrument of the PACS visualizer (Carestream Vue Motion, Carestream Health, Inc. 2018). The distance was measured using a straight line perpendicular to the ventricle wall.

Anatomic position on the axial scan of each lesion was determined as defined in the literature (8):

- anterior region (anterior to the frontal horn of the lateral ventricles)

- mid-region (in between or in the centrum semiovale)

- posterior region (posterior to the occipital horn of the lateral ventricles).

Each lesion was then characterized based on the pattern formed with the surrounding lesions [adapted from (7, 8)]:

- cluster (organized in a confluent pattern)

- linear (organized linearly)

- singular (not in proximity with other lesions).



Statistical Analysis

Descriptive statistics were generated for the whole cohort and data were expressed as mean and standard deviation for continuous variables. Median value and range were calculated and reported, as were absolute or relative frequencies for categorical variables. Clinical characteristics were compared using the χ2 or Fisher's exact test and the Student t-test for categorical and continuous variables, respectively. Logistic regression analyses were used, and the results were reported as odds ratio (OR) with their 95% confidence intervals (CIs). The absence of exposure to the factor or the variable that was less likely to be associated with the risk of the lesion was used as the reference for each analysis. Multivariate analysis was then performed, and only variables that proved to be statistically or borderline significant in univariate analysis (P < 0.08) were included in the model. The model showing the best fit was based on backward stepwise selection procedures, and each variable was removed if it did not contribute significantly. In the final model a P-value of < 0.05 was considered statistically significant, and all P-values were based on two-tailed tests. Statistical analysis was performed using Statistical Package for the Social Sciences (SPSS) for Windows (SPSS Inc., Chicago, IL).




RESULTS

During the study period, 428 VLBW infants admitted to the Neonatal Intensive Care Unit of IRCSS Istituto Giannina Gaslini underwent brain MRI at TEA. Eighty-one (19%) of them presented with PWMLs and were included in the study. The gestational age at birth of the included subjects ranged between 24 and 34 weeks (mean 28.6 ± 2.1 weeks) and the birth weight ranged between 470 and 1,495 g (mean 1,140 ± 240 g). In 50 infants out of 81 PWMLs were an isolated finding, while remaining 31 patients presented one or more additional prematurity-related brain lesions (GMH-IVH in 26 cases, CBH in 13 and cystic PVL in 6).

A total of 517 PWMLs were registered in 81 patients. Ninety-three lesions (18%) presented a low signal on the SWI sequence, consistent with the presence of hemosiderin deposits, and were therefore classified as SWI+. The remaining 424 lesions (82%) were classified as SWI–.

Clinical parameters distribution in the groups of SWI+ and SWI– lesions are summarized in Table 1. SWI+ PWMLs were characterized by lower mean gestational age and birth weight, lower admission temperature, higher frequency of need for intubation, of GMH–IVH, ROP and BPD (all p < 0.001).


Table 1. Clinical parameters in the groups of SWI+ and SWI– PWMLs.

[image: Table 1]

When anatomic distribution was considered, SWI+ lesions were located significantly closer to the ventricle wall than SWI– lesions both on coronal and axial scans (Table 2). On the axial plane, both SWI+ and SWI– lesions were predominantly located in the mid-region as compared with the anterior or posterior region, without significant differences among two types of PWMLs (Table 2). Most of the PWMLs were organized in linear pattern, with a significantly higher percentage of SWI+ lesions presenting with this pattern as compared with SWI– lesions (75.3 vs. 60.8%, p = 0.009) (Table 2).


Table 2. Neuroradiological characteristics of SWI+ and SWI– PWMLs.

[image: Table 2]

Multivariate analysis including neuroradiological and clinical parameters showed that the distance from the ventricle on axial plane and birth weight were associated with the type of PWMLs (Table 3).


Table 3. Results of multivariate analysis including clinical and neuroradiological characteristics of SWI+ and SWI– PWMLs.
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DISCUSSION

In this retrospective study we analyzed anatomic distribution, pattern, and correlation with the clinical data of PWMLs positive and negative on SWI. In our study, 18% of PWMLs presented with decreased signals on the SWI sequence, corresponding to the presence of hemosiderin deposits within the lesion compatible with petechial/hemorrhagic pathogenesis (8, 10). The precise pathologic mechanism behind the development of SWI+ PWMLs remains unknown, but we could speculate that venous sludging and microthrombosis in the medullary veins of the periventricular white matter could play a role, as has been suggested for the pathogenesis of GMH–IVH (11–13). Accordingly, GMH–IVH is more common in babies with inherited thrombophilia; however, we did not investigate any gain-of-function gene mutations like Prothrombin G20210 or Arg506Gln Factor V Leiden, as compared with our previous studies (14). Deep medullary vein congestion has been associated with different patterns of white matter damage in a single-center MRI imaging study (15) as well as in previous observations of infants with GMH–IVH due to cerebral sinovenous thrombosis (16, 17). The hemosiderin deposits within SWI+ PWMLs may act as proinflammatory stimuli for the adjacent white matter as well as interfere with myelination (18, 19).

In this work we observed that SWI+ PWMLs are significantly closer to the ventricular wall, further confirming their possible connection with the congested veins (9). This observation could be explained by the anatomic distribution of the medullary veins flowing vertically into the subependymal veins near the ventricle as well as by their relative immaturity and fragility in a premature infant (20). Interestingly, the distance from the ventricle on axial scan was associated with PWML type independently of clinical parameters.

On the other hand, SWI– PWMLs are distributed further away from the ventricular wall in zones prone to inflammation due to active myelination that are often targeted by cystic PVL (21). A historical work by Leech and Alvord considering the morphologic variations in PVL included the description of focal white matter lesions across the entire depth of the white matter (“Type 1”), with less intense lesions further away from the ventricle (22). Although there is a lack of widespread histological studies of PWML, punctate lesions and PVL are often seen as extremes of the same spectrum (7, 9). Accordingly, the MR T1 signal around developing PVL cavitation is similar in intensity to the signal of SWI– PWMLs. We thus hypothesize that SWI– PWMLs represent the milder form of PVL, sharing its ischemic/inflammatory pathogenesis (9).

Concerning the distribution of PWMLs on the axial scan, in our population, the majority of PWMLs (82.8% of SWI+ and 88.7% of SWI– lesions) were located medially along the lateral ventricles, as reported in the literature (7–9). We did not observe a significant difference in the anatomic distribution between SWI+ and SWI– lesions on the axial scan, although SWI+ lesions were slightly more frequently located frontally and posteriorly compared with SWI– lesions. It remains uncertain whether a different lesion pathophysiology could have contributed to this slight difference, with hemorrhagic lesions being more ubiquitous and not connected with specific inflammation-prone areas of the white matter, such as the corona radiata.

We investigated the distribution patterns of punctate lesions (linear, cluster, or singular), as adapted from previous studies (7, 8). In our study, compared with SWI– lesions, SWI+ lesions were more frequently distributed in the linear pattern (60.8 vs. 75.3%). Similar results were observed by Kersbergen et al., who reported a significant association between the linear appearance of lesions and low signal intensity on SWI. The proximity of SWI+ lesions to the medullary veins, distributed in a comb-shape appearance on axial view could have played a role in this association.

Different clinical factors were investigated in relation to PWMLs; however, only few were found to be significant. These include higher gestational age, greater birth weight, and the presence of IVH grade II or III (4, 23). In our population, GMH-IVH was the most frequent additional prematurity-brain lesion observed, even if in major part of infants PWMLs were an isolated finding. In term infants, congenital heart diseases and surgery for non-cardiac congenital anomalies have been linked to PWMLs (24, 25). We have recently shown that birth weight, absent or incomplete antenatal steroid course, vaginal delivery, and the need for intubation are risk factors of the different types of PWMLs in preterm infants (6). In the present work, we analyzed the distribution of these and some other clinical factors in the groups of PWMLs visible and not visible on SWI. We observed a significantly lower mean gestational age at birth and a smaller mean birth weight in the SWI+ PWML group than in the SWI– PWML group, with birth weight remaining significant on multivariate analysis. These differences could reflect the higher vulnerability of the extremely premature brain to hemorrhagic lesions (26), including SWI+ PWMLs. Progressive maturation of the medullary veins with growing gestational age could play a protective role as well (18). At the microscopic level, the astrocyte-dependent structural integrity of white matter vessels depends, at least in part, on gestational age (27). It would be interesting to know whether the immature blood–brain barrier in infants with lower gestational ages can favor blood transudation of blood by-products with the subsequent formation of SWI+ PWMLs. However, widespread histological studies on this topic are lacking, partially due to the absence of an animal model.

Accordingly, SWI– PWMLs are associated with higher gestational age and higher birth weight, similar to PVL (9). Specific white matter vulnerability to damage in this phase of maturation could be related to the presence of maturating oligodendrocyte precursors (28) as well as to major microglial activation, with subsequent alterations in myelination and white matter injury (29).

Other clinical factors observed more frequently in SWI+ group, as higher need for intubation, lower admission temperature and more frequent presence of ROP, BPD and GMH-IVH, are probably secondary to lower gestational age and birth weight, even if an association between SWI+ PWML and GMH-IVH has been previously described in the literature (10).

The prognostic significance of PWMLs remains debatable. Some cases seem to be followed by motor disability, cerebral palsy, or altered cognitive performance, while others are accompanied by normal neurodevelopment (2, 4, 5, 7, 30). In a study involving 12 infants with isolated PWMLs followed up until school age, a higher risk of dyspraxia and motor impairment was observed, without increased risk of cognitive impairment (31). In other studies, worse outcome after PWMLs was associated with higher lesion number (2, 4), cluster pattern organization (7), and frontal lobe distribution on axial imaging (5). It would be interesting to investigate the impact on neurodevelopment of PWMLs based on their visibility on SWI, and the related study is ongoing. Our work has several limitations. First, owing to the retrospective design of the study, the findings of our study need to be validated via prospective studies. Furthermore, we studied a very specific population (i.e., VLBW infants); therefore, the extension of our results to other patient groups can be questionable. This is important considering that PWMLs have been described at all gestational ages up to term age (9). In addition, the use of TEA MRI may have limited our ability to identify those PWML disappearing at an earlier stage (7), even if their clinical significance remains to be defined. Finally, the absence of early MRI did not allow us to use diffusion restriction as a marker of PWMLs with possible inflammatory or ischemic origin, as described in the literature (7).

On the other hand, the anatomic dispositions of punctate lesions were analyzed one by one, thereby allowing a more precise characterization of their different anatomic distributions. This represents a potential strength of our study. In addition, the availability of the SWI sequence in all MRIs since 2012 has allowed us to clearly identify PWMLs with the presence of hemosiderin (SWI+) as well as to analyze them separately from SWI– PWMLs.

In conclusion, in this study we observed statistically significant differences between PWMLs visible and not visible on SWI sequence, with closer distance from the ventricle on axial scan and lower birth weight being associated with SWI+ lesions. These observations, together with previously evidenced differences in risk factors, suggest that SWI+ and SWI– PWMLs could represent two distinct nosological entities with potentially different nature. Further prospective studies are warranted to corroborate our findings as well as to define the clinical significance of the two types of PWMLs.
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Preterm infants are at high risk of death and disability resulting from brain injury. Impaired cardiovascular function leading to poor cerebral oxygenation is a significant contributor to these adverse outcomes, but current therapeutic approaches have failed to improve outcome. We have re-examined existing evidence regarding hypovolemia and have concluded that in the preterm infant loss of plasma from the circulation results in hypovolemia; and that this is a significant driver of cardiovascular instability and thus poor cerebral oxygenation. High capillary permeability, altered hydrostatic and oncotic pressure gradients, and reduced lymphatic return all combine to increase net loss of plasma from the circulation at the capillary. Evidence is presented that early hypovolemia occurs in preterm infants, and that capillary permeability and pressure gradients all change in a way that promotes rapid plasma loss at the capillary. Impaired lymph flow, inflammation and some current treatment strategies may further exacerbate this plasma loss. A framework for testing this hypothesis is presented. Understanding these mechanisms opens the way to novel treatment strategies to support cardiovascular function and cerebral oxygenation, to replace current therapies, which have been shown not to change outcomes.

Keywords: hypovolemia, blood pressure, premature infant, volume expansion, cerebral blood flow, brain oxygenation, blood volume, preterm infants


INTRODUCTION

Preterm infants are at high risk of poor neurodevelopmental outcome. Survival rates of preterm infants have improved with modern care, such that in a recent study across 10 neonatal networks 87% of infants born at 24–30 wk survived (1). However, these improvements in survival have not resulted in a proportional reduction in rates of disability. In preterm infants born at 24–26 weeks in the US, UK and Sweden, 25–40% of survivors have a moderate to severe disability (2). The reasons for impaired brain development are likely multifaceted and include infection (pre and post-natal), cardiopulmonary immaturity contributing to global hypoxia/ischemia and intra-ventricular hemorrhage. However, continuing occurrence of adverse outcomes in preterm infants indicates that some causes and potential interventions remain to be understood.

It is uncertain whether oxygen delivery is adequate during the first days of life. Healthy preterm infants have resting cerebral blood flows averaging 15 mL/100 g/min (range 7–25 mL/100 g/min), this value is 30% lower for ventilated preterm infants (10 mL/100 g/min) whereas, adult values (45–50 mL/100 g/min) are 3–4.5 x higher (3). However, these global measures of flow may mask the vulnerability of white matter as arterial end zones of periventricular white matter are more sensitive to low perfusion pressure than the brain as a whole (3). This selective vulnerability to ischaemia during hypotension means that preterm infants with a blood pressure < 29–30 mmHg, identified by several studies as the threshold below which cerebral autoregulation fails, are likely to have lower flow to white matter than global measures predict (4). But caution is necessary when applying this single blood pressure threshold as maturation-dependent differences in mean blood pressures are observed clinically, such that mean blood pressures increase with gestational age (5). In addition to low perfusion, hypoxemia may occur in individuals with shunts due to delivery of poorly oxygenated blood to the brain (6). Evidence of low cerebral tissue oxygenation, elevated oxygen extraction or low venous oxygen saturation, suggest that in some preterm infants, oxygen extraction is approaching the limit of supply leaving these infants at risk of brain injury (6–8). Infants <1,250 g who died or had severe neuroradiographic abnormalities had significantly lower average cerebral oxygen saturation than infants that survived without abnormalities (67 vs. 72%; p = 0.02) (8). Preterm infants with elevated cerebral oxygen extraction (cFTOE > 0.4) had increased risk of death or brain injury (7). In a small group of preterm infants, cerebral venous saturation was 55% (3). In adults and term infants, cerebral venous oxygen saturation is about 65%, and it has been suggested that the lower values observed in preterm infants may indicate inadequate supply (3). Together these findings support the concept that cardiopulmonary immaturity is a significant contributor to poor neurodevelopmental outcomes in preterm infants.

The traditional approach to supporting cardiovascular function and protecting the brain in preterm infants has focussed on cardiac performance. Standard treatments include crystalloid volume expansion and inotropic support, usually with dopamine or dobutamine. Cochrane reviews indicate that neither treatment has improved long-term neurodevelopmental outcomes (9, 10). Furthermore, there is mounting evidence that both approaches may be associated with poorer outcomes. Extremely preterm infants exposed to antihypotensive therapies had an increased risk of death/neurodevelopmental impairment (OR 1.836, 95% CI 0.709–3.307) even when initial markers of illness were accounted for in the statistical model (11). Despite this, these approaches still form the mainstay of cardiovascular support in clinical practice in preterm infants, as there is no effective alternative approach to fill this therapeutic void. There is a critical need for more effective approaches to cardiovascular support and therefore reduction in brain injury in these very preterm infants. The purpose of this paper is to stimulate discussion about contributors to cardiovascular instability and potential new interventions to address these contributors.

Existing treatment strategies have largely ignored a whole area of cardiovascular physiology – loss of plasma from the circulation, occurring at the capillaries. We propose that specific preterm vulnerabilities at this level lead to hypovolemia, subsequent hypotension and/or low cardiac output and ultimately inadequate cerebral blood flow.



OUR HYPOTHESIS

We propose that, in the preterm infant, high capillary permeability, altered hydrostatic and oncotic pressure gradients, and reduced lymphatic return all combine to increase net loss of plasma from the circulation, resulting in hypovolemia; and that this is a significant driver of cardiovascular instability and poor cerebral oxygenation.


An Old Paradigm Revisited – Hypovolemia Does Occur in PreTerm Infants Soon After Birth

Current belief is that hypovolemia is not a significant contributor to mortality or morbidity in preterm infants. This conclusion is largely based on the ineffectiveness of crystalloid solution for improving outcomes (10). It is assumed that if volume expansion (predominantly with saline) does not improve outcomes, then hypovolemia is not a significant contributor to poor outcomes. We propose that failure of volume expansion with saline does not indicate absence of hypovolemia but is due to the inherent characteristics of the preterm circulation. The capillaries in the preterm infant are significantly more permeable than in the adult, such that saline is retained within the circulation for a very short time (85% lost within 10 min) (12–14) and thus effective volume expansion cannot be achieved with saline. In addition, administration of excessive volumes of saline may lead to accumulation of fluid within the tissue, acidosis and poor outcomes (15–17). Likewise, studies of colloids for volume expansion in preterm infants have failed to improve acute cardiovascular function or long-term outcomes (18–20) as colloids are not effective at increasing blood volume. As for saline, colloids are rapidly lost from the circulation. This is evidenced by a lack of sustained increase in oncotic pressure and/or protein concentration following colloid infusion (20, 21). A similar lack of effect is observed in sick adults where an increase in capillary permeability is cited as a potential cause (22). These studies indicate that permeability of preterm capillaries is so high it allows plasma proteins to rapidly leak out of the circulation. So failure of crystalloids or colloids to improve outcomes is due to their ineffectiveness at increasing blood volume rather than the absence of hypovolemia.



Evidence for Hypovolemia in PreTerm Infants

Early measures of blood volume relied on labeled plasma and dyes and reported higher average values for preterm compared to term infants (83–109 vs. 75–99 mL/kg across multiple studies) (23–26). As a result, current guidelines estimate blood volume to be greater in preterm than term babies, for example 100 vs. 80 mL/kg (27) or 90–95 vs. 80–85 ml/kg (28) (for both preterm vs. term infants, respectively). However, it has been suggested that these early volume measurements in preterm infants have provided erroneous results due to rapid loss of the small tracers from the circulation (29). More recent studies using larger tracers, have suggested lower blood volumes for preterm infants than previously reported (68.6, 77.9, 72.3, and 71 mL/kg) (29–32). Importantly, the range of blood volumes reported in both these old and newer studies are highly variable, for example 55–134, 46–131, 49–119, 53–105, 45–103 mL/kg. It is possible that babies at the lower end of these ranges are hypovolemic. These low blood volumes may be due to loss of plasma from the circulation. Even in term babies where clinical care has altered less than in preterm babies, large shifts in plasma volume soon after birth have been reported (25, 26, 33).

Echocardiographic evidence of hypovolemia is lacking but this may be due to technical limitations rather than absence of hypovolemia. Even in adults, no echo parameter has been shown to be a reliable predictor of measured hypovolemia (34). We are not aware of any studies that have compared direct measures of blood volume with echo parameters such as atrial and IVC dimensions in neonates.

Studies of delayed cord clamping support early plasma loss. Even after delayed cord clamping, 16% of preterm infants (<32 wk) have a blood volume lower than 63 mL/kg (30). Earlier studies measuring blood volume after DCC show that much of the initial blood volume increase is lost within the first 4 h after birth (35, 36) as predicted by our hypothesis. The resultant increased red cell mass (37) would explain why cerebral hemoglobin concentration is increased but may not be sufficient to counteract the volume effects of plasma loss.

We have conducted extensive studies in preterm piglets at 98/115 d gestation where respiratory requirements, cardiovascular instability, thermoregulation and other factors are similar to a human neonate born at 27 wk gestation (38). We measured blood volume using a large tracer that does not rapidly leak from the circulation. Blood volume 5 h after birth in preterm piglets is significantly lower than in spontaneously born term piglets at 18 h old (p < 0.001, Figure 1) (39) further supporting that hypovolemia is already present by this time. Parallel data in the same animals indicates an increase in hemoglobin levels in the 6 h after birth (Figure 2) suggesting that the low blood volume observed is due to loss of plasma. There is limited data describing changes in hemoglobin levels in human infants in the absence of externally administered fluids however, similar fluid shifts to those seen in the preterm piglet can not be excluded. Our discussions below describe a hypothesis that a similar loss of plasma volume may contribute to poor neurodevelopmental outcomes in some preterm infants.


[image: Figure 1]
FIGURE 1. Blood volume in preterm piglets (n = 26) is significantly lower than in term piglets (n = 3) (39). * indicates p < 0.001.



[image: Figure 2]
FIGURE 2. Hemoglobin concentration increases following birth in very preterm piglets (n = 10) suggesting a loss of plasma from the circulation and a reduction in blood volume (39). Mean ± SEM.




Consequences of Hypovolemia

We have already demonstrated that preterm piglets are extremely sensitive to low preload and hypovolemia, and unable to maintain blood pressure or cerebral blood flow when blood volume is reduced (40, 41). This is in contrast to term piglets where removal of similar blood volumes/kg also results in reduced blood pressure but not reduced cerebral blood flow (40). These differing responses may be due to immaturity of neurohumoral compensatory systems such as sympathetic and adrenergic control of the circulation, RAAS and the baroreflex (42–48). Thus, hypovolemia in preterm infants due to rapid early loss of plasma may contribute to adverse preterm outcomes.




WHAT ARE THE DETERMINANTS OF PLASMA LOSS AT THE CAPILLARY?

The net movement and type of fluid leaving capillaries is determined by biophysical forces, structural elements and biological moderators, such as inflammation. Multiple biophysical forces affect movement of fluid in or out of the capillary and these are described by the Starling equation:

[image: image]

where Jv/A = filtration rate/unit area; Lp = filtration co-efficient; P = hydrostatic pressure in capillary or interstitial tissue; σ = reflection co-efficient; π = oncotic pressure of plasma or interstitial fluid. Thus, filtration is determined by capillary permeability in combination with hydrostatic and oncotic pressure gradients. Loss from the circulation is also determined by the rate at which fluid in the tissue is returned to the circulation via the lymphatic vessels. In the fetus, loss from the capillaries is very high but is matched by very high lymphatic return (49, 50). As a result, plasma volume remains stable. Lymph flow may be operating near capacity, resulting in a system that is close to tipping point. Thus, even small changes in the system (e.g., increased capillary permeability, low oncotic pressure, increased hydrostatic pressure gradient or reduced lymph flow) will result in loss of plasma from the circulation (Figure 3). Thus, we hypothesis that the classic Starling equilibrium is thus uniquely disturbed in the preterm infant with the resulting disequilibrium leading to hypovolemia.


[image: Figure 3]
FIGURE 3. Forces and potential changes affecting fluid movements at the capillary after preterm birth.



Capillary Permeability Is High in PreTerm Infants and Increases With Inflammation

Capillary permeability decreases with developmental maturity. Estimation of blood volume using indocyanine green in human infants consistently reports higher values than hemoglobin subtype dilution, suggesting rapid leakage of the dye out of the vascular space (29). Turnover of albumin from the circulation is 18.4 ± 6.8%/h in term babies (51, 52) which is 3–4 times faster than the 5%/h reported in healthy adults (26, 51). This rapid turnover of albumin indicates a higher rate of capillary leak. In the sheep fetus, intravascular loss of infused saline is 93–94% over the first hour compared to 60–70% in the term newborn (12, 13). In sheep, the fetal whole body capillary filtration coefficient may be 5–6 times that of the adult (14). These values are supported by measures of lymphatic flow that are markedly higher in lambs compared to adults and are higher still in the fetus (49, 50). These very high filtration rates are driven, at least partly, by high capillary permeability.

There is very limited information regarding capillary structure and ultrastructure in preterm infants and how this may contribute to capillary leak and plasma volume loss. Many vessels in the rapidly growing organism are in an angiogenic state and these immature vessels will therefore be more leaky (53). Ultrastructure changes are thought to contribute to capillary leak in adults with conditions such as sepsis or tumors (53–55). Studies assessing capillary ultrastructure in preterm neonates are lacking but whole-body rapid growth necessitates vasculogenesis so it is likely that various aspects of capillary ultrastructure are immature in preterm infants. Investigations of the development of critical structural components such as the calyx, pericytes and gap junctions and these are an essential component to understanding preterm blood volume changes after birth.

Inflammation exacerbates this trans-capillary leak (56). In older children and adults both sepsis and the resultant inflammation contribute to leak as part of septic shock (55). Preterm infants have a vigorous inflammatory response compared to older babies and have a limited ability to produce anti-inflammatory mediators (57). There is an inverse association between gestation (23–28 wk) and blood concentrations of numerous inflammation-related proteins, even on day 1 of post-natal life and in the absence of pre-existing inflammation (57). Other neonatal conditions, such as hypoxic ischemic encephalopathy, are also associated with both increased inflammatory response and capillary leak within the brain parenchyma. It is thus well-established that inflammation causes an increase in capillary permeability at all ages (14). Mathematical modeling suggests the increases in capillary permeability that may occur during mild inflammation would result in up to 5x the rate of plasma loss (58). Therefore, our hypothesis is that in some preterm infants systemic inflammation is contributing to excessive fluid movement into the tissue in the first hours of life.



The Oncotic Pressure Gradient Is Decreased in PreTerm Infants

The oncotic pressure gradient across the capillary membrane is generated by the presence of large protein molecules in the capillary and opposes movement of fluid out of the capillary (Figure 3). Preterm infants have low plasma protein levels (19 g/l at 26 wk compared to 31 g/L at term) (59), as do our preterm piglets (25 g/L compared to 48 g/L at term). Low plasma protein levels in preterm infants may limit the trans-capillary oncotic gradient favoring movement of fluid out of capillaries. Numerous clinical studies have shown an association of low plasma protein levels in preterm infants with poor cardiovascular function and adverse outcomes (60, 61). At 24 h of life, very preterm infants with low plasma protein levels had lower blood pressure and longer capillary refill times compared to those with normal plasma protein levels, even after adjusting for gestational age (both p < 0.001) (60). Our hypothesis predicts that adverse outcomes in those with low protein levels may be due to the low oncotic pressure gradient contributing to plasma loss and hypovolemia.



The Hydrostatic Pressure Gradient Across the Capillary Increase After Birth

An increase in the hydrostatic pressure gradient across a capillary will increase fluid loss (Figure 3). It is unknown whether the hydrostatic pressure gradient increases after birth in preterm infants as measures of tissue pressure and capillary pressure are not feasible. Some reports suggest that the transition from a fetal to neonatal circulation is associated with an increase in blood pressure (62, 63), while others suggest little change at birth (64). It is also unclear if increases in arterial pressure lead to increases in capillary hydrostatic pressure. There may be a decrease in tissue hydrostatic pressure at birth due to removal of the externally applied intra-amniotic fluid pressure of 1–8 mmHg (65). Additionally, the initial high transcutaneous fluid loss that occurs after birth in very preterm infants may act to maintain a low tissue hydrostatic pressure (66). So the hydrostatic pressure gradient between the capillary and the tissue may increase even if capillary pressure is unchanged. Whether this combination of pressure changes will increase the trans-capillary pressure gradient and favor fluid movement out of the circulation into the tissue needs to be addressed in an animal model. Adult mathematical modeling based on the Starling equation of fluid movement suggests that even small changes in blood pressure could result in significant movement of fluid out of the vasculature (58).

When inotropes (or indeed any treatment) are used to increase blood pressure in preterm infants, the increase in driving pressure may increase the hydrostatic pressure gradient across the capillary. This may actually exacerbate fluid loss according the Starling equation (Figure 3). Our preterm piglets treated with dopamine had a modest increase in blood pressure, as do preterm infants treated with dopamine. The blood pressure after treatment ended was 7 mmHg below pre-treatment levels. This reduction in blood pressure may be due to an increase in driving pressure produced by dopamine leading to an increase in the hydrostatic pressure gradient across the capillary and thus plasma loss. It needs to be determined if this partly explains why dopamine and dobutamine are ineffective for improving outcomes (9) and why “permissive hypotension” does not result in worse outcomes (67).



Lymphatic Flow May Be Insufficient to Match Plasma Filtration

The interstitial tissue is capable of holding a large fluid volume, as demonstrated by the clinical condition of fetal hydrops. If this fluid is not returned to the circulation, hypovolemia will result. Downstream capillaries are no longer considered to be in a state of sustained reabsorption (68) so fluid balance is critically dependent on adequate lymphatic return. Lymphatic flows in fetal sheep are 2.5–5x higher than in adult sheep (49, 50). This high flow rate in the fetus is adequate to deal with high capillary filtration rates in utero. However, it is unclear whether preterm infants may be operating at the upper limit of lymphatic return with little reserve capacity to compensate for the increases in filtration after birth. Indeed, the lymphatic structure and function of preterm infants is largely unknown and warrants investigation.

Iatrogenic factors may further compromise lymphatic return in the ex utero preterm. Lymphatic return in fetal sheep is extremely sensitive to increases in intrathoracic pressure which impede flow. Positive pressure support increases intrathoracic pressure and may thus also impede lymph flow, indeed it may cease altogether at intrathoracic pressures only marginally above normal (49). This may, along with increased cardiac output due to improved venous return, contribute to reduction in cardiovascular support required by preterm neonates with the reduced mean airway pressures used in continuous positive pressure rather than ventilator driven support (69, 70). Systemic inflammation, which is common in preterm infants (57), has also been shown to negatively influence lymphatic contraction which is critical to maintaining high flow rates particularly in an immobile population (71). So animal experiments designed to test if either elevated intrathoracic pressure or inflammation limits lymphatic flow are necessary to determine if tissue clearance of fluid is compromised.




DISCUSSION

The evidence presented supports our hypothesis that preterm infants are at high risk of mortality and morbidity because of a unique conjunction of features in the small vessels that make up the majority of the circulatory system. These include that:

• Capillary permeability increases with prematurity, and with inflammation;

• Low plasma protein levels in preterm neonates result in reduced oncotic pressure gradients at the capillary;

• Capillary hydrostatic pressure gradients are increased postnatally in preterm neonates;

• Preterm neonates have impaired postnatal lymphatic flow.

All of these factors would contribute to plasma volume loss resulting in hypotension, and reduced cerebral blood flow and oxygenation in preterm infants. However, it is unclear which factor/s have the greatest influence on plasma loss from the circulation. To test our hypothesis we are undertaking experiments that will provide quantitative assessment of each factor that could drive plasma loss from the circulation and factors that may reduce lymphatic flow (Table 1). These experiments also allow evaluation of resultant edema, hypovolemia, hypotension, and poor cerebral oxygenation. Using preterm piglets delivered when developmentally similar to preterm infants born at 27 wk gestation and cared for using standard intensive care techniques, we are able to observe changes in cardiovascular and lymphatic physiology over the first 12 h of life, when cardiovascular instability typically occurs in preterm infants.


Table 1. Experiments in preterm and term piglets to test our working hypothesis.

[image: Table 1]

This quantitative data can be used to create a mathematical model of the Starling equation specific to the preterm infant. By expanding this model to include lymphatic return and blood volume we can measure the relative contribution of each factor to identify priority targets for new treatments to effectively support preterm cardiovascular function. Subsequent experiments would then test interventions targeting critical factors identified by the modeling.

1. If high capillary permeability is a major contributor to plasma loss then studies would aim to develop volume expanders large enough to stay within the circulation. Albumin sized volume expanders are not suitable because these leak from the circulation (39) and potentially cause adverse effects. Volume expanders based on larger molecules that remain within the vascular space are likely to be more effective but their use must be tempered by the associated risk. Our proposed permeability studies with different sized molecules will determine the size required for effective volume expansion. We have shown that red blood cell transfusion is effective for increasing blood volume in preterm piglets (72). Early (within 12 h of birth) transfusions as proposed for treatment of anemia of prematurity (73) and could provide an effective form of volume expansion. Understanding the developmental structural changes occurring in the capillaries that underlie these functional changes will identify further possibilities for therapeutic interventions that have not been considered in this vulnerable group. Other more novel target pathways that are known to moderate vascular leak would include targeting Vascular Endothelial Growth Factor (VEGF) mediated leak or modifying the effects of local gasotransmitter-mediated (Nitric oxide, Hydrogen sulfide) capillary leak (74), but appropriate animal and then human studies will be required.

2. If the hydrostatic pressure gradient across the capillary is a major contributor to plasma loss, then studies of the effects of blood pressure targets, “permissive hypotension” and of various inotropic interventions on plasma loss could be conducted. The exact point at which raising the blood pressure is likely to be effective rather than counterproductive is not known (11, 67, 75), nor is the effect of constrictive vs. dilatory inotropes. It is likely to vary by gestation, post-natal age and individual circumstances and that blanket algorithms are not serving our varied clinical populations.

3. Our studies will indicate if decreased lymphatic flow is a major contributor to plasma loss and whether this is due to increased intrathoracic pressure or inflammation. If high intrathoracic pressure is the critical factor then this would support the continued use of lower intrathoracic pressure ventilation strategies. If inflammation is limiting lymphatic flow then there are a number of pharmacological approaches that may be beneficial including corticosteroids or other anti-inflammatory agents, acting to improve lymphatic contraction and potentially also decrease capillary permeability. There is some evidence that administration of low-dose hydrocortisone at 12–48 h after birth results in decreased mortality (76). These studies would indicate if administration needs to occur at birth in order to prevent early plasma loss. To our knowledge treatment this early has never been trialed.

In summary we propose that a major driver of cardiovascular compromise in the preterm infant is occurring at the level of the microcirculation with a net volume loss that exceeds the ability to compensate. This may lead to both increased mortality and long-term disability and is an urgent area for further research to improve preterm outcomes.
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Aspects of hypothesis to test

Capillary permeabilty is increased in preterm neonates

Gapillary permeability is increased with inflammation

Low oncotic pressure gradients are associated with loss of plasma
from the circulation

Increased capillary hydrostatic pressure gradient in preterm neonates
Reduced lymphatic flow

Lymphatic flow is impaired by inflammation

Lymphatic flow is impaired by high intrathoracic pressure

High plasma loss from the circulation results in edema, hypotension

and low cerebral oxygenation
Priority treatment targets

Data required

Measure permeabilty as the rate that different sized molecules are lost
from the circulation in preterm and term neonates. This will also
determine the size required for effective volume expansion.

Measure the association between inflammation levels and the change
in permeability over the 12 h after birth.

Measure plasma and tissue protein concentrations (oncotic pressure
gradient). Is this associated with the change in plasma volume between
birth and 12 h old?

Estimate hydrostatic pressure gradient by measuring the difference
between blood pressure and tissue pressure. Does this correlate with
changes in plasma volume?

Does lymphatic flow decrease across the 12h after birth?

Measure the association between inflammation levels and lymphatic
flow across the first 12h of life.

Measure lymphatic flow during low and high intrathoracic pressure
(ventilation induced mean airway pressure).

Association between change in plasma/blood volume and edema
(tissue water content), blood pressure and cerebral brain oxygenation.
From above experiments, quantitative changes in factors will be used to
model the influence of each factor on plasma loss from the circulation.
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Need for intubation
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*Data on chorioamnionitis available for 337/517 lesions. PWMLs, punctate white matter
lesions; SWI, susceptibilty-weighted imaging; GMH-IVH, germinal matrix hemorrhage-

intraventriculer hemorthage.

Bold was used to evidence p < 0.05, corresponding to the statistically significant results.
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Distance from the ventricle wall
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Distribution on the axial plane
Anterior region 3(8.2%) 7(1.7%) 039
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Patterns of organization
Linear pattern 70 (75.3%) 258(60.8%)  0.009
Cluster pattern 11(11.8%) 84(19.8%) 008
Singular lesion 12 (12.9%) 82(193%)  0.18

PWMLs, punctate white matter lesions; SWI, susceptibilty-weighted imaging.
Bold was used to evidence p < 0.05, corresponding to the statistically significant results.
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SWi+ PWMLs (N = 93) SWI- PWMLs (N = 424)

Distance from the ventricle on axial scan (mm), mean + SD 375+1.53 522 +2.17
Birth weight (g, mean  SD 1,000 & 282 1,202 + 186

OR, odds ratio; Ci, confidence interval; PWMLS, punctate white matter lesions; SWI, susceptibilty-weighted imaging.
Bold was used to evidence p < 0.05, corresponding to the statistically significant results.
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Preterm (N = 76) Term (N = 59)

Male:Female 43:33 31:28
Mean GA at birth/weeks (range) 29.48 (23.42-32)° 39.48 (36.42-42)
Mean GA at scan/weeks (range) 40.97 (33-44.56) * 41,84 (38.28-43.84)

Term template (N = 50)

2525
39.49 (37-42)
4180 (33.28-43.84)

Values marked with * are significantly different in preterm subjects with p<0.01 after FDR correction.
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matter; or cortex, or cerebellum and brainstem

BS, LV, and FT traces (pattern classification)

Classification of EEG background activity
(Pressler et al. score)

BS, LV, and FT traces (pattern classification)

Lower margin <5 pV and upper margin >10 wV or
<10 pV (voltage classifications) BS, LV, and FT
traces (pattern classification)

Abnommal cortex and BGT, or various combinations
of such lesions(Barkovich score)

BS, LV, and FT traces (pattern classification)
Classification of EEG background activity

(Pressler et al. score)

N20 OR N13 potentials absent or prolonged
(unilaterally or biaterally)

Abnormal cortex and BGT, or various combinations
of such lesions(Barkovich score)

Follow up Neurodevelopmental assessment

(m)

18-22

18-24
18
24

24

24

18-41

24

24

24

24

36-42

2

24

2

24

(definition of adverse outcome)

Bayley Il and GMFCS; death o disabilty (VDI <70, GMFCS
level 3-5, o altered vision or hearing)
Bayley Il and GMFCS; death or disabilty (VDI <70, GMFCS
level 3-5, or altered vision or hearing)

Bayley Il and GMFCS; death or disabilty (VDI <85, GMFCS
level 2-5, or altered vision or hearing)

Bayley Il cleath or severe disabity (MDI <70 or severe
motor deficit restricting

Bayley Il and GMFCS; death o disabilty (DI <85, GMFCS
level 2-5, o altered vision or hearing, persistent seizure
disorder)

Bayley Il; death or disabilty (DI or PDI <85)

Griffiths and neurologic examination: Death or DQ <85
K-Form Developmental Test: death, CP, hearing impairment,
orbiindness, DQ < 70

Bayley Ill; Death, cerebral palsy, Bayley scores >1 SDs from
the norm, Bayley<85

Bayley Il and GMFCS; death or disabilty (VDI <70, GMFCS
level 3-5, o altered vision or hearing)

Bayley Il; death or severe disability (cognitive development
index 3.D.s below mean or severe sensorimotor disabiity)

Bayley Il; death or Bayley <80, GMFCS level 2-5, o altered
vision or hearing

GMDS; death, CP, or DQ < 85

RBL scale and GMFCS: death or disabilty (DQ < 70 and
GMFCS level 3-5)

Bayley Il; death, CP, hearing impairment, or biindness,
Bayley < 85

Bayley Il; disability(CP, biateral blindness, or bilateral hearing
loss) or Neurodevelopmental defay

Bayley Ill and GMFCS; OP, death or disability GMFCS level
2-5 or altered vision or hearing)

Unfavorable outcomes included death or severe neurological
sequelae comprising severe epilepsy, tetraparesis or
dyskineic cerebral palsy or severe psychomotor retardation
Bayley Ill; death or a Bayley-lil score of <85 in any domain

(Bayley lll and GMFCS; CP, death or cognitive o motor
scores of <85, GMFCS level 3-5, or altered vision or hearing)
Bayley Il; death or cognitive, language, and motor scores of
< 85, dyskinetic, or spastic quadriplegic cerebral palsy or
autism

Bayley Il and GMFCS; death, CP, severe hearing, or visual
impairments, or an adverse neurodevelopment (Bayley score
<85, Grifiths developmental quotient < 88)

Bayley l and GMFCS; Bayley score <85, GMFCS 3-5,
severe visual deficits, or severe bilateral hearing loss

Bayley lll and GMFCS; death or diisabilty (MDI or PDI <85,
GMFGS level 2-5, or altered vision or hearing)

GMDS; death, CP or DQ < 85

Bayley llland GMFCS; death or disabity (DI or PDI < 85,
GMFCS level 2-5, or altered vision or hearing)

BGT, basal ganglia and thalamus; ALIC/PLIC, anterior or posterior limb of the internal capsule; WM, white matter; COR, cortex; BS, burst-suppression; LV, low voltage; FT, FT flat trace.
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Test

MRI
Early MRI (<6 days)

late MRI (27 days)

MR within 2 weeks

aEEG Background classification
aEEG voltage classification

EEG

SEPs

No. of
studies

oo 2

s

© o wo

No. of patients

805
269
124
506
741
355
111

Pooled sensitivity

Point Estimate

0.85
0.91
0.88
0.85
0.90
0.90
0.63
0.52

95% CI

0.79-0.89
0.83-0.96
0.75-0.98
0.79-0.89
0.86-0.94
0.84-0.95
0.49-0.76
0.34-0.69

Pooled specificity

Point Estimate

0.69
0.73
0.88
0.72
0.46
032
0.82
0.76

95% CI

0.64-0.74
0.66-0.79
0.78-0.94
0.66-0.77
0.42-0.51
0.26-0.39
0.70-0.91
0.63-0.87

Auc

0.87
0.92
0.94

0.78
0.66

084





OPS/images/fneur-11-568814/fneur-11-568814-g001.gif





OPS/images/fneur-11-00133/fneur-11-00133-g004.gif
!

|
i





OPS/images/fneur-11-568814/fneur-11-568814-g002.gif
i V2

uuuuuu .

! E =t
1777

i __‘&gg. _"L‘
R AR 2 T

¥ ML
TR T

D61 Homo sapiens. @ 50C3- Homosapiens. e

il | | &

Ty 7 Ty T





OPS/images/fneur-11-00133/fneur-11-00133-t001.jpg
References Time Study  Number of Gestational age Birth weight (Kg) ~ Apgar score Blood pH
design  patients w) (1/5/10 min)
(Female/
Male Ratio)
Rutherford et al. (5) 2010 P 64 (25/39) 40(39-41) 3.45(2.995-3863) 4 (3-5) (10min) Unknown
Thoresen et al. (5) 2010 P 43 (20/23) 40 3.38(0.80) 5(3.75) (10min) 6.95(0.16)
Shankaran et al. (7) 2014 P 57 (Unknowr) 236 Unknown Unknown 69(0.2)
Takenouchi et al. (8) 2011 P 29 (Unknown) Poor outcome: Poor outcome: Unknown Poor outcome
38(1.7) 3350 (0.767) 691(021)
Good outcome Good outcome: Good outcome
39(15) 3234 (0.559) 6.84(0.26)
Shankaran et al. 9) 2012 P 73 (37/36) 301 (1.5) 3.308(0.557) Unknown 69(0.2)
Cseko etal. (10) 2013 R 70 (28/42) Poor outcome: Poor outcome Poor outcome Poor outcome
30 (37-40) 326 (2.05-3.489) 3(24) (5min) 6.80 (6.82-7.1)
Good outcome Good outcome: Good outcome Good outcome
39 (37.5-40) 3.3 (2.948-3.558) 5(3-6.25) (5 mir) 7.2(7.02-7.27)
Lemmers et al. (11) 2013 P 39 (15/24) Good outcome Good outcome: Good outcome: Good outcome
4032 (1.5) 3744 (0.644) 3(1-6) (5 min) 697 (0.2)
Poor outcome: Poor outcome Poor outcorne Poor outcome
4021 (1.26) 3.831(0.603) 3(0-7) (5min) 6.90(03)
Lietal. (12) 2013 R 21 (13/8) Good outcome: Good outcome Good outcome Good outcome
388(1.9 3071 (0.507) 4.2 2.7) (5 min) 7.07 (0.22)
Poor outcome: Poor outcome: Poor outcome Poor outcome
202(1.9 2867 (0.470) 35(2.2) (5min) 7.13(0.26)
Chalak et al. (15) 2014 P 90 (35/55) 39+2 3.43(0.584) 2(0-7) (1 min) 697 (0.17)
4(0-9) (5min)
Azzopardi (14) 2014 P 147 Unknown) 40 (39-41) Unknown 3(1-5) (5min) 6.9(6.78-7.01)
Del Balzo et al. (15) 2014 P 20 (Unknowr) 236 =180 Unknown Unknown
Garfinkle et al. (16) 2015 R 26 (10/16) 3838 3.336 (0.606) 4(3-5) (5min) 6.96(0.13)
Alderiiesten et al. (17) 2015 P 65 (Unknown) 40.1 (1.6) 3.239 (0.469) 2(3) (1 min) 6.99 (0.18)
5 (2) (5 min)
Charon et al. (18) 2016 R 43 (Unknowr) Good outcome Good outcome: Good outcome: Good outcome
3045(38342-40+6) 8.7 2.775-3460) 4 (3-5) (Gmin) 7.26(7.08-7.33)
Poor outcome Poor outcome Poor outcome Poor outcome
3042 (30+4-41) 3.6(3.07-3.872) 3(1.5-4.5) (5 mi) 7.25 (7.12-7.30)
Weeke et al. (19) 2016 P 26 (11/15) 404 3.445 (2.261-4.75) 4(1-10) (5 min) 6.89 (0.20)
Chiang et al. (20) 2016 P 124/8) Good outcome Good outcome: Good outcome: Good outcome
395(06) 2,658 (0.465) 4(1:5) (min) 6.97 (6.73-7.32)
Poor outcome: Poor outcome Poor outcome Poor outcome
379(1.5) 3525 (0.828) 4(37) (5min) 7.02 (6.72-7.43)
Heursen etal. (21) 2017 P 54 (24/30) 30.4(1.64) 3328+ 0527 2(0-6) (1 min) 6.93(0.13)
4.5 (0-8) (5min)
Ahearne et al. (22) 2017 P 33(11/22) Good outcome Good outcome: Unknown Unknown
40.4 (30.2-41.1) 35(32-4.1)
Poor Outcome Poor Qutcome
408 (39.7-41.4) 3.4(31-3.7)
Cainell et al. (23) 2018 [~ 35 (Unknown) 38(37; 40) 3.280 (2.665; 3.515) 3(1;5) (1 min) 70(6.8:7.1)
5(4;6) (5min)
7(5:8) (10min)
Nevalainen etal. (24) 2017 R 24(13/11) 306(1.5) 3350 (0.600) 1 (1 min) 69(0.2)
2 (5min)
35 (10min)
Trivedii et al. (25) 2017 P 57 (29/28) 385(1.6) 3166 (0.688) 4 (5min) 7.05 (0.19)
5 (10min)
Skranes et al. (26) 2017 P 47 (Unknowr) 236 weeks Unknown Unknown Unknown
Weeke etal. (27) 2017 P 122 (53/69) 400 (22) 350 (0.858) 3 (5min) 6.90(0.25)
Liuetal. (28) 2017 P 165 (62/103) >36 weeks Unknown Unknown Unknown
Barta etal. (29) 2018 R 51 (20/31) Good outcome Good outcome: Good outcome: Good outcome
39(38:40) 3.261(0577) 5 (4-7) (5 min) 7.21(6.98-7.28) (1h)
Poor outcome: Poor outcome: Poor outcorme
38 (37;40) 3.128(0.587) 3(24) (5min) Poor outcome
7.10/(7.00-7.20) (1)
De Wispelacre et al. 2019 R 45 (23/22) 3046 (38+1-40+4) 3200612 3(1-4) (5min) 6.96+0.24
(@0

Prospective study (P) Retrospective study (R). Values represent the mean (SD), median [IQR], or median (range). unless otherwise indicated.
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Experimental CD11 b/c sorted Whole brain

group Microglia RNA [n (m:)] protein [n
. (m:f)]

RNA Real time
sequencing PCR

SHAM 5@3:2) 4(2:2) 7@4:3)

LPS 5@:2) 4@2) 5(4:1)

Veh Hi 10(8:7) 8(5:9) 9(45)

LPS/HI 8(3:5) 8(5:3) 8 (4:4)

‘Whole brain
RNA [n (m:f)]

5(:2)
6(4:2)
10(3:7)
8(3:5)

Atotal of 110 rats were usedin this study. For each analysis rats were randomized between
litter and gender (m = male, f = female). 52 animals were used for magnetic cel sorting,
29 animals for whole brain protein analyses and 29 animals were used for whole brain

RNA analyses.
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73
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6.64
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.77
6.9

Worst base
deficit in
first hour

-18
-198

-257
-22
=27

-16.4

-197

-255

Sentinel
event

zzzzzzz<

N

Clinical
seizure

(Y/N)

<< <<<=<<2Z

<

PLIC

(SRS VY

[

BGT

PPN OO GG ®

wMm

L O S

Cortex

comvao = v

MRI
outcome

u
u
u
u
u
u
u
u
u

st

20.394
0o
69.941
2,506.037
172,529
0
148.327
0
412.535

s2

224.709
188.718
422,949
2,265.24
158.548

172.168
[
381.27

674.385
1,625.672
1,013.869
4,697.766
334.448
563.196
161.207
511.332
843.896

cp
GMFCS

AR ONDO GO0

¥, yes; N, no; U, unfavorable MRI outcome; SE, standard error; PLIC, posterior limb of internal capsule; BGT, basal ganglia and thalami; WM, white matter; CP GMFCS, cerebral palsy gross motor function classification system.
MRI scores noted in Table 3 as adapted from Rutherford et al,

Posterior limb of internal capsule on T1.

0, nommal; 1, reduced or asymmetrical signal intensity; 2, severe injury with reversed or abnomal signal intensity bilaterally on T1- and/or T2-weighted images.
Basal ganglia and thalami.
0, normal; 1, mild injury (focal abnormal signal intensity); 2, moderate injury (muitfocal abnormal signal intensity); 3indicates severe injury (widespread abnormal signal intensity).
White matter.
0, normal; 1, mid injury (ong T1 and T2 in periventricular white matter only); 2, long T1 and T2 in subcortical WM and or focal punctate lesions or focal infarction; 3, severe widespread abnormalties inclucing long T1 and T2 +/-

infarction +/- hemorrhage.
Cortical involvement.

0, normal: 1, mild (1-2 sites cortical highlighting/decreased T1); 2,moderate (3 sites involved); 3, severe (more than three sites).
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Mild No TH Mod-Severe TH  p-value

n 11 2
Male 5/11 18/26

Birth weight (q) 3,360 (2,971,3,987) 3,493 (2,935, 3,800)
10-min Apgar 96,9 5(,7)

Chest compressions 09 10721
Resuscitation with 0/9 6/25
cardiac drugs

Worst pH in first hour 696(6.91.7.03)  6.89(6.72,7.00)
Worst base deficit in first —15(-12,-8)  —13.4 (—18.0, —8.4)
hour

Maternal pyrexia 2/10 0/25
Chorioamnionitis 09 024
Sentinel event M 7/26
Meconium aspiration 010 3/26

Blood glucose (<2.6 o8 o7

mmol/l)

Positive blood culture 010 1/26

Clinical seizures 010 20/26
Anticonvulsants given 0/10 18/26
Inotropes used or11 11/26

0.189
0.233
0316
0.023*
0.030"

0.096
0.096

0.482
0.602
0.255
0.012*
0.298

0.009"
0.000*
0.005*
0.000"

*Denotes  significance where p < 0.05. Values with brackets are median

(interquartile range).
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Sample Area under the curve SE p-value Cutoff (pg/mi)

st 0.654 0.104 0.156 28
s2 0.686 0.115 0.132 166
S3 0.808 0.087 0.009 436

SE, standard error; PPV, positive predictive value; NPV, negative predictive value.

Sensitivity (%)

67
73
75

Specificity (%)

63
67
77

PPV (%)

53
67
75

NPV (%)

75
73
77
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Search term

Midkine
Midkine AND Cancer
Mickine AND Brain

Midkine AND
Neuroprotection

Mickine AND Nanoparticle
Midkine AND Inflammation
Mickine AND Infant AND
Brain

Mickine AND Neonatal AND
Brain

Midkine AND Perinatal AND
Brain

Mickine AND Premature or
Preterm birth

Mickine AND
Hypoxic-ischernic
Encephalopathy

Midkine AND Fetal Growth
restriction OR intrauterine
growth restriction

Number of
PubMed hits

956 (98 reviews)
431 (41 reviews)
158 (14 reviews)

18 (5 reviews)

8
92 (12 reviews)
3

Hits relevant to the

intended search for

MK in perinatal brain
injury

1(29)
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MK binding receptors Biological functions References

Protein tyrosine o Promotes survival of embryonic neurons (62,39
phosphatase § (PTPZ) o Expressed on LRP6 and apoE receptor 2 (components of reelin, Wnt, and Dickkopf receptors) neurons

o Antiapoptotic activity with combined effects of PP1 and PTX—inhibitors of G protein-linked signaling

o Promotes migration of embryonic neurons.

°

Ryudocan (Syndecan-4) Expressed abundantly in peripheral bundle nerves @4
o Interacts with tissue factor pathway inhibitor ligand

o Function in anticoagulant function and inhibits placental cytotrophoblasts

Syndecan-1 o Expressed in brain and spinal cord during earlier gestational period—E10 to E12 @5)
o Promotes neurogenesis
N-syndecan (Syndecan-3) o Interacts with MK during late developmental period—E14 to E16 @5)
o Promote neurogenesis
Low-density lipoprotein o Promotes nucleus translocation (36)
receptor-related protein (LRP) o Internalizes MK in the cytoplasm-bound nucleolin, a nucleocytoplasmic shuttle protein
o Promotes cell survival
Neuroglycan C o Promotes CG-4 cells (glial precursors for oligodendrocyte progentor cells) @n
o Promotes elongation in glial cells
printegrins—asp1 integrinand o asB1 integrin promotes migration of osteoblastic cells @8
aspt integrin o aaf integrin governs haptotactic migration of osteoblastic cells
o Increase tyrosine phosphorytation of paxilin, a key molecule in Crk-II pathway
o agp integrin promotes neurite outgrowth on embryonic neurons.

Lipopolysaccharide-binding
(LBP) receptor—member of
low-density lipoprotein receptors
Anaplastic lymphoma kinase

(ALK

Activates LBP adhesion in the cytoplasm and cell surfaces @9
Activates and acts as “shuttle protein” in translocating into nucleus
Promotes tumorigenesis process.

o o

o Mitogenesis-potent proliferation of human endothelial cells from brain microvasculature and umbilical vein (40-42)
o Promotes angiogenesis

o Activates Akt phosphorylation by 10-fold, with 2-fold increase in MAPK phosphorylation

o Activates NF-«B pathway

o Induces insulin receptor-1 to initiate mitogenesis and antiapoptosis

o Activates PI3K and MAPK pathways in varying ratio and response in cell types

ALK, anaplastic lymphoma kinase; Apok, apolipoprotein E; LBF, lipopolysaccharide-binding; LRF, low-density lipoprotein receptor-related protein; MAPK1, mitogen-activated protein
kinase 1; MAPK3, mitogen-activated protein kinase 3; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; PTX, paclitaxel; PI3K, phosphatidylinositol-3-kinase; Akt,
protein kinase B; PP1, protein phosphatase 1.
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Location Embryonic (E) or postnatal (P) days  PTN expression MK expression References

Prenatal cerebral cortex  Ventricular zone E10 @ o @
Ventricular zone El4 o "
Preplate E14 @ o
Ventricular zone and intermediate zone  E17 e 200
Subplate E17 o o
Cortical plate E17 and E18 o o
Postnatal cerebral cortex  Choroid plexus P7 Not detected a0 @
Corpus callosum P7 00 Not detected
Cortical plate, marginal layer, and layer V' P1 Ed
Layer VI P1 o
Layers |, Il and IV P7 00
Layers Il V, and VI P7 o
Layers |, Il I,V P14 a0
Layer IV and VI P14 o
Postnatal cerebellum PLZ, PM, ML and PCL P1 i @ ©®
EGL, ML and PCL and WM P3 and P5 o o
oL P3 and P5 @ @
EGL, ML and PCL and WM P7 o a0
IaL P7 @ @
IGL WM P14 kuny Not detected
MLand PCL. P14 Not detected

EGL, external granular layer; IGL, internal granular layer; MK, midkine; ML, molecular layer; PTN, pleiotrophin; PMZ, pre-migratory zone; PLZ, proliferative zone; PCL, Purkinje celllayer;
WM, white matter.
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Neuropathology

Microgliosis
Astrogliosis

Neuronal death
Oligo. death

Qligo.
dysmaturation

Interneuron
dysmaturation

Description
Timing/route

Efficacy (NNT)

EoP

Yes

YYes, when birth
<23 weeks of GA

Limited
In severe cases
Yes

Yes

Treatments

Magnesium sulfate

Atleast 1h before
birth, IV

No change in
mortaliy,
decreased CP (74)

NE linked to HI

Yes
Yes

Yes
Yes
No

No

Hypothermia
72h continuous
cooling (32-33°C)
initiated within 6h
of birth

Reduced mortality
and rates of NDD
@

Potential target
for Midkine

Yes
Yes

Yes
Yes
Yes

Possibly

Potential
midkine therapy

Midkine

Acute IV boli,
and/or chronic
intranasal

To be determined

EoR, encephalopathy of prematurity; NE, neonatal encephalopathy; Hi, hypoxia-ischemie;
GA, gestational age; Oligo, oligodendrocyte; CP, cerebral palsy; IV, intravenous; NNT,
number to treat; NDD, neurodevelopmental disability.
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Prenatal data
Male

Intrauterine growth restriction

Antenatal steroids

Gestational diabetes

Preeciampsia

Twin pregnancy

Twin-to-twin transfusion

Cesarean section

Postnatal data

Gestational age at birth mean (SD), weeks
Birth weight mean (SD), g

1 Apgar < 5

5 Apgar <5

Intubation within the first 72 h

Mechanical ventiation within the first 72 h
Surfactant administration

Pneumothorax within the first 72h
Inotropic support within the first 72h
Early-onset sepsis

Late-onset sepsis

>1 late-onset sepsis

Necrotizing enterocolitis

Surgically treated necrotizing enterocolitis
Treated patent ductus arteriosus
Surgically treated patent ductus arteriosus
GMH-IVH

Placental findings

Twin monochorionic placenta
Velamentous cord insertion

Fetal inflammatory response—stage 1
Fetal inflammatory response—stage 2
Fetal inflarmmatory response—stage 3
Maternal inflammatory response—stage 1
Maternal inflammatory response—stage 2
Maternal inflammatory response—stage 3
Villtis of unknown etiology

Fetal vascular malperfusion

Maternal vascular malperfusion

Delayed villous maturation

Retroplacental hematoma

Statistically significant differences (p < 0.05) are highlighted in bold.

Study patients
(N = 286)

N (%)

135 (47.2)
78(27.3)
224 (78.6)
1138
55(19.2)
110(38.5)
227 (79.4)

282422
1040 264
114 (39.9)
1138
205 (71.7)
149 (52.1)
200 (69.9)
1388
248.4)
10 35)
131(45.8)
44(15.4)
1769
10 35)
174 (60.8)
31(108)
68(23.8)

38(133)
27(9.4)
23(@®)
9(3.1)
23(8)
29(10.1)
37 (129)
22(7.7)
31(108)
138
1138
44 (15.4)
52(182)

cBH
N =48)

N (%)

26(54.2)
8(167)
32(66.7)
1(2.1)
8(16.7)
19(39.6)
35(72.9)

266+2
904 + 254
23(47.9)
3(62)
43(89.6)
32(66.7)
43 (89.6)
3(6.2)
13(27.1)
3(6.2)
34(708)
14 (29.2)
3(62)
3(62)
32(66.7)
13(27.1)
30(62.5)

483
1(2.1)
483
2(4.2)

7(14.6)

8(16.7)

8(16.7)

6(12.5)
483
1@.1)
1@.1)

7(146)

11(22.9)

No CBH
(N =238)

N (%)

109 (45.8)
70 (29.4)
192 (80.7)
10(42)
56 (23.5)
91(38.2)
192 (80.7)

286+ 2.1
1067 + 258
91(38.2)
8(3.4)
162 (68.1)
117 (49.2)
157 (66)
8(3.4)
11(4.6)
79
97 (40.8)
30 (12.6)
14(59)
709
142 (59.7)
18(7.6)
38(18)

34(14.3)
26(10.9)
19(8)
79
16(6.7)
21(88)
29(12.2)
16(6.7)
27(11.3)
10 (4.2)
10(4.2)
37 (15.5)
41(17.2)

P-value

0.34
0.08
0.04
0.70
035
0.87
0.24

0.0001
0.0001
0.26
0.40
0.002
0.03
0.001
0.40
0.0001
0.38
0.0001
0.007

0.38
0.42
0.0001
0.0001

0.35
0.08

0.65
0.08
012
0.48
023
0.80
0.70
0.70

0.41
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CBH
(N=48)

N (%)
Gestational age 266+2
Inotropic support within the first 72h 18 27.1)
GMH-IVH 30 (62.5)

No CBH
(N =238)

N (%)
286+2.1

14.6)
38(18)

OR, odds ratio; Cl, confidence interval. Statistically significant differences (p < 0.05) are highlighted in bold.

OR (95% Cl)

0.76 (0.63-091)
5.24 (1.88-14.6)
6.38 (3.02-13.5)

P-value

0.003
0.002
0.0001
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Prenatal data
Male

Intrauterine growth restriction

Antenatal corticosteroids

Gestational diabetes

Preeciampsia

Twin pregnancy

Twin to twin transfusion

Cesarean section

Postnatal data

Gestational age at birth mean (SD), weeks
Birth weight mean (SD), g

1 Apgar < 5

5 Apgar <5

Intubation within the first 72 h

Mechanical ventiation within the first 72 h
Surfactant administration

Pneumothorax within the first 72h
Inotropic support within the first 72h
Early-onset sepsis

Late-onset sepsis

> 1 late-onset sepsis

Necrotizing enterocolitis

Surgically treated necrotizing enterocolitis
Treated patent ductus arteriosus
Surgically treated patent ductus arteriosus
Cerebelar hemorthage

Placental findings

Twin monochorionic placenta
Velamentous placental cord insertion

Fetal inflammatory response—stage 1
Fetal inflammatory response—stage 2
Fetal inflarmmatory response—stage 3
Maternal inflammatory response—stage 1
Maternal inflammatory response—stage 2
Maternal inflammatory response—stage 3
Villtis of unknown etiology

Maternal vascular malperfusion

Fetal vascular malperfusion

Delayed vilous maturation

Retroplacental hematoma

Statistically significant differences (p < 0.05) are highlighted in bold.

Study population
(N =286)

N (%)

135 (47.2)
78(27.3)
224 (78.6)
1138
64(22.4)
113 (39.5)
22(7.7)
227 (79.4)

28222
1040 + 264
114(39.9)
11(3.8)
205(71.7)
149 (52.1)
200 (69.9)
1138
24(8.4)
10(3.5)
131(45.8)
44(15.4)
1769
10(35)
174 (60.8)
31(10.8)
48(16.8)

38(13.3)
27(9.4)
23(8)
9@3.1)
23(8)
29(10.1)
37 (12.9)
22(7.7)
31(108)
165 (57.7)
11(3.8)
44 (15.4)
52(18.2)

GMH-IVH
(N =68)

N (%)

36(52.9)
15(22.1)
48 (70.6)
29
9(132)
28(41.2)
5(7.4)
43(63.2)

27+22
908 + 250
34(50)
7(10.9)
61(89.7)
49 (72.1)
59(86.8)
469
10 (14.7)
3(44)
39(57.4)
17 (25)
5(7.4)
469
51(75)
16 (23.5)
30 (44.1)

7(10.3)
5(7.4)
9(182)
5(7.4)
6(88)
11(162)
8(11.8)
11(162)
10 (14.7)
3247.1)
3(4.4)
8(11.8)
12(17.6)

No GMH-IVH
(N =218)

N )

99 (45.4)
63(28.9)
176 (80.7)
9(4.1)
55 (27.1)
85(39.0)
17078
184 (84.4)

286+2.1
1080 + 255
80(36.7)
4018
144 (66.1)
100 (45.9)
141 (64.7)
762
14(6.4)
7@2)
92 (42.2)
27 (12.4)
12(5.5)
6(28)
123 (56.4)
15 (6.9)
18(8.3)

31(14.2)
22(10.1)
14.(6.4)
4(18)
1708
18(8.3)
29(13.3)
11(6)
21(9.6)
133 (61)
8(7)
36(16.5)
40(18.3)

P-value

0.33
035
0.09

0.04
078

<0.0001

0.001
0.001
0.06
0.005
<0.0001
<0.0001
<0.0001
029
0.04
071
0.03
0.02
0.56
0.25
0.007
<0.0001
0.0001

0.54
0.64
0.09
0.04
0.80
0.06
0.84
0.007
0.26
0.05
0.73
0.26
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GMH-IVH No GMH-IVH OR (95% Cl) P-value
(N =68) (N =218)
N (%) N (%)
Cesarean section 43(63.2) 184 (84.4) 0.26 (0.11-0.58) <0.001
Maternal inflammatory response—stage 1 11(16.2) 18(83) 2.92(1.04-8.19) 0.04
Maternal inflammatory response—stage 3 11(16.2) 11(6) 4(1.24-12.9) 0.02
Treated patent ductus arteriosus 51(75) 123 (56.4) 26(1.16-5.89) 0.02
Mechanical ventiation within the first 72 h 49 (72.1) 100 (45.9) 2.67(1.23-5.79) 0.01
Cerebellar hemorthage 30 (44.1) 18(83) 8.14 (3.63-18.24) <0.001

OR, odds ratio; Cl, confidence interval. Statistically significant differences (o < 0.05) are highlighted in bold.
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MRS Lac/NAA DWI Mean Diffusivity DWI Fractional Anisotropy

r p-value r p-value r p-value
241 BGT region 0709 <0.001 ~0.483 <0001 0.424 <0001
48h BGT region 0.661 <0.001 —-0.635 <0.001 0.240 0.065
Mean BGT region 0722 <0.001 ~0615 <0001 0523 <0001
24h WM region 0669 <0.001 ~0511 <0001 0.452 <0001
48h WM region 0729 <0.001 633 <0001 0.495 <0001
Mean WM region 0748 <0.001 -0.635 <0001 0342 0.005

All values were logro transformed prior to correlation analysis. Correlation is significant if p < 0.01 (corrected with Bonferroni correction where p < 0.05 is considered significant). BGT,
basal ganglia and thalamus; WM, white matter.
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BGT voxel at 24h
BGT voxel at 48h
Mean BGT voxel
WM voxel at 24 h
WM voxel at 48h
Mean WM voxel

Whole-Brain TUNEL Count

Lac/NAA <0.39 Lac/NAA >0.39

18.2 (SD 2.96)
15.1 (SD 2.84)
15.2 (SD 2.56)
15.9 (D 3.26)
12.2 (SD 2.61)
11.3(SD227)

109 (SD 2.03)
83.4 (SD 2.42)
103 (SD 2.12)
84.7(sD2.27)
58.3(SD3.15)
71.6(SD 2.75)

p-value

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Whole-Brain Iba1 Ramification Index

Lac/NAA <0.39

1.96 (SD 1.30)
2.05(SD 1.29)
1.94(SD 1.29)
1.87(SD 1.61)
2.00(SD 1.36)
2.04(SD 1.29)

Lac/NAA >0.39

083 (SD 2.08)
1.05(SD 2.05)
0.96 (SD 2.13)
1.11(SD 1.96)
1.29/(SD 1.96)
1.47(SD 1.99)

p-value

<0.001
<0.001
<0.001
0.004
0.003
0.003

Whole-Brain CC3

Lac/NAA <0.39 Lac/NAA >0.39

25.8(SD 4.94)
27.9(SD3.75)
25.0(SD 3.47)
24.2(SD 4.76)
27.4(8D2.29)
33.0(SD2.37)

4.89(SD 4.94)
6.78 (SD 4.83)
582(SD5.19)
7.71(8D 4.39)
10.7 (SD 5.90)
808 (SD5.41)

p-value

<0.001
0.001
0.001
0.008
0.076
0.001

Values shown are the geometric mean and standrd deviation (SD). Using this threshold, we showed significant differences in cell counts for cell death [terminal deoxynucieoticlyl
transferase dUTP nick end labeling (TUNEL)] and microglial activation fionized calcium-binding adapter molecule 1 (lbaf) ramification index] in the piglets. Correlation is significant f p <
0.01 (corrected with Bonferroni correction where p < 0.05 is considered significant). BGT, basal ganglia and thalamus; WM, white matter.
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Mean Lac/NAA

Mean Lac/Cho

Mean Lac/Cr

Mean NAA/Cho

Mean NAA/Cr

Mean Cho/Cr

BGT
WM
BGT
WM
BGT
WM
BGT
WM
BGT
WM
BGT
WM

0.722
0.748
0.765
0.701
0.766
0.671
-0.530
-0.565
-0.565
-0.624
0.019
-0.051

p-value

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.877

0.684

Correlation is significant f p < 0.01 (corrected with Bonferron correction where p < 0.05
is considered significant). BGT, basal ganglia and thalamus; Cho, choline; Cr, creatine;
Lac, lactate; NAA, N-acetylaspartate; WM, white matter.
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Weight (kg)
NT

™

RIPC + TH

Time < 7 uV aEEG (min)

NT

™

RIPC + TH

Time with MABP < 70% of baseline (min)
NT

™

RIPC + TH

Noradrenaline infusion (1/kg/min)

NT

™

RIPC + TH

Dopamine infusion (j.g/kg/min)

NT

™

RIPC + TH

1.8(1.6-2.4)
18(1.6-1.9)
1.7(1.7-1.9)

26.8(23.0-29.7)
265 (19.4-29.9)
289 (203-37.1)

78(43-113)
7.5(1.0-14.0)
6.8(2.2-12.8)

2/6 [0.39 (0.19-0.60)
7/13[0.39 (0.26-0.94)]
7/13 [0.40 (0.06-0.75)]

o6
4/13[4.17 (3.08-5.00) #
4/13[4.75 (1.90-7.82) #

Use of inotropes was registered hourly as infusion rate and then averaged for the 24-h
obsenvation period. Number of animals receiving inotropes was reported and for those
who received inotropes the average infusion rate calculated. Data ere median with
interquartil range. One-wey ANOVA and Kruskal-Walls test. # indicates significance vs.

NT. “Indicates significance vs. TH or TH + RIPC. HI, hypoxia ischemi

H, therapeutic

hypothermia; NT, no treatment; RIPC, remote ischemic postconditioning; aEEG, amplitude
integrated electroencephalography; MABP, Mean arterial blood pressure.
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Baseline

pH

NT 7.54 (7.51-7.56)

™ 7.52 (7.50-7.57)

TH+RIPC 7.55 (7.51-7.58)

pCO, (kPa)

NT 4.86(4.28-5.49)

™ 4.91(4.35-5.14)

TH + RIPC 4,68 (4.35-5.26)

PO, (kPa)

NT 12.70
(10.88-14.13)

T™H 11.70
(10.40-13.30)

TH + RIPC 12,05
(11.35-13.50)

Lactate (mmol/L)

NT 1.70(0.85-2.15)

™ 1.30 0.95-1.45)

TH+RIPC 1.40(1.10-1.68)
Base Excess (mmol/L)
NT 7.75 (4.98-13.65)

TH 6.40 (4.65-9.10)
TH + RIPC 7.80 (6.65-10.23)

Glucose (mmol/L)

15 min

7.40 (7.38-7.42)
7.38(7.33-7.42)
7.36 (7.28-7.44)

5.38 (4.58-5.69)
4.99 (4.68-5.54)
567 (4.26-6.28)

2.06(1.79-226)
1.94 (1.72-2.24)

1.90 (1.76-2.60)

9.00 (7.80-10.83)
8.90(5.70-9.75)
9.20 (7.40-9.865)

-180
(-8.05 10 ~1.53)
—2.10
(~5.70t0-0.45)
-1.80
(~5.30-0.75)

815 (7.33-0.10)
650 (5.40-7.35)
6.90 (6.30-9.90)

182 (159-210)
207 (197-222)
200 (187-225)

59 (52-59)
50 (47-63)
49 (42-56)

NT 690 (5.65-7.78)
TH 7.10(5.95-8.80)
TH+RIPC 7.30 (6.85-9.85)
Heart rate (bpm)

NT 112 (115-167)
TH 136 (127-149)
TH+RIPC 134 (125-142)
Mean arterial blood pressure (mmHg)
NT 56 (50-60)
™ 48 (45-57)
TH+RPC 47 (43-51)
Rectal temperature (°C)

NT 38.6(37.0-39.2)
TH 38.6(38.3-39.0)

TH + RIPC 385 (38.4-38.9)

Hypoxia

30 min

7.12(7.10-7.22)
7.22(7.04-7.28)
7.16 (7.09-7.25)

5.46 (4.84-6.01)
561 (4.00-6.16)
5.42 (4.94-6.24)

2.48(2.29-4.25)
2.20(1.99-2.84)

2.45 (1.85-3.23)

16.50 (14.73-18.25)
14.30 (12.06-18.00)
16.00 (13.70-16.50)

~15.00
(~16.2510 ~12.33)

-12.00
(~=16.50to —10.35)
-12.10
(~15.95 0 ~10.45)

11.05 (9.30-13.03)
820 (6.25-9.49) #
830 (7.30-11.15)

157 (131-218)
176 (163-197)
180 (167-200)

39 (34-48)
36 (31-43)
39 (31-41)

45min

6.97 (6.90-7.06)
7.01(6.90-7.19)
7.06 (6.96-7.11)

5.68(5.11-6.67)
5.72(4.40-6.59)
5.10 (4.80-6.67)

3.49 (3.14-4.41)
2.68 (203-3.90)

3.35 (3.08-4.32)

20,50 (19.25-23.50)
19.00 (15.30-23.00)
18.00 (17.50-21.00)

—2275
(~23.85 t0 —18.05)
—20.80
(~25.00t0 ~16.50)
~18.70
(~20.35 to ~16.65)

12.45 (9.98-14.19)
7.60 (6.20-9.15) #
890 (7.45-11.60)

166 (135-204)
182 (156-218)
165 (147-222)

42 (31-52)
37 (29-50)
33 (27-35)

1h

7.31(7.14-7.42)
7.37 (7.25-7.46)
7.39(7.31-7.47)

4.73(3.94-6.42)
434 (3.84-6.39)
412 (3.66-5.43)

15.35 (13.63-17.48)
12,40 (10.85-14.50)

13.80 (11.15-15.85)

11.00 (9.50-13.55)
10.80 (7.45-14.00)
9.80 (6.75-11.60)

~7.05
(~14.00t0 ~3.05)

-6.50
(~125t0 -2.10)

-3.80
(~6.45t0 ~1.40)

875 (5.70-9.89)
7,50 (6.15-8.85)
6.80 (6.20-8.50)

172 (141-218)
182 (169-213)
181 (169-200)

51(47-57)
47 (44-53)
45 (39-49)

396 (38.6-400)
30.4(39.0-306)
30.3(39.0-30.7)

2h

7.46 (7.35-7.59)
7.44(7.36-7.48)
7.47 (7.40-759)

450 (4.04-5.63)
4.99 (4.46-5.37)
4.49(4.31-5.60)

15.60 (14.70-19.68)

12.45 (11.43-15.68)

12.35 (9.46-13.45) # 10,10 (9.39-12.80) #

4.10(3.40-5.65)
2.90(1.38-9.00)
3.80 2.70-4.60)

000
(~8.7010 ~6.80)

1.00
(~4.7810 -4.25)
335
(~15510 ~4.50)

6.75 (5.00-7.89)
6.95 (5.30-8.36)
6.40(4.60-6.60)

184 (152-250)
143 (122-179)
162 (143-174)

5143-59)
45 (40-51)
45 (43-49)

38.9(38.5-39.4)
37.0 (36.2-37.8) #
37.1 (36.5-37.5) #

Recovery

4h

7.43 (7.40-7.50)
7.43(7.30-7.59)
7.49 (7.46-7.52)

554 (4.89-5.90)
4.91(4.32-6.19)
512 (4.55-5.40)

15.85 (16.35-16.65)

11.80 (10.60-14.00)

1.45 (1.15-2.50)
0.90 (0.50-1.60)
110 (0.70-1.90)

450
0.48-6.58)
370
0.00-6.10)
570
4.40-7.40)

6.95 (5.80-7.35)
6.70 (5.30-10.00)
6.10 (5.00-8.90)

214 (154-250)
126 (92-180) #
125 (85-143) #

54 (47-56)
44 (42-51)
44 (42-50)

393 (38.2-39.5)
339 (33.7-34.1) #
34.0(33.7-34.1) #

6h

7.43 (7.39-7.49)
7.51(7.40-7.59)
7,58 (7.46-7.57)

5.78 (5.49-6.52)
5.09(4.61-5.59)
526 4.11-6.79)

15.70 (11.16-18.78)

12h

7.56 (7.49-7.57)
7.51(7.43-757)
7.46 (7.45-7.58)

4.85 (3.88-4.97)
4,63 (3.98-5.95)
4.70 (4.46-5.75)

7.45 (7.38-7.49)
7.47 (1.38-752)
7.49 (7.44-7.54)

5.72(5.18-5.99)
4.96 (4.51-6.42)
5.41(5.18-5.66)

16.00 (13.25-17.45) 13.40 (11.85-15.35)

11.50 (10.30-13.90) 11.70 (10.10-13.00) # 12.20 (10.98-14.53)

1230 (11.10-13.50) 11.40 (10.60-13.60) # 10.10 (8.79-13.90)

1.25 (1.05-1.43)
0.60 (0.60-1.30)
0.90 (0.70-1.10)

535
(0.18-10.05)

630
(4.10-7.40)
620
(6.10-9.40)

7.10 6.10-7.55)
6.50 (5.30-11.00)
5.70 5.10-0.10)

213 (173-250)
127 (110-175) #
116 (91-165) #

50 (47-56)
45 (41-26)
46 (43-49)

39.0(38.3-39.8)
338 (334-34.3) #
339 (33.7-34.3) #

1.10(0.85-1.65)
0.90 (0.80-1.40)
0.80 (0.70-1.70)

670
(1.85-0.45)
520
(3.00-6.40)
6.00
(3.30-8.70)

4.70 3.90-5.35)
7.60 (6.90-0.10)

0.90 (0.65-2.20)
0.65 (0.48-0.95)
0.90 (0.70-1.18)

650
(~1.45-8.50)

325
(1.13-6.79)
870
(4.80-10.45)

6.10 (3.85-8.80)
7.95 (3.83-10.08)

9.80 (6.10-12.20) #  8.40 (6.45-12.65)

189 (155-224)
120 (117-148) #
118 (90-156) #

53 (46-59)
48 (37-53)
48 (44-51)

39.1(38.2-89.5)
338 (33.7-34.0) #
340 (33.9-34.3) #

190 (156-219)
167 (127-169)
126 (99-158) #

45 (40-51)
47 (42-50)
47 (38-55)

390 (38.6-89.6)
338 (33.2-34.0) #
337 (336-34.2) #

Data are median with interquartile range. One-way ANOVA and Kruskal-Wallis test. Values with significant in-group diferences are bold. # indicates significance vs. NT. *indicates significance vs. TH or TH + RIPC. TH, therapeutic
hypothermia; NT, no treatment; RIPC, remote ischemic postconditioning.
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Time point

Group and sex [, (/m)] Baseline 6-hscan 12-hscan 24-hscan

NT 6(4/2) 5(4/1) 5(4/1) 5(/1)
TH 1367 1267 104/6) 9 (4/5)
RIPC + TH 1B8E7)  N@n 1@ 10(3/7)

Seven animals dlied after the hypoxic ischenic insult at ifferent timepoints. One animal in
the NT group was excluded after a secondary hypoxic insult due to ventiator faiure. NT,
no treatment; TH, therapeutic hypothermia; RIPC, remote ischemic postconditioning.
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Search strategy used for systematic review:

1

. (“exp brain metabolism”) or (*brain function”) or (*issue metabolism’) or ([cerebr* adj3 (metabol or oxygenation or hemodynamic* or “blood flow” or

volume?)].mp. [mp=title, abstract, heading word, drug trade name, original ftle, device manufacturer, drug manufacturer, device trade name, keyword, floating
subheading word, candidate term word]) or (‘near infrared spectroscopy®) or ((near infrared ac3 spectroscop’).mp. [mp=title, abstract, heading word, drug
trade name, original title, device manufacturer, drug manufacturer, device trade narme, keyword, floating subheading word, candidate term word).

(Result: 169743)

. (*brain hypoxia) or (*exp brain ischemia’) or [((cerebr" or brain’) adj3 (‘brain damage” or encephalopath.mp. [mp=title, abstract, heading word, drug trade

name, original title, device manufacturer, drug manufacturer, device trade name, keyword, floating subheading word, candidate term word) or [((hypoxi* or
anoxi) adj3 (*brain damage™ or *brain injur*” or encephalopath*)l.mp. [mp=title, abstract, heading word, drug trade name, original itle, device manufacturer,
drug manufacturer, device trade name, keyword, floating subheading word, candidate term word) or (*perinatal asphyxia) or [(asphyxia® adj3 (newborn or
baby or babies or infan® or neonat*)l.mp. [mp=title, abstract, heading word, drug trade name, original ttle, device manufacturer, drug manufacturer, device
trade name, keyword, floating subheacing word, candidate term word) or ((encephalopath® adj3 neonat’).mp. [mp=titie, abstract, heading word, drug trade
name, original title, device manufacturer, drug manufacturer, device trade name, keyword, floating subheading word, candidate term word). (Reslt: 228291)

. (newborn’) or ((newborn or baby or babies or infan* or neonat*).mp. [mp=title, abstract, heading word, drug trade name, original title, device manufacturer,

drug manufacturer, device trade name, keyword, floating subheading word, candidate term word). (Result: 1475873)

4. 1and 2 and 3. (Result: 1671)
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First author,
Year (Ref.)

Ancora et al. (22)

Ancora et al. (23)

Ariaga-
Redondo et al.
(24)

Bale etal. (25)

Bale et al. (26)

Bale etal. (27)

Bale etal. (28)

Burton etal. (29)

Campbell et al.
(30)

Chalak et al. (31)

Chalek et al. (32)

Chen et al. (33)

Chock et al. (34)

Dehaes et al.
(35)

Forman et al.
(6)

Gagnon and
Wintermark (37)

Goeral et al. (38)

Govindan et al.
(39)

Govindan et al.
(40)

Grant etal. (41)

Gueuyener et al.
(@2)

Howlett et al.
43)

Huang et al. (44)

Jain etal. (45)

Kovacsova et al.
(48)

Leeetal. (47)

Lemmers et al.
(48)

Massaro et al.
(49)
Massaro et al.
(50)

Meek et al. (2)

Mitra et al. (51)

Mitra et al. (52)

Mitra et al. (53)

Nakamura et al.
(64
Niezen et al. (55)

Peng et al. (56)

Shellhaas et al.
67

Shellhaas et al.
(68)

Shellhaas et al.
(59)

Tax et al. (60)

Tekes et al. (61)

Tian et al. (62)

Toet et al. (15)

Van Bel et al.
(18)

Wintermark et al.
(63)

Wu et al. (64)

Zaramella et al.
(65)

Study
design

Observational

Observational

Observational

Observational

Prospective
observational

Prospective
observational

Observational

Observational

Observational

Observational

Observational

Observational

Retrospective
chart review

Observational

Prospective
observational

Case series

Prospective
observational

Observational

Observational

Observational

Observational

Observational

Observational

Prospective
observational

Observational

Prospective
observational

Observational

Prospective
observational

Observational

Observational

Prospective
observational

Prospective
observational

Prospective
observational

Observational

Retrospective
observational

study

Observational

Observational

Observational

Observational

Observational

Observational

Observational

Observational

Observational

Observational

Retrospective
cohort study

Case control
study

Gestation
(weeks)

39

>35

>36

>36

>36

>35.7

=36

>35

>38

>36

nr.

>33

>37

>36

>36

>36

>36

=37

>=386

“term
neonates”

>34

=37

>36

No of
subjects

23

50

27

44

27

20

32

43

24

4

21

64

39

36

27

23

39

18

21

38

27

31

20

22

Study aim

To evaluate the time course of aEEG
and NIRS data before, during and
after cool cap treatment

To evaluate the prognostic value NIRS
data in asphyxiated cooled infants

To assess the variabilty of cerebral
tissue oxygenation over time in infants
with HIE

Feasibilty study to assess the
potential of cytochrome ¢ oxidase
monitoring in NE

To investigate the dynamic changes in
cerebral metabolism in response to
systemic changes, as a marker of
injury

To determine whether broadband
NIRS can distinguish injury severity in
HIE in the first 4 days after birth

To use changes in cerebral
oxygenation and peripheral oxygen
saturation during spontaneous
desaturation for determination of CBF
To assess the relationship between
autoregulation during TH and
neurodevelopmental outcomes at 2
years of age

Whether infants with autonomic
dysfunction after HIE have aberrant
physiological responses to care
events

To develop an approach to assess
cerebral hemodynarmics across
multiple time scales during first 72h
of lfe

To quantify neurovascular coupling
(NVC) using wavelet analysis of the
dynamic coherence between aEEG
and SctO; in NE

To evaluate the evoked CBO
response to neuronal activation in
newborns with HIE and compare with
the response in healthy infants

To review cerebral and renal tissue
saturation during TH

To assess cerebral hemodynamics
and oxygen metabolism during and
after TH

To assess the feasibilty and refiabilty
cerebral perfusion monitoring in NE

To examine the impact of PPHN on
cerebral oxygenation in infants on TH
after HIE

To assess the predictive values of
aEEG and NIRS parameters and the
respective cut-off values regarding
short-term outcomes in HIE
Toidentify the efficacy of a modified
approach to quantify the pressure
passivity

To review the efficacy of a novel
method to quantify neuro-vascular
coupling (NVC) using NIRS and EEG
Whether StO2, CBY, and CMRO;
have the potential to distinguish
between neonates with brain injury
(HIE and other etiologies) and healthy
controls

Investigate the correlations between
aEEG and NIRS monitoring and
outcome following HIE

To describe the relationship between
autoregulation during TH and brain
injury on MR after HIE

To find out the dlinically useful
parameters for the assessment of HIE
using NIRS

To examine the value of CrSO,

To investigate the SRS algorithm
using a multi-distance broadband
NIRS device to derive tissue
saturation

To examine whether optimizing
cerebral autoregulation is associated
with decreased brain injury

To re-evaluate the early precictive
value of rScOp, cFTOE and aEEG
background pattern for outcome

To assess cerebral perfusion and
oxygenation differences after HIE

To investigate if the duration and
magnitude of the pressure passivity
during TH were related to outcome
To measure changes in cerebral
hemodynamics during the first 24 hrs
of life after perinatal asphyxia, and
relate them to outcome

To assess the cerebral metabolic and
hemodynamic changes during the
rewarming period after TH

To investigate the effects of
disturbances in brain metabolism

following HIE on outcome, using @
wavelet based metabolic reactivity
index between oxCCO and MABP

To assess the changes in brain
hemodynamics and metabolism
following HIE in relation to initial
degree on injury on EEG

To find the influence of BV and
ScO; on clinical outcome

To determine the predictive value of
aEEG and NIRS alone, and in
combination, curing the first 4 days
after HIE

To assess whether NIRS Identifies the
newborns during TH, who later
develop brain injury

To evaluate the utility of aEEG and
S0, for short-term outcome

To evaluate the variabilty of cerebral
oxygen metabolism in sleep-wake
states among sick neonates

To identify systemic and cerebral risk
factors for adverse long-term
neuro-developmental outcome
following HIE

To investigate peripheral oxygenation
and perfusion in the first 48 h after
perinatal asphyxia

To assess whether lower ADG values
on MRI would correlate with worse
autoregulatory status measured by
NIRS

Quantitative evaluation of cerebral
autoregulation

To determine the value of rSO,, FTOE
measured by NIRS, and aEEG in
relation to neuro-developmental
outcome

To investigate whether cerebral
perfusion and metabolism drops
following hypoxia

To determine the correlation between
measurements of brain perfusion by
NIRS and by MRl

To review the cerebral hemodynamic
response during rewarming following
H

To assess the diagnostic and
prognostic value of TOl and ACBV in
HIE

NIRS device,
sensor

NIRO 200

NIRO 200

Invos 5100

Broadband

NIRS

Broadband

NIRS

Broadband
NIRS

Broadband
NIRS

INVOS 5100

NIRO-200NX

INVOS
4100-5100

INVOS
4100-5100

NIRO 500

INVOS §100C

Hybrid
FDNIRS-DCS
system

INVOS,
neonatal
sensors

FORE-SIGHT

INVOS 5100C

NIRO 200

NIRO 200

FDNIRS

NIRO 200

INVOS,
Neonatal
sensor

TSNIR-3

INVOS

Broadband
NIRS

INVOS 5100

INVOS
4100-5100,
with adult
sensor

FORE-SIGHT

NIRO 200

NIRO1000 or
NIRO500

Broadband
NIRS

Broadband
NIRS

Broadband
NIRS

TRS-10

INVOS 5100C

FORE-SIGHT

INVOS 5100C

INVOS 5100C

INVOS 5100C

NIRO 300

INVOS

INVOS
4100-5100,
neonatal
sensor

INVOS 4100

Radiometer

FORE-SIGHT
Cerebral
Oximeter

INVOS 5100C

NIRO 300

Optode
placement on
head

Forehead

Forehead

Forehead

Frontal bilateral

Frontal

Frontal

Frontal

Forehead

Right and left
frontotemporal

left
frontopariotal

Bilateral parietal
area

Forehead

Lateral
forehead

Left, middle,
and right frontal

Center of the
forehead

Forehead
(bilatera)

Frontoparietal

Bilateral
fronto-temporal
areas

Bilateral
fronto-temporal
areas

5 3locations.
Primary location
~forehead, also
temporal and
parietal

Parietal

Forehead

nr.

Midfrontal

Frontal

Bilateral
forehead

Frontoparietal

nr.

Fronto-
temporal

Frontal

Frontal

Frontal

Parietal

left or right
frontoparietal

Forehead

bilateral paristal
regions, also
one sensor over
thigh

bilateral
parietal-
occipital
regions

Biateral parietal
regions,
neonatal
sensors

Left calf

Forehead
bilateral

Frontoparietal

Left parietal

Source on ant.
fontanel,
detector on
Fronto-parietal

Forehead

Frontal region

Fronto-
temporal

Duration
of study

72h

100h
Upto5
days
3honday3

of TH

Uptoday 4

Uptoday 4

84h

2.58-8h

72h

60 & 6h

Between
day 1-3

110h
10-16 sec
3 times/
location
during TH,
rewarming,
and

post-TH
84h

102h

nr.

nr.

30min each
before
cooling, at
34°C during
THand
after
rewarming
84h

nr.

48h

14h

Q0h

84h

84h

84h

1-4
occasions
between 2
and 72h of
age

14h

125h

72h

96h

79h

0h

1.7h

72h

nr.

nr.

72h

48h

84h

14h

Duration
n.r, study
on day 1

Result

Early significant increase in THI and TOI before TH. TOI
improved with TH and remained stable during the rewarming
period

Mean TOl at 12h of life is significantly higher in infants who
develop a poor neurological outcome than in those with
normal outcome

rScO; values >90% and a lack of variability over time in
infants with HIE during cooling were associated with poor
outcome

Mean values for HbD and oxCCO consistently decreased
during desaturation and HbT increased.

Strong relationship between oxCCO and systemic variables
during TH on day 3 indicated severe injury following HI

A strong relationship between cerebral metabolism
[broadband NIRS-measured cytochrome-c-oxidase (CCO))
and cerebral oxygenation was associated with unfavorable
outcome during spontaneous desaturation episodes during
TH.

Infants with severe HIE had significantly lower CBF compared
with infants with moderate HIE on the day of birth

Children with developmental impairments at 2 years, had
higher MAPGpr values, spent more time with MABP below
MAPopr, and had greater MABP deviation below MAPopr
during rewarming. Greater MABP deviation above MAPoer
during rewarming was associated with less disability and
higher cognitive scores

Infants with depressed heart rate (HR) variabilty had different
physiological responses [post event changes in cerebral
blood flow (HbD) and cerebral biood volume (HbT)] compared
to infants with intact HR variability

multiple-timescale correlations between oscillations in MAP
and SctO; in the first 72 hrs, indicating impairment of cerebral
hemodynarmics

High coherence, intact NVC between the oscillations of
SctOz and aEEG in the frequency range of 0.00025-0.001 Hz
in the non-encephalopathic newborns. NVC coherence was
significantly decreased in encephalopathic newborns who
were cooled vs. non- encephalopathic controls and was
significantly lower in those with abnormal 2 year outcomes
relative to those with normal outcomes

Infants with HIE have decreased rCBF in the frontal lobes
during auditory stimulation, (decrease of HbO, and HbT)
compared to normal infants

Renal tissue saturation was lower than cerebral tissue
saturation during TH

‘CMROy and CBF lower in neonates with HIE during TH
compared with post ~TH and controls

SctOy increased over first 30h of TH and stayed high for the
remainder of the study

Periods of pulmonary hypertensive crisis were associated
with significant drop in cerebral saturation, indicating that
PPHN can independently cause further injury

No significant differences in NIRS values were observed
between groups (normal and abnormal MRI). Combined
score of BP, aEEG and NIRS increased the accuracy of early
outcome prediction

A modified coherence estimation approach over every 30s
epochs identified better the association between HbD and
MABP (pressure passivity index).

Two infants who survived, revealed the emergence of NVC
during TH. Other 2 infants who did not survive, lacked this.
feature.

No significant difference in StO, between brain-injured and
normal neonates. However, CBV and estimates of rOMRO,
were significantly increased in the brain injured group
ccompared with all other clinical groups

Deteation of context-sensitive changes in TOI and FTOE can
be helpful especially while monitoring the effects of a therapy,
in conjunction with other cerebral trend monitors

Optimal MABP identified using HVx (running correlation
between HBT and MAP). Infants with evidence of brain injury
on MRI spent longer time below MAPoer during rewarming
than neonates with no or mild injury. Neonates with
moderate/severe injury on MRI had greater MAP deviation
below MAPoer during rewarming than neonates without injury
1SOz in quiet condition and rSO2, HbO, and Hb during the
inhalation of oxygen may be helpful for HIE infants. rSO2 for
the healthy group increased rapidly, with the increase 7 &
2.3%, compared to 3  1.5% in HIE infants

Higher absolute CrSO; values during TH correlates with
subcortical injury on MRI and poor neurodevelopmental
outcome

A broadband NIRS multi-distance device can provide
additional information to improve the robustness of the SRS
estimation of cerebral tissue saturation

Blood pressure deviation from the optimal vasoreactivity was
associated with evidence of brain injury on MR, independent
of initial birth asphyxia

Higher ScO; values and lower aEEG background pattern
scores in neonates with adverse neurodevelopmental
outcome

Cerebral FTOE values were significantly reduced after
rewarming in infants with evidence of injury on MR imaging
Higher PP in both hemispheres and high gain on right
hemisphere were associated with poor outcome

increase in CBV on the 1st day of life is a sensitive predictor
of adverse outcome. A reduction in CBVR is almost
universally seen following asphyxia, but is not significantly
correlated with severity of adverse outcome.

The relationship between mitochondrial metabolism and
oxygenation became impaired with rising Lac/NAA.
Cardiovascular parameters remained stable during
rewarming.

Pressure passive changes in brain metabolism were
associated with injury severity and outcome following HIE.
OXCCO-MABP semblance as a metabolic reactivity index
correlated with MRS derived Lac/NAA. It also differed among
groups of mild to moderate and severe injury based on MRI
score and neuro-developmental outcome at 1 yr of age.

Significant difference noted in derangement of brain
oxygenation and metabolism between infants with mild and
moderate to severe EEG abnormality

Early postnatal CBV and ScO; elevations were predictive of a
poor outcome based on MRI injury

After 48h of TH, a higher rcSO, was associated with a
severely abnormal outcome

1SO2 was consistently higher in newborns who developed
brain injury on MRI and was significantly higher on day 1
compared to infants who did not develop injury on brain MR
During day 3 of cooling and during rewarming, loss of
physiologic variability (by systemic NIRS) was the best
predictor of poor short-term outcome. Cerebral rSO2
variabilty was independent from short-term outcome
Cerebral oxygenation (sSOz) and FTOE significantly differ
between wakefullness and sleep stages

Mean cerebral rSO; was not different between those with
favorable vs. adverse 18-months outcomes, but those with
favorable outcomes had higher systemic SO, variability
during hours 48-72 of cooling

Peripheral oxygenation and perfusion are compromised with
worsening degree of acidosis on cord blood gas.

Lower ADC scalars in the PCS, PLIC and PP correlated with
blood pressure deviation below MAPGer during hypothermia
and rewarming

Cerebral autoregulation was time-scale ~dependant. Both in
phase and anti-phase coherence were related to worse
outcome

1S0; values remained normal and stable in infants with a
normal outcome with values between 50 and 70% 30,33 but
increased to supranormal values after 24 h in the infants with
an adverse outcome. From 24 h onward, the values of rSO,
of the infants with an adverse outcome were significantly
higher as compared with those with a favorable outcome
CBV, HbO, HbR, and Cytaag decreased in the first 12 hs of
lite in severely asphyxiated neonates who subsequently
developed neurologic abrormalities

SctO; and CBF increase from days 1 1o 2 in all, despite TH.
SctO; and CBF are highly correlated in newborns with severe
encephalopathy. Newborns with severe encephalopathy have
lower CBF than newborns with moderate encephalopathy.
Newborns developing brain Hi injury have higher SctO, than
newborns not developing brain injury

CrS0; and cerebral FTOE remained unchanged during
rewarming

Increased TOI on day 1 suggested abnormal outcome at 1
year of age

ADG, Apparent diftusion coefficient; aEEG, Amplitude integrated electroencephalogram; HIE, Hypoxic-ischemic encephalopathy; CBO, Cerebral blood oxygenation; CBY, Cerebral blood volume; CGVR, erebral blood volume response;
S0y, Cerebral regional oxygen saturation; Cytaa3, Cytochrome oxidase; DCS, Diffusion correlation spectroscopy; EEG, Electroencephalography; FONIRS, Frequency-domain near-infrared spectroscopy; FTOE, Fractional tissue
oxygen extraction; HbO, Oxy-hemogiobin; HbR, Deoxy-hemoglobin; MABP Mean arterial blood pressure; MR, Magnetic resonance imaging; MRS, Magnetic resonance spectroscopy; NE, Neonatal encephalopathy; NIRS, Near Infrared
spectroscopy; NVC, Neurovascular coupling; oxCCO, Oxidation state of cytochrome ¢ oxidase; PCS, Posterior centrum semiovale; PLIC, Posterior limb of intemnel capsule; PP, Putamen and globus palfdus; 1CMRO, Relative cerebral
metabolic rate of oxygen consumption; £SO, Regional oxygen saturation; rScOg, Regional cerebrel tissue oxygen saturation; SctO, Regional cerebral tissue oxygen seturation; StOp, Cerebral tissue oxygenation; TH, Therapeutic
hypothermia; TOI, Tissue oxygenation index; TH, Therapeutic hypothermia; THI, Total hemoglobin index.
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Cari etal. (32)
Gluckman et al. (24)
Shankaran et al. (25)
Azzopardi et al. (26)
Simbruner et al. (27)
Jacobs et al. (28)
Perez et al. (33)
Fiippi et al. (29)
Malla et al. (30)
Shankaran et al. (31)

BD, base deficit.

Publication
year

2004
2005
2005
2009
2010
2011
2013
2017
2017
2017

Study
design

Cohort study
RCT
RCT
RCT
RCT
RCT
Cohort study
RCT
RCT
RCT

218
206
323
11
208

42
100
347

Gestational age,
weeks

237
236
=36
236
=36
=35
=36
=36
=37
>36

Umbilical cord blood pH value

pH < 7.00 or BD > 12 mmol/L

pH < 7.00 or BD > 16 mmol/L

pH < 7.00 or BD > 16 mmol/L

pH < 7.00 or BD 2 16 mmolL

pH < 7.00 or BD > 16 mmol/L.

pH < 7.00 or BD = 12 mmolL

pH < 7.1and BD < —10 mmol/L
pH < 7.00 and/or BD > 16 mmol/L
pH < 7.00 and/or BD > 16 mmol/L.
pH < 7.00 or BD > 16 mmol/L.

Number of
CP cases

13
52
34
81
14
38
11
18
2
a7

Follow-up period

12-36 months.
18 months
18-22 months.
18 months
18-21 months.
24 months
8.2-15.7 years
18-24 months
19 months
18-22 months.
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Reference
/
Study location
/
Years of sample
collection

Andiman etal. (119)

Number of cases (1) Pathologists description of injury.
/ /
Gestational age at birth Post-mortem delay
/
Survival time

20 WM, 16 controls PVL o diffuse WMI as diagnosed by a

Nature of cases designated as controls.

Prematurity with respiratory distress

Regions of interest

In the WMI cases, the

Gray matter pathology (description of what White matter pathology
was analyzed) (description of what was
analyzed)

Nossig. diference i the presence of Periventricular focal necrosis in

/ / histopathologist syndrome, n = 4; congenital heart disease,  cortex overlying WMI and  fractin-immunopositive neurons in any the deep white matter with

Dept. of Pathology, WM = 33.9 4.3, Control / n'=2; primary pumonary hypertension, n = compared it to similar cortical layer surrounding diffuse reactive

Chidren's Hospital 3.1£62 Post-mortem delay not reported 1; hycrops fetals due to placental cortical areasin control  Nossig. difierence n the ncidence of the  gliosis and microgiial activation

Boston, MA, USA / chorioangiomas, n = 1; hycrops fetalis, n = cases percent of MAP2-stained pyramical cellsin  (previous neuropathologic

/ WMI = 5.9  14.0 weeks, 1; sacral teratoma, n stic lymphatic layer V or obvious cortical anomalies. studies)
1993-2007 Controls = 13.2 £ 23.6 malformation of the neck, n Significant reduction (67%) in the densty
(NS dif) Werdnig-Hoffmann disease, n = 1; foreign (MAP2) of layer V pyramidal neurons
body aspiration, n = 1; Blackfan-Diamond Nossig. diierence in the cortical or laminar
syndrome, n = 1 and bronchioltis, n = 1 thickness (MAP2, H&E)
No difference in mean Apgar scores at Smin
(6.8 for both groups) or in other disorders
/
confounders
Haynes and van 13 PVL, 17 controls PVL as diagnosed by a Control cases did not have PVL or other  Subcortical white matter  Noincrease in 12/15-LOX PVL had “focal” necrotic
Leyen (120) 12 / histopathologist significant brain pathology upon standard  and the cortex overlying  expression in neurons of the Gerebral cortex  component in the periventricular
/ PVL ~29t0 43PC weeks / histologic examination. Autopsy reports  WMI and compareditto  in PVL. region, and “diffuse” component
15-Lpowygenase  (median=35.5)and 0-8  PVL = 6-25h, Control = 4-25h were reviewed for major Ginical fincings,  similar cortcal areas in Cell death or total cell number not assessed  characterized by reactive gliosis
/ PN weeks (median = 1.5), systemic autopsy diagnoses, and control cases in the gray matter and activated microgia in the

Dept. of Pathology,  Controls ~20to 43PC neuropathologic findings surrounding white matter

Chilcren's Hospital  weeks (median = 33.5) and Increased 12/15-LOX expression

Boston, MA, USA  0-2.5 PN weeks (median in large round CD8™ cells,

/ 7 lectin double positive and 04

Collection epoch / double positive cells and

not reported Survival time not scattered TUNEL- positive cells
reported

Haynes etal. (121) 13 PVL, 17 Control (spread  PVL as diagnosed by a Control cases cid not have PVL or other  The area of study for axonal - Approximately 1/3rd PVL cases had PVL based on histopathologic

Diffuse axonal across acute and later histopathologist significant brain pathology upon standard  damage in PVL was distant _ thalamic gliosis, netronal loss, and criteria—periventricular focal

/ stages) / histologic examination. from the infarct, ie., in a 7 necrosis in association with

Dept. of Pathology, / PVL = 6-44h (mecfan = 17), Controls ~ Causes of death included Noonan's separate section with no  or microinfarcts as determined by diffuse reactive giosis and

Chidren's Hospital  Mean gestational age (wks) = 1.5-132h (median = 14) syndrome 1, Fetal hycrops 1, Neonatal overlying cortical damage  conventional histopathologic examination.  microglial activation

Boston, MA PVL =36 3, Controls = hepatic disease 1, Immune Visually appreciable neuronal loss was Diffuse axonal injury, as
2+7 thrombocytopenia 1, Possible mitochondiial present in the overlying cerebral cortexin  datermined by the apoptotic

/ disorder 1, Sudden unexplained death in 15% of the PVL cases. None of the marker fraction, in the glotic
not reported Mean postnatal age childhood, 1, Trisomy 211, non-PVL, non-axonal controls examined  (non-necrotic) cerebral white
(wks)—PVL =75 %17, Unexplained stilbirth showed evidence of thalamic and matter n the acute and
Control =105 £ 27 / ‘organizing stages of focal PVL
or cerebral cortical damage
Ligam et al. (122) 22 PVL, 16 non-PVL PVL as diagnosed by a Control cases did not demonstrate white  Thalamic sections were  Increased thalarmic pathology via Histopathology to confirm (or
/ / histopathologist matter features. Lower rates of NEC and  analyzed at one of the neuropathologist assessment (HSE) not) PVL, with *focal” necrotic

Dept. of Pathology,  Gestational age in PVL = 7 sepsis in controls than in PVL following levels: | anterior),  Trend to decreased neuronal density with  component in the periventricular

Chilcren's Hospital 325 4.8 g, Controls = Post-mortem delay ot described level of the mammillry HE (o = 0.07)—critera for neuronal region, and “diffuse” component

Boston, MA, USA  36.7+ 5.2 gw, Sig difin bodies; I (mid), level of the ~ discrimination not described characterized by reactive giosis

/ ow red nudleus; and Il Increased density of reactive astrocytes  and activated microgiiain the

Collection epoch / (posterior), level of the (GFAP) in the mediodorsal nucleus and the  surrounding white matter

not reported PVL = ~4 weeks, lateral geniculate nucleus  lateral posterior nudleus

Nossigrificant increase in the density of
CDB8 + cells and numbers overal low
No difference i the density of
MDA-immunopositive neurons or percent of
MDA-immuncpositive neurons
Kinney etal. (123) 15 PVL, 10 controls PVL as diagnosed by a Gontrols did not demonstrate white matter  Neurons in the ventricular/  The neuronal density of the granular Analysis grouped neurons in the
/ ’ histopathologist abnormaties subventricular region, neurons in each of the four regions was  subplate and white matter

Dept. of Pathology,  The mean gestational age / Causes of death in controls respiratory periventricular white matter, 54-80% lower (0 < 0.01) n the PVL cases  collectively

Chidren's Hospitel  PYL = 32.8 4.1 weeks in  Causes of eath in PVL: respiratory  cistress syndrome (n = 5); congenital heart ~ central white matter, and  compared to controls adjusted for age and  PVL was characterized by

Boston, MA, USA  the, Control = 30.1 5.9 distress syndrome (n = 7); congenital  clisease (n = 1); hycrops fetalis due to subplate region in PVL. post-mortem interval necrotic foci in the periventricular

/ weeks heart disease (n = 3); primary skeletal ~placental chorioangiomas (1 = 1); hydrops  cases and The overall denstties of unipolar bipolar,  and/

1998-2012 / disorders (n = 2); congenttal fetalis cue to parvovirus (0 = 1), piimary  controls—including five  multipolar, and inverted pyramidal neurons  or central white matter; and
PUL=34 446 diaphragmatic hemia (n = 1); inbom  pulmonary hypertension (n = 1); and subtypes of suboortical  did not differ significantly between the VL difftuse astrogliosis and microgial
postconceptional error of metabolism (n = 1) and. bronchiolits (7 = 1) neurons: granular, unipolar, ~ cases and controls activation in the surounding
weeks, Controls =31.6  VOGM (1 = 1) bipolar, inverted pyramidal, white matter
6.6 postconceptional / and multipolar
weeks PVL = median 14 h, Control = median

16.5h

Piersonetal. (72 17 PVL, 17 DWML, 7 PVL or diffuse white matter giosis  “Negative” white matter group with no Seventeen gray matter  Sig increased neuronal injury in the Focal periventricular necrosis;

g Negative (controls) (DWMG) vithout necrosis. ifuse giosis or focal periventricular regions, across the imbic  cerebelar cortex and frontal cortex of VL diffuse white matter giiosis

Dept. of Pathology, i ’ necrosis in the cerebral white matter system, cerebral cortex,  compared with DWMI or Negatives (H&E)

Chidren's Hospitel PV = 3.7 % 4.1 (median  Post-mortem delay not described deep gray nucle, No increase i astrogliosis (GFAP)

Boston, MA, USA =23, DWMI =3.4 £ 14.0 cerebellum and relay nuclei

/ (median = 1.2), Negative = Seven white matter
1997-1999 number of regions—frontal lobe,
temporal lobe, parietal
lobe, occipital lobe, corpus
callosurn, internal capste
and cerebelum
Haldipur etal. (124) 40 cases Al cases are those in which the. Stillbirth cases—with no obvious signs of  Cerebellum EGL cell density significantly increased by None described
/ / autopsy indicated minimurm or no injury as per cases with postnatal survival preterm birth

National Brain Across the window of 28 damage to the brain and cerebellum in EGL thickness reduced by preterm birth

Research Centre,  weeks of gestationto 8 particular

Manesar, India postnatal months ’

/ / Detay = <24h

2007-2010 4 controls with 0 days
survival and 32 cases of
varying age at birth and
survival

Marin-Padilla (3) 33 cases total PVL as diagnosed by a No controls—description of changes over  Gray matter overling frank  No changes visible in the acute ‘Oystic white matter lesions

/ ’ histopathologist time after WM injury only WM injury cases—which were the pre-term bom

Paediatric Autopsy 5 cases bom preterm who / infants

Senvice, all had short survival e Post-mortem dlay not described In the cases surviving longer—late tem and

Dartmouth-Hitchcock / term bor infants, no change in the upper

Medical Center, 3months through to 5 cortical layer vascular and celular

Hanover, New years survival distribution and morphology (H&E, Golg)

Hampshire, USA (via Axomatoised pyramidal neurons change

ref23) from being long projecting to being

/ local-circuit (Golgi. These celis have
Collection epoch increased circuitry and altered neuronal
not reported morphology—populations of larger and
smaller cells with altered distributions (Golgi,
H8E, GFAP)
Stolp etal. (42) Non-WMI group, Evidence of diffuse (non-cystic) white  Seven cases showed o significant brain  Intemeurons of the fontal  No change in the total number of cortical  No statistical differences in the
’ WMI group, n = matter injury (WMI cases) including  pathology, non-neuropathologic controls (no ~ cortex and underlying white neurons, identified by HuC/ number of SST or NPY

Perinatal Pathology / ‘white matter gliosis and focal lesions  WMI cases) matter HuD immunoreactity, with 53,104 subpopulations in the white

Department, imperial  Non-WiMI group = 23 + 2 ’ 11,009 immunopositive cells/ ‘matter between preter infants

Health Care Trust, 1028 + 1 gw, WMigroup  1-3 days—bodes stored at 4°C mm2 found i the control brains (1= 5)  with or without white matter

London, 26+51029+3 injury. Significant decrease in the

UK ow and 52,120 = 6,327 cells/mm2 nthe cortex  arborization of Somatostatin and

/
Collection epoch
not reported

Panda et al. ()

’
Non-WMI group = 5min
t043h. WMI group 1 min
to 5 weeks (comparison
p=0.002)

Fetuses: 20-22 gw,n = 5,  Excluded = moderate to severe

None. Comparisons of effects of varying

Cortex (cortical plate),

of the wite matter njury cases (= 4)
Significant decrease in the cortical
calretinin+ cells

Calbindin- and parvalbumin-positive cells
were observed in low numbers in both
cases, insufficient for determining
statistcally sigrificant changes.
‘Somatostatin and Neuropeptide Y only
found in the white mater

Neuropeptide Y interneurons in
both of these interneuron classes

s previously reported (125)

More prematurely bom infants have fewer  No analysis undertaken.

’ Infants: 23-28gw,n =5, intraventricular hemorrhage, major  diegrees of prematurity white matter (embryonic  GADG7-+ neurons in upper and not lower
New York Medical  Inafnat: 29-34 gw,n =5 congental anomalies, history of intermediate layer), and  cortical layers
College and Albert / neurogenetic disorder, chromosomal ganglionic eminences, More prematurely bom infants have fewer
Enstein College of  20~40 gestational weeks  defects, culture-proven sepsis, ‘Which were cut at the level  Parvalbumin + neurons in upper and not
Medicine, USA (gw): 26-27 gwinfants  meningits, or hypoxic-ischemic of the head of caudate lower cortcal layers
/ surviving for 4-6 weeks  encephalopathy and infants receiving nucleus More prematurely bom infants have greater
2002-2016 were compared with 32-33  extracorporeal membrane oxygenation numbers of Somatostatin+ neurons in
gw infants who lied for ~3  treatment upper and ot lower cortical layers
days. Thersfore, both had / Caletinin + and neuropeptide Y+
PMAS3 gw at their death  post-mortem interval of ~18h intemeurons ot effected by preter birth
Vontelletal. (125) 7 WMIand 7 controls Cerebral white matter giosis, AIso, extremely preterm, but with no ‘Thalamus (medial dorsal  No difference i the total average cell No diference in the average total
’ / lipid-laden macrophages, and focal  significant brain pathology on gross and  (MD) nucleus, ventral lateral - density in thalamic regions (H8E) el density in white matter
Perinatal Pathology  All <32 weeks' gestational lesions with evidence of WMl on ‘microscopic examination from post-mortem  posterior (VLp) nucleus,  Significant decrease in neurons in WMI regions
Department, Imperiel ~ age, vaginaly delivered  pathologic examination (WMI cases)  examination and had no visible brain ventral posteriorlateral  cases in the MD, VLp, and VPL (HuC/ Significant increases in neurons
Health Care Trust, / / abrormalities on post-mortem magnetic (VL) nucleus) HuD) in PLIC-VPL but not in PLIC-VLp.
London, UK Survival time not 1-3 dlays—bodies stored at 4°C resonance imaging White matter [posterior b - Significant increase in the ratio of astrocytes ~ Significant increase in IBAT +
/ reported of the internal capsule. (GFAP+) to total cell count in thalamic. el in the PLIC-VPL (p < 0.05),
Collection epoch (PLIC) adjacent tothe VLp  regionsin WMI cases, compared with MD (o but not in PLIC-Lp
not reported (PLIC-VLp) and PLIC <0.01)and VLp (o < 0.01)—but not VPL
adjacent to the Significant increase in IBAT -+ cells in WMI
VPL (PLIC-VPL) casesin the MD, VLp, and VPL.

Pogledic et al. (126)
/
Hepital Robert Debré,
Paris, France
/
Collection epoch
not reported

Cystic (WM, n= 7, Cystic cases inclucing focal lesions

Controls, n = 18 with macroscopic cysts associated or
7 not with necrosis and

VWM =24 + 4 t0 27 gw, /

controls = 24 +210 34 gw or calcifications surrounded by diffuse
7 pallor

-WMI = 0-4 weeks and /

1 day, Control =0-11  post-mortem interval <48h

days

WM injury provided as context for overall injury severity.

Of the 12 studies identified, those highlighted in yellow (s

Non-cystic cases without tissue loss
displayed pallor and gosis (18/18

cases) associated with microscopic necrotic
fociin a few cases.

(4/18 cases) and were considered to consist
of diffuse lesions

Cortical regions located in
the posterior part of the.
superior, middle and inferior
frontal gyri and suici, and
the precentral gyrus and
central suicus
corresponding to
corresponding to the
presumptive premotor and
motor areas (areas 8-6-4)
and contiguous prefrontal
areas

Significantly increased cortcal plate and
subplate astrogiosis (GFAP) in - WMI vs.
‘control preterm WMI (no change in very
preterm cystic and control cases)

No increase in cortical plate and subplate
microglosis (BAT) in c-WMI vs. control
preterm WMI for very preterm or just
preterm cases)

White matter cysts were
‘confined to the white matter
without extending into superficial
layers of the cerebal wall, such
as the subplate and cortical plate

6) report studies performed on tissues drawn from the same pool of post-mortem samples between the years of 1993-2007. It is unclear, and undeterminable from the case

reports, how many times a single case appears across the six studies, and as such, how co-dependent the findings are. 12/15-LOX, 12/15-lpoxygenase; DWMI, diffuse white matter injury; EGL, extemal granule cell layer; h, hours;
GADS?, glutamate decarboxylase 67; GFAR, glia fibrilary protein; gw, gestational weeks; HEE, hematoxylin and eosin; MAP?, microtubule associated protein 2; MD, Medial dorsal nucleus (thalemus); MDA, malondielcehyce; NEC,
necrotising enterocollts; PC, post-conceptional: PLIC, posterior lmb of the internal capsule; PVL, periventricular leukomalacia; TUNEL, terminal deoxynucleoticy transferase dUTP nick end lebeling; ViMI, white matter injury; VLp, ventral
lateral, posterior (thalamus); vPL, Ventral posterolateral nucleus (thalamus).
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