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Abstract

Identifying the hemodynamic range that best supports cerebral perfusion using near infrared 

spectroscopy (NIRS) autoregulation monitoring is a potential physiologic marker for neonatal 

hypoxic-ischemic encephalopathy (HIE) during therapeutic hypothermia. However, an optimal 

autoregulation monitoring algorithm has not been identified for neonatal clinical medicine. We 

tested whether the hemoglobin volume phase (HVP), hemoglobin volume (HVx), and pressure 

passivity index (PPI) identify changes in autoregulation that are associated with brain injury on 

MRI or death. The HVP measures the phase difference between a NIRS metric of cerebral blood 

volume, the total hemoglobin (THb), and mean arterial blood pressure (MAP) at the frequency 

of maximum coherence. The HVx is the correlation coefficient between MAP and THb. The 

PPI is the percentage of coherent MAP-DHb (difference between oxygenated and deoxygenated 

hemoglobin, a marker of cerebral blood flow) epochs in a chosen time period. Neonates cooled 

for HIE were prospectively enrolled in an observational study in two neonatal intensive care units. 

In analyses adjusted for study site and encephalopathy level, all indices detected relationships 

between poor autoregulation in the first 6 h after rewarming with a higher injury score on MRI. 

Only HVx and PPI during hypothermia and the PPI during rewarming identified autoregulatory 

dysfunction associated with a poor outcome independent of study site and encephalopathy level. 

Our findings suggest that the accuracy of mathematical autoregulation algorithms in detecting 

the risk of brain injury or death may depend on temperature and postnatal age. Extending 

autoregulation monitoring beyond the standard 72 h of therapeutic hypothermia may serve as 

a method to provide personalized care by assessing the need for and efficacy of future therapies 

after the hypothermia treatment phase.

Keywords

Cerebral autoregulation; Neonatal hypoxia-ischemia; Hypothermia; Brain injury; MRI; Near 
infrared spectroscopy

Introduction

Hypoxic-ischemic encephalopathy (HIE) is one of the most common causes of neonatal 

death worldwide [1]. Therapeutic hypothermia reduces mortality [2] but does not prevent the 

moderate-to-severe neurologic disabilities that still occur in up to a third of survivors [3, 4]. 

Adjuvant treatments to hypothermia are urgently needed.

Cardiovascular management during hypothermic treatment of HIE varies considerably with 

different definitions of hypotension among neonatal intensive care units (NICUs) [5]. 

Supporting the post-hypoxic brain by maintaining steady cerebral blood flow (CBF) is 

essential to reducing secondary brain injury. Cerebral autoregulation holds CBF relatively 

steady across changes in mean arterial blood pressure (MAP) through vasoreactivity. 

Autoregulatory function during therapeutic hypothermia has been shown to be associated 

with neurologic outcomes in multiple studies of HIE [6–14]. Despite evidence that 

autoregulation monitoring could help clarify hemodynamic goals that optimize cerebral 

vasoreactivity, no autoregulation metric has been proposed in neonatal clinical care 

medicine.
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We developed an autoregulation metric called the hemoglobin volume phase (HVP) index 

to optimize the signal-to-noise ratio and potentially improve the physiologic accuracy of 

near infrared spectroscopy (NIRS) autoregulation monitoring. We confirmed that the HVP 

distinguishes blood pressure above and below the lower limit of autoregulation in a neonatal 

piglet model of HIE and hypothermia [15] and it may predict clinical neurologic outcome 

based on a retrospective, single center, pilot study of HIE [7]. Here, we prospectively tested 

the HVP’s association with severe brain injury by magnetic resonance imaging (MRI) in 

neonates cooled for HIE in two NICUs. We also tested two established autoregulation 

indices, the hemoglobin volume index (HVx) [8, 11] and the pressure passivity index 

(PPI) [6], as comparative metrics to the HVP. The rewarming phase after therapeutic 

hypothermia is a known risk factor for dysfunctional autoregulation in other populations 

[16–19]. Therefore, we also sought to evaluate whether these autoregulation metrics changed 

during cooling treatment phases.

Methods

Neonates diagnosed with HIE and who received therapeutic hypothermia were prospectively 

enrolled in an observational study at Children’s National Hospital (CNH) and Johns Hopkins 

Hospital (JHH) NICUs. The investigative review boards (IRB) at both hospitals approved the 

study protocols (JHH protocol IRB00122513; CNH protocol Pro00008934).

Enrollment Criteria and Clinical Care

All neonates diagnosed with HIE were screened for the study between February 2018 and 

February 2020. Eligibility criteria included evidence of perinatal asphyxia with pH ≤7.00 

or base deficit ≥16 or alternatively a milder acidosis with pH 7.01–7.05 or base deficit 

10–16 alongside Apgar score ≤5 or requirement for positive pressure ventilation at 10 min 

and a sentinel perinatal event; receipt of therapeutic hypothermia; symptoms consistent with 

moderate-to-severe encephalopathy based on examination by a neonatologist at the study 

site or referring hospital at time of decision to initiate therapeutic hypothermia; birth weight 

≥1,800 g; gestational age ≥35 weeks; and an indwelling arterial line for continuous arterial 

blood pressure monitoring. The parents of all eligible neonates were approached for study 

consent. Exclusion criteria included an inability to obtain consent, not having an indwelling 

arterial line, not receiving hypothermia, or receipt of extracorporeal membrane oxygenation.

All CNH and some JHH neonates were outborn. Outborn neonates were cooled during 

transport to the CNH and JHH NICUs. An encephalopathy level was assigned to each 

neonate using the modified Sarnat encephalopathy score [2, 20] by the CNH and JHH 

neonatologists on admission to the NICU. All neonates received whole-body cooling to a 

goal core temperature of 33.5 ± 0.5°C for 72 h followed by rewarming by 0.5°C/h over 6 h 

to a temperature ≥36.5°C (normothermia).

Clinicians followed local clinical protocols that were harmonized between the two 

sites for blood pressure and seizure management. Dopamine was administered as first-

line therapy for hypotension (MAP ≤40), followed by epinephrine or dobutamine and 

hydrocortisone at the clinicians’ discretion. NIRS regional cerebral oxygen saturations, 

but not calculated autoregulation indices, were displayed at the bedside for clinicians. 
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Neither NICU had protocolized approaches to blood pressure or ventilatory management 

based on the NIRS data. Morphine was used as the first line for sedation for all JHH 

neonates and as needed in CNH neonates. Neonates were monitored with continuous video 

EEG throughout hypothermia and rewarming and electrographic seizures were initially 

treated with phenobarbital. Persistent seizures were treated with fosphenytoin, levetiracetam, 

midazolam, or topiramate at the discretion of the consulting neurologist.

Autoregulation Monitoring

A bedside laptop computer continuously monitored the arterial MAP and bilateral NIRS 

deoxyhemoglobin (Hb), oxyhemoglobin (HbO2), and regional oxygen saturation (rSO2) at 

a rate of 6 Hz (Edwards Life Sciences; neonatal probes; Irvine, CA) during hypothermia, 

rewarming, and the first 6 h of normothermia. The total hemoglobin (THb) was calculated 

by linearly combining Hb and HbO2 at every sample to obtain a surrogate measure 

of cerebral blood volume (CBV) [21]. The oxy-deoxyhemoglobin difference (DHb) was 

calculated by subtracting the Hb from HbO2 to obtain a surrogate measure of CBF [22]. 

Continuous blood pressure was collected at a rate of 100 Hz at JHH and at 1,000 Hz at 

CNH. At JHH, the data were acquired using ICM+ software (University of Cambridge, 

Cambridge Enterprise, Cambridge, UK, https://icmplus.neurosurg.cam.ac.uk). At CNH, the 

data were collected using custom software developed in MATLAB (Mathworks Inc., Natick, 

MA, USA).

NIRS and MAP raw data from neonates studied at both sites were exported to MATLAB 

for offline processing by an investigator blinded to brain MRI and mortality (RG). Averaged 

signals were up-sampled to 1 Hz for analysis which accounts for the discrepancy between 

native sample frequencies at each site. Artifacts in the arterial blood pressure tracing, 

including those from flushes and transducer adjustments, and unreliable NIRS signals were 

filtered out using an automated program [23, 24]. The remaining signals were divided into 

consecutive 6-min epochs for calculation of the HVP, HVx, and PPI indices [7, 15].

Summary of Coherence and Phase

When MAP is between the limits of autoregulation (on the autoregulatory plateau) and 

vasoreactivity is functional, increases in MAP cause cerebral vasoconstriction with a 

decrease in CBV (THb) to maintain a constant CBF (DHb). This generates coherence 

between MAP and CBV (THb) with a negative phase shift because MAP and CBV (THb) 

are out-of-phase [25] (Fig. 1). Of note, this scenario generates no coherence between 

CBF (DHb) and MAP. When the blood pressure is outside the limits of autoregulation, 

progressive impairments in vasoreactivity cause pressure passivity as MAP deviates farther 

from the autoregulatory plateau. For this scenario, both CBV (THb) and CBF (DHb) 

track MAP passively. Thus, dysfunctional vasoreactivity generates coherent MAP and THb 

signals with positive phase shift (MAP and THb are in-phase). Furthermore, this scenario 

generates coherence between DHb and MAP. Coherence and phase are frequency domain 

metrics.
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Calculating the Spectral Coherence

Spontaneous autoregulatory fluctuations in MAP and CBF/CBV occur in the time scale 

of approximately 50–300 s [21, 26]. We therefore calculated coherence between MAP 

and DHb/THb in the frequency range 0.003–0.02 Hz (50–333 s) where autoregulation is 

detectable. We estimated coherence using the multivariate autoregressive model whose order 

was determined by Akaike information criterion [15]. The regression coefficients were 

estimated using a modified Yule-Walker approach [27, 28] to generate a covariance matrix 

from the residual errors. The multivariate autoregressive coefficients and error covariance 

matrix were used to calculate the cross-spectrum between MAP and DHb/THb and the auto 

(power) spectra of the signals [28]. Spectral coherence was then calculated as the ratio of the 

square of the magnitude of the cross-spectrum to the product of the auto-spectra of MAP and 

DHb/THb.

Coherence is a continuous measure that approaches 1 as the signals become increasingly 

associated. Coherence is zero when the signals are not associated. Statistical significance of 

coherence was assessed using a data-driven approach as previously reported [15].

Calculating Phase and the HVP

We identified the frequency band with maximum coherence within the frequency range 

0.003–0.02 Hz where autoregulation is detectable [21, 26]. Then, the phase shift between 

MAP and THb was calculated as the argument of the cross-spectrum at the frequency 

band with maximum coherence. We cosine transformed the phase value to generate the 

HVP index [15]. HVP is negative and approaches −1 when autoregulatory vasoreactivity is 

functional. Dysfunctional vasoreactivity causes HVP to be positive and approach +1. We 

first summarized the HVP as the median within all of hypothermia, 6 h of rewarming, 

and the first 6 h of normothermia. Given that the optimal summary value for estimating 

autoregulation metrics over time is unknown, we also performed sensitivity analyses with 

HVP summarized as the median, mean, area under the curve (AUC), and maximum within 

each temperature treatment phase window. We required that at least three datapoints were 

available per 6-h window to calculate a summary value.

Calculating the HVx

We averaged the MAP and THb data in consecutive 10-s epochs. This averaging technique 

removes high-frequency wave-forms from respiration and pulse. The remaining data 

represent slow-wave oscillation from autoregulatory vasoreactivity [21]. The HVx was 

calculated by a Pearson’s correlation coefficient. When vasoreactivity is functional, MAP 

and THb negatively correlate. This generates a negative HVx that approaches −1 for 

functional autoregulatory vasoreactivity. Dysfunctional autoregulation causes THb and MAP 

to correlate, thereby generating a positive HVx that approaches +1 [29]. As with HVP, we 

analyzed the median, mean, AUC, and maximum within each window.

Calculating the PPI

The PPI was calculated as the percent of epochs where MAP and DHb were significantly 

coherent [22, 30] in a given window. We confined the analysis to the same frequency band 

used in the HVP calculation. A higher PPI indicates more autoregulatory dysfunction.
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Brain MRI

Post-cooling brain MRIs were obtained in neonates at a target age of 3–7 days using a 1.5 

or 3-Tesla scanner at JHH (Skyra, Siemens, Erlangen, Germany) and at CNH (Discovery 

MR750, GE Healthcare, Milwaukee, WI, USA) per clinical standard of care. Efforts were 

made to image neonates after feeding or during natural sleep, but infants can receive a 

dose of midazolam if needed. Two pediatric neuroradiologists who are experienced in 

neonatal HIE interpretation (GV, AT) used the National Institute of Child Health and Human 

Development (NICHD) Neonatal Research Network score [31] to grade the diffusion 

weighted, T1, and T2 images. They were blinded to the autoregulation indices and blood 

pressure data. The NICHD score is a standardized score with categories of 0: no injury; 1A: 

minimal cerebral lesions and no injury in the thalamus, basal ganglia, or internal capsule; 

1B: more extensive cerebral lesions without injury in the thalamus, basal ganglia, or internal 

capsule and no infarction; 2A: any injury in thalamus, basal ganglia, or anterior or posterior 

limb of the internal capsule or watershed infarction; 2B: same criteria as category 2A with 

additional cerebral lesions; and 3: cerebral hemispheric devastation. A brain injury score of 

2B or higher is related to a higher risk of disability, intellectual quotient < 70, or death at 6–

7 years of age in HIE [32]. The two neuroradiologists independently scored 10 MRIs to test 

for agreement. After excellent agreement was confirmed (intraclass correlation coefficient = 

0.968), the radiologists interpreted the MRIs from their own institution for analysis.

Statistical Analysis

We analyzed the data using R (www.r-project.org/). Autoregulation indices were assessed 

for laterality and if no significant differences were observed, the average value between the 

right and left sides of the brain was used for analyses. Logistic regression tested whether 

the autoregulation indices from hypothermia, rewarming, and normothermia were associated 

with the binary outcome of having an MRI brain injury score of 2B or higher or death versus 

2A or lower. The analyses were adjusted for Sarnat encephalopathy score (mild, moderate, 

or severe) and for study site (two levels). For consistency, we considered the encephalopathy 

score documented by neonatologists upon admission to the study site in our analyses, rather 

than the qualifying exam that was often performed by providers at the referring hospital. We 

report the estimates as log odds ratios with the precision (standard error) of the regression 

coefficient. We planned to enroll a total of 90 patients to have adequate power to assess 

the relationship of autoregulation metrics and neurologic outcome. Due to the COVID-19 

pandemic, the study was stopped after enrolling 70 infants.

Results

Of the 70 infants with HIE that were enrolled (CNH n = 41; JHH n = 29), autoregulation 

data were available for 55 subjects (CNH n = 31; JHH n = 24). Fifteen enrolled infants were 

excluded due to signal artifact/interruption (n = 8 NIRS signal, n = 2 MAP signal), data 

acquisition equipment failure (n = 4), and loss of arterial access after enrollment (n = 1). 

Clinical characteristics of the cohorts with and without adequate autoregulation data were 

similar (p > 0.05; data not shown). Two infants had MRIs that were unable to be scored due 

to significant motion artifact. A total of 53 patients contributed data to the analyses of the 

association between autoregulation and brain injury by MRI (Fig. 2).
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The neonates had severe metabolic acidosis consistent with peripartum complications. All 

infants had moderate-to-severe encephalopathy based on exam at the referring hospital or 

study site prior to initiation of therapeutic hypothermia. Upon admission to the study site 

NICU, 93% had persisting moderate or severe encephalopathy and four neonates had mild 

encephalopathy. One quarter of the cohort had seizures confirmed by EEG. More than 20% 

had brain injury scores of 2B or higher on MRI or died (Table 1).

Only the PPI demonstrated significant laterality (p < 0.05 for all temperature phases), so 

analyses were performed separately for left and right PPI. HVP and HVx, which did not 

show consistent differences between the left and right brain, were averaged across sides for 

the analysis. With the exception of 1 subject with left greater than right injury, no other 

subjects had laterality on MRI.

All autoregulation indices identified an association between dysfunctional autoregulation 

and severe brain injury on MRI or death, though these relationships varied by temperature 

treatment phase. During hypothermia, only the HVP (mean) and left PPI were associated 

with brain injury or death in the unadjusted analysis. However, after adjusting for 

the encephalopathy level and study site, only the left PPI and maximum HVx during 

hypothermia were significantly associated with severe brain injury or death (Table 2).

During rewarming, higher HVx (median, mean, and maximum) and left PPI were associated 

with severe brain injury on MRI or death in the unadjusted analyses. Only the PPI was 

related to injury or death after adjusting for the encephalopathy score and study site.

The first 6 h of normothermia showed the most consistent relationships between severe 

injury and autoregulation metrics. All three indices identified relationships between 

autoregulation and injury severity in the univariate analyses. The HVP (mean), HVx 

(median, mean, and AUC), and left PPI were each associated with injury after adjusting 

for the encephalopathy level and study site.

Discussion

Continuous NIRS blood pressure autoregulation monitoring after neonatal HIE can 

identify neonates at greatest risk of brain injury or death. Despite years of neonatal 

autoregulation research [6, 8, 10, 14, 30, 33–35], an optimal autoregulation index has 

not been integrated into clinical practice. We undertook the current study to examine 

three candidate autoregulation indices that have shown promise in preclinical [15] and 

single-center clinical [7–11, 36] HIE studies. Variation in clinical practice, despite efforts 

to harmonize protocols, could influence the reliability of NIRS autoregulation monitoring. 

We therefore prospectively studied neonates cooled for HIE at two quaternary NICUs. After 

adjusting for encephalopathy level and study site, the HVP, HVx, and PPI during the first 

6 h of normothermia each identified relationships between dysfunctional autoregulation 

and brain injury on MRI or death. The utility of these indices varied by temperature. 

Only HVx and PPI during hypothermia and PPI during rewarming identified autoregulatory 

disturbances associated with brain injury or death after controlling for encephalopathy 

level and study site. Thus, the accuracy of mathematical algorithms within different 
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NIRS autoregulation indices could vary by hour of life and temperature treatment 

phase. Autoregulation monitoring with all three indices after hypothermia and rewarming 

consistently distinguished infants who died or had significant brain injury by MRI. This 

indicates that prolonging autoregulation monitoring after therapeutic hypothermia might 

better identify those infants with more severe brain injury as well as offer an opportunity for 

precision medicine to direct the ongoing care of neonates after HIE.

Therapeutic hypothermia decreases excitotoxicity [37], oxidative stress [38], mitochondrial 

dysfunction [39], inflammation [40], and ultimately neural cell death [41] in HIE. However, 

dysfunctional autoregulation from detrimental mismatches in cerebral oxygen and glucose 

supply and demand [42, 43] can contribute to continued injury despite hypothermia. 

Clinicians can potentially mitigate additional injury by adjusting hemodynamic parameters 

to improve autoregulatory function. This would involve vasoactive medications or 

intravascular volume support depending upon the clinical situation.

During hypothermia, all three indices detected changes in autoregulation that were 

associated with severe brain injury on MRI or death. This is consistent with our prior 

studies [6, 7, 9]. Moreover, the maximum HVx and the PPI identified dysfunctional 

autoregulation that was associated with outcome independent of encephalopathy level and 

study site. Given that our study was designed to assess the different temperature treatment 

phases separately, we evaluated the entire hypothermia period as a whole. Future studies 

with greater power could evaluate serial and discrete periods of time to refine whether 

autoregulation monitoring can identify peaks of secondary injury during the hypothermia 

period from excitotoxicity, oxidative stress, mitochondrial dysfunction, energy failure, and 

CBF dysregulation [44, 45].

Rewarming is a known risk factor for dysfunctional autoregulation during adult [16] and 

pediatric [17] hypothermic cardiopulmonary bypass and adult brain trauma [18, 19]. In 

our study of neonates with HIE, the HVx and PPI confirmed a relationship between 

dysfunctional autoregulation during rewarming and severe brain injury or death. The PPI 

specifically detected dysfunctional autoregulation related to outcome after adjusting for 

the encephalopathy level and study site. Interestingly, the HVP did not identify such a 

relationship. The reasons for this discrepancy are unclear. Analyzing phase only in highly 

coherent data may be less important in rewarming. Because HVx incorporates phase [15] 

and PPI is exclusively based on coherence, both phase and coherence seem important for 

monitoring autoregulation during rewarming. Neonates were approximately 72–78 h old 

when rewarming started, and further evolution of brain injury and stopping hypothermia 

could play critical roles. HVP and HVx are based on THb, which should be minimally 

affected by shifts in the relative concentrations of oxy- and deoxyhemoblogin as the 

metabolic rate changes with increasing temperature.

During the first 6 h of normothermia, HVP, HVx, and PPI each identified autoregulatory 

changes that were associated with severe brain injury on MRI or death. These 

relationships were significant after controlling for study site and encephalopathy level. Close 

hemodynamic monitoring is often focused on the therapeutic hypothermia and rewarming 

phases after neonatal HIE. However, our results suggest that the 6 h normothermia period 
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after rewarming (and potentially longer) is an equally critical period that needs close 

autoregulation monitoring. This time period may represent a sensitive biomarker for more 

severe brain injury or offer an opportunity to extend perinatal treatment of HIE in infants 

who have an ongoing risk of injury. Treatment may include identifying and targeting blood 

pressures that support autoregulation or using autoregulation monitoring to help measure 

the effectiveness of adjuvant neuroprotective therapies as they become available (e.g., 

erythropoietin [46]). Although studies evaluating the extension of hypothermia to optimize 

the therapeutic effect of cooling did not support a clinical benefit when this approach 

is applied universally [47], it is possible that an individualized approach to continuing 

therapeutic hypothermia in infants who have evidence of ongoing secondary injury may be 

considered. Additional studies should extend the duration of normothermic autoregulation 

monitoring to better define this potential therapeutic window.

Our study cannot discern whether dysfunctional autoregulation is an indicator or mediator 

of secondary neural injury after hypoxia-ischemia. Early excitotoxicity, oxidative stress, 

and mitochondrial dysfunction may contribute to CBF and blood pressure uncoupling. 

Both hypo- and hyperperfusion from dysfunctional autoregulation can presumably potentiate 

cellular injury and cell death. Since all our autoregulation indices become positive when 

blood pressure is below or above the limits of autoregulation, we cannot conclude whether 

the link between dysfunctional autoregulation and poor outcome were weighted towards 

hypo- or hypertension. However, prior research indicates that blood pressure below the 

optimal autoregulatory range is the larger contributor to brain injury [8–11, 14, 36]. 

While prior approaches have focused on identifying the optimal MAP with most robust 

autoregulation, optimal MAP cannot be identified in all neonates [11]. Generally, a patient 

needs to have a relatively wide range of blood pressure to identify optimal MAP during 

autoregulation monitoring. We previously described the potential advantages of the HVP 

approach to continuously measure autoregulation and potentially facilitate opportunities for 

intervention before irreversible brain injury occurs [7]. Further studies are needed to evaluate 

whether autoregulation monitoring can identify patients with worsening secondary brain 

injury who may benefit from adjuvant therapies, including interventions that can mitigate 

cycles of hypoxia and reperfusion from autoregulatory disturbances, to improve outcomes in 

HIE.

HIE is a global injury and we accordingly did not observe lateral differences for HVP 

or HVx. Only PPI differed by side, and we analyzed the left and right PPI separately. 

We observed significant relationships between left PPI and brain injury in unadjusted and 

adjusted analyses, consistent with the subtle but recognized left hemispheric vulnerability 

to brain injury [48, 49]. Given that PPI, HVP and HVx are summarized differently over 

time, it is not surprising that these metrics demonstrate different sensitivity to laterality. 

Additionally, HIE involves several brain regions that are not directly captured by NIRS. We 

therefore used an established global brain injury score by MRI as our outcome. The NICHD 

scoring system has been validated for use in multicenter studies, has excellent inter-rater 

reliability (and our radiology investigators had high agreement with their scoring), and has 

been related to school-age neurodevelopmental outcomes [32]. While other scoring systems 

have been described [50–52], a recent comparative study demonstrated that scores were 

highly correlated and predictive abilities for motor and cognitive outcomes were comparable 
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across systems [53]. Thus, we do not feel that our results would differ based on the selection 

of MRI scoring system used in this study.

Our study had several limitations, including a smaller than planned sample size due to 

early cessation of enrollment related to the COVID-19 pandemic. Having a lower than 

expected sample size may have increased our risk for type-II error. The sample size was 

too small to adjust for seizures, vasopressors, sedatives, sex, and multiple comparisons in 

the analyses. Although we acknowledge the possibility of type-I error given the number 

of adjusted comparisons made (n = 30), the number of significant associations observed 

exceeded a reasonably anticipated 5% error rate. Future work will be needed to confirm 

these findings and to adjust for the potential clinical confounders that are known to affect 

cerebral oxygenation and autoregulation, including the use of sedatives [54], vasopressors 

[55, 56], and seizures [54, 57]. Although we enrolled patients from two academic NICUs, 

clinical practice protocols were generally harmonized between sites and we adjusted for 

site differences in our analyses. The findings may not be generalizable and our study 

design was observational. Selection bias may have occurred, including from the necessary 

exclusion of neonates without an indwelling arterial line. We also had issues with data 

dropout from artifact rejection and equipment failures (mostly during the early period of 

the study), although it is reassuring that infants that contributed usable autoregulation data 

were representative of the overall enrolled cohort. Nonetheless, our data indicate the need 

to expand NIRS autoregulation monitoring research in larger populations of neonates with 

HIE and prolong the duration of NIRS monitoring after therapeutic hypothermia. We did not 

examine long-term neurocognitive outcomes, and these data will be collected in the future.

Conclusion

HVP, HVx, and PPI neuromonitoring after HIE can identify neonates with dysfunctional 

autoregulation who are at risk of brain injury on MRI or death. HVP did not improve 

our ability to identify hypothermic autoregulatory changes associated with brain injury or 

death above that of HVx or PPI. However, all three metrics measured during normothermia 

distinguished outcome groups in the adjusted analysis. The finding that post-rewarming, 

normothermic autoregulation is related to brain injury could represent a manifestation of 

severe HIE injury, an early indicator of significant injury, and a potential opportunity to 

extend HIE treatment with much needed adjuncts.
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Fig. 1. 
Dynamic relationship between cerebral blood flow (CBF) measured by NIRS oxy-

deoxyhemoblobin difference (DHb) versus mean arterial blood pressure (MAP) and cerebral 

blood volume (CBV) measured by NIRS total hemoglobin (THb) versus MAP. During 

functional autoregulation (1), MAP and CBV are out-of-phase (moving in opposite 

directions) and during dysfunctional autoregulation (2), MAP and CBV are in-phase 

(moving in same direction).
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Fig. 2. 
CONSORT diagram showing patient enrollment and exclusion for the study.
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Table 1.

Clinical characteristics of the 53 neonates analyzed in the study

N (%) or mean (SD)
^

Sex (male), n (%) 31 (58)

Ethnicity (Hispanic), n (%) 12 (21)

Race

 Asian 2 (4)

 Black or African-American 13 (24)

 White or Caucasian 29 (55)

 Other/unknown 9 (17)

Apgar – 1 mina
2 (0–6)

^

Apgar – 5 mina
4 (0–7)

^

Apgar – 10 minb
5 (0–9)

^

pH 6.97 (6.5–7.28)
^

Base deficitc 15.7 (5.7)

Gestational age, weeks 38.8 (1.5)

Birth weight, kg 3.4 (0.5)

Encephalopathy grade at admission

 1: Mild 4 (7)

 2: Moderate 38 (72)

 3: Severe 11 (21)

Seizures confirmed by EEG 14 (26)

Vasopressor support, n (%)

 Any 28 (53)

 Dopamine 27 (51)

 Epinephrine 4 (8)

 Hydrocortisone 14 (26)

Sedation, n (%)

 Any 52 (98)

 Morphine 47 (89)

 Midazolam 13 (25)

 Fentanyl 17 (32)

Antiepileptic drug (AED), n (%)

 Any 19 (36)

 Phenobarbital only 10 (19)

 Multiple AEDs 8 (15)

MRI brain injury score or mortality

 0 28 (55)

 1 (1A) 6 (11)

 2 (1B) 4 (8)

 3 (2A) 3 (6)

Dev Neurosci. Author manuscript; available in PMC 2023 January 09.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chen et al. Page 18

N (%) or mean (SD)
^

 4 (2B) 5 (9)

 5 (3) 5 (9)

 6 (death) 2 (4)

^
Data presented as median (range) where denoted.

Data available for a 52, b 42 and c 50 out of 53 patients.
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