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Abstract

Objective—We studied whether cerebral blood pressure autoregulation and kidney and liver 

injuries are associated in neonatal encephalopathy (NE).

Study Design—We monitored autoregulation of 75 newborns who received hypothermia for NE 

in the neonatal intensive care unit to identify the mean arterial blood pressure with optimized 

autoregulation (MAPOPT). Autoregulation parameters and creatinine, aspartate aminotransferase 

(AST), and alanine aminotransferase (ALT) were analyzed using adjusted regression models.

Results—Greater time with blood pressure within MAPOPT during hypothermia was associated 

with lower creatinine in girls. Blood pressure below MAPOPT related to higher ALT and AST 

during normothermia in all neonates and boys. The opposite occurred in rewarming when more 

time with blood pressure above MAPOPT related to higher AST.
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Conclusions—Blood pressures that optimize cerebral autoregulation may support the kidneys. 

Blood pressures below MAPOPT and liver injury during normothermia are associated. The 

relationship between MAPOPT and AST during rewarming requires further study.
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INTRODUCTION

Therapeutic hypothermia (TH) for neonatal encephalopathy (NE) from birth asphyxia 1 

primarily focuses on preserving neurologic function and reducing secondary brain injury. 

Strategies to protect non-neurologic organs are also critical. Because kidney 2 and liver 3 

injuries may slow recovery from NE, clarifying the relationships between brain injury and 

these organ systems may improve outcomes. The increasing use of cerebral near-infrared 

spectroscopy (NIRS) in the management of NE, including NIRS-derived autoregulation 

monitoring, 4–9 provides an opportunity to explore these relationships.

The NIRS hemoglobin volume index (HVx) measures cerebral autoregulatory vasoreactivity 

in frontal cortex and can be used to identify the mean arterial blood pressure at which 

cerebral autoregulatory vasoreactivity is optimized (MAPOPT). 4–6,10 HVx is calculated by 

correlating mean arterial blood pressure (MAP) and NIRS total tissue hemoglobin, which 

can be used as a surrogate measure of cerebral blood volume. 10 The MAPOPT is defined as 

the 5-mmHg range of MAP with the most negative HVx where cerebral vasoreactivity is 

most robust. Blood pressure deviation from MAPOPT is associated with greater brain injury 

on MRI at approximately 1–2 weeks in patients with NE 5,6,9 and worse neurodevelopmental 

outcomes at approximately 2 years. 4 Here, we used HVx to determine the relationships 

between blood pressure deviation from MAPOPT and laboratory markers of kidney and liver 

injury.

Studies in rodents provide evidence that sex also may affect injury after hypoxia ischemia, a 

common cause of NE in humans, and suggest that males may have worse outcomes than 

females. 11,12 However, most large clinical trials only control for sex rather than analyzing 

boys and girls separately, 11 leaving little information about the role of sex in NE outcomes. 

Our objective was to measure cerebral autoregulatory vasoreactivity with HVx and 

laboratory indicators of kidney and liver injuries in neonates receiving TH for NE. We 

stratified the data by sex to test the hypothesis that neonates whose blood pressures remain 

close to MAPOPT will have less kidney and liver injuries than those with greater blood 

pressure deviation from MAPOPT.

MATERIALS AND METHODS

In an observational, prospective study approved by the Johns Hopkins University 

Institutional Review Board, we sequentially screened all neonates admitted to the neonatal 

intensive care unit (NICU) with NE between September 2010 and July 2015. We used 

eligibility criteria that we have previously reported 4–6 and NE diagnosis criteria from the 

NICHD Neonatal Research Network’s trial of TH in NE. 13 These eligibility criteria include 
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a blood gas obtained from the umbilical cord or in the first hour of life with pH <7.15 or 

base deficit >10 mmol/l and moderate-to-severe encephalopathy. If a blood gas was 

unavailable, an acute perinatal event, 10-min Apgar score <5 or assisted ventilation for ≥10 

min after birth, and moderate-to-severe encephalopathy were required to diagnose HIE. 

Neonates without an arterial blood pressure cannula or with coagulopathy and active 

bleeding or congenital anomalies that could make cooling unsafe were ineligible. We 

obtained written informed consent for the study until May 2013, when NIRS became 

standard of care for NE treatment in our hospital; after that time, we were granted a waiver 

of consent. Neonates reported in the current study include those from our pilot studies on 

brain injury 4–6,9 and are the same cohort used in a separate study that identified a 

relationship between cerebral autoregulation and cardiopulmonary injury in NE. 14

Clinical Care

Neonates received whole body TH for 72 hours as in our previously published protocol. 4–6 

Clinicians decided the treatment course, including blood pressure goals and use of 

vasopressors and steroids. Clinicians could view the NIRS’ regional cerebral oxygen 

saturation and arterial blood pressure, but they were blinded to HVx. When vasopressors 

were needed, dopamine was the first-line agent followed by dobutamine and epinephrine. 

Hydrocortisone was started for refractory hypotension and/or adrenal insufficiency; steroids 

were therefore considered a marker of severe illness. Seizures were diagnosed by 

electroencephalogram and treated with phenobarbital as first-line therapy. All neonates 

received intravenous morphine for sedation with the addition of benzodiazepines, clonidine, 

or other opiates when necessary.

Cerebral Autoregulation Monitoring

Bilateral forehead NIRS monitoring with an INVOS 5100 (Medtronic, Minneapolis, MN) 

was used to calculate HVx during three periods: hypothermia, rewarming, and the first 6 

hours of normothermia. 4–6 The HVx is based on deoxygenated and oxygenated hemoglobin 

optical densities, 10 making this index less sensitive to changes in systemic oxygenation than 

metrics based on oxyhemoglobin alone. ICM+ software (Cambridge Enterprises, 

Cambridge, UK) synchronously sampled NIRS and arterial blood pressure signals to 

calculate HVx as previously described. 4–6,10,14,15 After we determined that neonates did not 

have unilateral intracranial lesions on MRI, the right and left HVx values were averaged for 

sorting into 5-mmHg bins of MAP. The most negative HVx identified the MAPOPT with 

most robust autoregulatory vasoreactivity. When a nadir in HVx was not apparent, the 

neonate was coded as having an “unidentifiable MAPOPT.” 4–6 An investigator blinded to 

the clinical history (JKL) identified MAPOPT with corroboration by additional investigators 

(FJN, MMG). Blood pressure relative to MAPOPT was analyzed in each of the three periods 

as 1) the duration spent with blood pressure below, within, or above MAPOPT; 2) maximal 

deviation in blood pressure below or above MAPOPT; and 3) the area under the curve (AUC) 

for time and deviation of blood pressure below MAPOPT. 4,6 The AUC (min•mmHg/h) is the 

amount of time (minutes) spent with blood pressure below MAPOPT and blood pressure 

deviation (mmHg) below MAPOPT normalized for the duration of monitoring (hours).4,6,9 If 

the neonate was transferred to another unit for potential extracorporeal membrane 

oxygenation (ECMO), only pre-transfer and pre-ECMO autoregulation data were analyzed.
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Clinical Data Collection

Investigators blinded to blood pressure and HVx (RC-V, MOC) collected clinical data from 

the electronic medical record. Perinatal data included pH from the umbilical cord, blood gas 

from the first hour of life, and 10-minute Apgar score. Kidney injury was measured with 

maximum creatinine level between 24 and 96 hours of age. The creatinine from the first 24 

hours was excluded because this value may reflect maternal clearance of creatinine rather 

than that of the infant. 2 Liver injury was measured with maximum alanine aminotransferase 

(ALT), aspartate aminotransferase (AST), and prothrombin time (PT) during hypothermia, 

rewarming, and first 6 hours of normothermia. If the neonate received ECMO, only pre-

ECMO liver and kidney injury data were analyzed.

Factors that may influence autoregulation were recorded, including vasopressor16 or 

benzodiazepine use and arterial partial pressure of carbon dioxide (PaCO2) 17 during HVx 

monitoring, as well as steroid use during the first 7 days of life (a marker of critical illness). 

PaCO2 was classified into four categories: 18 1) all PaCO2 levels 35–45 mmHg; 2) some <35 

mmHg but none >45 mmHg; 3) none <35 mmHg but some >45 mmHg; and 4) some <35 

mmHg and some >45 mmHg. Clinicians determined the blood gas measurement timing.

Statistical Analysis

Data are presented as means ± standard deviation (SD) or median with interquartile range, as 

appropriate. All analyses were adjusted for the use of any vasopressor, presence of seizures, 

use of a benzodiazepine, and PaCO2 level during HVx monitoring as well as for the 

administration of steroids in the first 7 days of life. Indicators of the perinatal insult severity, 

including umbilical cord pH, first blood gas pH, and 10-minute Apgar score, were compared 

to the autoregulation parameters by using linear regression. We examined relationships 

between maximum creatinine from all observation times (days 2 and 3 of TH; rewarming; 

and normothermia) and the autoregulation parameters from hypothermia, rewarming, and 

the first 6 hours of normothermia with linear regression. We estimated the relationships 

between maximum ALT, AST, and PT with the autoregulation parameters in the same time 

period with linear regression. These analyses assume that measures of autoregulation are 

normally and similarly distributed across neonates. We further stratified the cohort by sex to 

estimate associations separately for boys and girls in an exploratory analysis, as little is 

known about sex differences in autoregulation or kidney or liver injury after birth asphyxia. 

Statistical significance was set at p≤0.05.

RESULTS

We screened 122 newborns who were admitted to the NICU for NE. Forty-seven (39%) were 

ineligible for the study owing to unreliable arterial catheter blood pressure tracing (n=16), 

parents’ refusal to consent for the study (n=9), death before initiation of HVx monitoring 

(n=5), transfer to the pediatric ICU for potential ECMO (n=6), technical difficulties (n=5), 

inadequate resources (n=3), coagulopathy (n=1), complex heart disease (n=1), and language 

barriers (n=1). The final sample size was 75 (62%) neonates, clinical descriptions of whom 

are provided in Table 1.
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HVx was monitored in 75 neonates (44 boys, 31 girls) during hypothermia for a mean of 

45.8±20.6 hours, 65 neonates (39 boys, 26 girls) during rewarming for 6.4±2.3 hours, and 63 

neonates (38 boys, 25 girls) during normothermia for 5.6±0.9 hours. Blood pressures were 

similar between the boys and girls as previously reported. 14 We stopped HVx monitoring 

early during rewarming in neonates who were transferred to another unit for potential 

ECMO (n=5), withdrawal of care (n=3), or technical complications (n=2). HVx monitoring 

was stopped early in two additional neonates because NIRS (n=1) or arterial blood pressure 

(n=1) monitoring was discontinued after rewarming. MAPOPT was identified in 65 (87%) 

neonates during hypothermia at a mean of 45±10 mmHg, in 58 (89%) during rewarming at 

50±10 mmHg, and in 60 (95%) during normothermia at 50±10 mmHg. As we previously 

reported, 14 MAPOPT values were similar among boys and girls (p>0.20). Blood pressure 

deviation from MAPOPT during hypothermia and rewarming was also similar between boys 

and girls (p≥0.15). Duration of blood pressure within MAPOPT (p=0.02) during 

normothermia was shorter in girls than in boys.

We first assessed the associations between markers of perinatal insult severity and blood 

pressure in relation to MAPOPT. Umbilical cord pH and 10-minute Apgar score were not 

associated with any MAPOPT-derived autoregulation parameter. (Data not shown.) However, 

higher pH from the blood gas within the first hour of life was associated with greater time 

spent with blood pressure within MAPOPT during normothermia in all neonates (β=0.002, 

p=0.025, n=58) and boys (β=0.002, p=0.032, n=36), but not girls (Supplemental Table 1).

Optimized Cerebral Autoregulation Related to Lower Creatinine in Girls

Seventy-two neonates had an identified MAPOPT in at least one period, and the maximum 

creatinine among these neonates was a mean of 0.9±0.6 mg/dL (Table 2). Creatinine levels 

were similar between neonates with and without identified MAPOPT (p>0.05; data not 

shown). After adjusting for PaCO2, seizures, vasopressors, benzodiazepines, and steroids, 

we found that higher MAPOPT values during hypothermia related to lower creatinine (β= 

−0.020, p=0.04, n=63). Blood pressure deviation from MAPOPT was not related to creatinine 

when all neonates were analyzed. However, relationships were identified when the data were 

stratified by sex. Among girls, higher MAPOPT (β= −0.035, p=0.019) and longer blood 

pressure duration within MAPOPT (β= −0.029, p=0.030) during hypothermia were 

associated with lower creatinine. No associations between blood pressure deviation from 

MAPOPT and creatinine were identified in boys (Supplemental Table 2).

Hepatic Injury and Cerebral Autoregulation

The maximum ALT and AST levels were lower in neonates without an identified MAPOPT 

during hypothermia (63 ± 10 U/L for ALT; 145 ± 94 U/L for AST; n=10) than in those with 

identified MAPOPT (201 ± 400 for ALT, p=0.008; 460 ± 898 U/L, p=0.017; n=65; Table 2). 

There were no differences in ALT or AST during rewarming and normothermia and no 

differences in PT in any period between neonates with and without MAPOPT (p>0.05; data 

not shown).

We examined transaminase levels and blood pressure in relation to MAPOPT during the same 

periods. No significant relationships were observed during hypothermia. During rewarming, 
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higher maximum AST levels were associated with longer percentage of time with blood 

pressure above MAPOPT (β=0.081, p=0.02) and smaller deviation below MAPOPT (β= 

−0.019, p=0.04). In contrast, higher maximum ALT and AST during normothermia were 

associated with higher MAPOPT (β=0.014, p=0.02 for ALT; β=0.034, p<0.001 for AST), 

longer percent time below MAPOPT (β=0.065, p=0.04 for ALT; β=0.140, p=0.02 for AST), 

greater deviation below MAPOPT (β=0.020, p=0.01 for ALT; β=0.042, p=0.005 for AST), 

and greater AUC (β=0.395, p=0.05 for ALT; β=0.888, p=0.03 for AST). Accordingly, higher 

AST during normothermia was also associated with shorter duration of blood pressure above 

MAPOPT (β= −0.123, p=0.03; Supplemental Tables 3 and 4).

When data were stratified by sex, higher AST during rewarming related to greater 

percentage of time with blood pressure above MAPOPT only in girls (β=0.075, p=0.043). 

Among boys, higher AST was associated with greater duration (β=0.144, p=0.04) and 

deviation (β=0.044, p<0.01) in blood pressure below MAPOPT and shorter duration of blood 

pressure above MAPOPT (β= −0.131, p=0.04) during normothermia. Higher maximal ALT 

in normothermia also related to greater blood pressure deviation below MAPOPT in boys 

(β=0.022, p=0.014). Finally, higher maximum AST was associated with higher MAPOPT in 

boys (β=0.032, p<0.01) and girls (β=0.040, p=0.03; Supplemental Tables 3 and 4). No 

associations between PT and blood pressure relative to MAPOPT were detected (p>0.05; data 

not shown).

DISCUSSION

We identified associations between blood pressures that optimize cerebral autoregulation 

and serum markers of kidney and liver injuries in newborns who received TH for NE. Some 

of these relationships were sex-specific in this pilot cohort. We previously reported that the 

majority of neonates in this study had no, mild, or moderate brain injuries on MRI.9 

Therefore, this cohort largely represents neonates with mild to moderate HIE. Our findings 

suggest that having blood pressure within the range that optimizes cerebral autoregulatory 

vasoreactivity during hypothermia was associated with lower creatinine in girls. Blood 

pressure deviation below MAPOPT related to higher ALT and AST during normothermia. 

The findings that blood pressure above MAPOPT was associated with higher AST during 

rewarming requires further study, and we speculate that this may be due to cardiac strain 

from greater afterload at higher blood pressures. Altogether, our findings suggest that blood 

pressures that optimize cerebral autoregulation may also support the kidney and liver during 

TH treatment of NE.

Traditional measures of birth insult severity and perinatal depression—the umbilical cord pH 

and 10-minute Apgar score—were overall unrelated to the autoregulation parameters derived 

from MAPOPT. Higher pH on the first-hour blood gas was associated with greater duration 

of blood pressure within MAPOPT during normothermia, but not during hypothermia or 

rewarming. Therefore, neonates with NE who have better initial hemodynamic stability and 

perhaps less severe perinatal insult remain at risk of blood pressure deviation from MAPOPT 

measured by HVx during hypothermia and rewarming. Their hemodynamics may not 

improve to optimally support autoregulation until normothermia. Given the increased risk of 

brain injury 5,6,9 and neurodevelopmental disability 4 with blood pressures below MAPOPT, 
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identifying patient-specific hemodynamic ranges that optimize cerebral autoregulation may 

be more promising than therapies largely based on pH or Apgar score.

Greater duration of blood pressure within MAPOPT during hypothermia was associated with 

lower creatinine in girls. This finding agrees with evidence that blood pressure deviation 

below the cerebral autoregulatory threshold during hypothermic cardiopulmonary bypass 

increases renal injury. 19 Neonates who have NE with kidney injury have worse outcomes 

than those without, including longer duration of mechanical ventilation and NICU 

admission. 2 Therefore, maintaining blood pressures that optimize cerebral autoregulation 

during TH may also support the recovering kidneys in NE after birth asphyxia and improve 

outcomes. Additional studies with more thorough evaluation of renal function are needed, 

including urine output and urinalysis, to further explore this finding. It is unclear why we 

observed this result only in girls. It may reflect the small sample size in our pilot study or 

represent a sex-related difference.

We also studied whether blood pressure deviation from MAPOPT would be associated with 

markers of liver injury. Indeed, greater duration and deviation in blood pressure deviation 

below MAPOPT was associated with higher AST and ALT levels during normothermia in all 

neonates and boys. Liver injury after birth asphyxia may predict NE severity and worse 

neurodevelopmental outcomes. 20 These data suggest that blood pressure that optimize 

cerebral autoregulation could also support the liver in NE. The observed sex differences in 

the stratified analysis require further study in larger sample sizes.

The rationale behind the relationship between elevated AST and greater duration of blood 

pressure above MAPOPT during rewarming is unclear. This fact may reflect AST release 

from cardiac strain with increased cardiac afterload rather than strict liver injury. Additional 

studies are needed on the relationships between rewarming, liver injury, and MAPOPT that 

include markers more specific to liver and cardiac injury, such as aldolase and troponin.

This observational, pilot, cohort study had several limitations. The findings do not establish 

causal or temporal relationships between blood pressure autoregulation and kidney and liver 

injury. Additionally, the study was subject to selection bias because the sickest neonates 

were excluded when they were transferred for ECMO, care was withdrawn, or parents failed 

to consent. The small sample size of this single-center study may have under-identified 

associations between blood pressure and injury, particularly when data were stratified by 

sex. HVx monitoring, which only captures regional frontal cortex, could begin only after an 

arterial blood pressure catheter was established; thus we did not detect very early 

autoregulatory instability. Although creatinine was used to estimate kidney injury, additional 

clinical factors such as hydration status also influence creatinine levels. We used the 

maximum creatinine level after the first 24 hours of life as a marker of kidney injury rather 

than the rate of creatinine change, which also gauges postnatal kidney injury 2. Lastly, we 

did not compare the cerebral NIRS measurements to splanchnic or renal NIRS.
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CONCLUSIONS

We identified potential relationships between blood pressure deviation from the range that 

optimizes cerebral autoregulation and kidney and liver injuries in a pilot study of TH-treated 

newborns with NE. Maintaining blood pressures within the range that optimizes cerebral 

autoregulation may also support the kidney and liver. Whether we can reduce kidney and 

liver injuries in infants with NE by using NIRS to identify hemodynamic goals and optimize 

cerebral autoregulatory vasoreactivity deserves further study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1

Patient Characteristics

Characteristic n Value

Antenatal demographic data

 Gestational age, weeks, mean (SD) 75 38 6/7 (1 5/7)

 Birth weight, g, mean (SD) 75 3161 (869)

 White, n (%) 75 37 (49%)

 African-American, n (%) 75 28 (37%)

 Hispanic, n (%) 75 12 (16%)

 Delivery mode, cesarean section, n (%) 75 58 (77%)

 Emergency delivery, n (%) 75 55 (73%)

Perinatal data

 Apgar score, 1 min, median (IQR) 71 1 (1, 2)

 Apgar score, 5 min, median (IQR) 72 4 (2, 5)

 Apgar score, 10 min, median (IQR) 56 5 (3, 7)

 Cord pH, mean (SD) 57 6.94 (0.17)

 Cord base deficit, mean (SD) 48 −15.2 (6.5)

 First hour pH, mean (SD) 70 7.07 (0.27)

 First hour base deficit, mean (SD) 56 −16.8 (5.5)

 Admission Sarnat score, median (IQR) 75 2 (2, 2)

 Severe encephalopathy, n (%) 75 13 (17%)

 Hemoglobin (g/dL) during autoregulation monitoring, mean (SD)a 72 15.1 (1.9)

 Difference between maximum and minimum hemoglobin levels (g/dL) during autoregulation monitoring, mean (SD) 72 2.4 (1.6)

Factors adjusted for in the analysis

 Sex, male, n (%) 75 44 (59%)

 Vasopressor, any, n (%) 75 52 (69%)

 Seizures, any, n (%) 75 27 (36%)

 Benzodiazepine, any, n (%) 75 16 (21%)

 Any steroids first 7 days of life, n (%) 75 17 (23%)

 PaCO2

  All 35 – 45, n (%) 75 6 (8%)

  Some < 35, all < 45, n (%) 75 14 (19%)

  None < 35, some > 45, n (%) 75 30 (40%)

  Some < 35, some > 45, n (%) 75 25 (33%)

IQR = interquartile range; SD = standard deviation.

a
Three neonates did not have hemoglobin levels drawn during autoregulation monitoring.
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