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Abstract

OBJECTIVE—Determine if higher temperature after hypoxia-ischemia is associated with death
or IQ < 70 at 6-7 yr among infants treated with intensive care without hypothermia.

DESIGN/METHODS—Control infants (non-cooled, n=106) of the NICHD Neonatal Research
Network hypothermia trial had serial esophageal and skin temperatures over 72hrs. Each infant's
temperature was ranked to derive an average of the upper and lower quartile, and median of each
site. Temperatures were used in logistic regressions to determine adjusted associations with death
or IQ < 70 at 6-7yrs. Secondary outcomes were death, 1Q < 70, and moderate/severe CP. IQ and
motor function were assessed with Wechsler Scales for Children and Gross Motor Function
Classification System. Results are odds ratio (OR, per °C increment within the quartile or median)
and 95% confidence interval (CI).

RESULTS—Primary outcome was available for 89 infants. At 6-7yrs death or 1Q < 70 occurred
in 54 infants (37 deaths, 17 survivors with 1Q < 70) and moderate/severe CP in 15 infants. Death
or 1Q < 70 was associated with the upper quartile average of esophageal (OR 7.3, 95% CI
2.0-26.3) and skin temperature (OR 3.5, 95% 1.2-10.4). CP was associated with the upper quartile
average of esophageal (OR 12.5, 95% CI 1.02-155) and skin temperature (OR 10.3, 95%
1.3-80.2).

CONCLUSIONS—Among non-cooled infants of a randomized trial, elevated temperatures
during the first post-natal days are associated with increase odds of a worse outcome at 6-7yrs.
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Introduction

Methods

Temperature is a critical modulator of the extent of brain injury both during and following
perinatal hypoxia-ischemia.l Relatively small reductions in core temperature are associated
with prominent neuroprotection during the perinatal period. These observations triggered
investigations which progressed from animal studies to clinical pilot studies to randomized
clinical trials and demonstrated efficacy in reducing death or brain injury following perinatal
hypoxia-ischemia.2 3 Therapeutic hypothermia for newborn encephalopathy with an
hypoxic-ischemic origin is currently widely used and the treatment continues to be
disseminated throughout the neonatal community.# Investigations of temperature as a
neuroprotective treatment also revealed that elevations of core temperature after a hypoxic-
ischemic event occur and are associated with an increase in the extent of brain injury.> We
previously analyzed the temperatures of non-cooled control infants enrolled in the NICHD
whole body hypothermia trial and found that relatively high core temperatures occurred
frequently, and were associated with an increase in the risk of death or neurodevelopmental
disability at 18-22 months of age.5 Whether associations between elevated temperature and
brain injury extend into childhood remains uncertain. To determine if higher temperature in
the neonatal period affects early school age outcome among infants with encephalopathy
cared for without hypothermia, we investigated associations between temperatures in the
first days after birth and death or an Intelligence Quotient < 70 at 6-7yrs in the same cohort.

Study infants

This is a secondary observational analysis of non-cooled infants from the National Institute
of Child Health and Human Development Neonatal Research Network (NRN) randomized
trial of whole body cooling conducted between July 2000 and May 2003.7 The trial was
performed after informed consent was obtained. Inclusion criteria for the randomized trial
included a gestational age of > 36 weeks, less than 6hrs post-natal age, specific physiologic
and/or clinical criteria regarding acidemia, Apgar scores and need for ventilation from birth,
and the presence of moderate or severe encephalopathy. The childhood outcomes of
hypothermia and non cooled control infants have been published.8

Temperature control

The temperature of non-cooled infants was regulated by the specific guidelines of each NRN
center's Neonatal Intensive Care Unit (NICU). Information obtained from the NRN research
coordinators indicated that non-cooled infants were initially cared for on radiant warmers
with servo control of abdominal skin temperature. The initial servo set point for 75% of the
participating hospitals was 36.5°C and in the remaining hospitals the set point temperature
was within a range of 36.0 to 36.6°C. Usual care in all NRN center NICUs included
monitoring of axilla and skin temperature at frequencies that varied from every 1 to 4hrs.
The range of acceptable core temperature varied among NRN center NICUs from 36.0 to
37.5°C and within individual centers the range was as large as 1°C.

All infants had an indwelling temperature probe positioned in the lower third of the
esophagus with subsequent radiographic verification and temperatures were measured with a
Mon-a-Therm temperature monitoring unit (Mallinckrodt, St Louis, MO). Esophageal and
skin temperatures were acquired at 4hr intervals over 72hrs starting prior to 6hrs of age and
corresponding to the interval of hypothermia treatment for the experimental group.” There
were a total of 19 pairs of esophageal and skin temperatures for each temperature if all
temperatures were captured. Esophageal temperatures were not used in the care or
management of non-cooled infants.
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All infants underwent follow-up evaluations in the clinics of each NRN center between
6-7yrs of age. Certified examiners were trained to reliability and were unaware of the
intervention. The primary outcome was a composite of death or an Intelligence Quotient
(1Q) of < 70. 1Q was assessed using either the Wechsler Preschool and Primary Scale of
Intelligence 111 for children up to age 7yrs and 3 months and the Wechsler Scale for
Children 1V for infants beyond 7yrs 3 months or among those who were Spanish speaking.
The 1Q assessment provided a verbal and performance 1Q which yielded a full scale 1Q
where a mean (+ standard deviation) score of 100+15 is normal. Secondary outcomes
included components of the primary outcome (death alone and 1Q < 70 alone), moderate or
severe disability as previously defined by Shankaran et al® and moderate or severe Cerebral
Palsy (CP). CP was defined as a non-progressive brain disorder with abnormal muscle tone
in at least one extremity and abnormal control of movement and posture that interfere with
age-appropriate activities. The gross motor function classification system (GMFCS) was
used to characterize functional ability.? A severe disability was defined as either an 1Q of <
55 a GMFCS of IV or V, or bilateral blindness. A moderate disability was either an 1Q of
55-69, a GMFCS of 11, deafness with or without amplification or epilepsy requiring anti-
convulsant therapy. A mild disability was an 1Q 70-84 or a GMFCS of either | or 1. The
absence of a disability was indicated by infants who had an 1Q = 85 without CP, sensory
deficit or epilepsy.

Data analysis

Results

Descriptive statistics included mean and standard deviations. Continuous and categorical
variables were evaluated with t-tests and chi-squared tests, respectively. The esophageal and
skin temperatures of each infant (maximum of 19 values from each site over 72hrs) were
rank ordered for each site and divided into quartiles. The averages of the highest and lowest
quartile of temperatures were used as an index of a high and low temperature. A midpoint
temperature used the median temperature of each infant. Logistic regression was used to
determine associations between temperature and outcome at 6-7yrs. Separate regressions
were performed using the highest, median and lowest temperature of each infant and their
respective outcome for each temperature site, esophageal and skin. Regressions that
included death were adjusted for gender, level of encephalopathy and maternal race.
Regressions for the outcomes of survivors were adjusted for gender, level of encephalopathy
and maternal education obtained at the 6-7yr follow-up visit. Associations between
temperature and outcomes were expressed as an odds ratios (OR) and 95% confidence limits
(cn.

There were 106 infants randomized to the non-cooled control arm of the NRN whole body
cooling trial.” Infants included in this report are illustrated in figure 1. There were 41 deaths
(38:6%) and 4 infants who died did not have temperatures recorded. There were 65
survivors of which 13 were lost to follow-up. Infants included in this report include the 37
deaths with temperatures recorded, and the 52 survivors with 1Q results. Thus 89 of the 106
infants were included in this report and represent 84% of the original non-cooled control
group. Selected maternal and infant characteristics for the cohort in this study are compared
with the 17 infants who were lost to follow-up or did not have temperatures recorded (Table
1). There were no differences except for a lower cord pH among infants of this report.
Within the non-cooled control group, 8 mothers had an intra-partum temperature = 38°C and
13 received antibiotics.
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Deaths occurred in 30 infants during the neonatal hospitalization. An additional 8 infants
died following discharge from the hospital and prior to the 18-22 month follow-up visit.
Three infants died between the 18-22 month and the 6-7yr follow-up visit. Follow-up was
performed at an average age of 6.7yrs. Of the 52 survivors with follow-up, 35 infants had an
IQ =70 and 17 Infants had an 1Q < 70. The median 1Q for survivors was 81 with an inter-
quartile range of 48 and 91, and minimum and maximum values of 39 and 116, respectively;
11 infants were assigned a score of 39 due to severe developmental delay or cognitive
impairment. There were 15 infants with CP including 9 spastic quadriplegic, 2 dystonic, 1
choreo-athetotic, 1 ataxic and 2 undesignated.

There were 1598 esophageal temperatures from 89 infants during the intervention with a
distribution of 7.8% < 36.5°C, 20.6% between 36.5 and < 37°C, 42.2% between 37 and <
37.5°C, 20.0% between 37.5 and < 38°C and 9.4% = 38°C. The number of infants with a
temperature = 38°C (Figure 2) was 25, 4 and 0 for the average of the highest quartile,
median and average of the lowest quartile, respectively. The distribution of skin temperature
(data not shown) is similar to that of the esophageal temperature but with a smaller number
of infants with temperatures > 38°C in the highest quartile and median temperature. Infants
with at least one esophageal temperature = 38°C (n = 44) differed from infants with all
esophageal temperatures < 38°C (n = 45) in birth weight (3558+556 vs 3133+545 grams for
infants with temperatures > 38°C versus < 38°C, respectively, p=.0005). However, there
were no differences in gestational age, gender, delivery room intubation, Apgar at 10
minutes, cord pH and base deficit, and level of encephalopathy. Infants born to mothers with
pyrexia had a baseline temperature of 37.4+.7°C (n=8) compared to 37.0+1.1°C for infants
whose mothers did not have pyrexia (n=77, 4 infants with missing data). Esophageal
temperatures > 38°C occurred in 3 of 8 compared to 34 of 80 during the 72 intervention
interval among infants whose mothers did and did not have pyrexia. Isolated esophageal
temperatures = 38°C was recorded in 16 infants and occurred in the first 24hrs in 10 infants.
Infants with multiple continuous esophageal temperatures = 38°C (n=23) had a median onset
of 8hrs from baseline (interquartile range 4, 28 hours) while infants whose multiple elevated
temperatures were not continuous (n=5) occurred throughout the 72hr intervention.

Associations between temperature and outcomes are listed in Table 2. The average of the
highest quartile for esophageal and skin temperatures were associated with a 7.3 and 3.5 fold
increase, respectively in the odds of death or an 1Q < 70 per degree centigrade increase in
temperature. The average of the highest quartile for esophageal temperature, the median
esophageal temperature and the highest quartile of skin temperature were all associated with
increased odds of death alone. There were no associations between temperature and an 1Q <
70 alone. The average of the highest quartile for esophageal and skin temperatures were
associated with a 12.5 and 10.3 fold increase, respectively in the odds of moderate or severe
CP relative to the absence or mild CP. Similarly, the averages of the highest quartile for
esophageal and skin temperature were associated with death or CP (OR, 95% Cl, 6.76,
1.95-23.4 and 3.81, 1.3-11.4, respectively for esophageal and skin sites). In unadjusted
analyses the highest quartiles for esophageal and skin temperatures were associated with an
increase in the odds of moderate or severe disability relative to the absence or mild
disability. These associations did not persist after adjustment for covariates. There were no
associations between the lowest quartile of esophageal or skin temperature and 6-7yr
outcome.

Discussion

The non-cooled control infants of the NRN Hypothermia trial represent a unique cohort of
patients to examine the effects of temperature in the early neonatal period on childhood
outcome. The results of this investigation extend prior associations between elevated
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temperatures and adverse outcome reported at 18-22 months of age.® 10 Elevated
esophageal and skin temperatures occurring over the first three days following newborn
encephalopathy secondary to hypoxia-ischemia was associated with increased odds of death
or an 1Q < 70 at 6-7yrs. The results for this composite outcome were largely driven by
associations between increasing temperature and death, but the odds ratio for an 1Q < 70
alone were large and showed similar trends as death. These associations can not distinguish
whether elevated temperature is a marker of brain injury, is in the causal pathway leading to
brain injury, or represents a combination of both possibilities.

The frequency of elevated temperatures at delivery and over the first days following birth
among infants with encephalopathy is unclear but was unexpectedly high among infants
enrolled in three early trials of hypothermia. A core temperature greater than 38°C occurred
at least once in 39%, 31% and 9% of non-cooled control infants in the NICHD, the CoolCap
and the TOBY trials, respectively.’: 10: 11 The etiology for the elevated temperature remains
unclear. Infants in the current report (NICHD trial) were cared for on radiant warmers with
servo control of skin temperature and adjustment in set point temperature based on axilla
temperatures. Inappropriate use or monitoring of radiant warmers may result in elevated
temperatures given the heat gain associated with these devices and the limited ability of
newborns to dissipate heat.12 Data is not available to assess proper use of radiant warmers.
Proven bloodstream infection is a cause of elevated temperatures secondary to endogenous
and exogenous pyrogens but occurred in only 1 infant of this cohort during the 72hrs
following study initiation.” A greater birth weight among infants with at least one
esophageal temperature > 38°C parallels observations from the CoolCap trial. As suggested
by Wyatt et al,10 a greater birth weight may impede heat dissipation and predispose to
elevated temperatures. Seizures and associated muscle activity can elevate core temperature
and clinical seizures were frequent among infants in this trial.” However, clinical seizures
were not associated with death or disability at 18-22 months.13 Maternal fever has been
associated with neonatal seizures!4 and neonatal encephalopathy 15 16 but the frequency of
elevated intra-partum maternal temperature was 9% in the current report, far lower than the
primary outcome. Among adult patients brain temperature can be increased after injury in
neurosurgical patients,}” and there are consistent associations between the occurrence of
elevated core temperature and either ischemic stroke,18 traumatic brain injury® or
intracranial hemorrhage.2? The occurrence of elevated temperatures among newborns with
encephalopathy parallels the presence of fever in adults with neurological injury.

The association between elevated temperature during the immediate neonatal period and an
increase in the odds of death or an IQ < 70 at 6-7yrs supports the importance of temperature
as either a marker of brain injury, an effector of the extent of injury, or both of these
considerations. Although this association is largely driven by the occurrence of death, the
impact of temperature among survivors is indicated by the association with the secondary
outcome of CP. Disabling CP among infants with a birth weight > 2500 grams has been
associated with maternal fever (temperature > 38°C) in a population based case controlled
study examining maternal infection during admission for delivery.2! One or more indicators
of maternal infection were present in 37% of infants with spastic quadriplegia in contrast to
only 2.9% in control infants. The odds of an association between spastic CP and either fever
> 38°C in labor or a clinical diagnosis of chorioamnionitis was identical (9.3, 95%
confidence intervals of 2.7-31). In the setting of chorioamnionitis, it is difficult to separate
the effects of fever from an underlying maternal infection. As noted in a comprehensive
meta-analysis of chorioamnionitis as a risk factor for CP, studies that evaluated fever alone
were heterogeneous reflecting the diverse etiologies of fever during labor.22 An additional
case control study nested within a large birth cohort from a health care organization
(231,582 singleton births of = 36 weeks gestation) also support clinical chorioamnionitis as
an independent risk factor for CP.23 The current investigation adds new information on the
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association of temperature and outcome of encephalopathic infants who had a low frequency
of exposure to clinical chorioamnionitis. Although the numbers are small and the confidence
intervals are wide, elevations in either esophageal or skin temperature are associated with
increasing risk of CP at 6-7yrs. As in other reports of associations between potentially
asphyxiating conditions and CP, the majority of the CP type was spastic quadriplegia.?*

The data from this investigation suggest that temperature may act independently of an
underlying systemic inflammatory process such as chorioamnionitis. There is consistent data
in both newborn and adult rodents to demonstrate that hyperthermia occurring either during
or following hypoxia-ischemia exacerbates the extent of brain injury compared to similar
insults under normothermic conditions.2>-27 Furthermore, induced elevated temperature
even at 24hrs post-forebrain ischemia in adult rats resulted in a dramatic increase in
ischemic neurons of the hippocampus.28 In contrast, preventing hyperthermia decreased
histological brain injury following hypoxic-ischemic seizures in 10 day rat pups.2? Similarly
brain ischemia in adult rats was followed by temperature elevations 21-63hrs following
recirculation.30 Anti-pyretic medications or active cooling minimized temperature elevations
and was associated with less brain injury. We could not demonstrate an effect of time after
birth on associations between temperature and outcome in our study. The results of the
current investigation however do not establish a causal link between elevated temperature
and CP. It is possible that injury to specific regions of the brain (temperature regulatory
centers of the hypothalamus) mediate elevated systemic temperatures as noted for ischemia
and trauma3L: 32 and result in a different hypothalamic set point.33 Thus, elevated
temperatures may only represent a marker of injury. Furthermore, the association between
temperature and 6-7yr outcome may in part reflect the beneficial effects of lower
temperature rather than detrimental effects of higher temperature.

There are limitations to this study. The non-cooled control arm of the hypothermia trial is a
small group which limits power to evaluate exploratory hypotheses. Logistic regressions that
included death could not be adjusted for measures of maternal socio-economic status
(education, income) due to missing data. Mortality was high and 16% of the group did not
have available outcome or temperature data. However, all follow-up evaluations were
performed at a consistent age, by personnel who were trained to reliability and used
standardized tests.

This investigation confirms associations between elevated temperature and brain injury
including CP. The results also aid the design of clinical trials of neuroprotective strategies.
Active surveillance for elevated temperatures in non-cooled infants and an algorithm to
minimize elevated temperatures has been incorporated in a trial of hypothermia initiated
after 6hrs of age (ClinicalTrials.gov-NCT 00614744). Similarly surveillance and avoidance
of elevated temperatures in the days following therapeutic hypothermia is part of an ongoing
trial to test the optimal duration and temperature of a hypothermia regimen
(ClinicalTrials.gov -NCT 01192776). Randomized trials of pharmacologic therapies for
newborn encephalopathy are likely to be combined with therapeutic hypothermia.
Comparable temperature profiles of study groups during and following hypothermia will be
critical for proper evaluation of drug treatments.
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Figure 1.

Cohort diagram indicating the number of infants randomized to the non-cooled control
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group and those that were part of this investigation. Temp = temperature, FU = follow up,

IQ = intelligence quotient
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Avg of Highest Quartile
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Esophageal Temperature Strata (°C)

This plot displays the distribution of the non-cooled control infants among 0-5°C strata of
esophageal temperature along the horizontal axis and the number of infants along the
vertical axis. Interval notation is used along the horizontal axis where brackets are used to
show inclusion and parentheses are used to indicate exclusion. The top, middle and lower
panels display the results for the average of the highest quartile, the median and the average
of the lowest quartile of esophageal temperature, respectively.
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Table 1

Follow-up at 6-7 years (n = 89)

No Follow-up or Absence or Temperature (n = 17)

Maternal

Racial distribution (%)

Black 37 41

White 34 12

Hispanic 25 47

Pregnancy complications* (%) b 29

Intra-partum complicationsH (%) 94 88

Infant

Birth weight (grams) 33431587 3509+899
Gestation (weeks) 38.7+1.7 39.1+15

Male (%) 63 59

Out-born (%) 45 29

Delivery room intubation (%) 92 94

Apgar at 10 min <5 (%) 79 69
Cord pHT 6.83+0.21 6.98+0.24
Cord Base Deficit -20.5+8.6 -14.748.2

Moderate encephalopathy (%) 58 76

Severe encephalopathy (%) 42 24

*

Pregnancy complications included chronic hypertension, pre-eclampsia, eclampsia, ante-partum hemorrhage, thyroid dysfunction and diabetes

*%

Intra-partum complications included fetal decelerations, cord mishap, uterine rupture, shoulder dystocia, placental problems (abruption, previa,
accreta), maternal problems (hemorrhage, trauma, seizures, cardio-respiratory arrest, pyrexia) and maternal antibiotics for suspected or confirmed

infection

Tp <.05
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