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Abstract

Objective—Elevated rates of epilepsy and motor impairments including cerebral palsy are seen
in children who were born prematurely. Maternal antenatal magnesium supplementation has been
associated with decreased rates of cerebral palsy in infants born prematurely. Our objective was to
determine whether the neonatal serum magnesium level between 24 and 48 hours following birth
is associated with better long-term neurodevelopmental outcomes (epilepsy, motor impairment) in
premature infants.

Methods—We performed a retrospective cohort analysis in infants born <37 weeks gestation
over a 10-year period. Prenatal, perinatal, and postnatal clinical and demographic information was
collected. Crude and adjusted odds ratios were estimated under generalized linear models with
generalized estimating equations to examine the association of the neonatal serum magnesium
level between 24 and 48 hours following birth with the risk of epilepsy and/or motor impairment
(spasticity; hypotonia; cerebral palsy).

Results—The final cohort included 5,461 infants born <37 weeks gestation from 2002-2011.
The adjusted relative risk ratio (RR) for the combined outcomes of epilepsy and/or motor
impairment, controlling for gestational age, current age, maternal magnesium supplementation,
maternal steroid administration, five minute Apgar score, neonatal infection, need for vasopressor
use, and birth weight; and with serum magnesium level as the main independent variable, was 0.85
(0 0.24). Stratified analyses by gestational age <32 weeks or >32 weeks were not significantly
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associated with adverse neurodevelopmental outcome (respectively RR 0.79 and 1.2, p0.12 and
0.49). A multivariate analysis for the risk of motor impairment alone had a RR of 0.94 (p0.72).

Conclusion—This study shows that the neonatal magnesium level between 24 and 48 hours of
life in premature infants is not significantly associated with the risk for developing epilepsy or
motor impairment.
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INTRODUCTION

Premature birth is a significant public health problem affecting 11.4% of births each year in
the U.S.(Osterman et al., 2015) Children who were born prematurely are at increased risk
for developing a range of adverse neurodevelopment outcomes including cerebral palsy,
epilepsy, autism spectrum disorder, intellectual disability and school difficulty, and
behavioral and neuropsychiatric problems including attention-deficit hyperactivity disorder.
(Bass et al., 2004; Saigal and Doyle, 2008; Van Lieshout et al., 2015; Vohr et al., 2000)

The pathophysiology leading to the neurodevelopmental problems of ex-premature infants
and children are complex.(Ferriero, 2004; Inder and Volpe, 2000) There is increasing
evidence that both developing neurons and oligodendrocytes are at risk in the premature
brain,(Thomas et al., 2005; Volpe, 2009) with potential to cause gross structural damage or
more subtle disruptions in measures of connectivity.(Deng et al., 2008; Li et al., 2015;
Murray et al., 2015)

There are few proven therapeutic options for preventing the adverse neurodevelopmental
outcomes of premature birth, although antenatal maternal steroid administration, antenatal
magnesium sulfate, N-acetylcysteine, erythropoietin, melatonin, and stem cell transplants
are under active investigation.(Chang, 2015; Leuchter et al., 2014; Sotiriadis et al., 2015) In
particular, antenatal magnesium sulfate has been found to reduce rates of subsequent
cerebral palsy in multiple studies and in meta-analyses though a large randomized trial did
not find association between antenatal magnesium sulfate administration and rates of
cerebral palsy or abnormal motor function.(Doyle et al., 2009; Rouse et al., 2008; Doyle et
al., 2014; Chollat et al., 2014) Maternal antenatal magnesium sulfate was also found to
decreased abnormal echogenicities on head ultrasounds in infants born at less than 32 weeks
gestation. (Hirtz et al., 2015) Experimental evidence from tissue culture and animal models
ranging from mouse to zebrafish support potential mechanisms of magnesium to exert
neuroprotective effects.(Cetinkaya et al., 2011; Goni-de-Cerio et al., 2012; Stevenson et al.,
2012; Suzuki-Kakisaka et al., 2013) However, concerns have been raised that magnesium
sulfate can have adverse effects;(Basu et al., 2012; Mitani et al., 2011; Mittendorf et al.,
2002) and therefore an improved understanding of dose and timing of administration and
levels are important.(McPherson et al., 2014; Sherwin et al., 2014; Shimada et al., 2013)
Further, it is not clear if the neuroprotective effects are limited to prenatal or perinatal
exposure; or whether postnatal levels and roles in the postnatal brain are important. If
magnesium continued to play neuroprotective effects in premature infants after delivery,
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then serum levels of magnesium in these infants would potentially correlate with their
neurodevelopmental outcomes. For example, a small pilot study from our group suggested
that higher postnatal serum magnesium levels in premature infants was associated with
decreased risks for motor impairment.(Doll et al., 2014)

Our objective was to test the hypothesis that the neonatal serum magnesium level following
birth was associated with better long-term neurodevelopmental outcomes in premature
infants. The outcomes of interest were for epilepsy, for motor impairment including cerebral
palsy, spasticity, or hypotonia; or for a composite including both epilepsy and motor
impairment. To test our hypothesis we performed a retrospective analysis in which we
evaluated serum magnesium levels in premature infants between 24 and 48 hours after birth,
and related the levels to subsequent diagnoses of epilepsy and/or motor impairment in a
cohort of 5461 infants.

METHODS

This study was approved by Institutional Review Boards of the University of Utah and
Intermountain Healthcare (IH). Data was anonymously collected and analyzed with no
identifying information, and a waiver of informed consent was obtained. IH is a vertically
integrated not-for-profit health care system in the Intermountain West encompassing 23
hospitals including the sole children’s hospital. Antenatal, perinatal, and follow-up data were
obtained from the Enterprise Data Warehouse (EDW) maintained by IH.

Data extraction and analysis were performed retrospectively in premature infants born at an
IH hospital between January 1, 2002 and December 31, 2011. Follow-up for all outcomes
was through December 31, 2014. Inclusion criteria were a gestational age less than 37 weeks
and linkage to mother’s records. Exclusion criteria were infants with known or likely genetic
conditions or chromosomal abnormalities; infants with bacterial or viral meningitis during
their initial post-birth hospitalization; infants with congenital hydrocephalus; infants with
epileptic encephalopathies; infants with a chromosomal abnormality or genetic syndrome;
infants with a congenital brain malformation; infants with congenital heart disease; and
infants who developed meningitis, encephalitis, stroke, or traumatic head injury.

Using unique identifiers assigned to each of the cohort infants, we queried the EDW for the
study and follow-up periods, using ICD-9-CM codes to identify outcomes. Data collected
from the EDW included name; date of birth; gender; ethnicity; birth weight; gestational age;
presence of multiple gestation; administration of corticosteroids prior to delivery;
administration of magnesium sulfate prior to delivery; length of hospitalization; neonatal
total serum magnesium levels drawn between ages 24 and 48 hours of life; days requiring
mechanical ventilation; and the presence of seizures.

A total of 6874 potential patients were identified. We excluded subjects that did not have a
serum magnesium level obtained between 24-48 hours post birth (n=1370) and subjects
missing gestational age or birth weight (n=43); leaving 5461 infants for the final cohort
(Figure 1).
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The main exposure variable was defined as the serum magnesium level (mg/dL) obtained
between 24-48 hours post birth. In subjects where multiple serum magnesium levels were
drawn in this timeframe, only the first observation was used. Covariates included gestational
age at delivery, current age (years), maternal magnesium supplementation, maternal steroids,
five-minute Apgar score, neonatal infection, need for vasopressors, and birth weight.
Maternal magnesium supplementation was included as a covariate because we wished to
evaluate the relationship between the outcomes and variation in neonatal magnesium levels
that was not accounted for by maternal supplementation.

The two primary outcome variables were: 1) motor impairment, defined as the presence of at
least one of the following: use of a wheelchair, baclofen prescription, or botox injection, (all
identified using charge codes); dorsal rhizotomy (03.1); heel cord release (83.11; 83.85);
hypotonia (342.x); or spasticity or cerebral palsy (333.71; 343.x); and 2) epilepsy, defined
by ICD-9 codes 345.x. For the diagnosis of epilepsy, diagnoses of seizures at any time
during the NICU hospitalization were excluded (779.0), as was a diagnosis of febrile
seizures.

The relationships of the neonatal magnesium level with the outcomes were represented using
discrete proportional hazards regression models to relate the age of occurrence (categorized
into age intervals of 1 to 2 years) of the outcomes to the neonatal magnesium exposure
variables; with adjustment for gestational age at delivery, maternal magnesium
supplementation, maternal steroids, five-minute Apgar score, neonatal infection, need for
vasopressors, and birth weight as covariates. Because the probability of diagnosis during any
1 to 2 year age interval was small, we fit the proportional hazard regression models by
applying generalized estimating equations (GEE) with logarithmic link functions to a data
set with separate binary indicator variables for a positive diagnosis defined for each 1-2 year
age interval for each child. Robust empirical standard errors were computed under a working
independence covariance model to account for correlated outcomes between siblings when
computing pvalues and confidence intervals. We assumed that the underlying disease
condition (motor impairment or epilepsy) is defined as present or absent at birth, and that
age of diagnosis is unrelated to neonatal magnesium and the covariates among those with the
disease conditions, the relative risks from the GEE analyses can be interpreted as closely
approximating the relative risks relating the underlying disease conditions to neonatal
magnesium. Separate GEE analyses were performed with neonatal magnesium levels
expressed as a continuous variable, in which case relative risks of the outcomes were
expressed relative to 1 mg/dL increases in neonatal magnesium, and as tertiles, in which
case the relative risks compared the upper two tertiles to the lowest tertile. Thus relative
risks smaller than 1 suggest protective effects of higher serum levels of neonatal magnesium.

All analyses were carried out in SAS statistical software version 9.4 (SAS Institute Inc.,
Cary, North Carolina). We used descriptive univariate statistics to characterize
demographics, risk factors, and potential confounders, as well as the prevalence of motor
impairment and epilepsy. Serum magnesium was analyzed both as a continuous variable and
after categorization into tertiles. Statistical models were performed for the full cohort, as
well as also stratified separately by gestational age (>32 vs <32 weeks); as well as by the
presence or absence of maternal magnesium sulfate supplementation.
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We collected serum magnesium levels on a cohort of 5461 premature infants between 24-48
hours after birth (Figure 1 shows selection of the cohort). Serum magnesium levels within
the first 24 hours were not used, as a sharp decrease in magnesium concentrations were
observed within the first 24 hours post-birth, and thus reflected whether maternal
magnesium supplementation had occurred. After 48 hours of life most infants did not have
magnesium levels checked, and those infants that did have levels checked were sporadically
timed with respect to postconceptual age as well as compared to other infants.

The cohort of premature infants was 57% male, and the majority were Caucasian (81%),
reflecting Utah population demographics (Table 1). 26% of the cohort received antenatal
magnesium, and 31% received steroids. The median gestational age was 33 weeks; and
median birth weight was 1973g.

We examined outcomes in the cohort by ICD-9 codes, procedure codes, and billing codes,
for the outcomes of motor impairment (cerebral palsy, hypotonia, or spasticity), and/or
epilepsy. Outcomes were followed for no less than three additional years after the final birth.
Electronic records were examined from all in-patient and out-patient encounters, including
with the only pediatric neurology physicians in Utah. A total of 1.8% of the cohort was
diagnosed with motor impairment and/or epilepsy (Table 1; Figure 2). There were 70 (1.3%)
infants that had epilepsy, and 84 (1.5%) with motor impairment.

To test whether the serum magnesium level in the premature infants correlated with their
long-term neurodevelopmental outcomes, we compared the serum magnesium level drawn
between 24 and 48 hours of life, and the neurodevelopmental outcomes. To control for other
variables that might affect outcomes, we performed a multivariate logistic regression
analysis in which we also compared for prenatal maternal magnesium administration;
prenatal maternal steroid administration; the five minute Apgar score; the presence of
neonatal infection; whether the infant required vasopressors during hospitalization; the
gestational age; and the birth weight.

Table 2 summarizes the results of the multivariable analysis relating risk of the epilepsy/
motor composite to neonatal magnesium with covariate adjustment. Each 1mg/dL increase
in the serum magnesium level was associated with a relative risk for the composite outcome
of 0.85 (95% confidence limits 0.66 — 1.1), which was not statistically significant (o= 0.24).
The covariate adjusted association of the epilepsy/motor composite with neonatal
magnesium also did not approach statistical significant when neonatal magnesium was
expressed in tertiles with the first tertile as the referent ((2"? quartile, RR 0.83 (0.51-1.3), p
0.43; 3" quartile, RR 0.80 (0.48 — 1.3), p0.39) (Table 3). As displayed in Table 4, there was
also no statistically significant relationship between the epilepsy/motor composite and
neonatal magnesium in the subgroup of infants born to mothers who had not magnesium
supplementation (RR 0.68, 95% CI 0.32 — 1.5 per 1 mg/dL increase, p=0.32) or in the
subgroup with maternal magnesium supplementation (RR 0.88, 95% CI 0.66 — 1.2 per 1
mg/dL increase, p = 0.39) after covariate adjustment.
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With advancing gestational age the risk for adverse neurodevelopmental outcomes
decreases, so we compared the association between the neurodevelopmental outcome and
magnesium levels separately in infants older or younger than 32 weeks gestation (Table 5).
Again, there was no statistically significant association between the magnesium level and the
risk for adverse neurodevelopmental outcomes within either subgroup (< 32 weeks RR 0.79,
CI [0.59 — 1.1] per 1 mg/dL increase, p =0.12; > 32 weeks RR 1.2, C1 [0.74 — 1.9] per 1
mg/dL increase, p= 0.49).

Because most literature has examined the association between antenatal magnesium and the
risk for cerebral palsy, and not a combined risk as we had, we also evaluated association
between magnesium level and the risk for cerebral palsy in a multivariate analysis (Table 6).
There was no significant association between the serum magnesium level and the outcome
of cerebral palsy (RR 0.89, CI [0.63 — 1.3] p=0.49).

DISCUSSION

Our study examined the correlation between serum neonatal magnesium levels and
neurodevelopmental outcomes including epilepsy and motor impairment including cerebral
palsy in premature infants. While we observed trends towards lower rates of adverse
neurodevelopmental outcomes, these were not statistically significant. The absence of
statistical significance remained when motor impairment was examined separately from the
outcome of epilepsy; and also when outcomes were compared for infants born before or
after 32 weeks gestation.

Our objective was to determine whether postnatal serum magnesium levels in premature
infants correlates with their likelihood of developing adverse neurodevelopmental outcomes.
In particular, our long-term goal is to determine if magnesium might play a neuroprotective
role in premature infants beyond the immediate peripartum period. That is, perhaps
continued magnesium supplementation in premature infants might improve outcomes.
Previous work from our group had shown in a pilot study that higher magnesium levels in
premature infants were correlated with lower risk for motor impairment.(Doll et al., 2014)
However, because of the limited data available retrospectively, in this larger cohort analysis
we limited use of magnesium levels from only 24 to 48 hours after birth. This was done
because magnesium levels in the first 24 hours of life directly correlated with whether the
mother had received magnesium; and magnesium levels after 48 hours of life were few and
sporadic, making comparisons impossible.

Strengths of the study included the large cohort size; the ability to comprehensively track
outcomes through the EDW since most healthcare in Utah is provided by Intermountain
Healthcare and since there is only one children’s hospital; and the extended follow-up time
period. Weaknesses of this work include its retrospective analysis; and that outcomes were
indirectly assessed using ICD-9 codes. Although the IH EDW does contain both in- and out-
patient data, a child with motor impairment followed by their primary care provider would
not have been captured in our analysis. Magnesium levels are affected by both endogenous
and iatrogenic factors, which were not addressed in our work. We observed a low rate of
impairments (only 1.8% combined for epilepsy and motor impairment), which made it
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difficult to determine if magnesium was having an effect. Reasons for this low rate of
impairments are not obvious, but could include that the neonates spanned a range of ages
from the very premature to near term; or that the families were from less disadvantaged
socioeconomic backgrounds. While it is possible that we did not identify all patients with
neurological impairment, we think this is a less likely explanation because of the strengths
mentioned above.

Previous studies have shown that prenatal magnesium administration is associated with a
decreased risk of developing cerebral palsy,(Doyle et al., 2009; Rouse et al., 2008) and our
own pilot study showed in a small cohort that higher serum magnesium levels in premature
infants was associated with a lower risk for cerebral palsy.(Doll et al., 2014) However, there
are not any studies examining the association between the maternal serum magnesium level
or cord magnesium level and the neurodevelopmental outcome of the infant. Further, based
on our experience with this current analysis, it will be difficult to perform a retrospective
analysis to determine whether premature infant magnesium levels, other than the time period
we examined, correlate with outcomes. This is because of the scattered and non-standardized
timing of draws for magnesium levels obtained in most premature infants. This limitation
will make it difficult to retrospectively test whether there is a broader window of potential
neuroprotection using magnesium in premature infants.

Because of the limitations with currently available data from human studies, mechanisms of
magnesium neuroprotection need to be more fully examined using animal models.
Mechanisms by which magnesium has been shown to be neuroprotective include blocking
calcium influx through the N-methyl-D-aspartate (NMDA\) receptor channel, reduction of
inflammatory cytokine production, limiting blood pressure fluctuations, and preventing
activation of the hypoxia inducible factor 1a (HIF1la) pathway which disrupts connectivity
(27, 31-33).(Stevenson et al., 2012) Other future studies to be considered would be to track
a cohort prospectively; and to determine if magnesium has more neuroprotective effects in
certain groups of infants, for example, those with intraventricular hemorrhage. The
significant extent of prematurity, affecting more than 12.9 million infants worldwide every
year, and the neurodevelopmental morbidity associated with premature birth, make further
research into this area of continued importance.
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_ | 1370 infants excluded:

| no magnesium levels from 24-48 hours

A

5461 infants included
in final study cohort

Figure 1.

43 infants excluded:
absent or erroneous birth weight
or gestational age

Patient enrollment. Potential patients were identified from a computer-based ICD-9-CM
code search of the IH EDW for the study time period.
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Figure 2.
Kaplan-Meier curve demonstrating risk of remaining free from developing combined

outcome of motor impairment or epilepsy in cohort of 5461 premature infants.
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Demographic characteristics of the study group (n= 5,461 premature infants); and outcomes. IQR, interquartile

range; S.D., standard deviation.

Characteristic n (%)
Gender (male) 3097 (57%)
Ethnicity
Caucasian 4401 (81%)
Hispanic 590 (11%)
Pacific-Islander 48 (0.88%)
African-American 32 (0.59%)
Native American 18 (0.33%)
Asian 67 (1.2%)
Unknown/Other 298 (5.5%)
Multiple gestation 1469 (27%)
Deaths 145 (2.7%)
Antenatal magnesium 1430 (26%)
Antenatal steroids 1680 (31%)

Gestational age (weeks)
Median (S.D.; IQR)
Birth weight ()
Median (S.D.; IQR)
Apgar Score at 5 minutes
Median (S.D.; IQR)
Neonatal infection
Vasopressor requirement
Intraventricular hemorrhage
Outcomes
Combined Epilepsy and Motor Impairment
Epilepsy

Motor Impairment

33.3(3.3; 30.7-35.0)

1973 (695; 1459-2422)

8 (1.4; 8-9)
2044 (37%)
482 (8.8%)
410 (7.5%)

98 (1.8%)
70 (1.3%)
84 (1.5%)
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Multivariable model relating the epilepsy/motor composite outcome to neontatal magnesium and covariates.
The first row in the table provides the relative risk of the epilepsy/motor compaosite outcome associated with a

1 mg/dL increase in serum magnesium.

Parameter Relative Risk (95% C.l.) P value
Serum Mg (mg/dL, continuous) 0.85 (0.66, 1.1) 0.24
Maternal Mg administration (yes) 1.2 (0.75, 1.8) 0.50
Maternal Steroid administration (yes) 0.62 (0.41, 0.94) 0.02
Apgar Score, 5 (continuous) 0.87 (0.79, 0.95) <0.01
Neonatal infection (yes) 16(1.1,24) 0.03
Vasopressor Requirement (yes) 1.1 (0.68, 1.7) 0.77
Gestational Age (days, continuous) 0.99 (0.98, 1.0) 0.16
Birth weight (standardized, continuous) 0.63 (0.44, 0.89) <0.01
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Table 3

Multivariable model relating the epilepsy/motor composite outcome to neonatal magnesium concentrations
organized into tertiles, and to covariates. The first two rows in the table provides the relative risk of the
epilepsy/motor composite associated with the second and third neonatal magnesium tertiles compared to the
lowest/first magnesium tertile. RR, relative risk ratio; LCL and UCL, 95% lower and upper confidence levels.

Parameter RR | LCL | UCL | pvalue
Serum Mg (mg/dL, 1%t Tertile is referent)

2d Tertile 0.83 0.51 13 0.43

3 Tertile 0.80 0.48 13 0.39
Maternal Mg administration (yes) 1.1 | 0.68 17 0.75
Maternal Steroid administration (yes) 0.87 | 0.80 0.95 | 0.0025
Apgar Score, 5’ (continuous) 1.6 1.0 2.4 0.032
Neonatal infection (yes) 1.1 | 067 17 0.80
Vasopressor Requirement (yes) 099 | 0.98 1.0 0.14
Gestational Age (days, continuous) 063 | 044 0.89 | 0.0088
Birth weight (standardized, continuous) 0.60 | 040 | 091 0.016
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Multivariable model of serum Mg concentration and risk for cerebral palsy. RR, relative risk ratio; LCL and

UCL, 95% lower and upper confidence levels.

parameter RR | LCL | UCL | pvalue
Serum Mg (ng/dL, continuous) 0.89 | 0.63 13 0.49
Maternal Mg administration (yes) 11| 059 1.9 0.85
Maternal Steroid administration (yes) 052 | 0.30 0.89 0.017
Apgar Score, 5’ (continuous) 085 | 0.77 | 095 | 0.0039
Neonatal infection (yes) 1.7 | 0.98 2.8 0.060
Vasopressor Requirement (yes) 1.2 | 0.70 21 0.49
Gestational Age (days, continuous) 099 | 0.97 1.0 0.17
Birth weight (standardized, continuous) | 0.53 | 0.36 | 0.78 | 0.0013
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