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Abstract

Objective: Infantile spasms (IS) is a severe epilepsy in early childhood. Early treat-
ment of IS provides the best chance of seizure remission and favorable develop-
mental outcome. We aimed to develop a prediction rule to accurately predict which
neonates with acute symptomatic seizures will develop IS.

Methods: We used data from the Neonatal Seizure Registry, a prospective, multi-
center cohort of infants with acute symptomatic neonatal seizures born from July
2015 to March 2018. Neonates with acute symptomatic seizures who received clini-
cal electroencephalography (EEG) and magnetic resonance imaging (MRI) and were
younger than 2 years of age at the time of enrollment were included. We evalu-
ated the association of neonatal EEG, MRI, and clinical factors with subsequent
IS using bivariate analysis and best subsets logistic regression. We selected a final
model through a consensus process that balanced statistical significance with clinical
relevance.

Results: IS developed in 12 of 204 infants (6%). Multiple potential predictors were
associated with IS, including Apgar scores, EEG features, seizure characteristics,
MRI abnormalities, and clinical status at hospital discharge. The final model in-
cluded three risk factors: (a) severely abnormal EEG or >3 days with seizures re-
corded on EEG, (b) deep gray or brainstem injury on MRI, and (c) abnormal tone on
discharge exam. The stratified risk of IS was the following: no factors 0% (0/82, 95%
confidence interval [CI] 0%-4%), one or two factors 4% (4/108, 95% CI 1%-9%), and
all three factors 57% (8/14, 95% CI 29%-83%).

Significance: IS risk after acute symptomatic neonatal seizures can be stratified
using commonly available clinical data. No child without risk factors, vs >50% of
those with all three factors, developed IS. This risk prediction rule may be valuable
for clinical counseling as well as for selecting participants for clinical trials to pre-
vent post-neonatal epilepsy. This tailored approach may lead to earlier diagnosis and

treatment and improve outcomes for a devastating early life epilepsy.
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1 | INTRODUCTION

The neonatal period carries the highest risk for seizures across
the life span with an incidence of approximately 1-4/1000 live
births.! More than 70% of neonatal seizures are caused by an
acute symptomatic cause such as hypoxic-ischemic encepha-
lopathy (HIE), ischemic stroke, or intracranial hemorrhage.2
These acute symptomatic seizures are typically self-limited
in the neonatal period; however, >25% of affected children
develop post-neonatal epilepsy (chronic unprovoked sei-
zures).>”’ Up to10% of children with clinically diagnosed ne-
onatal seizures will develop infantile spasms, a severe form
of early life epilepsy that can lead to developmental regres-
sion, intellectual disability, and lifelong epilepsy.3’4’8

Prompt diagnosis and early successful treatment of in-
fantile spasms provide the best opportunity for protection
of neurodevelopment and remission of epilepsy, even in the
setting of perinatal brain injury.9_12 Conversely, delayed
treatment of infantile spasms increases the risk of poor
neurodevelopmental outcomes. ' Despite this, clinical fol-
low-up for survivors of neonatal seizures is highly variable.
Close clinical follow-up, education, and counseling for the
families and primary care providers of children at highest
risk could improve early recognition of infantile spasms,
expedite treatment, and optimize developmental trajectory.
For families of children at low risk, the burden of multiple
visits could be reduced.

Reports of infantile spasms after neonatal seizures are
limited by single-center enrollment, small sample sizes,
and lack of gold standard continuous neonatal electro-
encephalography (cEEG) monitoring or detailed brain
magnetic resonance imaging (MRI). We enrolled and fol-
lowed neonates who survived acute symptomatic seizures
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Key Points

e Survivors of neonatal seizures are at risk for in-
fantile spasms (IS); individualized risk prediction
could improve time to diagnosis and treatment.

e Three risk factors predicted IS: (a) severely ab-
normal EEG or >3 days with seizures recorded on
EEG, (b) deep gray or brainstem injury on MRI,
and (c) abnormal tone on discharge exam.

e The stratified risk of IS was: no factors 0% (0/82,
95% confidence interval [CI] 0%-4%), one or two
factors 4% (4/108, 95% CI 1%-9%), and all three
factors 57% (8/14, 95% CI 29%-83%).

e IS risk after acute symptomatic neonatal seizures
can be stratified using commonly available clini-
cal data.

to develop a risk model using neonatal cEEG, brain MRI,
and clinical characteristics, to stratify the risk of infantile
spasms after acute symptomatic neonatal seizures. Our
goal was to develop a model that is accurate, parsimonious,
and clinically relevant.

2 | METHODS

2.1 | Study design

This was a multicenter cohort of surviving infants with acute
symptomatic neonatal seizures born between July 2015 and
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March 2018 and enrolled at one of seven Neonatal Seizure
Registry sites (NCT02789176). Each site has a level IV neo-
natal intensive care unit (NICU) and follows the American
Clinical Neurophysiology Society (ACNS) guidelines for
cEEG in neonates.'* All sites also have a level IV compre-
hensive pediatric epilepsy program. No study-specific treat-
ment guideline was provided. Seizure treatment, including
anti-seizure medication selection, dosing, and duration of
therapy, was at the discretion of the clinical team. Five of
the seven sites had local institutional guidelines, pathways, or
workflows for neonatal seizure management during the entire
study period.

2.2 | Standard protocol approvals,
registrations, and patient consents

Neonates were enrolled after informed, written parent con-
sent. The local institutional review board for every site ap-
proved the study protocol.

2.3 | Inclusion and exclusion criteria

Neonatal Seizure Registry enrollment criteria were: (a) neo-
nate with EEG-confirmed seizure at the study site or referring
hospital, or (b) neonate treated with anti-seizure medication
for clinical events suspected to be seizures with clinical his-
tory, including event semiology supporting the diagnosis of
seizures, and (c) acute symptomatic cause of seizure (eg,
HIE, ischemic stroke, intracranial hemorrhage [ICH], or other
brain injury). Neonates with events that were determined not
to be seizures based on history, semiology, or cEEG were
not enrolled. Neonates with transient cause for seizures (eg,
hyponatremia, hypocalcemia, hypoglycemia without brain in-
jury), or neonatal onset epilepsy were not enrolled.

For the current analysis, we included infants based on
availability of clinically acquired, diagnostic quality MRI and
EEG, as well as a minimum of 12 months of follow-up. We
excluded children for the following reasons: lack of consent
for additional follow up about infantile spasms, brain MRI
unavailable, or uninterpretable EEG.

24 | Measurements

2.4.1 | Clinical data

Neonatal demographic and clinical data were determined by
systematic chart review. Study site investigators established
the primary seizure etiology based upon medical record
review.

24.2 | EEG

The most abnormal EEG background documented in the
clinical record during the first 24 hours of recording at the
study center was determined by the study site investigator
and was categorized as: (a) normal (clearly stated as such
in the report), (b) mild/moderately abnormal (not normal
but not severe), or (c) severely abnormal (including burst-
suppression, flat trace, depressed and undifferentiated, or
electrocerebral inactivity).'”> EEG background patterns
were confirmed by central review of both the neonatal
EEG trace and EEG reports; where these differed, a final
determination was made by consensus between two board-
certified clinical neurophysiologists (NAM and RAS)
who were blinded to the clinical outcomes and followed
a published background classification scheme.'® Seizures
were defined as sudden, abnormal EEG events with a re-
petitive and evolving pattern with amplitude >2 pV and
duration >10 seconds, with or without a clinical corre-
late.'® Seizure burden was extracted from ¢cEEG reports at
the study center, confirmed by blinded central review of
the first 24 hours of cEEG, and categorized as follows: (a)
high burden: status epilepticus, frequent recurrent seizures
without status epilepticus, many (>7) isolated seizures, or
(b) low burden: <7 seizures.” Status epilepticus (defined as
>30 minutes of seizure within any 1-hour epochls) within
the first 24 hours of cEEG was confirmed by central re-
view of the neonatal EEG trace.

243 | MRI

The first clinically acquired neonatal MR images obtained
after seizure onset were reviewed and interpreted by a board-
certified, fellowship-trained pediatric neuroradiologist (YL)
who was blinded to the clinical data. A quality score was
assigned based on the degree of patient motion degrada-
tion (diagnostic, limited, or not interpretable). Studies were
scored based on location of signal abnormality on available
sequences (T1, T2, diffusion weighted imaging [DWI],
fluid-attenuated inversion recovery, susceptibility weighted
imaging, arterial spin labelling), pattern, and severity of
injury. Locations included cortex, white matter, deep gray
nuclei, posterior limb of the internal capsule, cerebellum,
brainstem, specific lobes, and whether the process was uni-
lateral or bilateral. Patterns of injury included focal, mul-
tifocal, global, watershed, or no injury. Hypoxic ischemic
injury and germinal matrix hemorrhage were scored using
established severity scales.'”!® Ischemic stroke was scored
based on the fraction of hemispheric involvement by thirds.
Clinical reports were scored for brainstem and deep gray
nuclei injury.
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2.44 | Primary outcome

Infantile spasms were defined according to International
League Against Epilepsy (ILAE) criteria as seizures char-
acterized by “epileptic spasms... a sudden flexion, exten-
sion, or mixed extension—flexion of predominantly proximal
and truncal muscles” occurring in clusters during infancy.19
Infantile spasms diagnosis was determined by parent report
at 12 months corrected gestational age and corroborated by
local study investigator systematic chart review (ie, docu-
mented diagnosis of infantile spasms in keeping with ILAE
definition by a pediatric neurologist in the child's medical
record).

2.5 | Statistical analysis

In bivariate analyses, we compared characteristics of in-
fants who developed infantile spasms to infants who did not.
We used Fisher exact test for categorical variables, and the
Wilcoxon rank-sum test for continuous variables. To cre-
ate a clinically relevant, parsimonious, multivariable model,
we collected all variables with a bivariate association with
infantile spasms at a significance level of P < .1 and with
<10% missing data among participants who developed in-
fantile spasms. We then created variations of these variables
to enhance clinical applicability. For example, we created
new binary variables from continuous variables using differ-
ent thresholds (ie, converted one variable—“number of days
with seizures”—into multiple variables such as “two or more
days with seizures,” “three or more days with seizures™). As
another example, we combined variables from the same mo-
dality using “or” (ie, combined two variables “MRI brain-
stem abnormality” and “MRI deep gray abnormality” into
one variable “MRI brainstem or deep gray abnormality”).
Through discussion and consensus among three clinical ex-
perts (ZMG, RAS, HCG), we selected a subset of the vari-
ables that we judged would be easy to implement in a clinical
setting and robust to variations in practice across centers.
This subset is referred to as the Curated Variable Pool.

We used the best subsets algorithm with logistic regression
to identify the best fitting one, two, and three variable mod-
els (ie, lowest Akaike information criteria [AIC]) using both
variable pools with the a priori specification that no children
without the risk factors in the final model developed infantile
spasms (ie, specificity 100%). We limited to three variables
because there were only 12 subjects who developed infantile
spasms, and we did not want to create an overfit model. When
the models included only binary variables, we considered
each variable to be a risk factor and calculated the observed
likelihood of infantile spasms as a function of the number of
risk factors. When models included a continuous variable, we
used the regression coefficients to create a scoring system.20

Epilepsia--™
We quantified model performance using metrics to assess the
overall model fit (AIC), the ability to rule out low risk neo-
nates (specificity), and the ability to correctly identify high-
risk neonates (positive predictive value). To demonstrate the
improvements in fit of models as more variables were added,
we also report McFadden adjusted R squared.21

To assist with variable selection, and to provide reassur-
ance that selected variables would provide robust predictive
performance, we performed a sensitivity analysis using a
bootstrap technique. To do so, we created 1000 bootstrap
populations from the final analytic data set. In each bootstrap
population we used the best subsets algorithm to find the five
best-fitting (ie lowest AIC) logistic regression models that
used three variables (ie, 5000 total models).22 ‘We then tabu-
lated how often each variable appeared in each of these mod-
els and used this rank as a measure of variable importance.
In selecting the final model, we considered small AIC differ-
ences (<1) to be negligible, and preferred variables with high
variable importance in the bootstrap analysis.

We conducted analysis using the R statistical program-
ming language (version 3.4.4, Vienna, Austria; https:/ww-
W.r-project.org/).23

2.6 | Approach to missing data
Children with missing data for neonatal MRI or EEG were
excluded from all analyses.

To understand the effect of missing data on the final model,
we used multiple imputation for missing values in abnormal
tone. We created and analyzed 1000 data sets with imputed
values and pooled the estimates, using the fully conditional
specification technique (chained equations),24 assuming data
were missing at random and using a logistic regression to im-
pute abnormal tone. We also provide additional information
on the group with missing values for abnormal tone.

3 | RESULTS

There were 222 potentially eligible participants in the cohort,
and we excluded 18: one did not consent to this arm of the
Neonatal Seizure Registry, 2 were excluded post hoc as they
were later determined not to have had have acute sympto-
matic neonatal seizures (one with a genetic diagnosis and one
with seizure onset >44 weeks corrected gestational age), and
three died after discharge home and before age 12 months.
Eleven patients were excluded for inadequate imaging (for
eight, MRI was not available; for three, MRI was not of suf-
ficient quality for interpretation) and one child was excluded
who did not have an interpretable neonatal EEG (Figure 1).
The 12 infants who were excluded for incomplete MRI or
EEG data were more likely to have had a complex medical
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course (low birthweight, preterm, congenital heart disease),
abnormal EEG, older age, abnormal tone, and difficulty feed-
ing at the time of hospital discharge as compared to the 204
with complete available data (Table S1).

Among 204 infants included in the present analysis, cEEG
was initiated at the study site at a median of 33 hours (inter-
quartile range [IQR] 11 to 83 hours) and MRI was acquired
at a median of 4 days (IQR 3 to 8 days). Neonatal seizure eti-
ology was HIE in 87 (43%), ischemic stroke in 54 (26%), in-
tracranial hemorrhage in 36 (18%), hypoglycemia in 4 (2%),
and other varied etiologies in 23 (11%).

Twelve children developed infantile spasms (6%) with
onset at a median of 5.9 months (IQR 4.8 to 8.4 months).
Clinical characteristics, seizure etiologies, and EEG and MRI
findings of the children with infantile spasms are presented
in Table 1. Neonatal seizure etiology was HIE in six (50%),
intracranial hemorrhage in three (25%), ischemic stroke in
two (17%), and hypoglycemia with brain injury in one in-
fant (8%). There was no statistically significant difference in
seizure etiology among children with and without infantile
spasms (P = .6).

In the bivariate analysis, multiple variables distinguished
neonates who subsequently developed infantile spasms
from those who did not go on to have spasms (Tables 2 and
3). From these variables, we selected 17 for the Curated
Variables Pool (Table S2).

The one-variable model with the lowest AIC used a con-
structed variable from clinically documented EEG findings:
“worst EEG background on the first day was severely abnor-
mal or EEG confirmed seizures recorded on three or more
days” (AIC 76.2; adjusted R?0.21; Sensitivity 83% and PPV
19%). The best two-variable model added a constructed MRI
variable from the research neuroradiology review: “Brain
MRI has either deep gray or brainstem abnormality on T2
or DWI” (AIC 65.1; adjusted R? 0.35; Sensitivity 75% and
PPV 36% for both risk factors present). The three-variable
models added a clinical factor to the EEG and MRI variables.
Several three-variable models performed similarly (top 10
models: AIC 55.9-59.6). After review and discussion of the
models, we added “abnormal tone at discharge” to the best
two variables as it had the highest variable importance in
the bootstrap analysis (Table S3). The three-variable model

Assessed for eligibility (N=222)

Excluded (n=2)

A 4

Not meeting inclusion criteria (n=1)
Declined to participate (n=1)

[ Follow-Up ]

Lost to follow-up (died before 12 months) (n=3)

A 4

Excluded from analysis (give reasons) (n=12)
> No neonatal MRI (n=8)

[ Analysis ]

v

Neonatal MRI low quality (n=3)
Inadequate EEG (n=1)

Analyzed (n=204)

FIGURE 1 Flow diagram of study participants
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TABLE 2 Bivariate associations of neonatal factors with subsequent infantile spasms among 204 children with acute symptomatic neonatal seizures

Factors

Delivery/ Birth Factors
Apgar score at 1 min
Birth weight (kg)

EEG/ Seizure Factors

No Infantile spasms?,

N =192

4 [2-8]

3.2[2.8-3.6]

Worst background, first day of recording at study center (clinical report)

Normal
Mild/moderately abnormal
Severely abnormal
Electrographic status epilepticus at onset
Seizures (clinical report)
Days with EEG seizures
EEG Seizures on > 3 days
Research interpretation of EEG
Burst suppression OR severe discontinuity
MRI Brain Factors
Deep gray injury (clinical report)
Brainstem injury (clinical report)
Deep gray injury, DWI or T2 (research read)
Brainstem injury, DWI or T2 (research read)
PLIC injury, DWI or T2 (research read)
Subarachnoid abnormality, T1 (research read)
Discharge factors
Age at NICU discharge (days)
Age at hospital discharge (days)
Feeding
No enteral feeds (NPO)
No PO feeds (tube fed)
Some PO feeds (tube top-up)
All PO feeds
Not all PO feeds at discharge
Gastrostomy tube
Tone
Normal
Increased (hypertonic)
Decreased (hypotonic)
Mixed (hyper and hypotonic)
Unknown
Level of consciousness
Normal
Irritable
Depressed
Unresponsive

Not specified/Unknown

18 (9%)
129 (67%)
24 (13%)
21 (11%)

1[1-2]
23 (12%)

53 (28%)

79 (41%)
28 (15%)
67 (35%)
28 (15%)
45 (23%)
31 (16%)

12 [8-22]
13 [9-24]

1(0.5%)
10 (5%)
24 (13%)
157 (82%)
35 (18%)
10 (5%)

139 (72%)
13 (7%)
26 (14%)
3 (2%)

11 (6%)

184 (96%)
1 (0.5%)

1 (0.5%)
0 (0%)

6 3%)

Infantile spasms?,

N=12

1[1-2]
291[24-3.2]

0
3 (25%)
8 (67%)
1 (8%)

2 [1-4]
5 (42%)

8 (67%)

9 (82%)
6 (55%)
10 (83%)
8 (67%)
8 (67%)
5 (42%)

29 [19-43]
29 [20-43]

1(8%)

3 (25%)
3 (25%)
5 (42%)
7 (58%)
3 (25%)

2 (17%)
6 (50%)
2 (17%)
2 (17%)
0 (0%)

9 (75%)
0 (0%)
2 (17%)
0 (0%)
1 (8%)

P-value”

.004
.06

.0003

A1
.01

.007
.03
.004
.001
.0001
.003
.04

.002
.003

.002

.003
.03

.00001

.009

Missing
data (N)

6(:
30

None

None

None
None
14

None
None
None

None

None

None

None

None

None

11

Abbreviations: DWI, diffusion weighted imaging; EEG, electroencephalography; Hosp, hospital; NICU, neonatal intensive care unit; PLIC, posterior limb of the

internal capsule; PO, by mouth.

*All values are N (column percent) or median [interquartile range];

PFisher exact test for categorical variables; Wilcoxon test for continuous variables;

“Infants with unknown 1-min Apgar and unknown weight occurred in the group that did not develop infantile spasms.

Missing in a child with infantile spasms.
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performed as follows: AIC 59.3; adjusted R?0.44; sensitivity
67%, and PPV 57% for all three risk factors present.

A missing value for tone (5% of participants) was as-
signed as normal for the initial analysis, based on our clinical
experience that tone is sometimes not reported if it is normal.
No subjects with missing tone data subsequently developed
infantile spasms. Six infants (54%) with missing tone had the
EEG risk factor (seizures on >3 days or severely abnormal
background) and five (45%) had the imaging risk factor. A
sensitivity analysis using multivariate imputation by chained
equations (mice) indicated similar coefficients and odds ra-
tios, indicating no effect of these missing data on the overall
model (data not shown).

Using the variables selected for the three-variable model,
we stratified individuals into three risk categories: Children
with no risk factors had a very low probability of infantile
spasms (0 of 82, 0%, 95% confidence interval [CI] 0%-4%);
those with one or two factors had a small probability of in-
fantile spasms (4 of 108, 4%, 95% CI 1%-9%); and children

TABLE 3 Neonatal factors not associated with subsequent
infantile spasms (P > .1) among 204 children with acute symptomatic
neonatal seizures

Category Variables

Study/center Study site, setting of seizure onset (ie, ICU,
labor and delivery, well baby nursery, home,
study center vs referral center)

Demographics Sex, ethnicity, race, maternal education,

maternal insurance

Delivery Factors  Gestational age at delivery, 5- and 10-min
Apgar scores, head circumference at birth,

use of hypothermia, age at admission

EEG/ Seizure
Factors

Indication for EEG, subclinical seizures, EEG
seizures on outside EEG, seizure etiology,
seizure burden, research read as a multi-level
categorical variable based on the first 24 h of
EEG recording

NICU Course Anti-seizure medication choice for seizures,
congenital heart defect, congenital
diaphragmatic hernia, ECMO

Discharge data Where discharged (ie, home vs elsewhere),
need for respiratory support, abnormal
reflexes, discharge on anti-seizure

medications

MRI Research review of images: DWI or T2
abnormalities in other locations (occipital,
temporal, frontal, parietal, any cortex); T1
abnormalities in other locations (white matter,
subdural, other); SWI abnormalities in any
location (focal, multifocal, subarachnoid,
subdural, epidural, hemosiderosis, other)

Abbreviations: DWI, diffusion weighted imaging; ECMO, extracorporeal
membrane oxygenation; EEG, electroencephalography; ICU, intensive care unit;
SWI, susceptibility weighted imaging.

Epilepsia-
with all three risk factors had a high probability of infantile
spasms (8 of 14, 57%, 95% CI 29%-83%). Among infants
with infantile spasms (9 of 12), 75% had severely abnormal
EEG or >3 days with seizures recorded on EEG and deep
or brainstem injury on MRI as compared to 16 of 192 (8%)
without infantile spasms (P < .0005).

Selecting a different third variable led to the following risk
stratifications. If, instead of “abnormal tone at discharge,” the
third risk factor was “had a gastrostomy tube at discharge,”
the risk stratification was as follows: no risk factors very low
risk (0 of 88, 0%, 95% CI 0%-4%), one risk factor small risk
(2 of 85, 2%, 95% CI 0.3%-8%), or two or three risk factors
moderate risk (10 of 30, 33%, 95% CI 17%-53%). If the third
risk factor was “not full oral feeds,” the risk stratification was
as follows: no risk factors very low risk (0 of 79, 0%, 95% CI
0%-5%), one risk factor small risk (1 of 81, 1%, 95% CI 0%-
7%), two or three risk factors moderate risk (11 of 44, 25%,
95% CI 13%-40%).

4 | DISCUSSION
In this large, multicenter study of neonates who survived
acute symptomatic seizures, 6% of children developed infan-
tile spasms before age 12 months. Three neonatal risk fac-
tors identified infants with a high risk of infantile spasms:
(a) Severely abnormal neonatal EEG background on the first
day of recording or electrographic seizures on three or more
days of recording; (b) MRI with deep gray or brainstem in-
jury; and (c) abnormal tone on hospital discharge neurologi-
cal examination. None of the infants without these three risk
factors developed infantile spasms, whereas those with one
or two factors had a risk that was similar to the baseline risk
of the cohort. More than half of children with all three risk
factors developed infantile spasms. Of interest, many clinical
variables (eg, demographics, seizure etiology, and duration
of neonatal seizure treatment) were not related to the risk of
infantile spasms.

The rate of infantile spasms in this Neonatal Seizure
Registry cohort is lower than that reported in most prior stud-
ies.>*® This could be due to widespread use of hypothermia
for HIE. A recent study that included 178 infants with HIE
(not necessarily with neonatal seizures) reported ~4% inci-
dence of infantile spasms (95% CI 1.6-7.9). In that study, in-
fants with severe HIE had a very high rate of infantile spasms
(25%) if they did not receive therapeutic hypothermia when
compared with children who did receive therapeutic hypo-
thermia (<5%), although the difference was not significant.25
In addition, the rate of infantile spasms might be influenced
by early initiation of cEEG as per ACNS guidelines26 and
EEG-based treatment of seizures at the Neonatal Seizure
Registry centers (vs clinical diagnosis and treatment of sei-
zures)—both of which may improve speed of treatment and
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reduce seizure burden. Furthermore, including mixed etiol-
ogies of acute symptomatic neonatal seizures and excluding
infants with neonatal-onset epilepsies may have affected the
overall frequency of infantile spasms.

Our findings align with two potential mechanisms by which
neonatal brain injury may lead to infantile spasms. First, our
findings echo prior work implicating severe neonatal brain
injury,27 especially to the brainstem”>*’ or deep gray struc-
as a precursor to the development of post-neona-
tal epilepsy, regardless of the etiology of the injury. This is
somewhat counterintuitive, as epilepsy is often conceptu-
alized as a cortical phenomenon. However, dysfunction in
subcortical structures underlies several other epilepsies, such
as childhood absence epilepsy31 and hypothalamic hamar-
toma.** Thus epileptogenesis after neonatal brain injury may
rely on the development of abnormal networks between deep
and superficial neuronal structures, with injury to the deep
structures as the primary driver of the abnormality.

Second, our model lends credence to the hypothesis that
neonatal seizures are an important risk factor for future epi-
lepsy,7’33 and that seizure burden is an independent predictor
of developmental outcome.** However, the causal relation-
ship between neonatal seizures and post-neonatal epilepsy
remains uncertain. Seizure burden may be a marker of brain
injury severity or may be itself a cause epileptogenic in-
jury. The predictive value of abnormal EEG background for
post-neonatal epilepsy has also been described, 333 partic-
ularly if abnormalities persist at 21 days.37 However, the best
timing of predictive EEG for infantile spasms is not known
and deserves further exploration.

The third variable in the model, muscle tone at discharge,
is novel, although statistically less robust than the variables
related to EEG and MRI. Two other clinical variables—in-
ability to take full oral feeds by the time of neonatal hospital
discharge and placement of gastrostomy tube— performed
similarly. It is unclear if these three variables are merely
markers of brain injury severity or if they carry additional
significance. For example, problems with feeding and abnor-
mal tone may be attributable to brainstem or deep gray in-
jury, although these clinical-anatomical links are not specific.
From a practical standpoint, any of the three clinical vari-
ables may present challenges to uniform assessment. Tone
and other neurological examination findings may depend
on the expertise of the clinician who performs the examina-
tion, and these findings are often incompletely documented.
Gastrostomy-tube placement is rare in the neonatal period,
and practice may vary from center to center, which could
limit the number of high-risk children identified. Finally,
lack of full oral feeds at discharge or transfer may depend on
hospital policies regarding transfer to a community hospital
for convalescence and duration of hospitalization in the acute
care setting. Modeling with these or other clinical variables
would be of interest in validation cohorts.

We note that no demographic variables were associated
with subsequent development of infantile spasms in this
closely followed cohort. Given known demographic dispari-
ties in US pediatric epilepsy care, 03839
associations serves as a baseline for monitoring outcome dis-
parities in future work.

Although early treatment of infantile spasms provides an
opportunity to optimize neurodevelopment and limit later
epilepsy,g'“’13 correct diagnosis and adequate treatment are
often delayed—Dby one week or more in 70% of children, ac-
cording to a recent 1rep01rt.40 Treatment delays have a direct
association with cognitive outcomes, with an estimated drop
in intelligence quotient of eight points attributed to a 1 week
lag in recognition and treatment of infantile spasms. This es-
timated reduction increased to 15 points when the treatment
delay exceeded 8 weeks.*’ These data suggest that family ed-
ucation and close clinical monitoring for children who are
at high risk, such as those identified by our risk prediction
model, may lead to improved outcomes through earlier diag-
nosis and rapid treatment initiation.

Several limitations merit discussion. First, a diagnosis of
infantile spasms was a rare outcome (12 of 204, 6%), which
prevented splitting our cohort into model building and vali-
dation data sets. Second, EEG monitoring, while applied ac-
cording to ACNS criteria, was at the discretion of the treating
physician. Furthermore, monitoring reports and EEG studies
were only reviewed from study center recordings, and some
seizures may have occurred prior to transfer to the study cen-
ter or prior to placement of EEG leads. Third, the timing and
sequences of MRI were not standardized; although all of the
children we present had studies that were of adequate diag-
nostic quality, we opted to include centralized research neuro-
imaging review data in the final models because it improved
the predictive value, the clinical MRI report was missing for
one of the children with infantile spasms, and, in our experi-
ence, relevant data (eg, presence of absence of brainstem in-
jury) are not always available in clinical reports. We suggest
that clinicians who are concerned about infantile spasm risk
inquire with their radiology colleagues if assessment of deep
gray or brainstem injury is not included in a clinical MRI re-
port, and that centers make efforts to standardize neuroradiol-
ogy reads to include this important feature. Fourth, neonatal
seizure treatment was at the discretion of the clinical team
and varied among study sites, although phenobarbital was
by far the most commonly prescribed medication at every
site. Fifth, we recognized the challenges and limitations in
accurately assessing tone based on chart review and suggest
that future studies implement prospective, standardized as-
sessment of tone, as well as additional relevant clinical fac-
tors, particularly time to achieve full oral feeds. Finally, 11
children had missing or uninterpretable MRI data and these
children were excluded from the analysis. Although we do
not know the reasons for failure to obtain MRI (or repeat MRI

the absence of these
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in the case of initial low-quality scan), we speculate that this
may be due to underlying complex medical conditions such
as prematurity and congenital heart disease. Our data high-
light the importance of imaging for counseling families about
risk of infantile spasms.

5 | CONCLUSIONS
Understanding the risk factors for infantile spasms after acute
symptomatic neonatal seizures will facilitate opportunities
for prompt diagnosis and treatment of infantile spasms to
maximize neurodevelopmental potential. Children who sur-
vived acute symptomatic neonatal seizures and had all three
of the following risk factors: (a) severely abnormal neonatal
EEG background on the first day of recording or seizures on
three or more days of recording; (b) MRI with deep gray or
brainstem injury; and (c) abnormal tone on discharge neu-
rological examination had >50% risk of infantile spasms in
our cohort. Although these findings must be replicated in ad-
ditional cohorts, it is likely that children with acute sympto-
matic neonatal seizures and all three risk factors will benefit
from specific counseling about infantile spasms and intensive
neurology follow-up, as well as parent and primary care phy-
sician counseling to facilitate recognition of infantile spasms.
Children with only one or two of these risk factors also re-
quire careful clinical follow-up, as is provided in current
typical clinical practice. However, parents of children with
acute symptomatic neonatal seizures who do not have any
of the risk factors can be reassured that the risk of infantile
spasms is very low.

Identifying children at high risk for infantile spasms is
important for counseling, clinical monitoring, and clinical
trials designed to test novel agents to prevent post-neonatal
epilepsy. Understanding which children are at the highest risk
for infantile spasms is also crucial for future studies designed
to prevent infantile spasms. A high-risk category with a 50%
chance of developing of infantile spasms is attractive for tar-
geted trial design, although large networks like the Neonatal
Seizure Registry will be needed to enroll sufficient numbers
of high-risk children. Future studies will be important to val-
idate these variables and to test the negative predictive value
of the model more robustly in the low risk groups.
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