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Abstract

Background: Seizures are underrecognized in preterm infants, and little is known about their 

impact on brain growth. We aimed to define the association between early seizures and subsequent 

brain growth.

Methods: Infants <30 weeks’ gestation underwent 72h of prospective aEEG monitoring, term-

equivalent age (TEA) MRI, and 2y neurodevelopmental testing.

Seizures were defined as trains of sharp waves >10 seconds, evolving in frequency/amplitude/

morphology, and identified using automated algorithms with manual review.

Using T2-weighted images, cortical surface area (CSA) and gyrification index (GI) were 

calculated and volumes were segmented into five tissue classes: CSF, gray matter, white matter 

(WM), deep nuclear gray matter, and cerebellum. Correlations between total seizure burden and 

tissue-specific volumes were evaluated, controlling for clinical variables of interest.

Results: Ninety-nine infants underwent aEEG/MRI assessments (mean GA=26.3 weeks, 

birthweight=899g). Seizure incidence was 55% with a median of two events; median length=66s 

and mean burden=285s.

Greater seizure burden was associated with smaller CSA and volumes across all tissue types, most 

prominently in WM (R2=−0.603, p<.01), even after controlling for confounders. There was no 

association with GI.
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Conclusion: Seizures in preterm infants are common and associated with smaller TEA brain 

volumes. This relationship was strongest for WM and independent of clinical factors.

INTRODUCTION

Previous investigations of seizures in preterm infants are heterogeneous in cohort 

composition and study design, and estimates of seizure incidence vary. Nevertheless, 

preterm infants are known to have more seizures than term infants (1-3), and a significant 

proportion is subclinical (4). Importantly, there is growing evidence that seizures may 

be associated with adverse neurologic sequelae in this population, including brain injury, 

intellectual impairment, and cerebral palsy (5-8). Although there is significant overlap 

between seizures and preterm brain injury, most notably intraventricular hemorrhage (IVH) 

(6,9-11), a pathophysiological link has not been established. It is possible that the adverse 

outcomes associated with seizures in infants with IVH are a direct result of the seizures, 

but they may also be a consequence of associated brain injury unrelated to seizures and 

occurring during a critical developmental window (12) when the brain is undergoing rapid 

changes in physical size (13-15), gyrification (16,17), and synaptic density (18). While the 

relative contributions of these two mechanisms remain unclear, seizures and/or IVH may 

permanently alter the trajectory of brain growth.

Evaluating potential mechanistic connections between preterm seizures and subsequent 

adverse neurologic consequences is a high priority, as it carries important implications 

for EEG monitoring and seizure treatment in the Neonatal Intensive Care Unit (NICU). 

If seizures are indeed an independent risk factor for adverse brain growth, approaches 

for targeted evaluation and effective management must be developed and implemented. In 

this manuscript, we describe the results from an investigation which aimed to define the 

association between seizure burden during the first 72 hours of life and brain volume, 

cortical surface area, and cortical folding at term equivalent age (TEA) in a cohort of 

very preterm infants (born prior to 30 weeks’ gestation). We also examined the additional 

discriminatory value EEG and volumetric measures bring to the prediction of adverse 

neurodevelopmental outcomes. We hypothesized that early seizures would be associated 

with smaller brain volumes, cortical surface area, and folding at TEA, with varying effects 

according to tissue type.

METHODS

Cohort

Very preterm infants born before 30 completed weeks’ gestation were prospectively 

recruited for a longitudinal cerebral monitoring study between 2008 and 2016. All infants 

were hospitalized in the Neonatal Intensive Care Unit (NICU) at St. Louis Children’s 

Hospital, a level IV NICU serving urban, suburban, and rural populations. Infants were 

excluded if there was a known congenital or genetic anomaly or if the infant did not 

survive to TEA MRI. Detailed clinical and demographic characteristics were collected from 

the medical record, including gestational age, sex, birth weight, Apgar scores at 1 and 

5 minutes, CRIB-II score (19), antenatal steroid exposure, bronchopulmonary dysplasia 

(BPD, defined as supplemental oxygen beyond 36 weeks), postnatal steroid exposure, sepsis 
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(defined as culture positive sepsis), and necrotizing enterocolitis (NEC, defined as Bell stage 

IIA or greater).

aEEG monitoring and seizure classification

All infants underwent continuous two-channel amplitude-integrated EEG (aEEG) recording 

from the time of recruitment through 72 hours of age. All monitoring was performed 

with the BRM3 aEEG monitor (Natus Medical, San Carlos, CA) using hydrogel electrodes 

arranged in the typical C3-P3, C4-P4 montage. As routine EEG/aEEG monitoring is not 

standard of care in this population, and the risk/benefit of seizure treatment has not yet been 

established, the clinical team was blinded to the monitor, and all recordings were archived 

and analyzed after the infant was discharged.

Detection of seizures on a limited-channel montage was enhanced by use of a multimodal 

approach: utilizing an automated seizure detection algorithm, identifying changes in the 

aEEG baseline, and confirmation with the raw EEG. Each recording was initially screened 

by assessing for characteristic changes in the aEEG baseline (sudden change in the upper 

and lower margin of the time-compressed tracing or a “saw tooth” pattern (20)) or for marks 

placed by an automatic seizure detection algorithm. Seizures were confirmed or excluded 

by inspection of the raw EEG at the identified time points. Seizure-like artifactual events, 

such those induced by high-frequency oscillatory ventilation (21), EKG artifact, or muscle 

artifact, were excluded (22). As brief seizures are not well detected by automated algorithms 

or aEEG baseline changes (23,24), the entire raw trace was also manually inspected for 

seizure activity. All EEG studies were scored by a single reviewer (Z.A.V.) with extensive 

experience in reading aEEG recordings of preterm infants.

Seizures were defined in the manner described by Scher et al. (25,26); namely, a series 

of sharp waves at least 10 seconds in length which evolve in frequency, amplitude, and 

morphology and are clearly distinguishable from the background and artifact. Periodic 

epileptiform discharges (5) were not classified as seizures. Cumulative seizure burden and 

average seizure length were recorded.

Neuroimaging

All surviving infants underwent non-contrast brain MRI at TEA. All scans were performed 

using a 3T TIM Trio system (Siemens, Erlangen, Germany) without sedating medications 

using an infant-specific head coil. T2-weighted turbo-spin echo sequence parameters 

included TR 8600 ms, TE 160 ms, and voxel size 1 mm×1 mm×1 mm.

Brain volumes were delineated on native space T2-weighted images. Total and regional 

brain volumes were estimated using the Advanced Normalization Tools (ANTs) pipeline, 

which utilizes registration, bias correction, and tissue segmentation tools to develop 

probabilistic maps of tissue-specific regional volumes, followed by manual editing by a 

single highly experienced rater (D.A.) using ITK-Snap software tools (27,28). Calculated 

volumes consisted of cerebrospinal fluid (CSF), cortical gray matter, white matter (WM), 

deep nuclear gray matter, and cerebellum. Examples of segmented and labeled images are 

shown in Figure 1. Regional brain volumes were evaluated both uncorrected and corrected 

for total intracranial volume (ICV).
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Cortical surface area (CSA) and gyrification index (GI), a measure of cortical folding, were 

generated. The cortex was reconstructed to provide mid-thickness, inflated, flat, spherical, 

and cerebral hull surfaces (29). The gyrification index was calculated as the ratio of the area 

of the mid-thickness cortical surface to the area of the cerebral hull (30). Both measures 

were generated for each hemisphere using the surfaces in the individual's native space after 

alignment along the anterior commissure–posterior commissure axis. For both CSA and GI, 

the average of the left and right hemispheres was used for analysis.

Qualitative assessment of brain injury was performed, including assessment of IVH, white 

matter injury (WMI), and cerebellar hemorrhage (CH). IVH was assessed using screening 

cranial ultrasounds performed in the first month of life as part of routine clinical care and 

classified based on highest grade of injury on either side using the four-grade Papile scale 

(31). WMI was assessed on TEA MRI and qualitatively graded as none, punctate, or cystic. 

CH was also identified as present or absent on TEA MRI. As MRI has superior sensitivity 

for WMI and CH, ultrasound data were not used for identification of either form of injury 

(32-34).

Neurodevelopmental outcome

All surviving infants underwent comprehensive neurodevelopmental testing between 18 and 

24 months’ corrected age using the Bayley Scales of Infant Development, Third Edition 

(35). Composite scores in the cognitive, language, and motor domains were obtained, and 

infants were classified as having moderate impairment if the score in any one of the three 

domains was less than 85 (−1 SD) or severe impairment if the score in any one domain was 

less than 70 (−2 SD).

Statistical approach

Univariate analysis of relevant demographic and clinical variables was performed using 

Fisher’s exact test for categorical variables and the Mann-Whitney U-test for continuous 

variables. Univariate correlation was assessed with Pearson’s correlation coefficient, and 

multivariate linear regression was used to assess the strength of relationship between 

cumulative seizure burden, CSA, GI, and tissue-specific regional brain volume (corrected 

and uncorrected for ICV), controlling for key clinical factors which may independently 

alter brain volumes and/or seizure incidence (gestational age, antenatal steroids, grade of 

IVH, grade of WMI, CH, culture positive sepsis, NEC, BPD, and postnatal steroids). Given 

the potential for non-independence imparted by inclusion of infants of multiple gestations, 

linear mixed-effect modeling was used with family as a random variable, an approach 

previously used in neonatal studies (36,37).

Our group and others have previously examined the relationship between 

neurodevelopmental outcome and preterm seizure burden (3,6) or tissue volumes (15,38,39). 

However, it is likely the each of these measures (seizure burden, volumetric data, clinical 

data) provide non-overlapping information about neurodevelopmental outcome. The additive 

value of regional volumetric data, CSA, and cumulative seizure burden to predict adverse 

neurodevelopmental outcome was assessed using binary logistic regression and area under 

the curve (AUC) analysis.
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Statistical tests were considered significant at p<0.05. All statistical testing was performed 

using R version 4.0.2 (R Foundation for Statistical Computing, Vienna, Austria). The ‘nlme’ 

package was used for mixed effects modeling.

RESULTS

Cohort description

A total of 207 infants were initially recruited for the study, and a total of 99 infants 

met all inclusion criteria, survived to TEA, and had MRI scans of sufficient quality for 

volumetric analysis. For the 108 excluded infants, 32/108 (30%) died prior to MRI, 7/108 

(6%) withdrew from the study, 24/108 (22%) were not available for scan during the term 

equivalent time window (discharged prior to TEA or were not clinically stable to travel 

to the scanner), and 42/108 (39%) had MR imaging of insufficient quality for volumetric 

and surface-based analysis. Excluded infants were more immature (mean GA 25.8 vs. 26.3 

weeks, p<0.01), more often male (64 vs. 47%, p<0.01), and died more often (30% vs. 2%, 

p<0.01). Birthweight and IVH incidence were not statistically different between included 

and excluded infants.

For the 99 included infants, mean gestational age was 26.3±1.8 weeks, mean birthweight 

was 899±234 g, and 54% of infants were female. The median one- and five-minute Apgar 

scores were 4 and 7, respectively. Most infants received antenatal betamethasone (90/99), 

and approximately half (48/99) received a complete two-dose course prior to delivery. As 

survival to TEA was an inclusion criterion, death was a rare event, occurring only twice in 

the cohort. A complete summary of clinical and demographic factors can be found in Table 

1.

Brain injury outcomes

All infants included in the study cohort had high-quality (i.e., low motion) MRI scans, with 

a median postmenstrual age (PMA) at scan of 38 weeks (range 35-42 weeks). The first 

screening head ultrasound was performed at a median age of 1 day (range 0-12 days) and 

IVH was first diagnosed at a median age of 3 days (range 0-10 days). The incidence of IVH 

was comparable to other published studies of VLBW infants, with IVH of any grade in 29% 

of infants and grade III/IV IVH in 9% of infants. WMI was identified in 24% (24/99) of 

infants, one-third (7/24) of which was cystic. CH was noted in a similar proportion, with 

identification in 23% (23/99) of infants.

Seizure outcomes

The median duration of aEEG recording was 70 hours. At least one seizure was detected 

in 55% of infants and infants had a median of two seizure events. The median length of 

individual seizures was 66 seconds (range 10-318 seconds) and mean cumulative seizure 

burden was 285 seconds (range 0-4425 seconds). Of note, no infants were identified 

clinically as having seizures; they were all identified only by electrographic means. As 

the recordings were not evaluated until after discharge, no infants received anti-epileptic 

medications for early seizures. Although none of the infants in this study had additional 

prospective EEG monitoring, three infants were suspected to have clinical seizures later in 
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their hospital course. None of these events were confirmed to be electrographic seizures on 

subsequent EEG monitoring.

Brain injury of any type or severity was associated with an increased mean cumulative 

seizure burden (408 seconds vs. 173 seconds, p=0.04). There was no association between 

cumulative seizure burden and culture positive sepsis, NEC, or BPD.

Volumetric analysis

The mean total cerebral volume was 280±37 mL and mean CSF volume was 111±22 mL. 

Tissue-specific mean volumes can be found in Table 2.

Increasing seizure burden was associated with smaller volumes across all tissue types, most 

prominently in the WM (R2= −0.603, p<.01; Figure 2 and Table 2). In linear mixed-effects 

modeling, the association between cumulative seizure burden and each tissue type volume 

remained significant even when controlling for gestational age, antenatal steroids, brain 

injury, NEC, culture positive sepsis, BPD, postnatal steroid exposure, and multiple gestation 

(p<0.01). The strength of association was strongest for WM (t= −6.34) but was significant 

for all tissue classes (gray matter t= −2.89, deep nuclear gray matter t= −3.91, cerebellum 

t= −3.41). Substituting CRIB score for gestational age (to account for severity of illness) did 

not change the outcomes, likely because of the high degree of collinearity between the two 

values (R2=−0.91).

In addition to smaller volumes across tissue types, there was a notable association between 

greater seizure burden, smaller total intracranial volume, and greater CSF volume. When 

correcting for total intracranial volume, WM and CSF volumes remained significantly 

associated with cumulative seizure burden (Table 3).

Cortical surface measures

CSA and GI measures were generated for all 99 infants. The mean CSA was 257±38 cm2 

and mean GI was 1.79±0.12, consistent with previously published reports. Smaller mean 

CSA was associated was increasing cumulative seizure burden, even after correcting for 

gestational age, antenatal steroids, brain injury, NEC, BPD, culture positive sepsis, postnatal 

steroid exposure, and multiple gestation (t= −3.71, p<0.01). There was no association 

between mean GI and cumulative seizure burden (t= −1.46, p=0.14). There were no notable 

differences in association between left and right measures of CSA or GI. A summary of all 

models is shown in Supplemental Table 1.

Neurodevelopmental outcomes

As two infants died after TEA but before neurodevelopmental testing, 97 infants were 

eligible for follow-up at age 18 to 24 months. Eighty-two of these infants returned 

for neurodevelopmental testing, for a follow-up rate of 85%. The median cognitive, 

language, and motor composite scores were 85, 89, and 85, respectively. Most infants were 

identified as having moderate impairment (52/82, 63%), while a smaller number had severe 

impairment (12/82, 15%; Supplemental Table 2). A baseline model consisting of standard 

clinical variables (gestational age, antenatal steroids, presence of brain injury, NEC, BPD, 
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sepsis, and postnatal steroids) was moderately predictive of severe outcome with an AUC of 

0.787. Incorporation of regional MRI volumes and cumulative seizure burden in the model 

increased the strength of the prediction, reflected as higher AUC values of 0.865 and 0.878, 

respectively.

DISCUSSION

These results demonstrate an association between TEA brain volumes, average CSA, and 

cumulative seizure burden as measured by two-channel EEG in the first 72 hours following 

birth in preterm infants. This association remains significant even when controlling for 

other clinical factors which might alter seizure incidence or brain development, including 

gestational age, antenatal steroid exposure, and all three common forms of preterm brain 

injury (i.e., IVH, WMI, CH). There was no significant association between seizure burden 

and GI. While cumulative seizure burden was associated with smaller volumes across all 

tissue types at TEA, it was most strongly linked with smaller WM volumes.

Consistent with other limited-channel EEG studies, we noted a high incidence (55%) 

of seizures which were exclusively without clinical correlate. Other prospective studies 

have reported similar frequencies of electrographic seizures identified using aEEG in this 

population, with rates between 22 and 63% (5,6,9). This high incidence of subclinical 

seizures across cohorts highlights the necessity of prospective monitoring to measure 

seizure incidence in this population, and it is clear that reliance on clinical detection 

alone will lead to significant underreporting (2,40). As is common in investigations of 

low birthweight infants, rates of brain injury across these studies were also high, with 

neuroimaging abnormalities detected in approximately 40% of infants. While this injury 

might independently drive risk for seizures or alter trajectories of brain growth, in this study, 

relationships between seizure burden and brain volumes remain significant across tissue 

types even when controlling for these factors.

Brain injury in preterm infants is complex and appears to be caused by a variety of 

dysmaturational disturbances that affect both white and gray matter, a condition sometimes 

referred to as encephalopathy of prematurity (4). It is interesting that WM volumes were 

most strongly associated with seizure burden, as the WM is particularly vulnerable at this 

developmental stage (41-43). It should also be noted that the distinction between WM and 

gray matter is somewhat arbitrary, as virtually all axons have their origin and termination 

in gray matter. Thus, injury to one tissue type would be expected to affect the other. This 

destruction-development link in gray and white matter is further supported by an autopsy 

series in which WMI was associated with thalamic and cortical gray matter atrophy (44,45).

The role of seizures in this process is not clear, though seizures have been implicated as a 

possible cause of brain injury in human and animal models (46). Miller et al. demonstrated 

abnormal cerebral metabolism and evidence of neuronal injury in proportion to seizure 

burden in a cohort of infants with perinatal asphyxia (47). Similarly, epilepsy has previously 

been implicated in microstructural WM changes (48). Further, preclinical studies support a 

significant deleterious impact of seizures on synaptogenesis (49,50), dendritic proliferation 

(51), and myelination (52), all processes that are active during the third trimester of 
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gestation, a period when very preterm infants are confined to the NICU. Thus, though we 

have shown an association between seizures and brain volumes and not cause and effect, it is 

plausible that seizures play an active role in causing injury that independently reduces brain 

volumes.

Importantly, defining seizures in neonates has been a consistent challenge across 

investigations, even more so in preterm infants who also display electrographic events 

termed “periodic epileptiform discharges” or PEDs on aEEG. PEDs are characterized by 

alternating sharp-slow waves with a periodicity of 0.5 to 4 seconds but, unlike classic ictal 

discharges, do not evolve with respect to time or location (5). PEDs were initially described 

in adults and older infants and are strongly associated with later epilepsy and poor outcome 

(53,54). For preterm infants, however, PEDs have not been associated with brain injury or 

poor cognitive outcome (5). Consistent with previous studies, PEDs were not classified as 

seizures in this investigation.

As shown in this analysis, models which incorporate information from a variety of 

modalities provide a more complete and accurate picture of future neurodevelopmental 

outcome than factors from a single domain. The stressors found in the NICU affect the 

brain on many scales, from micro- to macrostructural levels. Capturing each element of 

risk is essential for the most comprehensive view. While clinical variables alone provide 

a moderate level of accuracy, the incremental improvement in AUC after the addition 

of regional MRI volumes and cumulative seizure burden indicate that there is additional 

predictive value added by these variables.

As the association between preterm seizure burden, brain injury, and morbidity becomes 

increasingly clear (2), there is a developing urgency to understand the role of medications 

in treating seizures and improving outcomes. Limited existing data suggest that a reduction 

in seizure burden by treatment with phenobarbital may modify brain injury risk in preterm 

infants (55). However, caution should be urged at this juncture as the data on antiepileptic 

medications in the preterm population are limited and primarily retrospective in nature. 

This concern is further highlighted by the neurodevelopmental risks associated with use 

of antiepileptic drugs in neonates (56), specifically phenobarbital (57,58), the conventional 

first-line seizure treatment. While phenobarbital remains the most commonly used treatment 

(2,59), treatment failure rates as high as 63% have been reported (2). Further, in a 

retrospective study with limited follow-up and in which seizure burden was not accounted 

for, phenobarbital was associated with decreased cognitive scores at two years (60). 

Levetiracetam has also been explored as an alternative agent with fewer neurodevelopmental 

side effects (61,62), but there is concerning data about lack of efficacy (63). To reach a 

consensus regarding seizure treatment in preterm infants, randomized controlled trials of the 

effect of treatment on neurodevelopmental outcome are clearly needed.

There are several limitations of this study. First, although seizures were identified using 

a robust approach (aEEG baseline evaluation, algorithmic detection, confirmation on raw 

EEG, manual second-by-second review), seizure detection may have been further enhanced 

by use of conventional EEG, which provides more complete coverage of the cortex. Second, 

EEG recordings were made only during the first 72 hours of life in this study. Although a 
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consensus is beginning to emerge that seizures are more common than previously thought 

and vastly underrecognized in preterm infants, the true burden of seizures, which can occur 

over weeks, remains unknown. Third, although each included infant has robust clinical and 

imaging data, the study design necessarily requires survival to term-corrected age, resulting 

in the unavoidable exclusion of roughly half of the originally enrolled infants. Fourth, rates 

of injury in this cohort are significant, although not entirely surprising given the significant 

degree of prematurity. Finally, each infant underwent a single MRI at TEA. While this 

provides valuable insight into the final volume of each tissue type, longitudinal data would 

provide a better understanding of the altered trajectories of brain growth in this cohort.

Conclusions

This study provides indirect evidence of the deleterious impact of seizures on brain 

development, with a strong association noted between cumulative seizure burden and 

brain tissue volumes. While IVH, CH, and WMI remain important causes of subsequent 

neurodevelopmental impairment, seizures may drive deleterious neuropathological effects 

independent of macro-scale anatomic injury. Improving the quality and accuracy of outcome 

prediction is a high-priority goal in clinical care. The iterative improvement in model 

accuracy, as demonstrated by the increase in AUC from 0.783 to 0.878 after the inclusion of 

volumetric and seizure burden data, suggests that each of these measures provides additive, 

non-overlapping information about risk for subsequent neurodevelopmental impairment.

This finding has important potential implications for the evaluation and treatment of 

preterm seizures. Currently, there is a paucity of evidence to support routine prospective 

EEG monitoring for subclinical seizures in asymptomatic preterm patients or treatment 

of seizures if detected, particularly given the potential for harmful side effects (64) and 

unclear efficacy (65) of antiepileptic medication use. Based upon these results, future 

studies remain necessary which include longitudinal EEG monitoring to evaluate the seizure 

burden outside of the first 72 hours of life, comparison of the utility of conventional versus 

amplitude-integrated EEG (specifically if the tradeoff of decreased seizure detection is offset 

by better tolerance of electrodes), further solidification of seizure definitions (including 

PEDs) tailored to the preterm population, and, ultimately, a randomized controlled trial 

of treatment versus no treatment to determine if seizure treatment in very preterm infants 

improves brain development and long-term neurodevelopmental outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Impact:

1. Seizures in preterm infants are common

2. Little is known about the association between early seizures and later brain 

growth

3. Greater seizure burden is linked with smaller volumes of all brain tissue 

types, most prominently the white matter

4. This relationship is true even controlling for other factors

5. Additional study is needed to identify the optimal EEG monitoring and 

seizure treatment strategy for improved brain growth and neurodevelopmental 

outcomes.
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Figure 1: 
Fully segmented and labeled brains are shown with two slices in the coronal plane. CSF is 

shown in pink, cortical gray matter in green, white matter in blue, deep nuclear gray matter 

in yellow, and cerebellum in cyan. Infant A had 14 electrographic seizures, each lasting 

approximately 100 seconds each. Total white matter volume was 114.6 mL. In comparison, 

infant B had no detected seizures and had a total white matter volume of 160.2 mL.
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Figure 2: 
Correlation plots for each of the four tissue types in relation to cumulative seizure burden. 

The line of best fit is shown. Note a significant outlier infant with a very high seizure 

burden.
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Table 1.

Demographic and clinical factors

Sample (n=99)

Clinical factors

Gestational age, mean (SD), weeks 26.3 (1.8)

Birth weight, mean (SD), grams 899.2 (234.2)

Multiple gestation, n (%) 23 (23)

Female sex, n (%) 53 (54)

Apgar score, median (range)

 1 minute 4 (0-9)

 5 minutes 7 (0-9)

CRIB-II score, median (range) 10 (2-17)

Antenatal steroids, n (%)

 Any doses 90 (91)

 Complete course 48 (49)

Postnatal steroids, n (%) 20 (20)

BPD
a
, n (%)

66 (67)

Culture positive sepsis, n (%) 14 (14)

Necrotizing enterocolitis
b
, n (%)

8 (8)

Died, n (%) 2 (2)

Brain injury

Highest grade of IVH, n (%)

 Any grade 29 (29)

 Grade III/IV 9 (9)

White matter injury, n (%)

 None 75 (76)

 Punctate 17 (23)

 Cystic 7 (7)

Cerebellar hemorrhage, n (%) 23 (23)

Early and late seizure outcomes 
c 

Early seizure incidence, n (%) 54 (55)

Number of early seizure events, median (range) 1 (0-28)

Early seizure event length, mean (SD), seconds 82 (79)

Cumulative early seizure burden, mean (SD), seconds 285 (644)

Late clinical seizure incidence, n (%) 3 (3)

a
defined as need for supplemental oxygen after 36 weeks PMA

b
Bell stage IIA or greater

c
early seizures defined as those within 72 hours of birth, late seizures are those past 72 hours.
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Table 2.

Descriptive and univariate analysis for regional volumes

Volume Volume
mean (SD), mL

Association with Cumulative
Seizure Burden, R2 p Value

Cerebrospinal fluid 111.0 (21.8) 0.310 <0.01

Gray matter 110.2 (21.1) −0.274 0.01

White matter 130.1 (16.4) −0.603 <0.01

Deep nuclear gray matter 22.46 (2.6) −0.403 <0.01

Cerebellum 17.3 (3.3) −0.375 <0.01

Total brain 280.0 (36.6) −0.491 <0.01
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Table 3.

Multivariate modeling of regional volume by cumulative seizure burden

Regional Volume Name Uncorrected,
t Value

Uncorrected,
p Value

Corrected,
t Value

Corrected,
p Value

CSF −2.51 0.01 3.52 <0.01

Gray Matter −2.89 <0.01 0.55 0.59

White Matter −6.34 <0.01 −2.10 0.03

Deep Nuclear Gray Matter −3.91 <0.01 −0.93 0.38

Cerebellum −3.41 <0.01 −0.49 0.63

Values provide for volumes uncorrected and corrected for total intracranial volume. All models adjusted for gestational age, antenatal steroids, 
WMI severity, IVH severity, presence of CH, necrotizing enterocolitis, culture positive sepsis, BPD, and postnatal steroid exposure.
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