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Altered neonatal white and gray matter microstructure is
associated with neurodevelopmental impairments in very
preterm infants with high-grade brain injury

Rachel E. Lean
David D. LimbrickJr.>> and Christopher D. Smyser**>

', Rowland H. Han? Tara A. Smyser’, Jeanette K. Kenley?, Joshua S. Shimony*, Cynthia E. Rogers'~,

BACKGROUND: This study examines relationships between neonatal white and gray matter microstructure and neurodevelopment
in very preterm (VPT) infants (<30 weeks gestation) with high-grade brain injury (B).

METHODS: Term-equivalent diffusion tensor magnetic resonance imaging data were obtained in 32 VPT infants with high-grade BI
spanning grade Ill/IV intraventricular hemorrhage, post-hemorrhagic hydrocephalus (PHH), and cystic periventricular leukomalacia
(Bl group); 69 VPT infants without high-grade injury (VPT group); and 55 term-born infants. The Bayley-lll assessed
neurodevelopmental outcomes at age 2 years.

RESULTS: Bl infants had lower fractional anisotropy (FA) in the posterior limb of the internal capsule (PLIC), cingulum, and corpus
callosum, and higher mean diffusivity (MD) in the optic radiations and cingulum than VPT infants. PHH was associated with higher
MD in the optic radiations and left PLIC, and higher FA in the right caudate. For Bl infants, higher MD in the right optic radiation and
lower FA in the right cingulum, PLIC, and corpus callosum were related to motor impairments.

CONCLUSIONS: Bl infants demonstrated altered white and gray matter microstructure in regions affected by injury in a manner
dependent upon injury type. PHH infants demonstrated the greatest impairments. Aberrant white matter microstructure was

related to motor impairment in Bl infants.
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INTRODUCTION
Premature birth remains a major public health problem in the
United States, with rates ranging from 9.6 to 10.4% over the past
decade.! Due to advances in antenatal and neonatal care, greater
numbers of preterm infants born at earlier gestational ages are
surviving to hospital discharge. Despite these improvements, rates
of common forms of perinatal brain injury (BI), including
intraventricular hemorrhage (IVH), post-hemorrhagic hydrocepha-
lus (PHH), and cystic periventricular leukomalacia (cPVL), remain
high among preterm survivors.>® Neurological and neurodevelop-
mental outcomes for preterm infants with these common forms of
Bl remain among the worst in newborn medicine, with impair-
ment rates as high as 85% across cognitive, language, and motor
domains.>™

Prior work utilizing conventional magnetic resonance imaging
(MRI) has shown that perinatal Bl alters cerebral white and gray
matter development.® Diffusion tensor imaging (DTI), which
measures the three-dimensional movements of water molecules
to evaluate microstructural tissue properties, has been successfully
used to delineate the effects of both prematurity and perinatal BI
on the microstructural development of white and gray matter in
very preterm (VPT) infants (born <32 weeks gestation).” '°
Alterations in mean diffusivity (MD) and fractional anisotropy
(FA) in the optic radiations, corpus callosum, and cingulum bundle

have been reported in VPT infants with brain hemorrhage and/or
ventricular enlargement.'’™'® However, most prior studies have
included only small numbers (6-15%) of preterm infants with
high-grade BI.”'""'21%1317 These investigations have also focused
on individual forms of Bl in isolation to other common types,
precluding the ability to examine microstructrual abnormalities
uniquely associated with IVH, PHH, and cPVL>""'? Further, the
extant literature has centered on white matter development, with
few studies including DTl measures of subcortical gray matter
microstructural development.”? Thus, the manner and extent that
high-grade BI alters both white and gray matter microstructure
remains undefined, highlighting the need for a prospective study
of a selectively recruited cohort of infants with BI.

Findings from longitudinal studies utilizing DTl suggest that
alterations in neonatal white matter microstructure may underlie
the high rates of neurodevelopmental impairment in VPT infants.
Aberrant measures of MD and/or FA in the cingulum, corpus
callosum, posterior limb of the internal capsule (PLIC), and optic
radiations have been linked to poorer cognitive, language, motor,
and socio-emotional abilities in preterm children from early
childhood through school age.'®'*'” However, there is a paucity
of studies focusing on associations between white and gray
matter microstructure and neurodevelopmental impairments
among VPT infants with high-grade BIl. One study of VPT infants
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Table 1. Infant clinical and social background characteristics of the sample

Variable FT (n=55) VPT (n =69) Bl (n=32) P value
Gestational age at birth (weeks), m (SD) 39.00 (1.3) 26.72 (1.7) 25.72 (2.1) <.007%**
Birthweight (g), m (SD) 3236.84 (469.9) 944.44 (254.3) 915.38 (250.3) <.007***
Multiple birth, % (n) - 319 (22) 9.4 (3) .02
Male, % (n) 49.1 (27) 40.6 (28) 59.4 (19) .20
African American, % (n) 74.5 (41) 39.1 (27) 37.5(12) <.007***
Intrauterine growth restriction, % (n) - 7.2 (5) 3.1(1) 42

Did not receive antenatal steroids, % (n) - 5.8 (4) 21.9 (7) .02%
Received postnatal steroids, % (n) - 13.0 (9) 12.5 (4) 94
Oxygen at 36 weeks, % (n) - 49.3 (34) 75.0 (24) .02*
Patent ductus arteriosus, % (n) - 40.6 (28) 28.1 (9) .23
Retinopathy of prematurity, % (n) - 15.9 (11) 25.0 (8) .28
Necrotizing enterocolitis, % (n) - 5.8 (4) 28.1 (9) .002**
Confirmed sepsis, % (n) - 26.1 (18) 46.9 (15) .04*
Infant medical propensity score, m (SD) 0.0 (0.0) 0.25 (0.14) 0.47 (0.28) <.007%**
High-grade brain injury, % (n)

IVH grade llI/IV - - 46.9 (15)

IVH grade lll/IV with surgical treatment (PHH) — - 31.3 (10)

cPVL - - 219 (7) -
High-grade brain injury laterality, % (n)

Bilateral - - 84.3 (27)

Left hemisphere - - 12.5 (4)

Right hemisphere - - 3.1 (1) -
Postmenstrual age at scan, mean (SD) 39.04 (1.2) 37.67 (1.5) 38.41 (1.6) <.0071%**
Note: Factors that contributed to the medical risk propensity score: oxygen at 36 weeks, patent ductus arteriosus, necrotizing enterocolitis, and did not receive
antenatal steroids
FT full-term, VPT very preterm, Bl brain injury, IVH intraventricular hemorrhage, PHH post-hemorrhagic hydrocephalus, cPVL cystic periventricular leukomalacia
*p < 0.05; **p <0.01; **p < 0.001

examined the extent that microstructural development of
subcortical gray matter from birth to term-equivalent age in
infants with high-grade injury (spanning severe white matter
lesions, IVH, and ventriculomegaly) was associated with neurode-
velopmental impairments.” This investigation found that slower
increases in FA of the caudate, lentiform nuclei, and thalamus
from birth to term-equivalent age were associated with poorer
motor and cognitive outcomes at age 18 months, an association
independent of the effects of white matter lesions and IVH.
However, Chau and colleagues et al.” examined the caudate,
lentiform nuclei, and thalamus as a single region of interest (ROI),
precluding the study of region-specific associations between BI
and neurodevelopmental outcomes.

This prospective study examines associations between high-
grade Bl on white and gray matter microstructural development
by comparing VPT infants with grades Ill/IV IVH, PHH, and cPVL to
both VPT infants without Bl and term-born control infants across
DTI ROIl. We also examine the extent that the independent and
joint effects of Bl and altered white and gray matter micro-
structure increase risks of adverse neurodevelopmental outcomes
at age 2 years. We hypothesized that: (1) white and gray matter
regions in proximity to areas most prominently affected by injury
(corpus callosum, cingulum bundles, optic radiations, thalamus,
lentiform nucleus) would show the greatest microstructural
alterations; (2) microstructural alterations related to Bl would be
distinct and more severe than those resulting from prematurity
alone, with differences based upon injury type; and (3) MD and FA
in white and gray matter regions at term-equivalent age would be
associated with neurodevelopmental outcomes of VPT infants
with Bl at age 2 years.

SPRINGERNATURE

METHODS

Sample

This prospective, longitudinal study utilized data from three infant
cohorts (Table 1). The first group consisted of 32 VPT infants
(<30 weeks gestation) with common patterns of high-grade
perinatal Bl known to place infants at increased risk for adverse
neurodevelopmental outcomes. These infants were prospectively
recruited from a large regional level lll neonatal intensive care unit
(NICU) and selected for study enroliment based upon evidence of
common forms of BI, including Papile grade ll/IV IVH,'® PHH (IVH
requiring subsequent neurosurgical treatment for hydrocephalus
based upon frontal-occipital ratio =0.55 on ultrasound (US) or
magnetic resonance imaging (MRI), progressive increase in
occipitofrontal circumference, splaying of the sagittal suture >2
mm in the mid-parietal region, and palpation of the anterior
fontanelle above the level of the surrounding bone),'® or cystic
white matter lesions, on cranial US within the first month of life.
Given their comparable high-risk neurodevelopmental profile,>™
VPT infants with grade IlI/IV IVH (n = 15), PHH (n =10), and cPVL
(n=7) were analyzed together as a single Bl group. The vast
majority of Bl infants (13/15 grade IlI/IV IVH infants, 10/10 PHH
infants, and 4/7 cPVL infants) had bilateral patterns of high-grade
injury across left and right brain hemispheres.

The second group included 69 VPT infants recruited from the
same level Il NICU as the Bl group. These VPT infants did not have
high-grade injury either on cranial US or term-equivalent MRI. The
third group included 55 full-term (FT) singleton control infants
(38-42 weeks gestation) who were recruited from an adjoining
maternity hospital. Exclusion criteria across all groups included
parent unable to give informed consent, chromosomal
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Frontal

Region of interest (ROI) placed on magnetic resonance imaging (MRI) scans at term-equivalent postmenstrual age. This figure

demonstrates overall placement of ROIs placed on the MRI scans of full-term infants (a), very preterm infants with no high-grade brain injury
(b), and very preterm infants with high-grade intraventricular hemorrhage (c), post-hemorrhagic hydrocephalus (d), and cystic periventricular
leukomalacia (e). ROIs, denoted by black circles, were placed in the optic radiations (OR), subcortical gray matter (GM), anterior (ALIC) and
posterior (PLIC) limbs of the internal capsule, frontal white matter, corpus callosum (CC), cingulum bundle (CB), and centrum semiovale (CSOV)

abnormalities, and/or proven congenital infections (e.g., cytome-
galovirus, toxoplasma, rubella). Additional exclusion criteria for the
FT group included acidosis (pH < 7.20) on umbilical cord or arterial
blood gas assessed during the first hour of life and evidence of in
utero illicit substance exposure. Parents provided informed
written consent for all infants. All procedures were approved by
the Washington University Human Research Protection Office.

Imaging protocol

Bl and VPT infants underwent an MRI scan at/near-term-equivalent
age (35-43 weeks postmenstrual age (PMA)) based upon clinical
status. FT infants were scanned within the first 4 days of life. All
infants were prepared and transported to the scanner using
institutional neonatal imaging guidelines. Infants were imaged
without sedation during natural sleep or while resting quietly. For
all infants, images were acquired using a 3T Siemens TIM Trio
system (Erlangen, Germany) using an infant-specific, quadrature
head coil (Advanced Imaging Research, Cleveland, OH, USA). DTI
data were collected using a diffusion-weighted sequence [TR
(repetition time) 13,300 ms, TE (echo time) 112ms, 1266 Hz/Px
bandwidth, 128 mm field of view, 1.2x 1.2 x 1.2 mm? voxels, 48
b-directions with amplitudes ranging from 0 to 1200 s/mm?].

Diffusion processing

The diffusion signal attenuation curve was modeled as a
monoexponential function plus a constant. Diffusion parameters
were estimated using Bayesian Probability Theory. Maps of FA,
MD, radial diffusivity (RD), and axial diffusivity (AD) were
generated. ROIs were manually placed in white and gray matter
regions in native space using FA, RD, and color maps to identify
anatomical structures by single raters. ROl placement was
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reviewed by a pediatric neuroradiologist (J.5.S.). A second rater
placed ROIs on an overlapping subset of MRI subjects (10%) to
ensure reproducibility of ROl placement. Overall mean inter-rater
reliability was 0.91 for MD and 0.88 for FA (range: 0.70-0.99)."°
Mean inter-rater reliability was also high and similar across each of
the study groups: 0.92 for MD and 0.88 for FA (range: 0.70-0.97) in
the FT group, 0.88 for MD and 0.87 for FA (range: 0.70-0.99) in the
VPT group, and 0.93 for MD and 0.89 for FA (range: 0.70-0.99)
across the Bl groups. Bilateral ROIs were placed in the anterior
limb of the internal capsule (ALIC), PLIC, optic radiations,
cingulum, centrum semiovale, frontal lobe, corpus callosum,
caudate nucleus, lentiform nucleus, and thalamus (Fig. 1). Tracings
for each region were placed on three contiguous axial slices in
order to minimize through-slice partial volume averaging. ROIls
were sampled using the ANALYZE 10.0 software (AnalyzeDirect,
Biomedical Imaging Resource at Mayo Clinic, Rochester, MN, USA)
in combination with laboratory-written scripts.'""'?

Clinical variables

Infant clinical information was prospectively collected from infant
medical records. A medical risk propensity score was calculated
using a forwards conditional logistic regression procedure to
weigh medical factors for VPT and Bl infants. Based upon prior
literature,>'®"” ten medical factors were included as independent
variables: intrauterine growth restriction (>2 SD below the mean),
oxygen therapy at 36 weeks, maternal antenatal steroids not
administered, postnatal steroids administered, necrotizing enter-
ocolitis, patent ductus arteriosus requiring medical treatment with
indomethacin or ibuprofen, retinopathy of prematurity, culture-
positive sepsis, >3SD decrease in weight-for-height/length
standard deviation score from birth to term-equivalent MRI, and
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Table 2. Comparison of diffusion parameters in white matter regions between FT, VPT, and Bl infants
Parameter Region? Estimated marginal mean (95% confidence intervals)® VPT vs. BI
FT (n=55) VPT (n=69) Bl (h=32)
FA L ALIC*** 0.33 (.31-.35) 0.28 (.27-.30)*** 0.27 (.24-.29)***
R ALIC** 0.34 (.32-.36) 0.30 (.28-31)* 0.27 (.25-.30)**
L PLIC*** 0.47 (.46-.49) 0.46 (.45-.47) 0.43 (41-.45)** ¥
R PLIC*** 0.48 (.46-.50) 0.46 (.46-.47) 0.42 (.40-.44)** **
L OPRA 0.32 (.30-.34) 0.31 (.30-.33) 0.30 (.28-.32)
R OPRA 0.32 (.30-.33) 0.32 (.31-.33) 0.31 (.29-.33)
L CNBD** 0.31 (.30-.33) 0.30 (.30-.31) 0.28 (.26-.29)* *
R CNBD*** 0.30 (.28-.31) 0.30 (.29-.30) 0.26 (.24-.28)* *ax
L CSOV*** 0.23 (21-.24) 0.15 (.14-17)*** 0.16 (.14-.18)***
R CSOV*** 0.21 (.20-.23) 0.15 (.14-16)*** 0.17 (.15-.19)**
L FRNT 0.14 (.13-.16) 0.14 (.13-.14) 0.12 (.11-.14)
R FRNT 0.14 (.13-.16) 0.13 (.13-.14) 0.13 (.11-.14)
CCr** 0.51 (.48-.54) 0.44 (42-.46)** 0.36 (.32-.40)*** *rx
MD L ALIC 1.37 (1.34-1.40) 1.37 (1.35-1.39) 1.38 (1.34-1.41)
R ALIC 1.37 (1.35-1.40) 1.36 (1.35-1.38) 1.35 (1.32-1.39)
L PLIC 1.25 (1.23-1.28) 1.22 (1.20-1.24) 1.23 (1.21-1.26)
R PLIC* 1.23 (1.21-1.26) 1.20 (1.19-1.22) 1.23 (1.21-1.26)
L OPRA** 1.50 (1.45-1.54) 1.57 (1.53-1.60) 1.65 (1.59-1.70)** *
R OPRA** 1.50 (1.45-1.54) 1.54 (1.51-1.57) 1.62 (1.57-1.67)** **
L CNBD* 1.42 (1.39-1.45) 1.45 (1.43-1.47) 1.49 (1.46-1.53)* *
R CNBD** 1.42 (1.39-1.44) 1.46 (1.44-1.48) 1.51 (1.48-1.55)*** *
L CSOV*** 1.44 (1.39-1.49) 1.70 (1.67-1.74)*** 1.61 (1.55-1.68)*** *
R CSOV*** 1.43 (1.38-1.48) 1.71 (1.67-1.74)*** 1.61 (1.55-1.67)*** **
L FRNT 1.66 (1.62-1.71) 1.69 (1.66-1.73) 1.71 (1.66-1.76)
R FRNT 1.67 (1.62-1.72) 1.70 (1.67-1.74) 1.71 (1.65-1.76)
CcC 1.60 (1.49-1.71) 1.69 (1.62-1.77) 1.79 (1.65-1.93)
Note. Models adjusted for postmenstrual age at scan, medical risk propensity score and race. General linear models performed with embedded Bonferroni
;(T)rfruelT-ttl::‘m, Bl brain injury, VPT very preterm, FA fractional anisotropy, MD mean diffusivity, ALIC anterior limb of the internal capsule, PLIC posterior limb of the
internal capsule, OPRA optic radiations, CNBD cingulum, CSOV centrum semiovale, FRNT frontal lobe, CC corpus callosum, L left, R right
*p <0.05; **p <0.01; **p < 0.001
°F statistic in analysis of variance
Ppairwise comparisons with FT infants
“Pairwise comparisons between VPT and Bl infants

>75th percentile for length of total parenteral nutrition. Factors
that significantly contributed to the propensity score for VPT and
Bl infants included oxygen therapy at 36 weeks (p =.01), patent
ductus arteriosus (p =.03), necrotizing enterocolitis (p =.02), and
not receiving maternal antenatal steroids (p = .04).

Neurodevelopmental outcomes at corrected age 2 years
Neurodevelopmental outcomes were assessed at corrected age 2
years by a psychometrician blind to children’s birth group and
injury status using the Bayley Scales of Infant and Toddler
Development, 3rd Edition (Bayley-lll).2° The Bayley-lll provides
standardized cognitive, language, and motor composite scores (m
=100, SD = 15), with higher scores indicating better neurodeve-
lopmental functioning.”® Delay was defined using a standardized
composite score <85.2" Bayley-lll data was obtained for 27 BI
(84%) and 59 VPT (86%) infants. Reasons for missing Bayley-lll data
included withdrew from study (VPT = 2), unable to contact family
(BI=1, VPT=7), and failed to attend scheduled testing (Bl =4,
VPT=1).

SPRINGERNATURE

Statistical analysis

Microstructural alterations in white and gray matter ROI: Statistical
analyses were performed using SPSS version 25 (IBM Corporation,
Armonk, NY, USA). Associations between preterm birth and Bl on
white and gray matter ROIs were examined using general linear
models. Group (BI, VPT, FT) was used as the independent variable
and DTl measures as the dependent variables. PMA at scan, race,
and medical risk propensity score were included as covariate
factors in all DTl analyses. Models were fitted separately for white
(i.e, ALIC, PLIC, optic radiations, cingulum, centrum semiovale,
frontal lobe, and corpus callosum) and gray (i.e, caudate,
thalamus, and lentiform nucleus) matter regions across diffusion
measures (i.e., FA, MD, AD, and RD). Adjusted means and 95%
confidence intervals (Cls) are reported. As left and right hemi-
spheric differences were found across ROIs using paired t tests, DTI
measures for each hemisphere were analyzed separately. To
examine the extent that shared variance among preterm twins (n
= 22) and triplets (n = 3) might be contributing to DTI findings,
additional analysis was performed by excluding one sibling in

Pediatric Research (2019) 86:365-374
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Table 3. Comparison of diffusion parameters in gray matter regions between FT, VPT, and Bl infants
Parameter Region? Estimated marginal mean (95% confidence interval)® VPT vs. BI
FT (n=55) VPT (n=69) Bl (n=32)
FA L CAUD 0.09 (.08-.09) 0.08 (.08-.09) 0.09 (.08-.10)
R CAUD 0.08 (.08-.09) 0.09 (.08-.09) 0.09 (.09-.10)
L THAL 0.15 (.14-.16) 0.16 (.15-.16) 0.16 (.15-.17)
R THAL 0.17 (.16-.18) 0.16 (.16-.17) 0.15 (.14-.17)
L LENT* 0.13 (.12-.13) 0.12 (11-.12) 0.11 (L10-.11)*
R LENT** 0.13 (.12-.13) 0.12 (11-.12) 0.10 (.10-.12) **
MD L CAUD 1.35 (1.33-1.38) 1.37 (1.36-1.39) 1.37 (1.34-1.40)
R CAUD 1.35 (1.33-1.37) 1.37 (1.35-1.38) 1.36 (1.33-1.38)
L THAL 1.24 (1.22-1.27) 1.21 (1.20-1.23) 1.22 (1.19-1.25)
R THAL 1.25 (1.23-1.28) 1.21 (1.20-1.23) 1.22 (1.20-1.25)
L LENT 1.29 (1.26-1.31) 1.30 (1.28-1.31) 1.30 (1.27-1.32)
R LENT 1.29 (1.27-1.31) 1.29 (1.28-1.31) 1.30 (1.27-1.32)
Note: Models adjusted for postmenstrual age at scan, medical risk propensity score and race. General linear models performed with embedded Bonferroni
correction
FT full-term, Bl brain injury, VPT very preterm, FA fractional anisotropy, MD mean diffusivity, CAUD caudate, THAL thalamus, LENT lentiform nucleus, L left, R right
*p <0.01; **p < 0.05; ***p < 0.001
aF statistic in analysis of variance
bPairwise comparisons with FT infants
“Pairwise comparisons between VPT and BI infants

each set of twins and two siblings in the single set of triplets and
repeating all analyses. As the results of this analysis were virtually
identical to the results of the whole group analysis, findings for all
infants are reported. Next, an additional set of analyses were
performed to delineate the effect of injury type (i.e., grade Ill/IV
IVH, PHH, and cPVL) on white and gray matter microstructure
among Bl infants. In accordance with recommended statistical
practices,”> general linear models adjusted for continuous
covariate factors were performed with embedded Bonferroni
correction to adjust Cls and corresponding p values of estimated
marginal means for multiple comparisons.

Associations between white and gray matter microstructure and
outcomes at age 2 years: Statistical analyses were performed using
SPSS version 25 (IBM Corporation, Armonk, NY, USA). Bl and VPT
between-group differences on Bayley-lll composite scores were
examined using independent samples t tests for continuous
variables and y* tests for categorical variables. Bayley-lll scores
then were adjusted for medical risk and race based upon higher
medical risk propensity scores in Bl infants (p =.04) and African-
American children performing less well on Bayley-lll language
tasks (p=.05), using analysis of covariance for continuous
variables and logistic regression for categorical variables. Sex
was also considered as an additional covariate, although this
factor was not different between Bl and VPT infants (p =.08) nor
associated with Bayley-lll outcomes (p >.29). In line with other
researchers,>?* Bayley-lll results were not adjusted for multiple
comparisons on the basis that this analysis was intended to be
hypothesis generating, focusing on the overall pattern and
magnitude of group differences rather than individual p values.
Next, associations between high-grade Bl and altered white and
gray matter microstructure on Bayley-lll scores were examined
using linear mixed-effect models. Diffusion ROIs and Bayley-IlI
scales were selected for this analysis based upon significant post
hoc comparisons between Bl and VPT infants. In this analysis,
group (VPT=1, BlI=2), race, PMA, infant medical propensity
score, ROI, and a group by ROI interaction term were entered as
fixed factors. Mother- and subject-within-mother was entered as a
random factor with random intercept to take into account family
clustering among preterm twins and triplets.

Pediatric Research (2019) 86:365 - 374

RESULTS

Microstructural alterations in white matter ROI

Table 2 provides a summary of MD and FA across white matter
ROIs for Bl, VPT, and FT infants. In terms of specific Bl and VPT
between-group differences, Bl infants had reduced FA in the left
(p =.02) and right (p =.003) PLIC, left (p =.01) and right (p <.001)
cingulum bundle, and the corpus callosum (p <.001). In terms of
MD, BI infants had higher MD in the left (p=.03) and right
(p=.01) optic radiation, and left (p=.02) and right (p=.03)
cingulum bundles compared to VPT infants. To delineate whether
alterations in MD were due to differences in impaired axonal
development and/or myelination, AD and RD values were
generated for the optic radiations and cingulum bundles
(Supplemental Table S1, online). Results of this analysis indicated
that Bl infants had higher RD values across the left (p =.02) and
right (p=.002) optic radiations and left (p=.004) and right
(p=.002) cingulum bundles than VPT infants. Additionally, BI
infants had higher AD values in the left (p=.007) and right
(p = .008) optic radiations.

In contrast to the pattern of group differences found across the
optic radiations and corpus callosum, VPT infants had higher MD
in the right (p =.02) and left (p =.01) centrum semiovale than BI
infants. This result was attributable to VPT infants having higher
AD values in the right (p=.001) and left (p=.001) centrum
semiovale, as well as higher RD in the right centrum semiovale
(p = .04).

Microstructural alterations in gray matter ROI
As shown in Table 3, Bl infants had lower FA in the right and left
lentiform nucleus compared to FT infants (p <.05). However, in
contrast to the research hypothesis, there were no pairwise
differences in MD or FA across subcortical gray matter ROIls
between Bl and VPT infants (p > .05, Table 3).

Associations between injury type and DTl measures within the BI
group

To delineate the extent to which specific types of Bl are associated
with regional alterations in white and gray matter microstructure,
the Bl group (N =32) was categorized into high-grade IVH (n=
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Fig. 2 Diffusivity values in the right (a) and left (b) optic radiation by injury subgroup (n = 32). Figure 2 shows the mean, axial, and radial
diffusivity values for brain injury (Bl) infants with high-grade intraventricular hemorrhage (IVH), post-hemorrhagic hydrocephalus (PHH), and
cystic periventricular leukomalacia (cPVL) in the right (a) and left (b) optic radiation at term-equivalent postmenstrual age. Higher mean, axial,
and radial diffusivity was associated with the PHH group in both the right and left optic radiation, whereas differences were less pronounced

between IVH and cPVL groups

Table 4. Mean Bayley-lll scores and rates of delay in VPT and Bl infants at age 2 years

m (95% Cl) VPT (n =59) Bl (n=27) Unadjusted p Adjusted p? d/OR
Cogpnitive ability 86.61 (83.75-89.47) 80.96 (76.65- 85.26) .03* .16 0.49
Cognitive delay (%) 30.5 50.0 .09 .18 2.28
Language ability 89.81 (86.51-93.10) 82.85 (77.97-87.73) .02* 11 0.56
Language delay (%) 316 53.8 .05* 1 2.53
Motor ability 85.59 (82.40-88.77) 72.22 (67.55-76.89) <.007*** .007*** 1.07
Motor delay (%) 29.3 77.8 <.007*** 007*** 8.44

Note: Delay defined as standard score <85

Cl confidence interval, VPT very preterm, Bl brain injury, OR odds ratio
*p < 0.05; **p < 0.01; **p < 0.001

2Adjusted for medical risk propensity score and race

15), PHH (n=10), and cPVL (n=7) subgroups and compared
across DTl measures (Supplemental Table S2, online). For white
matter ROIls, between-group differences were found in MD of the
right ALIC (p = .02), left PLIC (p =.02), and right (p <.001) and left
(p = .008) optic radiations. Group differences across these specific
ROIs were attributable to PHH infants having the highest MD
values, particularly in comparison to IVH infants (p <.02) (Fig. 2). In
contrast to MD findings, there were no between-groups differ-
ences regarding injury subtype and FA of white matter ROIs.

For gray matter ROIs, there was a significant between-groups
difference in FA for the right caudate (p =.04), with this finding
attributable to IVH infants having lower FA values than the PHH
infants (p =.04). There was also evidence of an association
between type of Bl and altered MD in the right thalamus (p = .04),
driven by higher AD in PHH infants compared to both IVH (p = .01)
and cPVL (p =.01) infants.

Neurodevelopmental outcomes at corrected age 2 years

Table 4 shows the mean Bayley-lll cognitive, language, and motor
composite scores and rates of delay for Bl and VPT infants at
corrected age 2 years. Unadjusted results indicated that Bl infants
obtained lower cognitive (d = .49, p =.03), language (d =.56, p
=.02), and motor (d=1.07, p<.001) scores compared to VPT
infants. Bl infants also had higher rates of language (odds ratio
(OR) 2.53, p =.05) and motor (OR 8.44, p = .05) delay. Importantly,
lower motor composite scores (p <.001) and higher rates of motor
delay (p <.001) persisted for the Bl group compared to the VPT
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group after covariate adjustment for medical propensity scores
and race.

Supplementary analysis performed within the Bl group showed
that there was a significant association between type of Bl and
motor outcomes at age 2 years (p =.02), but not for cognitive (p
=.06) or language (p =.08) outcomes. Specifically, PHH infants (m
=68.33, SD=11.8, p=.05) and cPVL infants (m=62.20, SD =
15.1, p=.01) demonstrated poorer motor abilities compared to
IVH infants (m=78.77, SD =10.1). While cPVL infants obtained
motor composite scores approximately 6 points lower than PHH
infants, this difference was not significant (p =.35). As expected,
rates of motor delay were high across PHH (77.8%), IVH (69.2%),
and cPVL (100%) infants (p = .37).

Associations between DTl measures and neurodevelopmental
outcomes

Based upon the pattern of between-group differences in Tables 2
and 3, white matter microstructure in the bilateral PLIC, cingulum
bundles, central semiovale, optic radiations, and corpus callosum
were examined in relation to motor outcomes at age 2 years for Bl
and VPT infants. As shown in Table 5, there were significant main
effects of white matter microstructure in relation to Bayley-lll
motor scores. Specifically, higher MD in the right optic radiation
(p =.02) and lower FA in the right PLIC (p =.006), right cingulum
bundle (p=.04), and the corpus callosum (p=.05) were
associated with lower motor scores at age 2 years. Additionally,
the significant interaction terms for the left (p =.05) and right
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Table 5. Associations between neonatal diffusion measures and Bayley-lll motor scores at age 2 years in VPT (n =69) and Bl infants (n = 32)
Parameter
Left ROI Right ROI
Region Estimate SE P value Estimate SE P value
FA - - -
CC (single ROI) Bl 31.75 13.8 .03* - - -
cC 60.19 303 .05* - - -
Bl by CC —63.03 355 .08 - - -
PLIC B 70.73 29.7 .02* 58.65 1741 .002**
PLIC 107.00 61.84 .09 87.88 29.9 .006**
Bl by PLIC —136.36 68.8 .05*% —-112.13 40.7 01**
CNBD Bl 36.21 226 1 57.87 22.52 01**
CNBD 60.98 72.0 40 159.13 74.5 .04*
Bl by CNBD —97.33 79.5 .23 —185.12 84.0 .03*
MD
OPRA Bl —31.91 325 .33 —53.77 357 14
OPRA —27.04 16.3 .10 —38.71 16.8 .02*
Bl by OPRA 26.89 19.8 .18 39.75 22.0 .08
CNBD Bl —24.12 59.9 .69 21.21 65.5 .75
CNBD —4.70 324 .89 3.18 387 .94
Bl by CNBD 22.39 40.5 .58 —8.11 43.8 .85
csov Bl -11.19 37.1 .76 —2.48 313 .94
csov 1.53 204 .94 6.70 16.33 .68
Bl by CSOV 13.46 22.56 .55 6.58 18.9 73
Note: Models adjusted for postmenstrual age at scan, medical risk propensity score, race, and sibling correlation
VPT very preterm, Bl brain injury, ROl regions of interest, FA fractional anisotropy, MD mean diffusivity, CC corpus callosum, PLIC posterior limb of the internal
capsule, CNBD cingulum bundle, OPRA optic radiations, CSOV centrum semiovale
*p < 0.05; **p < 0.01; ***p <0.001

(p=.01) PLIC and right cingulum bundle (p =.03) indicated that
the association between altered neonatal white matter micro-
structure and subsequent motor problems was stronger in the Bl
group than in the VPT group, suggesting that associations
between aberrant neonatal white matter microstructure and
subsequent motor problems was attributable to the Bl group.

DISCUSSION

This study examined neonatal alterations in white and gray matter
microstructure among preterm infants with high-grade BI, and the
extent that these factors increased risks of subsequent neurode-
velopmental impairments at age 2 years (please see Table 6 for a
summary of key findings). At term-equivalent age, Bl infants had
lower FA and higher MD across white and gray matter regions
compared to VPT infants. Alterations were pronounced in regions
anatomically approximate to the ventricles. Within the Bl group,
infants with PHH had higher MD in the bilateral optic radiations,
right ALIC, left PLIC, and right thalamus, whereas infants with cPVL
had lower FA in the right caudate. Neonatal microstructural
alterations in the optic radiations, PLIC, cingulum bundle, and
corpus callosum were related to poorer motor outcomes among Bl
infants at age 2 years.

Our results in the Bl group align with prior DTI studies,
with injured infants demonstrating both lower FA in the bilateral
cingulum bundles, PLIC, and corpus callosum, and higher MD in
the bilateral cingulum bundles and optic radiations compared to
VPT infants. Prior work has shown that the right hemisphere may
be more vulnerable to white matter microstructural aberrations
than the left hemisphere in VPT children,'? potentially due to

14,17,25
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hemispheric differences in rates of myelination.?® Our findings
with regards to white matter microstructural alterations across
both right and left hemispheres potentially reflects the character-
istics of the Bl group, such that the majority of BI infants
demonstrated bilateral patterns of injury. Although the precise
neurobiological mechanism is unclear, lower FA potentially
reflects less restricted water diffusion and/or higher tissue water
content in white matter tracts with immature or impaired
myelination.?” In contrast, higher MD reflects microstructural
anomalies in white matter rising from increased edema or
reduced cellularity as a consequence of BI.?® Further investigation
of radial and AD values suggested that for Bl infants, the cingulum
bundle and optic radiations demonstrated impaired myelination,
whereas the optic radiations additionally demonstrated axonal
damage.” In combination, these findings suggest that these
major white matter tracts are uniquely vulnerable to both forms of
injury, which is notable given both their immediate proximity to
the lateral ventricles and the fact that these structures myelinate
relatively early in typical neonatal brain development.®*°

This is the first study to compare the effects of high-grade IVH,
PHH, and cPVL on regional measures of white and gray matter
microstructure. We identified within-group differences in the
bilateral optic radiations, right ALIC, and left PLIC. Prior investiga-
tions have also linked congenital hydrocephalus to microstructural
aberrations in the optic radiations.”'" Our results suggest that the
white matter microstructure in this region is impacted by the
combined effects of hemorrhage and impaired cerebrospinal fluid
(CSF) resorption that develop as a complication of severe IVH. As
the optic radiations myelinate early in the neonatal period®? and
are in proximity to regions directly affected by ventricular
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Table 6.

Summary of major findings relevant to very preterm infants with perinatal high-grade brain injury (BI)

Study aim

Major findings relevant to Bl infants

To investigate the effect of Bl on neonatal white and gray matter
microstructure between very preterm infants with and without BI

To compare neurodevelopmental outcomes at age 2 years between very
preterm infants with and without BI

To elucidate the effects of Bl and aberrant white and gray matter
microstructure on neurodevelopmental outcomes

*Bl is associated with lower fractional anisotropy in posterior limb of the
internal capsule, cingulum bundle, and corpus callosum

*Bl is associated with higher mean diffusivity in the optic radiations and
cingulum bundle

*Findings highlight vulnerability of white matter tracts closest to the
ventricles

*Bl is associated with poorer cognitive, language, and motor abilities
*Motor problems in Bl infants persist after covariate adjustment for medical
and social risk factors, indicating robust associations

*Bl is associated with a two- to three-fold increase in risk for motor
impairment, representing a major area of concern

*Aberrant microstructure in the cingulum bundle, corpus callosum,
posterior limb of the internal capsule, and optic radiations and is
associated with poorer motor abilities in Bl infants

+Altered neonatal white matter microstructure in the context of Bl is an
important neurobiological mechanism for subsequent motor impairments

enlargement, these tracts may be uniquely vulnerable to the
inflammation, deformation, transependymal flow, and/or edema
occurring in PHH.3® In contrast to our hypotheses, we did not find
that IVH, PHH, or cPVL were differentially associated with
microstructural alterations in the cingulum bundle or corpus
callosum. While other studies have shown that IVH alters the
macrostructural development of the corpus callosum'*' and that
IVH and hydrocephalus may differentially impact anterior or
posterior regions of the corpus callosum,'*'* we focused on white
matter microstructure and comparisons between types of BI.
Collectively, these findings suggest that DTl is sensitive to the
underlying microstructural neuroanatomical abnormalities in
white matter associated with common forms of preterm BI,
including cPVL and PHH.

This is the first study to also examine the effects of high-grade
Bl on the microstructural properties of the thalamus, caudate, and
lentiform nuclei as separate subcortical gray matter structures.”
Although Bl infants had altered gray matter in the lentiform nuclei
compared to FT control infants, we did not find evidence for
differences in gray matter microstructure in the thalamus, caudate,
or lentiform nuclei between Bl and VPT infants, which was in
contrast to our hypothesis. However, within the Bl group, there
was evidence to suggest that PHH infants had higher MD in the
right thalamus, with additional differences in AD relative to cPVL
and IVH infants. Prior clinical-case studies have linked hydro-
cephalus to DTI alterations in the thalamus.>* Thus, in preterm
infants with PHH, higher thalamic MD and AD may be indicative of
reduced tissue density and neuronal loss>> Moreover, these
findings might also suggest that local pressure effects or impaired
reabsorption of CSF or edema caused by PHH is impacting the
diffusion values in the thalamus due to proximity of the ROI to the
enlarged ventricle. >

As expected, Bl infants demonstrated poorer cognitive,
language, and motor outcomes compared to VPT infants at age
2 years, with findings for motor outcomes persisting after
covariate adjustment. Additional analysis within the Bl group
indicated that infants with PHH and cPVL were at greatest risk for
motor impairments. Previous studies suggest that neonatal
neurological complications spanning IVH, ventricular dilatation,
and PVL are strongly implicated in the development of motor
impairments among VPT infants.'>*” Prior work has similarly
linked Bl and alterations in white matter microstructure with
neurodevelopmental outcomes in preterm children and children
with congenital hydrocephalus.”®'""'* Specifically, we found that
higher MD in the optic radiations as well as lower FA in the
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cingulum bundle, corpus callosum, and PLIC was associated with
motor outcomes at age 2 years, and that these associations are
pronounced among Bl infants. The findings in the corpus callosum
are consistent with those from investigations of congenital
hydrocephalus.” In a previous study,' significant relationships
were identified between FA values in the corpus callosum and
language, motor, and adaptive skills of children and adolescents
prior to surgery and again 3 and 12 months post-operatively. DTI
alterations in the PLIC have also been associated with poor motor
function in preterm infants with periventricular hemorrhagic
infarction.®® Further, the cingulum has been previously implicated
in motor control processes due its connectivity with motor areas,
with longitudinal studies of VPT infants also linking altered FA in
the cingulum with visuo-motor skills at age 2 years.® As the optic
radiations have not readily been implicated in motor function in
preterm infants,®'” the link identified in our investigation may be
a secondary association stemming from the widespread deleter-
ious effects of BI*

Strengths of this study include longitudinal study design,
selective recruitment of VPT infants with perinatal BI, inclusion
of a regionally representative FT cohort, and assessment of
neurodevelopmental outcomes using standardized measures at
age 2 years. However, findings should be interpreted in light of
study limitations. First, although this study included a larger
proportion of VPT infants with Bl than previous studies, the sample
size of the Bl group is modest. It is therefore possible that we were
unable to detect small effect sizes, particularly pertaining to
between-group differences for the PHH, IVH, and cPVL groups.
Second, due to extensive injury in some Bl infants who were
unable to have a corpus callosum placed in a standard location,
our reported associations between Bl and the microstructural
integrity of corpus callosum in relation to motor outcomes may
have been slightly underestimated. Additionally, as data loss for
the corpus callosum was confined to the PHH group, we were
unable to quantify the effect of PHH on the microstructure of this
specific region. Third, assessment at age 2 years may be
considered relatively early in development, with subtle cognitive
and language impairments not yet readily discernable. Longer-
term follow-up and larger samples of Bl infants will be vital to
understand how these children grow into their impairments as the
developmental demands placed on children increase by early
school age. Future studies using probabilistic tractography may be
useful to further elucidate the effects of Bl on fiber organization in
tracts identified by the current study as important for motor
development.
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CONCLUSIONS

Preterm infants with Bl showed altered FA and MD across multiple
white matter regions, including the corpus callosum, cingulum,
and the optic radiations. The effect of Bl was most pronounced in
regions anatomically approximate to the ventricles. Thus, regional
proximity to the area of direct injury is an important factor for
white matter microstructural development. Within the Bl group,
infants with PHH infants had altered MD in regions including the
optic radiations and right thalamus, whereas infants with IVH or
cPVL had lower FA in the right caudate. When taken together,
these findings suggest that DTI is sensitive to the regionally
specific microstructural abnormalities associated with both lesions
in periventricular white matter and hemorrhage leading to
impairments in cerebrospinal fluid resorption. Finally, among BI
infants, lower FA in the right cingulum bundle, right PLIC, and
corpus callosum, as well as higher MD in the right optic radiation
were associated with motor impairments at age 2 years. Thus,
neonatal white matter microstructural alterations may be an
important neurobiological mechanism related to subsequent
motor impairments in high-risk VPT infants with BI.
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