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Abstract

Purpose: Very preterm (VPT) infants are at high risk for motor and behavioral deficits. We
investigated microstructural differences using diffusion tensor imaging (DTI) among VVPT infants
with different grades of intraventricular hemorrhage (IVH), their association with early motor
function and temperament ratings, and the potential moderating effect of I\VH severity on the
above structure-function relations.

Methods: Fifty-seven VPT (<32 weeks gestational age) infants with IVH [Low Grade (Papile
grading I/11): 42; High Grade (I11/1V): 15] were studied. DTI was acquired between 39-44 weeks
postmenstrual age and was analyzed using the tract-based spatial statistics approach. Early motor
function and temperament were assessed at 3-month corrected age based on the Hammersmith
Infant Neurological Examination (HINE) and Infant Behavioral Questionnaire — Revised, Short
Version (IBQ-R-S), respectively.
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Results: Significantly lower fractional anisotropy and higher mean, axial, and/or radial
diffusivity were found in VVPT infants with High Grade 1VVH compared to Low Grade IVH
(p<0.05). Significant associations were found between DTI metrics and motor function in both
IVH groups and between DTI and Fear temperament ratings in the High Grade 1IVH Group (all
p<0.05). IVH severity had a significant moderating effect on the relation between DTI and motor
and Fear ratings (p<0.05).

Conclusion: DTl is a sensitive neuroimaging biomarker providing a refined understanding of
the impact and location of differing severities of IVH on the developing white matter of VPT
infants. Early motor and behavioral outcomes are associated with microstructural changes that are
influenced by severity of IVH.

Introduction

Infants born very preterm (VPT; <32 weeks gestational age) are at higher risk for motor,
cognitive, social, and behavioral impairments as compared with infants born at term [1-

4]. Currently, diagnosis of such impairments is delayed on average until 2 to 3 years

of age. There is wide consensus that earlier diagnosis, soon after birth, is urgently

needed in order to address identified deficits during the critical windows of early brain
development [5,6]. Unfortunately, we still lack a validated early, accurate prognostic models
of neurodevelopmental impairments.

Intraventricular hemorrhage (1VH) is a common neuropathological diagnosis in infants born
VPT. Research has shown that infants born prematurely with a perinatal diagnosis of IVH
exhibited abnormal white matter diffusion properties on diffusion tensor imaging (DTI)
[e.g., lower fractional anisotropy (FA) or higher mean diffusivity (MD), etc., compared

to controls] accompanied by delayed neurodevelopment [7-9]. DTI is an advanced MRI
technique that uses diffusion properties of water molecules as probes to examine tissue
structure, revealing characteristics of microscopic organization. Diffusion properties are
strongly influenced by the micro-structural components of white matter and provide an
indication of the integrity of these structures [10,11]. DTI has been used as a sensitive and
non-invasive imaging biomarker to quantify white matter microstructural changes in preterm
infants. Diffusion MRI microstructural measures have shown promise as early biomarkers of
motor and cognitive impairments in very preterm infants [12-15].

Currently, there is a knowledge gap regarding the predictive value of DTI to identify early
biomarkers of neurodevelopmental impairments in preterm infants with different levels

of IVH severity. Several studies included preterm infants with low IVH severity (Grade
I1&I1) and showed significant DTI abnormalities [lower FA and/or higher MD and Radial
Diffusivity (RD)] when compared to controls [7,9] or a significant correlation between DTI
and structural abnormalities [16] in the infants. Other studies included both low grade and
high grade 1\VH patients and showed similar results based on combined data [8,17]. Tam

et al. (2009) was the only study identified that reported the results derived from DTI by
separate I\VH severity groups [18]. They reported a significant association with abnormal
DTI in severe IVH with small sample size (/7=4) but not in the mild I'VH group (/7=11). No
studies have investigated whether abnormal DTI metrics in infants born VPT with different
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IVH severities are associated with motor function and/or early temperament ratings (i.e.,
individual differences in reactivity and self-regulation that serve as a precursor to cognitive
and social development) [19], or whether the association between neuroimaging and these
neurodevelopmental outcomes is affected by IVH severity.

In the present study, we aimed to investigate microstructural differences in the white matter
based on DTI in VPT infants with different IVH severities, their associations with early
motor function and temperament ratings, and the potential moderating effect of I\VVH severity
on these association. We hypothesized that (1) diffusion microstructural parameters derived
from DTI at term-equivalent age in infants born VPT with mild IVH (low-grade IVH,
including Grade 1&I1) will differ significantly from those with severe 1\VH (high-grade 1VH,
including Grade 111&IV); (2) DTI indices assessed at term-equivalent age will be associated
with motor function and temperament ratings at 3-months corrected age in both low-grade
and high-grade IVH patients; (3) there will be a significant interaction between IVH severity
and the association between the DTI metrics and motor scores and temperament ratings.

Methods

Participants

All structural and diffusion MR imaging data were prospectively acquired as part of a large
multi-center longitudinal neuroimaging study of infants born VVPT (hereinafter referred to

as the parent study). A total of 395 infants born at or before 32 weeks gestational age

(GA) were enrolled between September 2016 and November 2019 in the parent study.
Infants were excluded if they met any of the following criteria: 1) known chromosomal or
congenital anomalies affecting the central nervous system; 2) cyanotic heart disease; or 3)
hospitalization and mechanical ventilation with greater than 50% supplemental oxygen at 45
weeks postmenstrual age (PMA). Five level I11/1VV academic or community NICUs involved
in the study include four NICUs in Cincinnati, Ohio [Cincinnati Children’s Hospital Medical
Center (CCHMC), University of Cincinnati Medical Center, Good Samaritan Hospital, and
St. Elizabeth’s Healthcare] and one NICU in Dayton, Ohio (Kettering Medical Center). The
CCHMC Institutional Review Board approved the study, and the review boards of the other
hospitals approved the study based on a reliance agreement. The caregivers of all infants
provided written informed consent. Additional information about the parent cohort have
been reported elsewhere [20,21].

Of the 395 infants born prematurely that enrolled in the parent study, a total of 72 patients
with IVH were identified using a hybrid classification system based on the Papile et al.
criteria [22] and Volpe’s system. Consistent with the American Academy of Pediatrics, all of
our NICUs used a guideline that recommends a cranial ultrasound at 7 to 10 days after birth
or before if needed, in VPT. Radiologists readings were coded as Grade | I\VH when there
was germinal matrix and/or subependymal hemorrhage, as Grade 1l when there was IVH
without ventricular dilation, as Grade 111 when there was IVH with acute ventricular dilation,
and as Grade 1V when there was IVH with parenchymal hemorrhage/infarct. Fifteen of the
72 patients were excluded from the present study (2 for missing DTI scans, 5 for using an
alternate DTI protocol, and 8 for poor image quality and/or having severe ventriculomegaly
causing misregistration). The remaining 57 patients were categorized to the Low Grade IVH
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group (34 with Grade | IVH; 8 with Grade 11 IVH) or High Grade 1\VVH group (7 with Grade
11 IVH; 8 with Grade IV IVH).

In the larger prospective cohort study from which the data in the current study were
derived, caregivers were approached in the NICU. If the infant met inclusion criteria

and caregiver consented, an MRI was scheduled at 41+1 weeks PMA. All cranial
ultrasound scan readings for infants were acquired from the NICU records of the five
participating institutions. Based on these readings of cranial ultrasound images, patients
with IVH were identified as described above. At 3-months corrected age, the Hammersmith
Infant Neurological Examination (HINE) and Prechtl’s General Movements Assessment
(GMA) were administered by a single trained occupational therapist who was blinded to
clinical history and neuroimaging findings. Caregivers also completed the Infant Behavior
Questionnaire-Revised, Short Version (IBQ-R-S).

The quantitative measures reported in the present study include motor data based on the
HINE, and temperament ratings on the IBQ-R-S.

Hammersmith Infant Neurological Examination (HINE) [23] —The HINE is an
infant neurological exam that assesses various neurological functions and domains including
cranial nerve function, posture, movements, muscle tone, reflexes and reactions. The HINE
score ranges from 0-78 with cut off scores <56 at three months of age considered abnormal
[23]. Asymmetries are noted between the sides of the body to further describe unilateral
motor abnormalities [24,25]. In the present study, the HINE was administered at 3-months
corrected age to evaluate early motor function. One patient in the Low IVH Grade group
(Grade 1) and one patient in the High IVH Grade group (Grade 1V) did not return for HINE
data testing. Therefore, analyses with this measure were based on data from 55 patients (41
in the Low IVH Grade group, 14 in the High IVH Grade group).

Infant Behavioral Questionnaire — Revised, Short Version (IBQ-R-S) —The
IBQ-R-S is a parent-report measure used to assess temperamental characteristics in infants
between 3 and 12 months of age [26]. Caregivers respond to 91 questions about their
children’s typical behavior on a 7-point Likert-type scale (1 = never, 4 = about half the
time, and 7 = always). The IBQ-R-S yields 14 subscales: Activity, Smiling and Laughing),
High Intensity Pleasure, Perceptual Sensitivity, Approach , Vocal Reactivity, Distress, Fear,
Falling Reactivity, Sadness, Soothability, Duration of Orienting, Low Intensity Pleasure,
and Cuddliness. Reliability and validity of the IBQ-R-S subscales have been supported

for samples from different cultures, with Cronbach’s alphas ranging from 0.77 to 0.96
[27,28]. Inter-rater reliability has been demonstrated for mother and father-report [27,29],
with validity of this instrument supported by studies incorporating the IBQ-R and laboratory
indicators of temperament [30-32,29]. IBQ-R-S data were acquired from caregivers of 50
patients (37 in the Low Grade I\VH group, 13 in the High Grade I'VH group) at the 3-month
corrected age visit; 7 parents did not complete the IBQ-R-S).
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MRI/DTI Data Acquisition, Processing, and Analysis

All MRI data were acquired on a 3T Phillips Ingenia scanner with 32-channel phased array
head coil. DTI data were acquired using a 36-direction spin echo EPI sequence with the
following specifications: TR/TE = 6972/88 msec; field of view = 160x160 mm; in-plane
resolution = 2 mm x 2 mm; slice thickness = 2 mm; number of slices = 54; number of
average = 1; diffusion weighting factor b-value = 800 s/mm2. Four frames of images without
diffusion weighting (b0) were acquired. A high-resolution 3D T2-weighted anatomical data
set (voxel size =1 x 1 x 1 mm) was acquired in the axial direction for image registration and
review.

All MR imaging data preprocessing and analysis were performed using the FMRIB
Software Library (FSL, www.fmrib.ox.ac.uk/fsl). Skull stripping was performed using the
brain extraction tool (BET) function. Eddy current and head motion artifact were corrected
in FSL by aligning diffusion weighed images to the first b0 image with an affine DTI
transformation with 12 degrees of freedom. The four commonly used DT measures,
including FA, MD, Axial Diffusivity (AD), and RD, were calculated using standard methods
[33].

The tract-based spatial statistics (TBSS) approach was used for the group level analyses
[34]. TBSS is a method developed to ameliorate the registration error at the boundary

of narrow white matter fiber bundles, a common source of error in voxel-based style
analyses. We followed standard TBSS analysis steps and applied a skeleton threshold of
0.15. Threshold-free cluster enhancements (TFCE) [35] with 5000 permutations were used
to correct for multiple comparisons. Anatomical locations of white matter structures with
significant findings from the statistical analysis were localized using the John Hopkins
University ICBM-DTI-81 white matter labels atlas [36]. In all the imaging analysis, PMA at
MRI and infant sex were included as covariates.

The TBSS approach was used to analyze the between-group DTI differences and assess
the association between DTI metrics measured at term-equivalent age and HINE scores
and IBQ-R-S ratings at 3 months corrected age. The approach was also used to explore
the potential moderating effect of IVH severity on the association between DTI metrics
and HINE and IBQ-R-S scores. To assess the moderating effect, DTI data were used

as continuous predictor variables in a general linear model with 1VVH group included as
an independent variable (Low Grade vs. High Grade) to evaluate their potentially unique
interactive effect with each of the outcome measures (HINE and IBQ-R-S). For IBQ-R-S,
due to the large number of subscales, the analysis of the within group correlations and
the interaction effects were only performed for those subscales with significant (0<0.05) or
marginally significant (p<0.10) group differences (i.e., High vs Low IVH).

The descriptive statistics and the subsequent statistical analysis of group differences and
regression analyses were all performed using SPSS software. The group difference of GA,
PMA at MRI, and fronto-occipital horn ratio (FOHR) were tested using the Mann-Whitney
U test. The group difference of sex was assessed using the Fisher’s exact test.
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Results

Participants

Among the 57 patients with 1VH, 30 were females. These patients were born between 24.00
to 32.86 weeks (Median = 28.29 weeks; Mean + SD = 28.29 + 2.53 weeks) GA. MRI data
were acquired between 39.57 and 44.71 weeks of PMA (Median = 43.14 weeks; Mean = SD
= 42.88 + 2.53 weeks). The ventricle size based on FOHR ranged from 0.30 to 0.44 (Median
=0.37; Mean = SD = 0.37 £ 0.03).

Forty two of the 57 patients were in the Low Grade 1VH group (Grade | or 11) and 15 of
the 57 patients were in the High Grade I\VVH group (Grade 111 or 1V). The demographic
characteristics of the patients in the two groups are presented in Table 1. No significant
group differences in GA, age at MRI, or sex ratio was found between the two groups
(Table 1). The FOHR in the High Grade IVH group was significantly higher than that in
the Low Grade IVH group (p<0.05, Table 1). The information about the number of patients
(and percentage in each group) with sepsis, necrotizing enterocolitis, Bronchopulmonary
dysplasia, retinopathy of prematurity, and white matter injury are also included in Table 1.

Of the 57 infants with I\VVH, seven had cystic periventricular leukomalacia (all independent
of IVH), one had cerebellar injury/atrophy, one had punctate white matter lesions. We also
derived a global brain score using the Kidokoro et al’s scoring system [37]. The median
(IQR) score for these 57 infants was 3.5 (0-11). Detailed information about the scan reading
have been reported elsewhere [21]. Ten of the 15 infants with severe IVH had PHVD; none
of these infants required neurosurgical intervention.

Motor Function and Temperament Ratings

HINE: As shown in Table 2, the mean HINE score in the High Grade IVH group was lower
than the score in the Low Grade I\VH group but the group difference did not reach statistical
significance (Mann-Whitney U test, U=197, p=0.112).

IBQ-R-S: The High Grade 1VVH Group scored significantly lower than the Low Grade
Group on 3 out of the 14 subscales (Table 2; Fear, p=0.024; Perceptual Sensitivity, p=0.004;
Vocal Reactivity, p=0.028). Findings were marginally significant with the High Grade IVH
group scoring lower than the Low Grade group for five subscales (Smiling and Laughter,
Low Intensity Pleasure, Cuddliness, Sadness, and Approach; all p<0.1, Table 2). No trend of
difference (at p<0.1 level) was found for the other 8 subscales.

White Matter Regions with Significant DTI Differences between IVH Severity Levels

As shown in Figure 1, after controlling for age at MRI and sex, participants in the High
Grade 1VH group were found to have significantly lower FA (Figure 1A), higher MD
(Figure 1B), AD (Figure 1C) and/or RD (Figure 1D) than participants in the Low Grade
IVH group in multiple white matter areas (all p<0.05, TFCE corrected). The white matter
regions with significant DTI group differences were located in the genu, body, and splenium
of corpus callosum, anterior, superior, and posterior corona radiata, thalamic radiation, and
cingulum (Figure 1, A-D).

Neuroradiology. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 7

The size of the areas with significant group DTI difference for individual anatomical regions
can be found in the supplemental materials (Table S1).

Within Group Correlations between DTl and HINE Motor Function

In participants in the Low Grade I\VVH group, significant correlations between DTI metrics
and early motor development (HINE score) were found in the white matter in which higher
FA (Figure 2A) and/or lower RD (Figure 2B) at term age was significantly correlated with
higher HINE score at 3 months corrected age. The white matter regions with significant
positive correlation between FA and HINE (Figure 2A) included primarily the genu, body;,
and splenium of corpus callosum, anterior, superior, and posterior corona radiata (all
bilateral), and external capsule (right). The white matter regions with significant inverse
correlation between RD and HINE were located in much smaller regions involving superior
corona radiata, posterior corona radiata, and posterior thalamic radiations (all left, Figure
2B).

In participants in the High Grade I\VVH group, significant positive correlations between FA
and HINE were found in white matter regions involving the body and splenium of corpus
callosum, and the superior and posterior corona radiata (both left, Figure 2C). No significant
correlations between MD, AD or RD and HINE were found in any white matter region in
the High Grade IVH group.

The size of the areas with significant within-group correlation between DTI and HINE for
individual anatomical regions can be found in the supplemental materials (Table S2).

Within Group Correlation between DTl and IBQ-R-S Temperament Ratings

Among the three IBQ-R-S subscales for which the Low Grade and High Grade I\VVH groups
differed significantly (i.e., Fear, Perceptual Sensitivity, and Vocal Reactivity), a statistically
significant correlation was found between the four DTI metrics (i.e., FA, MD, AD, RD) and
Fear (all p<0.05, TFCE corrected) for the High Grade IVH Group (Figure 3 A-D) in white
matter regions involving primarily the genu and body of corpus callosum, superior corona
radiata (left), and cingulum (bilateral). No statistically significant correlations were found
between DTI metrics and Fear in the Low Grade IVVH Group. No DTI metrics correlated
significantly with Perceptual Sensitivity or Vocal Reactivity in either the Low Grade or High
Grade IVH groups.

The size of the areas with significant within-group correlation between DTI and IBQ-R-S
for individual anatomical regions can be found in the supplemental materials (Table S2).

Similar correlation analyses were also performed between the DTI metrics and the five
IBQ-R-S subscales that showed marginally significant group differences. The results are
included in the Supplemental Materials (Table S3).

Moderating effect of IVH severity on the association between DTl and HINE scores

In the model that associated HINE (at 3-month corrected age) with MD (at term age), after
controlling for age at MRI and sex, a significant interaction between IVH severity and MD
was found. The white matter areas associated with the significant interaction were located
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in the right anterior corona radiata and right external capsule (Figure 4A). Post-hoc analysis
of the association between MD within the area with significant interaction and HINE are
demonstrated in Figure 4B. No significant interactions were observed in any white matter
area for the association between FA, AD, or RD and HINE score.

The size of the areas with significant interaction effect (in number of voxels) for individual
anatomical regions can be found in the supplemental materials (Table S4).

Moderating effect of IVH Severity on the association between DTI and IBQ-R-S Ratings

A significant interaction effect was found for 1\VH severity on the association between
Fear and FA in white matter regions (Figure 5A) including primarily the genu, body and
splenium of corpus callosum, the anterior, superior, and posterior corona radiata (bilateral),
and right sagittal stratum (bilateral). A significant interaction effect was also found for
IVH severity in the association between Fear and MD (Figure 5C) and between Fear and
AD (Figure 5E). Post-hoc analysis of the association between DTI within the areas with
significant interaction and Fear are demonstrated in Figure 5B, 5D, and 5F (for FA, MD,
AD, respectively).

No significant interaction effects were found in any white matter area for I\VH severity on
the association between DTI metrics and other IBQ-R-S ratings.

The size of the areas with a significant interaction for IVH severity in the associations
between DTI metrics and IBQ-R-S Fear ratings can be found in Table S4.

Discussion

Summary:

In the present study, our data showed that there were significant differences in DTI metrics
between infants born VPT at term age in Low Grade IVH Group and those in High Grade
IVH Group. Abnormalities in DTI metrics were associated with the HINE score and IBQ-R-
S Fear ratings in both Low Grade and High Grade IVVH groups. In addition, our data also
suggested that IVH severity had significant moderating effect on the relation between DTI
and HINE score and between DT and IBQ-R-S fear ratings.

The observed IVH group differences in DTI metrics found in the present study are in line
with our expectations. The High Grade IVH group had significantly lower FA and higher
MD, AD, and/or RD when compared to the Low Grade IVVH group. The direction of the
group differences is generally consistent with findings in other DTI studies of infants born
preterm. For example, Morita et al. (2015) reported lower FA in a pre-determined region of
interest, superior cerebellar peduncle, in infants born preterm with low grade IVH (Grade |
or Grade I1) when compared to infants without IVH [7]. Another study of pre-term infants
with low Grade IVH reported abnormally low FA, high MD and RD in the corpus callosum
limbic pathway, and cerebellar white matter tracts [9]. More recently, Young et al. (2018)
investigated the white matter abnormalities based on diffusion MRI data in a cohort of
infants born VPT including both low grade and high grade IVH (7 with Grade I/l IVH; 6
with Grade HI/IV IVH) [8]. While the direction of DTI alterations (i.e., lower FA higher
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RD in infants born VPT compared to the controls) in this study were similar to that from

the studies with only low grade IVH participants, and the abnormalities appeared involve
more extensive white matter regions, no further analyses were conducted to explore potential
differences based on IVH severity due possibly to the small sample size of the patient

group. The only study that explored the potential effects of I\VH severity on white matter
integrity based on DTI was conducted by Tam et al. (2009) in which severe IVH was found
to be associated with lower FA and higher MD in the middle cerebellar peduncle, deep
cerebellar nuclear hila, and or cerebellar cortex [18]. However, the sample size was very
small, especially in the severe IVH group (11 with mild IVH, 4 with severe 1\VH), and

the investigation was limited to three regions of interest in the cerebellum, both of which
significantly limit the generalizability of their findings. To our knowledge, the present study
is the first to investigate the contrast of DTI metrics between infants born VPT with different
IVH severity levels and to explore whether IVH severity affect the relationship between DTI
metrics and motor function and temperament ratings in a large cohort of subjects. Of note,
all the analyses were performed using a voxel-wise approach in the entire brain, including
white matter regions in both the cerebrum and cerebellum, adding novel information.

Analysis of within-group correlations between DTI and outcome showed that DTI metrics
obtained at term equivalent age may be predictive of future HINE and IBQ-R-S ratings of
Smiling and Laughing in both Low Grade and High Grade I1\VVH severity groups. DTI was
also found to be predictive of IBQ-R-S ratings of Fear and Low Intensity Pleasure in High
Grade 1VH; however, no significant correlation was found for these relations in the Low
Grade 1\VVH group. Of note, the HINE correlations are in the direction expected assuming
lower FA and higher MD/AD/RD in preterm patients with IVH when compared with normal
controls or in low grade IVH patients compared with high grade IVH. Specifically, our data
showed that higher HINE at 3 months corrected age was predicted by higher FA in both
Low Grade and High Grade 1\VVH groups and also by lower RD in the Low Grade group
tested at term age. It is more difficult to interpret the directionality of the association of

DTI metrics and IBQ-R-S ratings given that temperament dimensions can be potentially
problematic if extreme in either direction (e.g., extreme fearfulness or lack thereof could
potentially negatively impact a child’s functioning). Nonetheless these findings add to a
growing literature suggesting individual differences in temperament may be influenced by
brain abnormalities. Higher IBQ-R-S Fear ratings were predicted by higher FA, lower MD,
AD, and/or RD in the High Grade I\VVH group, and higher Smiling and Laughing scores
were predicted by higher FA in the Low Grade IVH group. Higher IBQ-R-S Smiling

and Laughing scores were positively correlated with MD, AD, and/or RD in the High
Grade IVH group; and the Low Intensity Pleasure score was inversely correlated with

FA and positively correlated with MD and/or RD in the High Grade I\VVH group. The
variability in directionality of IBQ-R-S findings may reflect the complex nature of the
disease status, how the IVH of different severity may have affected the progression of the
microstructural impairment in white matter, and how these differences may have impacted
neurodevelopment in this young and vulnerable patient population. Interestingly, fear,
defined on the IBQ-R-S as anticipated pain, distress, or threat to novel stimuli, ratings do
seem to be specifically affected by brain abnormalities. For example, fear ratings on various
versions of the Infant Behavior Questionnaire have been linked with functional connectivity
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in full term infants [38,39] and with cerebellar abnormalities in infants born VPT [20].
Further, reduced amygdala volume in infants born preterm was related to fear-processing
abilities on the Laboratory Temperament Assessment Battery [40].

It is unclear as to how the DTI abnormalities, which are most commonly interpreted as

a reflection of underlying microstructural changes, e.g, axonal membrane injury and/or
delayed myelination/demyelination in the white matter, are affected by IVH in general,
and whether there are different mechanisms when I\VH of different severities affect the
underling brain network. For the latter question, the moderating effect of IVH severity

on the association between DTI and outcomes found in this study add further urgency

for the need to delineate the association among the characteristics of the insults (IVH

with different severity), the mechanisms of brain microstructural injury, and the subsequent
influence on neurodevelopment. In IVH, typically hemosiderin deposition is followed by
the generation of free radicals. The free iron and subsequent chain reaction can lead to

cell toxicity, lipids, proteins, and DNA damage, leading to cell membrane damage and cell
death. For patients with low grade 1\VH, hemosiderin is located in subependymal region

or ventricle while for patients with high grade IVH there is a leakage of hemosiderin

into ventricles causing ventriculomegaly/hydrocephalus (Grade I11) or even into brain
parenchyma (intraparenchymal hemorrhage, Grade 1V) after the break down of blood
brain barrier. As reported by Ley and colleagues using a preterm rabbit pup model of

IVH, extracellular hemoglobin was found in periventricular areas, including extensive
WM regions even in normal appearing brain regions based on conventional MRI [41].
Specifically, it was found that there was a concentration gradient along which hemoglobin
diffuse “toward the less cellular dense white matter axonal tracts” in the ependyme [41].
A more recent study based on the magnetic susceptibility imaging, a MR technique known
to be sensitive to myelin integrity and myelination progression during development in
white matter and iron concentration (hemosiderin and/or ferritin) in the deep gray matter
nuclei [42,43], showed evidences for the existence of changes in magnetic susceptibility
affecting both white matter surrounding IVH and white matter distant from the I\VH [44].
Taken these findings together, it is believed that the difference in the distribution of blood
cells and the release and migration of extracellular hemoglobin in IVH with different
severities may initiate different cascading effects, leading to differential damage and affect
neurodevelopment through different underlying mechanisms.

This study had its limitations. While the patients included in the present study represented
the largest cohort reported so far for infants born VPT with IVH, our study was still
limited by sample size which did not allow for correction for potential multiple comparison
error in the statistical analysis related to the 14 IBQ-R-S subscales. The study was also
not powered to include all potential confounding factors, e.g., post-menstral age, ventricle
size, periventricular venous infarct, laterality of the infarct, and other disorders, that allow
for comprehensive and robust statistical analyses. Second, several subjects with severe
ventriculomegaly were excluded to allow for appropriate registration in the TBSS data
processing and analysis. This practice not only lowered the total number of subjects but
also brough in bias with more subjects with high-Grade IVVH excluded, which may have
introduced Type | error in the between group comparisons and make the analysis less
sensitive to the group differences. Third, we cannot rule out the susceptibility effect due to
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the extracellular hemoglobin in different forms, especially in periventricular white matter,
on the DTI data acquisition and the findings. The present study is also limited by the low
diffusion weighting factor (b= 800 s/mm?2) and the tensor model used to quantify diffusion
properties in the white matter. While this b-value is common for studying neonate and
infant brains, the single tensor model does not allow for reconstructing diffusion features
in areas with crossing fiber or in even more complex configurations. The constrained
spherical deconvolution, a technique that allows for generating more precise representation
for crossing or fanning fibers in both adult and pediatric populations [45,46], may help to
improve the findings in the current study. DTI is also limited in differentiating diffusion
properties in different microstructural compartments. A new diffusion model called neurite
orientation and density imaging (NODDI) [47] has emerged as a potential alternative.
Using multiple shell high angular resolution diffusion imaging protocol, NODDI allows
for modeling for three brain tissue compartments, providing diffusion metrics to assess the
dispersion of neurites and quantify intra-neurite space (extracellular space between axons),
quantify the axonal density in the intra-cellular compartment, and characterize the diffusion
feature in the CSF [48-50]. Moreover, the outcomes in the present study were assessed at 3
months corrected age. Future studies with longer follow-up, e.g., at 2-year corrected age or
older would benefit the field and fill the knowledge gap regarding the temporal progression
of the underlying changes in the white matter microstructure and how these alterations are
affected by the I'VH, potentially differently at different severity levels.

Conclusions

Our data suggest that DTI is a sensitive neuroimaging biomarker for detecting differences
in white matter diffusion properties in VPT infants with different IVH severities. The
results from within group correlation analysis showed that association between DTI and
outcomes may exist in High Grade 1VH group only, or in both Low Grade and High Grade
IVH group, depending on the domain of outcomes studied. Combined with the moderating
effect, the findings from the present study warrant further large-scale prospective study to
investigate the differential effects of IVH with increasing severity on the underlying white
matter microstructural alteration and their association with their short and/or long term
neurodevelopmental outcomes.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
White matter areas with significant group difference in DTI (p<0.05, TFCE corrected).

Covariates included postmenstrual age at MRI and sex. (A) FALow Grade > FAHigh Grades
(B) MDLow Grade < MDHigh Grade; (C) ADLow Grade < ADHigh Grade; and (D) RD | ow Grade <
RI:)High Grade-
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Figure2.
White matter areas in patients with significant correlation between DTI at term and

HINE score at 3 months corrected age (p<0.05, TFCE corrected). Covariates included
postmenstrual age at MRI and sex. (A) Positive correlation between FA and HINE in the
Low Grade IVH Group; (B) Negative correlation between RD and HINE in the Low Grade
IVH Group; (C) Positive correlation between FA and HINE in the High Grade 1\VH Group.
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Figure 3.
White matter areas with significant correlation between DTI at term age and temperament

ratings of Fear at 3 months corrected age (p<0.05, TFCE corrected) within High Grade
IVH group. Covariates included postmenstrual age at MRI and sex. (A) Positive correlation
between FA and Fear; (B) Negative correlation between MD and Fear; (C) Negative
correlation between AD and Fear; and (D) Negative correlation between RD and Fear.
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Figure 4.
(A) White matter regions with significant interaction effect of IVH severity on the

association between MD and HINE at 3 months corrected age. (B) Post-hoc comparison
of the association between DTI and outcomes in the two study groups within the area with
significant interaction of IVH severity on the association between MD and HINE
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Figure5.
White matter regions with significant interaction effect of 1\VH severity on the association

between FA and Fear score (A), between MD and Fear score (C) and between AD and Fear
score (E). Post-hoc comparison of the association between DTI and outcomes in the two
study groups within the area with significant interaction of I1VVH severity on the association
between FA and Fear (B), between MD and Fear (D) and between AD and Fear (F).
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