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Abstract

Preterm brains commonly exhibit elevated signal intensity in the white matter on T2-weighted
MRI at term-equivalent age. This signal, known as diffuse excessive high signal intensity (DEHSI)
or diffuse white matter abnormality (DWMA) when quantitatively assessed, is associated with
abnormal microstructure on diffusion tensor imaging. However, postmortem data are largely
lacking and difficult to obtain, and the pathological significance of DEHSI remains in question.

In a cohort of 202 infants born preterm at <32 weeks gestational age, we leveraged two newer
diffusion MRI models — Constrained Spherical Deconvolution (CSD) and neurite orientation
dispersion and density index (NODDI) — to better characterize the macro and microstructural
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1.

properties of DWMA and inform the ongoing debate around the clinical significance of DWMA.
With increasing DWMA volume, fiber density broadly decreased throughout the white matter
and fiber cross-section decreased in the major sensorimotor tracts. Neurite orientation dispersion
decreased in the centrum semiovale, corona radiata, and temporal lobe. These findings provide
insight into DWMA’s biological underpinnings and demonstrate that it is a serious pathology.

Introduction

When the preterm brain is viewed on T2-weighted MRI at term-equivalent age, a
hyperintense signal phenomenon is observed in up to 80% of cases (Dyet et al., 2006; Jeon
et al., 2012). This elevated signal, which predominantly occurs in the central white matter
surrounding the lateral ventricles, has been escribed as diffuse excessive high signal intensity
(DEHSI) when gualitatively diagnosed and diffuse white matter abnormality (DWMA)
when quantitatively assessed (Li et al., 2021; Parikh et al., 2021). Debate surrounding its
etiology and potential pathology has persisted since it was first described by Maalouf et al.,
1999). Several investigators have asserted that DEHSI is not pathologic because it lacked
correlation with neurodevelopmental outcomes (Brostrom et al., 2016; Calloni et al., 2015;
de Bruine et al., 2011; Hart et al., 2011; Jeon et al., 2012; Kidokoro et al., 2011; Leitner et
al., 2014; Morel et al., 2021; Rath et al., 2021; Skiold et al., 2012). However, others have
linked DEHSI/DWMA with later deficits in cognitive, language, and/or motor ability (lwata
etal., 2007, 2012; Krishnan et al., 2007), especially when assessed quantitatively around
term-equivalent age (Parikh et al., 2020a, 2013, 2020c).

In addition to accumulating evidence that DWMA can prognosticate outcomes, the
underlying microstructure of DWMA tissue has begun to be characterized. In small

studies of preterm infants with DWMA at term, abnormal diffusion properties of the

white matter derived from diffusion tensor modeling (Counsell et al., 2006; Skiold et al.,
2010) and altered resting state functional connectivity (He and Parikh, 2015) have been
documented. In a postmortem case series, our research group found markedly fewer axons
and oligodendrocytes in DWMA regions as compared to preterm brains without DWMA
(Parikh et al., 2016). The results overlapped greatly with postmortem histopathology from
two infants with cystic periventricular leukomalacia, but with a notable lack of micro or
macroscopic cellular necrosis in infants with DWMA. Based on these results, we postulated
that DWMA is associated with compromised white matter structure arising from both
aberrant myelination and sparse axonal development/injury, akin to postmortem findings of
diffuse white matter gliosis (Pierson et al., 2007; Volpe, 2009, 2017). Infants with diffuse
gliosis typically exhibit a disturbance of early differentiating preocligodendrocytes (e.g.,
maturational arrest) accompanied by astrogliosis and microgliosis. Like DWMA on MRI,
diffuse white matter gliosis is commonly observed at autopsy in up to 80% of preterm
infants (Buser et al., 2012; Pierson et al., 2007). Up to half of such infants with diffuse
gliosis exhibit associated necrosis centrally, ranging from macroscopic (commonly referred
to as cystic periventricular leukomalacia) to microscopic necrosis. The neuroimaging
correlate of diffuse white matter gliosis remains in question but is suspected to be DEHSI/
DWMA (Volpe, 2017). We recently applied graph theoretical network analysis to diffusion-
weighted connectomes and demonstrated that DWMA extent (normalized volume) at term
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is closely correlated with widespread decreased network efficiency of the preterm brain,
independent of known confounders (Kline et al., 2021).

The diffusion tensor (DT) model often used with diffusion MRI (dMRI) assumes a single
diffusion process following a Gaussian distribution within each voxel, which it represents
as a 3 x 3 symmetrical matrix characterizing water’s displacement along the three principal
axes. By diagonalizing this matrix, its eigenvectors and eigenvalues are derived (Soares

et al., 2013). Mathematically, fractional anisotropy (FA) is the self-normalized variance of
the three principal eigenvalues. FA is the most widely used measure of diffusion within
biological tissues. Highly-aligned tissues like the brain’s white matter have an organized
physical barrier, limiting the direction water can diffuse and leading to more anisotropic
diffusion profiles and thus higher FA. FA has often been used as a summary measure of
white matter integrity (Mukherjee et al., 2001), although more recently this has been viewed
as overly reductive. FA changes can be driven by alterations in neurite density, neurite
orientation and fanning, myelination, or injury. In regions of DEHSI, FA is reduced and
mean diffusivity (MD) and radial diffusivity (RD) are elevated. Axial diffusivity (AD) tends
to increase in DEHSI regions, but trends in both directions have been reported in separate
regions of the preterm brain (Cheong et al., 2009). In addition to the non-specific nature

of FA, the DT model has other known limitations. Its underlying assumption of Gaussian
diffusion leads to limited resolution in regions where tissue structures are more complex,
such as areas of fanning or crossing fibers or voxels that contain multiple tracts/tissue types.

In recent years, advanced diffusion MRI models have come to fruition that allow more
complex and accurate modeling of white matter micro and macrostructure (Dhollander et
al., 2021; Jeurissen et al., 2014; Tournier et al., 2004, 2008; Wang et al., 2011; Zhang et

al., 2012). These newer models provide additional parameters of tissue complexity, beyond
those associated with the DT model. In this study, we leveraged two such well-characterized
models, Constrained Spherical Deconvolution (CSD) (Jeurissen et al., 2014; Tournier et

al., 2007, 2008) and Neurite Orientation and Dispersion Density Imaging (NODDI) (Zhang
et al., 2012), to derive metrics of neurite density, axonal fanning, and white matter tract
cross-section, to serve as /n vivo surrogates of the histopathological features (Jespersen et
al., 2012; Jeurissen et al., 2014; Reijmer et al., 2012) accompanying DWMA.

CSD and its associated tractography is seen as an improvement over the DT model, because
it is able to delineate regions of crossing fibers with enhanced fidelity. It does so by
computing a full fiber orientation distribution (fOD) for each voxel, by modeling the
diffusion-weighted signal as the convolution over spherical coordinates of a single fiber
response function (the expected signal from a population of fibers with a single orientation)
and the fOD. The metrics derived from the CSD model are fiber density (FD), fiber cross-
section (FC), and their product, fiber density and cross-section (FDC). Kelly and colleagues
showed that compared to full-term children, preterm children had reductions in all three
metrics throughout the brain’s white matter (Kelly et al., 2020).

The NODDI model differentiates three types of microstructural environments: intra-cellular,
extra-cellular, and cerebrospinal fluid (CSF) compartments, in order to better depict the
complexity of axons and dendrites /7 vivo (Zhang et al., 2012). In the CSF compartment,
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diffusion is isotropic and Gaussian. In the extracellular compartment, which is bounded

by glia and neurite cell bodies, diffusion is hindered by these structures and is modelled

as anisotropic and Gaussian. Finally, the intracellular compartment is modelled as a set of
cylinders with radius zero. Diffusion in this compartment is non-Gaussian and is referred to
as restricted, as water can diffuse freely only along the axon, while perpendicular diffusion
is minimal. The cylinders themselves can be parallel or dispersed, which gives NODDI
enhanced flexibility for modelling neurite orientation patterns in areas with large amounts
of axonal fanning, such as the centrum semiovale (i.e., the central white matter). The

main metrics of the NODDI model are orientation dispersion index (ODI) and neurite
density index (NDI). Jespersen et al. (2012) demonstrated that ODI distributions from the
NODDI model show excellent agreement with a quantitative Golgi analysis. In a prior study
(Batalle et al., 2017) of NODDI parameters in the preterm brain at term, ODI showed a
direct positive relationship with gestational age and postmenstrual age at MRI scan. This
data is consistent with histopathological evidence of increased axonal fanning and bending
with white matter maturation, especially in regions such as the centrum semiovale. As
demonstrated in a cohort of preterm children, ODI decreased in the corona radiata with
perinatal history of white matter injury (Young et al., 2019). No prior studies have applied
CSD or NODDI models to elucidate the neuropathology associated with DWMA.

In a regional cohort of infants born preterm at <32 weeks gestational age with high angular
resolution diffusion imaging (HARDI) at term, we employed multi-modal modelling of

the white matter, automatically derived measures of cortical maturation, and correlated
these advanced neuroimaging metrics with objectively-quantified DWMA volume on term
T2-weighted MRI. Based on limited past literature (Batalle et al., 2017; Young et al., 2019),
we hypothesized that neurite orientation dispersion, neurite/fiber density, fiber cross-section,
and fractional anisotropy would all decrease with DWMA extent and that mean, axial,

and radial diffusivity would all increase. Last, we hypothesized that DWMA extent would
be associated with cortical dysmaturity on term morphometric MRI. Examining all these
metrics together should allow us to disentangle the complex nature of DWMA and gain a
wholistic understanding of a preterm pathology that has so far eluded researchers.

Materials and methods

2.1. Subjects

Between June 2017 and November 2019, we enrolled a regional, prospective cohort of 202
infants born preterm at 32 weeks gestational age (GA) or less from five Greater Cincinnati
area level-111 NICUs: 1) Cincinnati Children’s Hospital Medical Center, 2) University of
Cincinnati Medical Center, 3) Good Samaritan Hospital, 4) Kettering Medical Center, and

5) St. Elizabeth’s Healthcare. Exclusion criteria included congenital brain abnormalities,
cyanotic heart disease, chromosomal abnormalities, or moderate to severe brain abnormality
(Kidokoro score Kidokoro et al. 2013 8 and above; see below). Infants requiring mechanical
ventilation on greater than 50% oxygen beyond 45 weeks post-menstrual age (PMA) were
also excluded, as being transported to MRI posed a higher risk. The Cincinnati Children’s
Hospital Institutional Review Board approved this study, and reciprocity agreements resulted
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in approval at the other four sites. A parent or guardian gave written informed consent before
each infant was enrolled.

2.2. MRI data acquisition

All participants were imaged between 40- and 44-weeks PMA at Cincinnati Children’s
Hospital using the same 3T Philips Ingenia scanner (Philips Medical Systems, Best, the
Netherlands) with a 32 channel phase array head coil and identical imaging parameters.
Infants were fed 30 min prior to MRI and swaddled in a blanket and a vacuum
immobilization device (MedVac, CFI Medical Solutions, Fenton, MI) to promote natural
sleep without the use of any sedation. Silicone earplugs were applied to protect the infants’
ears from scanner noise (Instaputty, E.A.R. Inc, Boulder, CO). Both an experienced neonatal
nurse and neonatologist were present in cases requiring positive pressure airway support.
The following parameters were used for all scans: b800 diffusion MRI: echo time (TE) 88
ms, repetition time (TR) 6972 ms, flip angle 90°, field of view 160 x 160 mm? , matrix 80
x 79, 2 mm contiguous slices, and scan time 5:58 min. 36 directions of diffusion gradients
were applied with 4 interspersed b0 images, all acquired with posterior to anterior phase
encoding. In a separate acquisition, 4 b0 images were acquired with anterior to posterior
phase encoding; b2000 diffusion MRI: TE 88 ms, TR 5073 ms, flip angle 90°, field of view
160 x 160 mm? , matrix 80 x 78, slice thickness 2 mm, scan time 6:27 min, multiband factor
2, and SENSE factor 2. 68 directions of diffusion gradients were applied with 7 interspersed
b0 images, all acquired with posterior to anterior phase encoding. In a separate acquisition,
6 b0 images were acquired with anterior to posterior phase encoding; axial T2-weighted
image: TE 166 ms, TR 18567 ms, flip angle 90°, voxel dimensions 1.0 x 1.0 x 1.0 mm?3 ,
and scan time 3:43 min; Sagittal 3D T1-weighted scan with magnetization-prepared rapid
gradient echo sequence: TE 3.4 ms, TR 7.3 ms, flip angle 11°, voxel dimensions 1.0 x 1.0

x 1.0 mm3 , and scan time 2:47 min; axial susceptibility weighted image: TE 7.2 ms, TR 29
ms, flip angle 17°, voxel dimensions 0.57 x 0.57 x 1.00 mm3, and scan time 3:27 min.

2.3. DWMA quantification

Our recently developed deep learning algorithm (Li et al., 2021) was used to quantify
DWMA extent on T2-weighted MRI. Briefly, the algorithm, which utilizes ResU-Net
architecture, was trained on ground truth DWMA data generated by our prior semiautomated
algorithm (Li et al., 2019) and manually optimized by two human experts. Using an
internal cohort of 98 very preterm infants and a two-fold cross-validation scheme, the
algorithm achieved a Dice similarity coefficient of 0.91 and a balanced accuracy of 96%,
with only marginally lower performance metrics (0.88 and 92%, respectively) when tested
on an external cohort (7= 28). DWMA extent was quantified as the number of voxels

our algorithm labeled as DWMA multiplied by the voxel size (in mm?3 ) and normalized
(divided) by each infant’s total white matter volume (in mm3), to correct for the effect

of differing brain sizes. The mean (SD) normalized DWMA volume for our final cohort
was 0.0293 (0.0171), which represents 2.93% of the total white matter. We defined normal
DWMA as a volume <1 SD below the mean (0.0122; 7= 37) and severe DWMA as
normalized DWMA volume >1.28 SD above the mean (i.e., >90th percentile) (0.0683; n
= 18), a threshold that has been demonstrated to be independently predictive of motor,
cognitive, and language deficits (Parikh et al., 2020a, 2020c).
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2.4. Brain abnormality scoring

We scored brain abnormality using the system developed by Kidokoro et al. (2013),
which sums abnormalities in the cortical grey matter, cerebral white matter, deep grey
matter, and cerebellum to generate a single composite score. Of note, this scoring system
does not include subjective or objective assessments of DEHSI/DWMA. One pediatric
neuroradiologist performed all qualitative and quantitative structural MRI assessments
required to generate the Kidokoro score.

2.5. Preprocessing and DT model

We preprocessed the b800 data in FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/, version 5.0.11).
Susceptibility-induced distortions were corrected via FSL’s fopup procedure (Andersson et
al., 2003). Eddy current-induced distortions and slice-to-volume movement artifacts were
corrected via FSL’s eddy cuda (version 9.1) and an Nvidia GPU (Andersson et al., 2017),
by estimating changes in the susceptibility-weighted field with subject movement. Slices
with average signal intensity more than four standard deviations below the mean were
detected and replaced by a non-parametric Gaussian Process prediction (Andersson et al.,
2016). From this artifact-corrected data, FSL’s dffififfunction was used to generate maps of
FA, MD, RD, and AD.

2.6. CSD model

2.7.

We processed all b2000 diffusion-weighted data in MRtrix3 (www.mrtrix3.org), a CSD-
enabled software (Tournier et al., 2019), using our published methods for preprocessing
(PCA denoising, correction for Gibbs ringing; motion artifacts; eddy currents; and the
susceptibility-induced off-resonance field, global intensity normalization, and upsampling

to 1.3 mm isotropic resolution) (Chandwani et al., 2022). As previously described, we

then performed fOD generation via the Tournier algorithm, template construction (using a
representative subsample of 40 preterm infants), segmentation of template and subject fODs
to produce fixels (a fiber bundle element), warping and registration of individual subject
fixels to the template, probabilistic whole-brain tractography, and finally computation of FD,
FC, and FDC maps for each subject in template space. As recommended by the creators of
CSD, we used the log of FC for all FC analyses, to ensure that the data were centered around
zero.

NODDI model

The b2000 shell was processed identically to the b800 shell, described in the DT processing
section. Each shell was then registered to a mid-space using FSL’s midtrans function, to
ensure that both datasets were interpolated the same number of times. The corresponding
eddy-rotated b-vector files were adjusted accordingly. To account for the different TRs
between the two shells, each preprocessed shell was normalized by dividing by the mean of
its corresponding b0 image prior to the concatenation of the two data sets. These combined
multi-shell data were processed using the NODDI toolbox (https://www.nitrc.org/projects/
noddi_toolbox/), version 1.04. We used the pre-packaged WatsonSHStickTortlsoV_B0
model with default */nvivo’ tissue type settings. Notably, NODDI modelling was first
attempted with grid search starting points derived from neonatal data (provided in the
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toolbox as invivopreterm in the tissue type settings) (Kunz et al., 2014); however, this
resulted in failures to converge on a solution.

2.8. dHCP metrics

To examine how DWMA, a white matter signal abnormality, may nonetheless impact

early development of the grey matter, we correlated DWMA extent with several global
measures of cortical/grey matter maturation automatically derived using the developing
human connectome project pipeline (dHCP) (Makropoulos et al., 2018). The dHCP pipeline
uses FreeSurfer software to perform template alignment, tissue segmentation, and volume
estimation for the neonatal brain. It also calculates regional and global/whole brain values
for cortical metrics, including surface area, gyrification index, sulcal depth, and inner
cortical curvature (Jeurissen et al., 2014). All T2-weighted MRI images were segmented
by the pipeline, and cortical metrics were generated as previously described (Kline et al.,
2020a, 2020b; Makropoulos et al., 2018). We analyzed the relationship between DWMA
extent and whole-brain sulcal depth, gyrification index, cortical surface area, curvature

of the inner cortical surface, and relative volume of the deep nuclear grey matter (raw
volume divided by total tissue volume) by fitting a general linear model in Stata (Stata
version 16.0, College Station, TX) corrected for (1) PMA at MRI and (2) all covariates of
interest. We selected the following covariates for use in all multivariable models: PMA at
MRI, gestational age, sex, pneumothorax, bronchopulmonary dysplasia (BPD), retinopathy
of prematurity (ROP), maternal milk diet at discharge, caffeine, postnatal steroids, and
Kidokoro score, based on our prior research (Parikh et al., 2020b, 2021).

2.9. Statistical analysis

After fitting the three diffusion models and visually inspecting all outputs from the CSD,
NODDI, and DTI models, we performed similar analyses for all outcomes of interest.

For each outcome metric (FD, FC, FDC, ODI, NDI, FA, MD, RD, AD), our primary
statistical analysis involved fitting a general linear model to test the hypothesis (two-tailed)
that a significant relationship exists between total DWMA extent and the dMRI metric,
after correction for all covariates of interest. Outcomes from the NODDI and DTI models
were analyzed using Tract-Based Spatial Statistics (TBSS) (Smith et al., 2006). TBSS can
perform voxel-wise statistical analysis in template space of white matter tracts derived from
fractional anisotropy maps. Other measures aligned in the same space can also be correlated
with an exposure of interest (here DWMA extent). Family-wise error rate correction to
control for type | errors was achieved by performing 5,000 permutations of the design
matrix to estimate the null distribution. Outcomes from the CSD model were analyzed
using connectivity-based fixel enhancement according to the methods of Raffelt (Raffelt et
al., 2015), which uses a similar framework to TBSS but is performed on the fixel-level
after statistical smoothing. The smoothing process utilizes the probabilistic whole-brain
tractograph from CSD to identify fixels that are likely anatomically related, and this
information is then used for tract-specific smoothing and statistical enhancement.

We performed an additional analysis statistically comparing average values for each metric
of interest in regions marked as DWMA by our algorithm vs all non-DWMA white matter

Neuroimage. Author manuscript; available in PMC 2023 February 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kline et al.

Page 8

regions. 180 subjects were included in this analysis, and dependent Student’s t-tests were
used to assess significance.

To identify possible exclusion bias, we compared baseline and clinical characteristics of

all included vs excluded subjects. For continuous variables, we used either a Student’s
t-test or a Mann-Whitney U test, after assessing normality via Shapiro Wilks. We assessed
differences in binary variables using Fischer’s exact test. This bias analysis was conducted in
python, and a p-value of <0.05 indicated significance. Severe bronchopulmonary dysplasia
(BPD) was defined as Grade 2 level, which includes nasal cannula >2 L/min or noninvasive
positive airway pressure or higher. BPD level was as defined by Jensen et al. (2019) at 36
weeks of PMA. Late-onset sepsis was defined as culture positive blood or cerebrospinal
fluid infection after the first week of life. Maternal milk at discharge was defined as any
infant feeding with mom’s own milk (exclusively or combined with formula) at hospital
discharge or time of MRI. Necrotizing enterocolitis (NEC) was defined as proven Bell
stage Il or 11l NEC. Severe retinopathy of prematurity (ROP) was defined as ROP stage

3 or worse, or plus disease (enlargement of the posterior veins of the retina and tortuous
arterioles) noted in either eye, or need for treatment, including laser, surgery, or Avastin
injections.

3. Results

Of the initial cohort of 202 subjects, we excluded 22 subjects: one subject due to
ventriculomegaly; a deformation that could compromise warp to the template for CSD/
NODDI; four due to artifacts on dMRI that interfered with CSD’s global intensity
normalization, 15 because they were missing voxels at the periphery of their diffusion-
weighted scans (To perform fixel-based analysis, all regions of interest must be present for
all subjects), and two due to suboptimal alignment with the fOD template, for a final cohort
of 180 for all diffusion model analyses.

Compared to the included subjects, the excluded subjects were born at a later gestational
age and higher birth weight. Excluded babies were also more likely to be female (Table 1).
There were no other statistically significant differences in baseline variables between the
included and excluded infants. Fig. 1 displays a heatmap of locations in the preterm brain
where DWMA tended to concentrate for the 180 final subjects.

White matter regions marked as DWMA differed significantly from non-DWMA regions
for all metrics examined. With high statistical significance and nearly perfect concordance
across subjects (Fig. 2), mean AD, RD, and MD was higher in DWMA voxels compared
to non-DWMA voxels (p < 0.0001). Average FA, ODI, NDI, FD, and FDC were all
significantly lower in DWMA voxels (p < 0.0001). Average FC was lower in DWMA
voxels, and although the trend was less pronounced than the other metrics, it was still
significant (p = 0.001).

In the connectivity-based fixel enhancement analysis, FD decreased with DWMA extent
throughout the majority of the white matter (Fig. 3), although not in the cerebellum. FC
decreased with DWMA extent predominantly in the corticospinal tracts traversing the
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corona radiata, centrum semiovale, and brainstem and also in the corpus callosum and
cerebellum. DWMA extent was associated with a widespread decrease in FDC in nearly all
white matter regions, which is to be expected, as FDC generalizes FD and FC. We did not
identify any negative associations.

In TBSS analyses of metrics from the NODDI model, NDI decreased with DWMA volume
throughout portions of all major white matter regions with the exception of the cerebellum
(Fig. 4), in concordance with the FD metric, both of which should approximate the same
underlying truth. ODI, on the other hand, decreased in a more localized manner. We detected
a large regional ODI decrease with DWMA extent above the lateral ventricles (i.e., centrum
semiovale) and in the portion of the corona radiata directly superior. We also identified a
small region of ODI decrease in the right temporal lobe.

TBSS analyses of metrics from the DT model detected widespread significant associations
between DWMA extent and all four DT metrics. FA decreased while MD, RD, and AD
increased with DWMA extent throughout portions of every major white matter tract (Fig. 5).

Of the 180 infants with high-quality dMRI data, 157 had T2 images that were successfully
processed using the dHCP pipeline. The pipeline failures were often due to a tiny missing
region on the periphery of the structural scan or the reason was indeterminate (‘white-pial
error’ reported by the dHCP). Normalized DWMA volume exhibited a positive correlation
with curvature of the inner cortex, whether correcting for just PMA (5 [95% Cl]: 4.34 [2.51,
6.16], p= 2.78e-6) or all covariates of interest (4.52, [2.62, 6.42], p = 2.55e-6). DWMA
was also inversely correlated with gyrification index (-1.85 [-3.47, -0.23], p = 0.026) when
correcting for PMA, and remained close to significant when correcting for all confounders
(-1.68 [-3.38, 0.03], p=0.054). There were no significant correlations with sulcal depth
(9.53 [-19.32, 38.38], p= 0.515) or surface area (-39956.21 [-126910.90, 46998.48], p=
0.365), when correcting for PMA only. The results remained insignificant in multivariable
models. Normalized volume of DWMA was also inversely correlated with relative deep
nuclear grey matter volume (—0.046 [-0.076, —0.012], p = 0.008) when correcting for PMA,
and remained significant when correcting for all confounders (-0.056 [-0.091, -0.021], p=
0.002).

Normalized volume of DWMA did not correlate with white matter abnormality score (r=
-0.054; p=0.477), deep nuclear GM score (r= - 0.055; p= 0.466), cerebellar score (r=
-0.033; p=0.664) or the global brain abnormality score (r=-0.087; p=0.246). However, it
did correlate with cortical GM score (r= —0.168; p=0.024). Severe DWMA did not correlate
with global brain abnormality score or any of the four subcomponent scores, including
cortical GM score, suggesting DWMA volume is independent of the regional abnormalities
that make up the global brain abnormality score.

4. Discussion

We demonstrate that DWMA extent is associated with diffuse micro and macrostructural
brain abnormalities in infants born preterm evaluated at term-equivalent age. By combining
three separate diffusion MRI models, we can better distinguish the various alterations
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underlying DWMA pathology in the preterm brain. Our results suggest that on the
microscopic level, DWMA is characterized by reduced axonal orientation dispersion
primarily in the centrum semiovale (the most common site of DWMA signal) and also in the
corona radiata, reduced cross-section of the motor and sensory tracts traversing this region,
and widespread reduced fiber density. Our results comparing DWMA vs non-DWMA
regions validate pilot studies showing abnormal diffusion metrics and abnormal network
connectivity in infants with DWMA (Cheong et al., 2009; Counsell et al., 2006; Skiold et
al., 2010). Based on its association with reduced cortical curvature and reduced gyrification,
DWMA extent may also be a driver of greater cortical immaturity.

The multimodal insights gained from this study provide the potential biological
underpinnings of a prevalent signal abnormality, whose etiology appears multifactorial
(Parikh et al., 2020b, 2021), and suggest that DWMA is a serious neuropathology associated
with globally compromised white matter morphology and cortical maturational delays.
These results are consistent with our group’s prior DWMA studies demonstrating its
clinical antecedents, postmortem pathology, and significant associations with cognitive,
language, and motor impairments at 2 to 3 years corrected age (Parikh et al., 2020a,

2013, 2020b, 2020c, 2016, 2021). These combined results strongly suggest that DWMA is
the neuroimaging correlate of diffuse white matter gliosis, the most common postmortem
neurological finding reported in 40-80% of very preterm infant deaths (Parikh et al., 2016;
Pierson et al., 2007; Volpe, 2009, 2017). Because such a correlate has been lacking, Volpe
stated that the functional significance of diffuse white matter gliosis in preterm infants was
unknown (Molpe, 2017). Our findings indicate a strong linear relationship between DWMA
signal and microscopic white matter alterations that are consistent with diffuse white matter
gliosis (Galinsky et al., 2020; Griffith et al., 2012; Volpe, 2009) and, considering the
published evidence presented above, underscore its significance as a biomarker of later
neurodevelopmental impairment. Studies in infants born very preterm have reported that
several regional microstructural metrics are associated with neurodevelopmental deficits

at 2 to 3 years corrected age (Ball et al., 2017; Parikh, 2016; Valavani et al., 2021;

Vassar et al., 2020). We recently examined the combination of DWMA with structural

and functional connectivity and clinical factors and demonstrated that such a multimodal
approach was more accurate than individual modalities at predicting cognitive, language,
and motor deficits at age two (He et al., 2021). If these results are validated at age three in
our ongoing longitudinal cohort study, moderate-severe DWMA should trigger referral for
early intervention therapies or neuroprotection trials soon after birth, when the potential for
neuroplasticity is maximal.

Our DT model results bear out that DWMA extent indicates compromised white matter
morphology. FA typically decreases, accompanied by an increase in the other three DT
indices in association with injury mechanisms, disease chronicity, or developmental delay. In
the present study, we indeed show that FA broadly decreases with DWMA extent, while the
other metrics broadly increase. The fact that these results are consistent throughout the white
matter adds to the accumulating evidence that DWMA represents a global brain pathology
and validates prior smaller studies (Cheong et al., 2009; Counsell et al., 2006; Skiold

et al., 2010). However, as previously mentioned, the DT model oversimplifies inferences
about white matter microstructure, and its reliance on just one principal direction negates it
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applicability in regions of crossing fibers, two limitations not shared by CSD and NODDI
(Jespersen et al., 2012; Reijmer et al., 2012).

Data from the CSD and NODDI models allow us to glimpse additional microstructural
changes accompanying DWMA. Thus, we can parse the influence of DWMA on two
fundamental contributors to the FA parameter (Irzan et al., 2021), neurite density and neurite
coherence (defined as 1-ODI) (Batalle et al., 2017). DWMA extent was associated with
reduced neurite density (reduced NDI/FD) throughout most of the WM, with the exception
of the cerebellum. This bolsters our earlier histopathological analysis showing fewer axons
and oligodendroglia cells in DWMA regions (Parikh et al., 2016). It also aligns with our
recently-published graph theory analysis in the same cohort, in which DWMA extent was
associated with overall decreased global efficiency and decreased local efficiency in brain
regions supporting cognitive, linguistic, and motor functions (Kline et al., 2021), likely
driven at least in part by this reduced cellularity.

In our current study, DWMA extent was associated with increased neurite coherence
(decreased ODI) in a more limited manner, primarily in the centrum semiovale and corona
radiata, suggesting that the identified widespread FA decrease is more attributable to reduced
neurite density than localized altered neurite coherence. Similarly, Batalle and colleagues
concluded that FA’s evolution in the developing preterm brain is driven more by increasing
neurite density than increasing tract coherence (Batalle et al., 2017). Fiber cross section also
decreased with DWMA in a more limited manner. The majority of the FC decreases we
detected occurred in the bilateral corticospinal tracts, with additional decreases in the corpus
callosum and cerebellum, two crucial motor areas. Based on these regional relationships, we
presume that a reduction in neurites due to aberrant maturation or injury likely explains both
microstructural findings and also the tight association between DWMA extent with cerebral
palsy and lower motor scores at 3 years of age (Parikh et al., 2020a), which we recently
reported in very preterm infants. Additionally, all three CSD metrics in similar portions

of the preterm brain (e.g., corticospinal tracts and corpus callosum) at term were recently
positively correlated with the motor and cognitive sub-test scores of the Bayley Scales of
Infant and Toddler Development I11 assessment tool at ages 1 and 2 years (Pannek et al.,
2020).

Paradoxically, the two concomitant microstructural alterations we identified in the central
white matter with DWMA, decreased neurite density and localized increased neurite
coherence, may have masked the true extent of DWMA’s pathology in past studies,
especially when viewed through the lens of FA and quantified within the centrum semiovale,
the region in which it is most prevalent. The magnitude of the FA parameter is expected

to decrease with decreased neurite density but to /ncrease with increased neurite coherence,
which could have partially disguised the degree of abnormality in DWMA regions. With
DWMA, reduced ODI in regions traversed by the corticospinal tracts is likely pathological,
reflecting less complex and mature motor pathways.

Few studies have examined the significance and relationship of ODI with preterm birth
or perinatal brain injury. In Batalle’s very preterm network study (introduced above)
(Batalle et al., 2017), streamlines from the CSD model were weighted by metrics from the
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NODDI model. 1-ODI network weightings showed a negative correlation with gestational
age at birth, implying that ODI increased with advancing gestational age. This likely
reflects decreased complexity and crossing fibers in the white matter of younger brains
(Batalle et al., 2017). Our results validate their findings and suggest that the decrease in
ODI we observed with increasing DWMA extent is a result, at least partially, of white
matter maturational delay in key regions of crossing fibers. Reduced number of axons and
myelination delay can also result from diffuse white matter injury, such as gliosis (Back,
2017). In a study of 6-year-old very preterm born children with a history of perinatal white
matter injury, Young et al. reported decreased ODI in the superior corona radiata, similar

to our findings in very preterm infants (Young et al., 2019). Thus, localized reduced ODI
with DWMA may additionally reflect acute injury. Conversely, two studies in 6 and 7-year-
olds concluded that very preterm children exhibit overall increased orientation dispersion
compared to term-born children (Kelly et al., 2016; Young et al., 2019). This comparatively
higher ODI in preterm children may result from the brain’s adaptive response to injury/
immaturity and suggests that ODI could be a biomarker of neuroplasticity. Alternatively,
these apparently conflicting findings may reflect differences in cohort characteristics, sample
size, imaging parameters, and lack of sequence harmonization in one of the two studies
(Kelly et al., 2016).

The periventricular spatial distribution of DWMA at term-equivalent age closely matches
the early developmental topography of the periventricular crossroads, which is unlikely

to be coincidental. Judas et al.(Judas et al., 2005) performed a histological-neuroimaging
correlation study in 15 human fetuses and preterm infants between 15- and 36-weeks
post-ovulation age and demonstrated that periventricular WM that appears hyperintense

on T2 and hypointense on T1-weighted MRI contains periventricular fiber crossroads that
comprise callosal, associative, and thalamocortical/corticofugal fibers intersecting in the
transverse, sagittal, and radial directions. Furthermore, these regions are rich in extracellular
matrix and axonal guidance molecules that likely represent a vulnerable cellular and
topographic target. Thus, insults to this vulnerable region can not only disrupt growing
axons and premyelinating oligodendrocytes but can also impact the functioning of signaling
cascades involved in the preservation and navigation of developing axons. The diversity

of fibers traversing the central white matter suggests that insults can result in a range of
cognitive, language, and/or sensorimotor impairments (Judas et al., 2005; Parikh et al.,
2020a, 2020c). Not surprisingly, the centrum semiovale and frontal/occipital periventricular
regions are the most common sites of DEHSI/DWMA in preterm MRI studies and also
diffuse white matter gliosis with or without periventricular leukomalacia in postmortem
studies (Buser et al., 2012; Pierson et al., 2007). The persistence of this bright signal
abnormality in these regions beyond the mid to late fetal stages suggests ongoing immaturity
with or without injury to the periventricular fiber crossroads that manifests as DWMA at
term-equivalent age. Thus, the most common MRI finding in preterm infants - DWMA

—is likely the neuroimaging correlate of diffuse white matter gliosis, the most common
postmortem finding in preterm infants (Maalouf et al., 1999; Pierson et al., 2007; Volpe,
2017).

We urgently need mechanistic studies in preterm infants to determine if DWMA is caused
by hypoxia-ischemia, nutritional deficiencies, or more likely excessive inflammation, as
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suggested by recent epidemiologic data (Parikh et al., 2020b, 2021). Additional risk,
protective, and mitigating factors that warrant further investigation include maternal milk
(Barnett et al., 2018; Blesa et al., 2019; Krishnan et al., 2017a, 2017b; Stoye et al., 2020;
Wheater et al., 2022), DNA methylation (Wheater et al., 2022), genetic variation (Krishnan
etal., 2017a, 2017b), stress (Stoye et al., 2020), and models that account for multiple
perinatal hits (Barnett et al., 2018).

Our analysis of cortical metrics allows us to glimpse how DWMA might influence the
developing grey matter. We identified a strong direct relationship between DWMA and
inner cortical curvature and an inverse relationship with gyrification index, suggesting
that DWMA is associated with delayed cortical maturation. In an independent prospective
cohort, we previously showed that cortical curvature is higher in very preterm infants
compared to full-term controls (Kline et al., 2019), a result corroborated by the dHCP’s
developers (Makropoulos et al., 2014). We also demonstrated that increased cortical
curvature prognosticates lower language, cognitive (Kline et al., 2020a), and motor scores
(Kline et al., 2020b) at two-years corrected age in very preterm infants. We and others
have hypothesized that the increased curvature in very preterm groups is based on overall
shallower sulci (Kline et al., 2020b; Shimony et al., 2016). However, we did not detect

an association between DWMA and sulcal depth in this cohort, but rather a negative
association between DWMA and gyrification index, defined as the amount of cortex within
the sulcal folds vs the amount of outer visible cortex. This result may lend credence to

the tension-based theory of cortical development (Van Essen, 1997), which posits that
axons exert a ‘pull’ on the developing cortex, causing it to fold. We therefore cautiously
speculate that the fewer axons available in the white matter of infants with DWMA exert
less of a pull, resulting in less cortical gyrification and more curvature. If this is the

case, DWMA’s high prevalence in preterm populations may partially explain the increased
curvature of the preterm brain as compared to full-term newborns. Finally, the decreased
volume of deep grey matter identified with DWMA aligns with prior work by Boardman
et al. and Srinivasan et al. showing that reduced thalamic volume in very preterm infants
at term is cross-sectionally associated with findings of qualitatively defined DEHSI and
diffusion changes in regions of DEHSI from the same MRI scans (Boardman et al., 2006;
Srinivasan et al., 2007). Thus, another change concomitant with DWMA may explain its
strong association with later outcomes.

The major strength of our study was our large and representative cohort size, sampled
from academic and non-academic NICUs, our use of an objective and validated measure
of DWMA, and the multiple diffusion models employed. Conversely, our study design was
limited by the diffusion models themselves, including the previously mentioned limitations
of the DT model with regard to resolution of crossing fibers. Furthermore, the NODDI
model assumes fixed and identical axonal and extra-axonal diffusivities for all tissues.
Deviations from these assumptions that occur with disease states can bias the remaining
parameters, resulting in a loss of specificity (Jelescu et al., 2015). Tissue pathology could
therefore impart a false change in orientation dispersion or neurite density. However, these
weaknesses are partially overcome by combining the three models and examining the
overall emergent picture. By doing so, we have devised a more nuanced picture of DWMA
microstructural pathology than previously available, one that is unlikely to emerge from
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large postmortem studies. All correlations reported here were cross-sectional, and future
studies should examine such relationships longitudinally.

Our results, especially when combined with our prior reported findings from postmortem
histopathology, graph theoretical analysis, epidemiology, and neurodevelopmental
prognostic studies, strongly implicate DWMA on term MRI as a significant pathological
entity. Our next step is to assess the independent value of DWMA volume in predicting
long-term neurodevelopmental impairments from this cohort to validate our prior findings. If
validated, future studies should evaluate novel neuroprotective interventions to enhance the
quality of life in preterm infants with DWMA.
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Fig. 1. Heatmap of diffuse white matter abnormality (DWMA) distribution in the preterm brain.
Automated DWMA segmentations for 180 preterm infants created by our deep learning

algorithm were aligned to the same template generated by TBSS using linear and nonlinear
warping, to produce a heatmap of its prevalence in our cohort.
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Fig. 2. Average diffusion-weighted imaging-derived metrics for white matter voxelsidentified as
diffuse white matter abnormality (DWM A) compared to non-DWM A white matter voxels.

Metrics are from left to right, top row: mean diffusivity, axial diffusivity, radial diffusivity;
middle row: fractional anisotropy, orientation dispersion index, neurite density index; bottom
row: mean fiber density, mean log fiber cross-section, and mean fiber density and cross-
section. Each line segment represents one participant; the size of the circle at the left end

of the line segment is proportional to that participant’s total DWMA volume; the size of the
circle at the right end of the line segment is not scaled.
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P=0.05 N P< 0.0001

Fig. 3. Relationship between CSD metricsand DWMA extent
Streamlines traversing fixels in which CSD metrics FD, FC, and FDC decreased with

DWMA extent. For FD and FDC, all significant regions are shown at once, i.e., the image
of the significant streamlines is not dependent on the position of the crosshair. For rows FC
1 and FC 2, the crosshair shows the voxel position on two different views of the same data.
The color bar indicates the p-value after family-wise error rate correction.
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P=0.05 [ " P< 0.0001

Fig. 4. Relationship between NODDI metricsand DWMA extent.
TBSS results showing white matter regions in which ODI (top two rows) and NDI (bottom

row) decreased with DWMA extent. Green areas represent the TBSS white matter skeleton.
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P=0.05 | N P<0.0001

W P<0.0001

Fig. 5. Relationship between DT metricsand DWMA extent.
TBSS results showing regions in which FA, MD, RD, and AD from the DT model were

significantly associated with DWMA extent. Red/blue signifies increase/decrease with
DWMA extent. Green areas represent the TBSS white matter skeleton.
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