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Abstract:

Auditory perception is established through experience-dependent stimuli exposure during
sensitive developmental periods; however, little is known regarding the structural devel opment
of the central auditory pathway in humans. The present study characterized the regional
developmental trgjectories of the ascending auditory pathway from the brainstem to the auditory
cortex from infancy through adolescence using a novel diffusion MRI-based tractography
approach and along-tract analyses. We used diffusion tensor imaging (DTI) and neurite
orientation dispersion and density imaging (NODDI) to quantify the magnitude and timing of
auditory pathway microstructural maturation. We found spatially varying patterns of white
matter maturation along the length of the tract, with inferior brainstem regions devel oping earlier
than thalamocortical projections and left hemisphere tracts developing earlier than the right.
These results help to characterize the processes that give rise to functional auditory processing
and may provide a baseline for detecting abnormal development.

Keywords: Auditory pathway, child development, microstructure, tractography, NODDI, white
matter

Highlights:

e We characterize the microstructural maturation of the auditory pathway
We show structural development of the auditory pathway is dynamic and heterogeneous
e Diffusion metrics AD, RD and MD reach adult-like levels earlier than FA and NDI

e Brainstem microstructure matures earlier than the subcortical white matter
e Maturation of the right auditory pathway continues later than the left
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1. Introduction

The auditory system is a fundamental sensory perceptual system that enables the
identification and localization of sounds in the external environment. Auditory perception is
established through exposure to experience-dependent stimuli during critical developmental
periods of heightened plasticity in early life (Gabard-Durnam and McLaughlin, 2020) and plays
acritical rolein cognitive development (Ortiz-Mantilla et al., 2019). Infants born with congenital
sensorineural hearing loss face many obstacles in the acquisition of speech later in life (Kral et
a., 2019); however, cochlear implantation early in life during sensitive developmental periods
can restore auditory function and enable normal acquisition of spoken language (Nicholas and
Geers, 2013; Niparko et a., 2010; Robbins et al., 2004). Given the important role of myelinating
processes on the closure of critical periods of auditory plasticity (Kalish et al., 2020; Mcgee et
al., 2005), characterization of auditory white matter maturation is an important step towards
understanding typical and atypica child auditory development, and possibly guiding
interventional treatment planning. However, few studies have investigated the neural
microstructure of the pathways that facilitate transmission of auditory information to the brain
during typical development using neuroimaging techniques.

The ascending auditory pathway conveys spectrotemporal auditory information from the
receptors in the inner ear to the primary auditory cortex (Peterson et al., 2021). The neural
pathways that support this information transfer are complex and involve polysynaptic relays of
decussating fibers through the brainstem, midbrain, thalamus and subcortical white matter
(Figure 1A). In summary, the vestibulocochlear nerve (cranial nerve VIII) carries auditory
information from the organ of Corti within the cochlea to the cochlear nucleus (CN) in the
brainstem through the internal auditory canal. Fibers from the CN then bifurcate and synapse in
the ispilateral and contralateral superior olivary nuclei (SON) in the trapezoid body of the
brainstem where binaural cues essential for auditory localization are processed (Yin and Chan,
1990). Auditory information is then conveyed from the bilateral SON viathe lateral lemniscusto
the inferior colliculus (IC) (De Martino et al., 2013). Fibers then project to the moderating body
of the medial geniculate nucleus (MGN) of the thalamus, and then pass through the acoustic
radiation and terminate in the primary auditory cortex (A1) located within the superior temporal
gyrus (Westerhausen et al., 2009). The auditory pathway undergoes a comparatively protracted
developmental process that differs markedly from the early maturation observed in other primary
sensory systems, such as the visual and somatosensory systems (Kinney et al., 1988; Pujol et al.,
2006; Yakovlev and Lecours, 1967), presumably to accommodate language acquisition and
cognitive development during childhood. This extended developmental time course therefore
renders the auditory system particularly susceptible to auditory deficits during sensitive windows
of enhanced plasticity, as auditory deprivation in infants and young children disrupts a critical
window for receptive language development (Gabard-Durnam and McLaughlin, 2020).

Diffusion MRI (dMRI) is a non-invasive neuroimaging technique that is sensitive to the
displacement patterns of diffusng water molecules and provides unique insight into
characteristics of in vivo white matter structure (Beaulieu, 2009). Quantitative models derived
from dMRI contrasts, such as diffusion tensor imaging (DTI) and neurite orientation dispersion
and density imaging (NODDI), provide unique insight into the integrity of white matter
microstructure. DTI is a dMRI model sensitive to white matter cellular features that influence
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diffusion anisotropy and tissue water content. The DTI metrics fractional anisotropy (FA), mean
diffusivity (MD) and radia diffusivity (RD) may reflect axon caliber, myelination and axonal
density (Barazany et al., 2009; Beaulieu, 2002; Song et al., 2002), while axial diffusivity (AD)
may be associated with axonal injury and degradation (Concha et al., 2006; Song et al., 2003).
While the metrics derived from the DTI model are sensitive to developmental processes, they are
not specific and the relative contribution of different cellular features to changes in DTI metrics
is unclear. NODDI is a multi-compartment diffusion model that estimates tissue compartments
based on the restrictive nature of water diffusion patterns using multi-shell diffusion data (Zhang
et al., 2012). The neurite dengity index (NDI), which models the fraction of a voxel occupied by
axons, provides a more specific measure of axonal density and accounts for more age-related
variance during child development compared to the DTI metric fractional anisotropy (FA) (Genc
et a., 2017). Orientation dispersion index (ODI) provides an index of orientational complexity
indicative of fiber dispersion. Therefore, utilization of metrics derived from both DTl and
NODDI can provide complementary insight into different developmental processes within the
auditory pathway.

The developmental time course of major white matter tract microstructure using DTI and
NODDI metrics have been well studied in pediatric populations, which broadly show dynamic
and spatially-varying patterns of maturation with age (Lebel et al., 2019a; Lebel and Deoni,
2018). However, few studies have assessed the microstructural development of the auditory
pathway in vivo. In fact, the majority of research on the development of the auditory pathways
and their associated cortical functions have been conducted in children with (Berman et al.,
2016)varying degrees of hearing loss (Huang et al., 2015; Wang et al., 2019; Wu et al., 2016b)
and are restricted to tractography of the auditory pathway thalamocortical projections (Berman et
a., 2016; Wu et a., 2016a). Research into the structural connectivity of the auditory pathway in
vivo, particularly within the brainstem, is complicated by a number of factors. Brainstem
anatomy is characterized by a mixture of white matter bundles and subcortical nuclei, and dMRI
tractography performance is inhibited by the polysynaptic nature of the auditory pathway (Mori
and Tournier, 2013; Wakana et al., 2004). In order to mitigate the inherent difficulties of
delineating the auditory pathway from the brainstem to the auditory cortex, we utilize state-of-
the-art diffuson analysis techniques, including a high angular resolution diffusion imaging
(HARDI) acquisition with a higher order modeling approach to enhance detail to auditory
microstructure (Zanin et al., 2019). In particular, we employed multi-compartment modeling
techniques including DTI with free-water elimination (fwe-DTI) and NODDI, which are made
possible with a multi-shell (or multi-b-value) acquisition, and this provides a way to characterize
tissue microstructure properties and reduce partial volume effects that arise from the mixing of
distinct tissue compartments. We aso use multi-tensor modeling of white matter fibers to
improve the accuracy of fiber tracking in areas with crossing fibers, which are especially
challenging in the brainstem. While the complexity and fine structure of some parts of the
auditory pathway till remain beyond what may be resolved by MRI, these diffusion-derived
metrics may nevertheless provide a coarse-grain representation of the major features of an
individual’s auditory pathway, which are useful for establishing population-level growth models
across neurodevelopment. To illustrate this point, a recent study by (Vos et al., 2015) showed
DTl was sufficient to reconstruct the auditory nerve projections in a sample of adults with
unilateral hearing loss; however, multi-shell dMRI tractography provided enhanced sensitivity to
morphological alterations in the affected auditory nerve over single-shell methods (Ryan P
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Cabeen et al., 2018a). Such models can help expand our understanding of the basic neuroscience
of the auditory system, and also provide a resource for potential clinical applications in
diagnosis, treatment planning, and evaluation of hearing disorders.

The primary goal of this study was to elucidate the magnitude and timing of auditory
pathway maturation using advanced computational neuroimaging methods applied in a large
neuroimaging dataset of typically developing children (N=105) from infancy through 18 years
old. We developed a novel tractography analysis pipeline to characterize the white matter
bundles that constitute the ascending auditory pathway from the vestibulocochlear nerve in the
brainstem to the auditory cortex. Growth models were applied to quantitative dMRI metrics
derived from DTl and NODDI to characterize the magnitude and timing of microstructural
features that contribute to white matter maturation of the bilateral brainstem and subcortical
auditory pathways. In order to test the hypothesis that auditory pathway maturation proceeds
along the inferior-to-superior axis, we use an along-tract analytical approach to characterize
gpatial microstructural patterns of white matter maturation along the length of each fiber bundle.

2. Methods
2.1 Subjects

Cross-sectional neuroimaging data from 105 unrelated typically developing infants,
children and adolescents between 0.1 and 18.8 years of age (M = SD = 7.8 = 4.9 years, 56
female) were included in the present study (Figure 1). Children were scanned at Cincinnati
Children’s Hospital Medical Center (CCHMC) as a part of the Cincinnati MR Imaging of
NeuroDevelopment (C-MIND) study (Holland et al., 2015), which is publicly available at
https://nda.nih.gov/edit_collection.ntml?d=2329. The goals of C-MIND are to characterize
normative brain-behavior development and develop standardized pediatric neuroimaging
protocols for typically developing children. Typically developing children were recruited
through the CCHMC and were representative of the racial, ethnic and gender composition of the
US population. Participants were included in the study if they or a first degree relative had a
negative history of neurological or psychiatric disease, were born term (gestational age between
37 and 42 weeks), had a body mass index between the 10" and 90" percentile for their age and
sex, and had a normal neurological exam (Kaiser et a., 2015). Subjects with abnorma MRI
findings or MRI contraindications, such as orthodontic braces or metallic implants, were
excluded from the study. Parent/guardian consent was obtained for all subjects, subject consent
was obtained for individuals over 17 years of age, and subject assent was obtained for
individuals less than 17 years of age and procedures were approved by the Institutional Review
Board of CCHMC.

2.2 Image acquisition

Neuroimaging data was acquired on a 3T Philips Achieva scanner with a 32-channel head
coil. For each subject, multi-shell diffusion weighted images (DWI) were collected across 2
scans with the following acquisition parameters. voxel size=2 mm isotropic, acquisition
matrix=112x109, field of view (FOV)=224x224x120, flip angle (FA)=90° and 61 noncollinear
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gradient-encoding directions with 7 non-diffusion weighted (b0) images interspersed throughout
each scan and averaged into a single volume. Differences in the acquisition between the 2 scans
include: Scan 1; b=1000 Ymm? repetition time (TR)/echo time (TE)=6614/81 ms;, Scan 2:
b=3000 ymm?% TR/TE=8112/104 ms. T1-weighted (T1w) images were used as an anatomical
reference and were acquired using a turbo-field echo magnetization-prepared rapid acquisition
with gradient echo (MP-RAGE) protocol with the following parameters. voxel size=1 mm
isotropic, FOV=256x224x160, FA=8°, TR/TE=8.1/3.7 ms, and inversion time (T1)=939 ms.

2.3 Data preprocessing

dMRI data was analyzed using Quantitative Imaging Toolkit (QIT) (R. P. Cabeen et al.,
2018). Each scan was normalized by its respective b=0 volume to correct for differences in
TR/TE.
FSL TOPUP and EDDY were used to correct for motion, eddy-current, and susceptibility
induced geometric distortion (Andersson and Sotiropoulos, 2016) and the brain was extracted
using FSL BET (Smith, 2002).. The diffusion data was spatially normalized using ANTSs by first
performing intra-subject registration between each subject's DWI and T1-weighted MRIs
(Avants et al., 2008). DTI-TK (Zhang et al., 2007) was then used to generate population-
averaged templates of parameter maps, and templates are subsequently aligned to atlas space
(Zhang et a., 2011) using the Illinois Institute of Technology (11T) Human Brain Atlas template
(Zhang and Arfanakis, 2018).

2.4 Diffusion modeling

Diffusion modeling was performed using the Quantitative Imaging Toolkit (QIT) (Ryan
P Cabeen et al., 2018b). The parameters fractional anisotropy (FA), axial diffusivity (AD), radial
diffusivity (RD) and mean diffusivity (MD) were obtained from free-water eliminated diffusion
tensor imaging (fwe-DTI) (Pasternak et al., 2009) using iterative least squares optimization (Hoy
et al., 2014) from the DWI acquired with b=1000 mm?. fwe-DT! has been shown to improve
tissue specificity by reducing partia volume effects introduced by extracellular free water
(Metzler-Baddeley et al., 2012). The neurite orientation disperson and density imaging
(NODDI) parameters neurite density index (NDI) and orientation dispersion index (ODI) (Zhang
et a., 2012) were calculated using the spherical mean technique (Cabeen et al., 2019) from the
concatenated DWI scans (b=1000, 3000 mm?). NODDI fixes the intrinsic diffusivity to a
biologicaly plausible value d;; = 1.7 nm?/ms. However, recent studies have shown shown that
the default value is suboptimal in infant brains (Guerrero et al., 2019). Within white matter,
(Guerrero et a., 2019) snowed the optimal dj; is 1.5 um?/ms within a cohorts of infants less than
1 year of age. In the present dataset, the default d;; was optimal in white matter of children older
than 1 year of age (Supplemental Figure 1). Because a small fraction of children between 6
months and 1 year of age were included in the present study (n=8), the default d; was considered
acceptable for the calculation of NODDI measures. Intra-voxel multi-tensor models to be used
for tractography were calculated using FSL BEDPOSTX (Behrens et al., 2007; Jenkinson et al.,
2012).

2.5 Tractography of the auditory pathway


https://doi.org/10.1101/2024.06.10.597798
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.10.597798; this version posted October 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

We used an atlas-based streamline tractography approach to model the auditory pathway
(Figure 2). Our modeling approach separated the auditory pathway into two distinct segments,
(1) alower brainstem pathway that was constrained to connect fibers from the internal auditory
canal (IAC) to the inferior colliculus (IC), and (2) an upper pathway constrained to connect the
IC to auditory cortex (AC) in Heschl’s gyrus of the superior gyrus of the temporal lobe (Figure
1B). We chose the split at the IC as it provided an unambiguous point of termination at each
sub-pathway, and the while there are indeed intermediate synaptic connections along the
auditory pathway (at the cochlear nucleus, the superior olivary complex, and the media
geniculate nucleus), the region boundaries of those intermediate nuclel do not have sufficient
Tlw or T2w contrast to be clearly distinguished. However, in reconstructing connections
between the IAC and IC, we found the pathway trajectory traverses these intermediate structures,
as indicated by 7T fMRI atlas data provided by (Garcia-Gomar et al., 2019); hence, we adopted
an approach where these intermediate points are accordingly included in the bundle moddl in a
data-driven manner through tractography (Figure 2C, D). We manually labeled IAC, IC, and
AC regions-of-interest (ROIS) in the IIT template (Zhang and Arfanakis, 2018). The boundaries
of the AC drawn on the IIT template were defined using the anatomical landmarks described by
(Desikan et al., 2006). The deformable registration algorithm in DTI-TK was used to align these
ROIs to native space in each individual, and we applied a hybrid tractography algorithm (Cabeen
and Toga, 2020) with the multi-tensor models to reconstruct each bundle with the following
parameters. a minimum volume fraction of 0.01, maximum turning angle of 65 degrees, five
seeds per voxel, a step size of 1.0 mm, and trilinear interpolation of fiber orientations. The hybrid
tractography algorithm is an approach inspired by reinforcement learning to better resolve
crossing fiber regions. First, probabilistic tractography is performed using the above tracking
parameters, then a single dominant fiber orientation is inferred in each voxel from the most likely
probabilistic bundle fiber orientation, with spatial regularization using a Markov Random Field.
Subsequently deterministic streamline tractography is applied to the inferred dominant fiber
orientation field. This processis described in more detail by (Cabeen and Toga, 2020), including
an evaluation study of the acoustic radiation that shows this provides increased reliability and
topographic regularity.

2.6 Whole- and along-tract processing

The average microstructural properties within the whole lower and upper auditory
pathways of the left and right hemispheres were calculated using a weighted averaging approach
to avoid partial volume effects due to neighboring tissue types within the brainstem. Each
estimated streamline had vertices spaces 4 mm apart and the diffusion metrics were averaged
across al vertices for all streamlines. Therefore, regions of the tract with the most streamlines
are weighed more heavily than regions with fewer streamlines.

We further characterized the bundles using an along tract approach, which can reveal
more anatomically-specific features than available from whole bundle analysis. The along-tract
technique was based on methods used in (Colby et al., 2012). First, a single prototypical
“centroid” curve was estimated for each bundle from a population-averaged template using the
gparse closest point transform (SCPT) that identifies the curve with the minimum mean-
symmetrized Hausdorff distance to the others (Cabeen et al., 2021). The mean symmetrized
Hausdorff distance has been shown to outperform other distance measures when estimating the
closest point transform in tractography (Cabeen et al., 2021). The centroid curve was then
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resampled with distinct equidistant segments spaced every 4 mm. The template prototype curve
was deformed to subject space using the transform previously computed with DTI-TK and the
cross-sectional bundle vertices were labelled according to its optimal corresponding template
segment label. The average NODDI and DTI measures were then computed for each group of
vertices that match the centroid vertices. To account for potential misalignment in the bundle

matching step, we applied along-tract smoothing using a Laplacian filter with A = 0.3 and five
iterations.

2.7 Satigtical analysis

Statistical analyses were carried out with R version 3.1.2. The reationship between
auditory tract diffuson parameters and age were assessed using the stats package (v3.6.2) with
the following models. (a) a univariate linear model of the form: metric = By + B1*age, where By
is the y-intercept and B; is the aging coefficient or (b) a Brody growth curve implemented with
nonlinear least squares regression using for the form: metric = a - (a - B)€**°, where o is the
asymptote, S is the y-intercept, and k is the growth rate. The best fit model for each diffusion
parameter with each auditory tract and aong-tract vertex was assessed using Bayesian
information criteria (BIC). For models best fit with a Brody growth curve, the age at 90% of the
estimated asymptotic value (ageyo,,) Was computed and bootstrap resampling was performed with
10,000 iterations to obtain the standard error around the estimated coefficients (boot v1.3-28).
The estimated age at 90% of the exponential model plateau has been used previously to reflect
the timing of developmental plateau in previous studies of white matter maturation (Chen et al.,
2016; Lebel et al., 2008; Lynch et a., 2020). Lateralization in the developmental timing of
auditory pathway maturation with diffusion parameters was assessed by computing the
developmental laterality index (dL1) at each point along the auditory pathway: dL1 = (X, - Xc)/(X
+ Xc) where X, and Xc reflect agey,, at corresponding points on the ipsilateral and contralateral
tract, respectively. The dLI represents the relative difference in age estimates and ranges from -1
to 1, where positive values denote regions where agey,, is older in the ipsilateral compared to the
contralateral side, while negative values denote regions where ageso,, is younger in the ipsilateral
compared to the contralateral side.

3. Results
3.1. Mean fwe-DTI and NODDI metric differences with age

The fwe-DTI metrics AD, RD and MD showed non-linear age-related differences in the
bilateral upper and lower auditory pathways that were best expressed using a Brody growth
curve (Table 1). The left upper auditory pathway also showed an exponential relationship with
age using the fwe-DTI parameter FA and NODDI parameter NDI. Age-related variance in FA
and NDI were best explained with a linear modd for the left lower, right lower and right upper
auditory pathways (Table 2). In these pathways, FA and NDI were significantly and positively
associated with age. Age was not significantly associated with ODI in the lower (left: p=.09;
right: p=.17) or upper (left: p=.91; right: p=.45) auditory pathways. Figure 3 shows the age-
related changes to fwe-DTI and NODDI parameter values averaged across the whole bilateral
upper and lower auditory pathways. Per exponential model fittings, AD plateaus earliest within
the right lower (agey,=3.15 years, 95% CI [2.04, 6.82)]), left upper (ageyp,=5.72 years [4.63,
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7.49]) and right upper (ages,=6.54 years [5.01, 9.40]) auditory pathways. RD reaches plateaus
latest within the right lower (agew,=5.14 years [3.27, 11.93]) and upper (agew,=10.89 years
[8.18, 16.29]) tracts, while NDI plateaus latest within the left upper tract (ages,=18.28 years
[12.85, 33.36]). The estimated ageso, Within the left lower tract is approximately equal across
parameters with exponential fits (RD: 4.40 years [3.19, 7.03], MD: 4.58 years [3.32, 7.40], AD:
4.83 years [3.34, 8.70]). Overal, the left and right lower tracts plateau earlier across parameter
values (M+SD=4.34+.70 years) compared to the left and right upper tracts (9.35+4.21 years). For
MD and RD, the dL1 did not significantly differ from zero, indicative of similar agey, between
the left and right lower tracts (RD: dLI=-.08, MD: dLI=.07), while a leftward developmental
lateralization was observed in upper tracts, where agego, was later in left hemisphere fibers
compared to the right (RD: dL1=-.25, MD: dLI=-.20). Conversdly, rightward developmental
lateralization of AD was observed where ageg, Was older in the left compared to right lower
tract (dLI=.21), while no appreciable interhemispheric differencesin AD ageso, were observed in
the upper auditory pathway (dL1=-.07) (Table 1).

3.2. Developmental rate and timing of tract-specific diffusion changes

Along-tract analyses demonstrate the maturational timing for each metric was not uniform
(Figure 3). In accordance with our whole tract findings, the Brody growth curve provided the
best fit model for all points along the bilateral auditory pathway for AD, RD and MD and the left
upper auditory pathway for NDI. While the Brody growth curve provided the best fit model to
describe age-related changes to whole left upper auditory tract FA, age-related FA changes along
the most superior fibers in the superficia white matter of the left upper auditory tract were best
explained with alinear model (Figure 5). The regions that reached ageso,, |atest across diffusion
parameters include the brainstem corresponding to the inferior colliculus and superficial white
matter underlying the auditory cortex (Figure 4). For diffusion parameters within the auditory
pathway that showed nonlinear age-related changes, the standard error of the growth rate was
highest in the most inferior fibers that correspond to the vestibulocochlear projections into the
brainstem (Figure 6). Similarly, vestibulocochlear projections into the brainstem also showed
the largest standard error for the estimated sope for parameters that were best fit with a linear
model (Figure 7). Figure 8 demonstrates the regional developmental lateralization of diffusion
parameter maturation within the auditory pathway. Along-tract analyses reveal increased
rightward lateralization of agesy, for RD and MD at the level of the inferior colliculus and the
superficial white matter near the superior temporal gyrus.

4. Discussion

This paper is the first to characterize the development of the auditory pathway of
typically developing children from infancy through adolescence using diffusion neuroimaging.
We have identified spatially varying patterns of white matter microstructural development from
the brainstem to the subcortical white matter of the auditory cortex that differed across NODDI
and fwe-DTI metrics. Our whole- and along-tract findings support previous histological studies
that show a general inferior-to-superior pattern of auditory pathway maturation. Furthermore, we
found the left auditory pathway reaches the estimated developmental asymptote earlier than the
right hemisphere, which may be an important precursor to the development of left-lateralized
language acquisition in development. Together, our findings contribute to a growing body of
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work that shows white matter development of auditory structures is a dynamic and
heterogeneous process.

In the present study, we found AD, RD and MD are associated with rapid and nonlinear
age-related decreases from infancy through adolescence, while FA and NDI increase with age
and follow a more protracted developmental timeline. While evidence of auditory pathway
diffusion changes across development are limited, our findings are in line with the vast majority
of cross-sectional and longitudinal studies of global white matter development that show FA
increases, while RD and MD decrease with age (Krogsrud et al., 2016; Lebel and Beaulieu,
2011; Lynch et al., 2020; Moura et a., 2016; Pohl et al., 2016; Scherf et a., 2014). Non-linear
decreases in RD and MD likely reflect increased myelination during auditory pathway
maturation. Our findings also agree with recent studies that demonstrate positive associations
between NDI and age in white matter across childhood (Genc et a., 2017; Lynch et al., 2020;
Mah et a., 2017). It is possible that non-linear age-related tragjectories in NDI and FA were not
observed due to the protracted developmental time course of these metrics, where the age range
sampled was too young to detect the inflection point and asymptote of the growth curve.
Therefore, the linear and protracted increase in FA and NDI likely reflect axonal maturational
processes that extends well past adolescence (Bartzokis et a., 2010). This is corroborated by
previous lifespan and longitudinal dMRI studies that show white matter development continues
into the third decade of life (Lebe et al., 2012; Lebel and Beaulieu, 2011; Y eatman et a., 2012).

There was converging evidence across MD, AD and RD that show an inferior-to-superior
gpatial age-related pattern within the auditory pathway, where brainstem regions developed
earlier than the thalamocortical projections to the primary auditory cortex. Within the lower
auditory pathway from the vestibulocochlear nerve to the IC, AD, RD and MD reached adult
levels by 5 years of age, with the earliest age estimates observed in the crania nerves.
Furthermore, the lack of a significant relationship between FA and age in the most distal portion
of the lower auditory tract corresponding to the vestibulocochlear nerve suggests that
developmental alterations to cochlear nerve FA was complete by the early postnatal period.
Histological studies have similarly shown that rapid embryonic myelination of the cochlear nerve
occurs prenatally during the second and third trimesters (Moore et a., 1997; Moore and
Linthicum, 2001), while maturation of the brainstem pathways continue through the early
postnatal period (Moore and Linthicum, 2007). The lower brainstem, which receives primary
sensory information from the cochlear nerve, is important for the establishment of auditory
perception and is highly conserved across vertebrate species (Lipovsek and Wingate, 2018).
Dendritic arborization and myelination of brainstem axons within the lateral lemniscus and
trapezoid body commence during the third trimester and reach adult-like levels by 6 to 12
months of age (Moore et al., 1995), which coincides with the first physiological and behavioral
responses to external acoustic stimuli (Birnholz and Benacerraf, 1983; Kuhlman et al., 1988).
Fibers that project from the IC to the MGN undergo the most rapid maturation during the
postnatal period (Yakovlev and Lecours, 1967), which corresponds to the time when phonemic
discrimination is observed in infants (Trehub, 1973). In opposition to the available evidence, we
found across metrics usng dMRI that the auditory pathway that projects through the IC
continued to develop well past adolescence. It is unclear what the source of the discrepancy is
between our findings and those found with histology, but it is possible that our findings may
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have been contaminated by the microstructure of neighboring structures given the small size of
theIC.

Contrary to the early maturation of the brainstem auditory pathways, we found the upper
auditory pathway reached asymptotic values between 5 and 11 years of age for AD, RD and MD
and between 11 and 18 years for FA and NDI in the left hemisphere. For all diffusion
parameters, the late maturation was driven predominantly by portions of the superficial white
matter of the acoustic radiation adjacent to the auditory cortex that, for some metrics, has yet to
reach adult levels by 19 years of age. Immature thalamocortical projection axons that have
restricted terminations in the auditory cortical layers become apparent by 12 months of age
(Moore and Guan, 2001) and proceed to myedinate into early childhood. In line with our
findings, the most protracted developmental time course for the auditory pathway occurs in the
intracortical projections to adjacent auditory regions within superficial white matter, where they
reach adult-like levels by late childhood (Moore and Guan, 2001). Due to the increased
computational capacity of intra and inter-cortical connectivity in the auditory cortex,
experience-dependent refinement of advanced auditory processing abilities also extend into
adolescence (Litovsky, 2015). For example, age-dependent improvements to sound localization
(Kaga, 1992), speech-in-noise discrimination (Elliott, 1979) and the identification degraded
sounds (Eisenberg et al., 2000; H. et al., 2000) are observed in late childhood. Notably, the
protracted structural and functional maturation of the auditory system in concert with multiple
sensory and cognitive systems appear to play a crucial role in the development of speech
articulation and perception, which continue to improve well into adolescence (Ross et al., 2011;
Sutherland et a., 2012).

While the present study represents an important step towards characterizing normative
white matter maturation within the auditory pathway, several limitations should be considered.
The dMRI acquisition was collected with multiple gradient strengths to enable multi-
compartment modeling; however, each shell was acquired with a different TR and TE, which
may introduce a modeling bias. To overcome this issue, we normalized each diffusion scan with
the non-diffusion-weighted volume of the corresponding scan to mitigate the issues introduced
with differing acquisition parameters, as used in previous research (Genc et al., 2017; Lynch et
al., 2020). However, results from this study should be replicated in another pediatric dataset with
more similar TR/TE settings among diffusion acquisition shells. It is also possible that the spatial
resolution used in the present study (2 mm isotropic) is not sufficiently high enough to capture
the intricacies of the brainstem white matter pathways. Previous studies have demonstrated
comparable brainstem tractography performance at spatial resolutions of 1 mm and 2 mm
isotropic; however, brainstem tractography performed at the less clinically feasible .33 mm
isotropic resolution provides enhanced visibility into the fine structural components of the
brainstem (Ford et al., 2013). Additionally, several diffusion metrics did not reach asymptotic
values and appeared to continue maturing past the age range sampled. Nonlinear fits highly
depend on the sampled age range and different conclusions regarding the developmental timing
of white matter maturation depend on the fitting approach and age range sampled (Lebel et al.,
2019b; LeWinn et al., 2017). Therefore, a broader age range should be considered to improve
our estimates of the maturational timing of auditory pathway microstructure, especially because
it is known that myelination is decades-long process (Bartzokis et al., 2010). The data available
for this study was cross-sectional in nature and therefore age-related trends do not reflect within-
subject changes over time and inferences about white matter maturation should be interpreted
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with caution. Furthermore, we were unable to compare our results of auditory pathway
microstructural development with functional improvements to hearing ability. Therefore, future
studies should consider a longitudinal study design with functional auditory tasks to better
understand the relationship between the structural and functional components of auditory
development. Although, the children are considered typically developing without any clinically
noted language acquisition difficulties or documented hearing loss, there were no formal
audiograms obtained in the study subjects. Future studies should prospectively obtain
audiograms and tests of auditory processing to confirm typical developmental processes.
Additionally, inclusion of structural MRI contrasts capable of measuring specific white matter
processes (i.e., myelination) should be considered, such as magnetization transfer.

To our knowledge, the present study is the first to characterize the maturational trajectory of
the ascending auditory pathway in vivo from the brainstem to the auditory cortex from infancy
through adolescence in alarge, typicaly developing cohort. Utilizing along-tract analyses to gain
granular insight into spatial maturational patterns of diffusion microstructure, we show brainstem
regions develop than subcortical regions, and left hemisphere structures develop earlier than
right. The results from study can be used as a comparative template to distinguish normative and
atypical auditory pathway development. Furthermore, the proposed tractography technique will
enable other researchers to delineate the fine auditory structures of the brainstem can be used
broadly to study children born with abnormal auditory patterns, such as congenital or acquired
sensorineural hearing loss.

CRediT Author Statement

Kirsten M. Lynch: Methodology, Formal analysis, Investigation, Writing — original draft,
Writing — review and editing, Visualization. Stefanie C. Bodison: Conceptualization,
Methodology, Writing — original draft preparation, Writing — review & editing. Ryan P.
Cabeen: Conceptualization, Methodology, Software, Writing — review and editing,
Visualization. Arthur W. Toga: Conceptualization, Resources, Supervision, Funding
acquisition. Courtney C. J. Voelker: Conceptualization, Methodology, Writing — original draft
preparation, Writing — review & editing, Visualization, Funding acquisition.

References

Andersson, J.L.R., Sotiropoulos, S.N., 2016. An integrated approach to correction for off-
resonance effects and subject movement in diffusion MR imaging. Neuroimage 125, 1063~
1078. https://doi.org/10.1016/j.neuroimage.2015.10.019

Avants, B.B., Epstein, C.L., Grossman, M., Gee, J.C., 2008. Symmetric diffeomorphic image
registration with cross-correlation: Evaluating automated labeling of elderly and
neurodegenerative brain. Med Image Anal 12, 26-41.
https://doi.org/10.1016/j.media.2007.06.004

Barazany, D., Basser, P.J., Assaf, Y., 2009. In vivo measurement of axon diameter distribution in
the corpus callosum of rat brain. Brain 132, 1210-1220.
https://doi.org/10.1093/brai n/awp042


https://doi.org/10.1101/2024.06.10.597798
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.10.597798; this version posted October 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Bartzokis, G., Lu, P.H., Tingus, K., Mendez, M.F., Richard, A., Peters, D.G., Oluwadara, B.,
Barrall, K.A., Finn, J.P., Villablanca, P., Thompson, P.M., Mintz, J., 2010. Lifespan
trajectory of myelin integrity and maximum motor speed. Neurobiol Aging 31, 1554-1562.
https://doi.org/10.1016/j.neurobiol aging.2008.08.015

Beaulieu, C., 2009. The biological basis of diffusion anisotropy, in: In: Johansen-Berg, H.,
Behrens, T.E.J. (Eds. ) (Ed.), Diffuson MRI: From Quantitative Measurement to In-Vivo
Neuroanatomy. Academic Press, pp. 105-129. https://doi.org/10.1016/B978-0-12-396460-
1.00008-1

Beaulieu, C., 2002. The basis of anisotropic water diffusion in the nervous system - A technical
review. NMR Biomed 15, 435-455. https://doi.org/10.1002/nbm.782

Behrens, T.E.J.,, Berg, H.J., Joabdi, S., Rushworth, M.F.S., Woolrich, M.W., 2007. Probabilistic
diffusion tractography with multiple fibre orientations; What can we gain? Neuroimage 34,
144-155. https://doi.org/10.1016/j.neuroimage.2006.09.018

Berman, J.I., Edgar, J.C., Blaskey, L., Kuschner, E.S., Levy, SEE., Ku, M., Déll, J., Roberts,
T.P.L., 2016. Multimodal diffusion-MRI and MEG assessment of auditory and language
system development in autism spectrum disorder. Front Neuroanat 10.
https://doi.org/10.3389/fnana.2016.00030

Birnholz, J.C., Benacerraf, B.R., 1983. The Development of Human Fetal Hearing. Science
(1979) 222, 516-518.

Cabeen, Ryan P, Kari, E., Volker, C., Marta, F., Kulich, L.M., Shi, Y., Law, M., Toga, A.W.,
2018a. Feasihility of Quantitative Diffusion MR Tractography of the Vestibulocochlear
Nervein Children with Unilateral Profound Sensorineural Hearing Loss, in: Proceedings of
the International Society for Magnetic Resonance in Medicine (ISMRM).

Cabeen, R. P., Laidlaw, D.H., Toga, A.W., 2018. Quantitative imaging toolkit: Software for
interactive 3D visualization, data exploration, and computational analysis of neuroimaging
datasets, in: ISMRM-ESMRMB Abstracts. pp. 12-14.

Cabeen, Ryan P, Laidlaw, D.H., Toga, A.W., 2018b. Quantitative Imaging Toolkit[1: Software
for Interactive 3D Visualization , Data Exploration , and Computational Analysis of
Neuroimaging Datasets, in: ISMRM-ESMRMB Abstracts. pp. 12-14.

Cabeen, R.P., Sepehrband, F., Toga, A.W., 2019. Rapid and accurate NODDI parameter
estimation with the spherical mean technique, in: Proc International Society for Magnetic
Resonancein Medicine (ISMRM). p. 3363.

Cabeen, R.P,, Toga, A.W., 2020. Reinforcement tractography: A hybrid approach for robust
segmentation of complex fiber bundles, in: IEEE 17th International Symposium on
Biomedical Imaging (ISBI). pp. 999-1003.

Cabeen, R.P,, Toga, A.W., Laidlaw, D.H., 2021. Tractography Processing with the Sparse
Closest Point Transform. Neuroinformatics 19, 367-378. https://doi.org/10.1007/s12021-
020-09488-2

Chen, Z., Zhang, H., Yushkevich, P.A., Liu, M., Beaulieu, C., 2016. Maturation Along White
Matter Tractsin Human Brain Using a Diffusion Tensor Surface Model Tract-Specific
Analysis. Front Neuroanat 10, 1-18. https://doi.org/10.3389/fnana.2016.00009

Colby, J.B., Soderberg, L., Lebel, C., Dinov, 1.D., Thompson, P.M., Sowell, E.R., 2012. Along-
tract statistics allow for enhanced tractography analysis. Neuroimage 59, 3227-3242.
https://doi.org/10.1016/j.neuroimage.2011.11.004


https://doi.org/10.1101/2024.06.10.597798
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.10.597798; this version posted October 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Concha, L., Gross, D.W., Wheatley, B.M., Beaulieu, C., 2006. Diffusion tensor imaging of time-
dependent axonal and myelin degradation after corpus callosotomy in epilepsy patients.
Neuroimage 32, 1090-1099. https://doi.org/10.1016/j.neuroimage.2006.04.187

De Martino, F., Moerdl, M., Van De Maoortele, P.F., Ugurbil, K., Goebel, R., Yacoub, E.,
Formisano, E., 2013. Spatial organization of frequency preference and selectivity in the
human inferior colliculus. Nat Commun 4, 1-8. https://doi.org/10.1038/ncomms2379

Desikan, R.S., Ségonne, F., Fischl, B., Quinn, B.T., Dickerson, B.C., Blacker, D., Buckner, R.L.,
Dale, A.M., Maguire, R.P., Hyman, B.T., Albert, M.S,, Killiany, R.J., 2006. An automated
labeling system for subdividing the human cerebral cortex on MRI scans into gyral based
regions of interest. Neuroimage 31, 968-980.
https://doi.org/10.1016/j.neuroimage.2006.01.021

Eisenberg, L.S., Shannon, R. V., Schaefer Martinez, A., Wygonski, J., Boothroyd, A., 2000.
Speech recognition with reduced spectral cues as a function of age. J Acoust Soc Am 107,
2704-2710. https://doi.org/10.1121/1.428656

Elliott, L.L., 1979. Performance of children aged 9 to 17 years on atest of speech intelligibility
in noise using sentence material with controlled word predictability. Journa of the
Acoustical Society of America 66, 651-653. https://doi.org/10.1121/1.383691

Ford, A., Colon-Perez, L., Triplett, W.T., Gullett, JM., Mareci, T.H., FitzGerald, D.B., 2013.
Imaging white matter in human brainstem. Front Hum Neurosci 7, 1-11.
https://doi.org/10.3389/fnhum.2013.00400

Gabard-Durnam, L., McLaughlin, K.A., 2020. Sensitive periodsin human devel opment: charting
acourse for the future. Curr Opin Behav Sci 36, 120-128.
https://doi.org/10.1016/j.cobeha.2020.09.003

Garcia-Gomar, M.G., Strong, C., Toschi, N., Singh, K., Rosen, B.R., Wald, L.L., Bianciardi, M.,
2019. In vivo probabilistic structural atlas of the inferior and superior colliculi, medial and
lateral geniculate nuclei and superior olivary complex in humans based on 7 tesaMRI.
Front Genet 10, 1-15. https.//doi.org/10.3389/fnins.2019.00764

Genc, S., Malpas, C.B., Holland, SK., Beare, R., Silk, T.J., 2017. Neurite density index is
sensitive to age related differences in the devel oping brain. Neuroimage 148, 373-380.
https://doi.org/10.1016/j.neuroimage.2017.01.023

Guerrero, JM., Adluru, N., Bendlin, B.B., Goldsmith, H.H., Schaefer, S M., Davidson, R.J.,
Kecskemeti, S.R., Zhang, H., Alexander, A.L., 2019. Optimizing the intrinsic parallel
diffusivity in NODDI: An extensive empirical evaluation. PLoS ONE 14, 1-17.
https://doi.org/10.1371/journal.pone.0217118

H.,HD.E.,A.,, W.B,, C,, H.S,, R., M.D., 2000. Age-Related Improvements in Auditory
Backward and Simultaneous Masking in 6- to 10-Y ear-Old Children. Journal of Speech,
Language, and Hearing Research 43, 1402-1415. https://doi.org/10.1044/jdhr.4306.1402

Holland, S., Schmithorst, V.J., Wagner, M., Lee, G., Rgagopal, A., Sroka, M., Felicelli, N.,
Rupert, A., Clark, K., Toga, A., Freund, L., 2015. The C-MIND project: normative MRI
and behavioral data from children from birth to 18 years, in: Proceedings of the 21st
Annumal Mesting of the Organization for Human Brain Mapping (OHBM), Honolulu, HA.

Hoy, A.R., Koay, C.G., Kecskemeti, S.R., Alexander, A.L., 2014. Optimization of afree water
elimination two-compartment model for diffusion tensor imaging. Neuroimaging 103, 323—
333. https://doi.org/10.1016/j.neuroi mage.2014.09.053.Optimi zation

Huang, L., Zheng, W., Wu, C., Wel, X., Wu, X., Wang, Y., Zheng, H., 2015. Diffusion tensor
imaging of the auditory neural pathway for clinical outcome of cochlear implantationin


https://doi.org/10.1101/2024.06.10.597798
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.10.597798; this version posted October 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

pediatric congenital sensorineural hearing loss patients. PLoS One 10, 1-9.
https://doi.org/10.1371/journal .pone.0140643

Jenkinson, M., Beckmann, C.F., Behrens, T.E.J., Woolrich, M.W., Smith, SM., 2012. FSL.
Neuroimage 62, 782—790. https://doi.org/10.1016/j.neuroimage.2011.09.015

Kaga, M., 1992. Development of sound localization. Acta Paediatr Jon 34, 134-8.

Kaiser, D., Leach, J., Vannest, J., Schapiro, M., Holland, S., 2015. Unanticipated findingsin
pediatric neuroimaging research: Prevalence of abnormalities and process for reporting and
clinical follow-up. Brain Imaging Behav 9, 32—42. https.//doi.org/10.1007/s11682-014-
9327-7

Kalish, B.T., Barkat, T.R., Did, E.E., Zhang, E.J., Greenberg, M.E., Hensch, T.K., 2020. Single-
nucleus RNA sequencing of mouse auditory cortex reveals critical period triggers and
brakes. Proc Natl Acad Sci U SA 117, 11744-11752.
https://doi.org/10.1073/pnas.2014145117

Kinney, H.C., Brody, B.A., Kloman, A.S,, Gilles, F.H., 1988. Sequence of Central Nervous
System Myelination in Human Infancy: 11. Patterns of Myelination in Autopsied Infants. J
Neuropathol Exp Neurol 47, 217-234. https://doi.org/10.1097/00005072-198805000-00003

Kral, A., Dorman, M.F., Wilson, B.S., 2019. Neurona Development of Hearing and Language:
Cochlear Implants and Critical Periods. Annu Rev Neurosci 42, 47-65.
https://doi.org/10.1146/annurev-neuro-080317-061513

Krogsrud, SK., Fel, A.M., Tamnes, C.K., Grydeland, H., Mork, L., Due-Tgnnessen, P.,
Bjernerud, A., Sampaio-Baptista, C., Andersson, J., Johansen-Berg, H., Wahovd, K.B.,
2016. Changes in white matter microstructure in the developing brain-A longitudinal
diffusion tensor imaging study of children from 4 to 11years of age. Neuroimage 124, 473—
486. https://doi.org/10.1016/j.neuroimage.2015.09.017

Kuhlman, K.A., Burns, K.A., Depp, R., Sabbagha, R.E., 1988. Ultrasonic imaging of normal
fetal response to external vibratory acoustic stimulation. Am J Obstet Gynecol 158, 47-51.
https://doi.org/10.1016/0002-9378(88)90773-9

Lebel, C., Beaulieu, C., 2011. Longitudinal development of human brain wiring continues from
childhood into adulthood. J Neurosci 31, 10937—47.
https://doi.org/10.1523/INEUROSCI.5302-10.2011

Lebel, C., Deoni, S., 2018. The development of brain white matter microstructure. Neuroimage
182, 207-218. https://doi.org/10.1016/j.neurocimage.2017.12.097

Lebel, C., Gee, M., Camiciali, R., Widler, M., Martin, W., Beaulieu, C., 2012. Diffusion tensor
imaging of white matter tract evolution over the lifespan. Neuroimage 60, 340-52.
https://doi.org/10.1016/j.neuroimage.2011.11.094

Lebel, C., Tret, S, Beaulieu, C., 2019a. A review of diffuson MRI of typical white matter
development from early childhood to young adulthood. NMR Biomed 32, e3778.
https://doi.org/10.1002/nbm.3778

Lebel, C., Treit, S, Beaulieu, C., 2019b. A review of diffusion MRI of typical white matter
devel opment from early childhood to young adulthood. NMR Biomed 32, e3778.
https://doi.org/10.1002/nbm.3778

Lebel, C., Walker, L., Leemans, A., Phillips, L., Beaulieu, C., 2008. Microstructural maturation
of the human brain from childhood to adulthood. Neuroimage 40, 1044—-1055.
https://doi.org/10.1016/j.neuroimage.2007.12.053


https://doi.org/10.1101/2024.06.10.597798
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.10.597798; this version posted October 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

LeWinn, K.Z., Sheridan, M.A., Keyes, K.M., Hamilton, A., McLaughlin, K.A., 2017. Sample
composition alters associations between age and brain structure. Nat Commun 8, 874.
https://doi.org/10.1038/s41467-017-00908-7

Lipovsek, M., Wingate, R.J.T., 2018. Conserved and divergent development of brainstem
vestibular and auditory nuclei. Elife 7, 1-25. https://doi.org/10.7554/eL ife.40232

Litovsky, R., 2015. Development of the auditory system, Handb Clin Neurol.
https://doi .org/10.1097/00003446-199902000-00008

Lynch, K.M., Cabeen, R.P., Toga, A.W., Clark, K.A., 2020. Magnitude and timing of major
white matter tract maturation from infancy through adolescence with NODDI. Neuroimage
212, 116672. https://doi.org/10.1016/j.neuroimage.2020.116672

Mah, A., Geeraert, B., Lebel, C., 2017. Detailing neuroanatomical development in late childhood
and early adolescence using NODDI. PLoS One 12, 1-16.
https://doi.org/10.1371/journal .pone.0182340

Mcgee, A.\W., Yang, Y., Fischer, Q.S,, Daw, N.W., Stephen, M., 2005. Experience-Driven
Plasticity of Visual Cortex Limited by Myelin and Nogo Receptor. Science (1979) 3009,
2222-2226.

Metzler-Baddeley, C., O’ Sullivan, M .J,, Bdlls, S., Pasternak, O., Jones, D.K., 2012. How and
how not to correct for CSF-contamination in diffusion MRI. Neuroimage 59, 1394-1403.
https://doi.org/10.1016/j.neuroimage.2011.08.043

Moore, JK., Guan, Y.L., 2001. Cytoarchitectural and axonal maturation in human auditory
cortex. JARO - Journal of the Association for Research in Otolaryngology 2, 297-311.
https://doi.org/10.1007/s101620010052

Moore, JK., Guan, Y.L., Shi, SR., 1997. Axogenesis in the human fetal auditory system,
demonstrated by neurofilament immunohistochemistry. Anat Embryol (Berl) 195, 15-30.
https://doi.org/10.1007/s004290050021

Moore, J.K., Linthicum, F.H., 2007. The human auditory system: A timeline of development. Int
JAudiol 46, 460-478. https://doi.org/10.1080/14992020701383019

Moore, J.K., Linthicum, F.H., 2001. Myelination of the human auditory nervel 1: different time.
Annals of Otology, Rhinology & Laryngology 110, 655-661.

Moore, J.K., Perazzo, L.M., Braun, A., 1995. Time course of axonal myelination in the human
brainstem auditory pathway. Hear Res 91, 208-209. https://doi.org/10.1016/0378-
5955(95)00218-9

Mori, S, Tournier, J.-D., 2013. Introduction to Diffusion Tensor Imaging: and Higher Order
Models. Academic Press, Oxford, UK.

Moura, L.M., Kempton, M., Barker, G., Salum, G., Gadelha, A., Pan, P.M., Hoexter, M., D€l
Aquilla, M.A.G., Picon, F.A., Anés, M., Otaduy, M.C.G., Amaro, E., Rohde, L.A.,
McGuire, P., Bressan, R.A., Sato, J.R., Jackowski, A.P., 2016. Age-effects in white matter
using associated diffusion tensor imaging and magnetization transfer ratio during late
childhood and early adolescence. Magn Reson Imaging 34, 529-534.
https://doi.org/10.1016/j.mri.2015.12.021

Nicholas, J.G., Geers, A.E., 2013. Spoken language benefits of extending cochlear implant
candidacy below 12 months of age. Otology and Neurotology 34, 532-538.
https://doi.org/10.1097/M AO.0b013e318281e215

Niparko, JK., Tobey, E.A., Thal, D.J.,, Eisenberg, L.S., Wang, N.Y ., Quittner, A.L., Fink, N.E.,
2010. Spoken language development in children following cochlear implantation. JAMA -


https://doi.org/10.1101/2024.06.10.597798
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.10.597798; this version posted October 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Journal of the American Medical Association 303, 1498-1506.
https://doi.org/10.1001/jama.2010.451

Ortiz-Mantilla, S., Realpe-Bonilla, T., Benasich, A.A., 2019. Early Interactive Acoustic
Experience with Non-speech Generalizes to Speech and Confers a Syllabic Processing
Advantage at 9 Months. Cerebral Cortex 29, 1789-1801.
https://doi.org/10.1093/cercor/bhz001

Pasternak, O., Sochen, N., Gur, Y., Intrator, N., Assaf, Y., 2009. Free water elimination and
mapping from diffuson MRI. Magn Reson Med 62, 717—730.
https://doi.org/10.1002/mrm.22055

Peterson, D.C., Reddy, V., Hamel, R.N., 2021. Neuroanatomy, Auditory Pathway. StatPearls
Publishing, Treasure Island, FL.

Pohl, K.M., Sullivan, E. V., Rohlfing, T., Chu, W., Kwon, D., Nichals, B.N., Zhang, Y., Brown,
SA., Tapert, SF., Cummins, K., Thompson, W.K., Brumback, T., Colrain, I.M., Baker,
F.C., Prouty, D., DeBdllis, M.D., Voyvodic, J.T., Clark, D.B., Schirda, C., Nagdl, B.J,,
Pfefferbaum, A., 2016. Harmonizing DTI measurements across scanners to examine the
devel opment of white matter microstructure in 803 adolescents of the NCANDA study.
Neuroimage 130, 194-213. https://doi.org/10.1016/j.neuroimage.2016.01.061

Pujol, J., Soriano-Mas, C., Ortiz, H., Sebastian-Gallés, N., Losilla, J.M., Deus, J., 2006.
Myelination of language-related areas in the developing brain. Neurology 66, 339-43.
https://doi.org/10.1212/01.wnl.0000201049.66073.8d

Robbins, A.M.C., Koch, D.B., Osberger, M.J., Zimmerman-Phillips, S., Kishon-Rabin, L., 2004.
Effect of Age at Cochlear Implantation on Auditory Skill Development in Infants and
Toddlers. Archives of Otolaryngology - Head and Neck Surgery 130, 570-574.
https://doi.org/10.1001/archotol.130.5.570

Ross, L.A., Molholm, S,, Blanco, D., GomezORairez, M., Saint-Amour, D., Foxe, J.J., 2011. The
devel opment of multisensory speech perception continues into the late childhood years. Eir
JNeurosci 33, 2329-2337. https://doi.org/10.1111/].1460-9568.2011.07685.x. The

Scherf, K.S., Thomas, C., Doyle, J., Behrmann, M., 2014. Emerging structure-function relations
in the devel oping face processing system. Cerebral Cortex 24, 2964—2980.
https://doi.org/10.1093/cercor/bht152

Smith, S.M., 2002. Fast robust automated brain extraction. Hum Brain Mapp 17, 143-155.
https://doi.org/10.1002/hbm.10062

Song, SKK., Sun, SW., Ju, W.K,, Lin, S.J,, Cross, A.H., Neufeld, A.H., 2003. Diffusion tensor
imaging detects and differentiates axon and myelin degeneration in mouse optic nerve after
retinal ischemia. Neuroimage 20, 1714-1722.
https://doi.org/10.1016/j.neuroi mage.2003.07.005

Song, S.-K., Sun, S.-W., Ramsbottom, M.J., Chang, C., Russdll, J., Cross, A.H., 2002.
Dysmyelination revealed through MRI as increased radial (but unchanged axial) diffusion
of water. Neuroimage 17, 1429-1436. https://doi.org/10.1006/nimg.2002.1267

Sutherland, M.E., Zatorre, R.J., Watkins, K.E., Hervé, P.Y ., Leonard, G., Pike, B.G., Witton, C.,
Paus, T., 2012. Anatomical correlates of dynamic auditory processing: Relationship to
literacy during early adolescence. Neuroimage 60, 1287-1295.
https://doi.org/10.1016/j.neuroimage.2012.01.051

Trehub, S.E., 1973. Infants' sengtivity to vowel and tonal contrasts. Dev Psychol 9, 91-96.
https://doi.org/10.1037/h0034999


https://doi.org/10.1101/2024.06.10.597798
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.10.597798; this version posted October 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Vos, S.B., Haakma, W., Versnel, H., Froeling, M., Speleman, L., Dik, P., Viergever, M.A.,
Leemans, A., Grolman, W., 2015. Diffusion tensor imaging of the auditory nerve in patients
with long-term single-sided deafness. Hear Res 323, 1-8.
https://doi.org/10.1016/j.heares.2015.01.010

Wakana, S., Jang, H., Zijl, P.C.M. Van, Mori, S., 2004. Riber tract-based atlas of human white
matter anatomy. Radiology 230, 77-87.

Wang, H., Liang, Y., Fan, W., Zhou, X., Huang, M., Shi, G., Yu, H., Shen, G., 2019. DTI study
on rehabilitation of the congenital deafness auditory pathway and speech center by cochlear
implantation. European Archives of Oto-Rhino-Laryngology 276, 2411-2417.
https://doi.org/10.1007/s00405-019-05477-7

Westerhausen, R., Gruner, R., Specht, K., Hugdahl, K., 2009. Functional relevance of
interindividual differencesin temporal |obe callosal pathways. A DTI tractography study.
Cerebral Cortex 19, 1322-1329. https://doi.org/10.1093/cercor/bhn173

Wu, C., Huang, L., Tan, H., Wang, Y ., Zheng, H., Kong, L., Zheng, W., 2016a. Diffusion tensor
imaging and MR spectroscopy of microstructural alterations and metabolite concentration
changes in the auditory neural pathway of pediatric congenital sensorineural hearing loss
patients. Brain Res 1639, 228-234. https://doi.org/10.1016/j.brainres.2014.12.025

Wu, C., Huang, L., Tan, H., Wang, Y., Zheng, H., Kong, L., Zheng, W., 2016b. Diffusion tensor
imaging and MR spectroscopy of microstructural alterations and metabolite concentration
changes in the auditory neural pathway of pediatric congenital sensorineural hearing loss
patients. Brain Res 1639, 228-234. https://doi.org/10.1016/j.brainres.2014.12.025

Yakovlev, P., Lecours, A., 1967. The myel ogenetic cycles of regional maturation of the brain, in:
A. Minkowski (Ed.), Regional Development of the Brainin Early Life. Blackwell Scientific
Publications, Oxford, pp. 3-70.

Yeatman, J.D., Wanddll, B.A., Mezer, A.A., 2012. Lifespan maturation and degeneration of
human brain white matter. Nat Commun 29, 997-1003.
https://doi.org/10.1016/j.biotechadv.2011.08.021. Secreted

Yin, T.C.T., Chan, J.C.K., 1990. Interaural time sendtivity in medial superior olive of cat. J
Neurophysiol 64, 465-488. https://doi.org/10.1152/jn.1990.64.2.465

Zanin, J., Dhollander, T., Farquharson, S., Rance, G., Connelly, A., Nayagam, B.A., 2019.
Review: Using diffusion-weighted magnetic resonance imaging techniques to explore the
microstructure and connectivity of subcortical white matter tracts in the human auditory
system. Hear Res 377, 1-11. https://doi.org/10.1016/j.heares.2019.02.014

Zhang, H., Avants, B.B., Yushkevich, P.A., Woo, JH., Wang, S., McCluskey, L.F., Elman, L.B.,
Melhem, E.R., Gege, J.C., 2007. High-dimensional spatial normalization of diffusion tensor
images improves the detection of white matter differences: An example study using
amyotrophic lateral sclerosis. IEEE Trans Med Imaging 26, 1585-1597.
https://doi.org/10.1109/TM1.2007.906784

Zhang, H., Schneider, T., Wheder-Kingshott, C.A., Alexander, D.C., 2012. NODDI: practical in
Vivo neurite orientation dispersion and density imaging of the human brain. Neuroimage 61,
1000-16. https://doi.org/10.1016/j.neuroimage.2012.03.072

Zhang, S., Arfanakis, K., 2018. Evaluation of standardized and study-specific diffusion tensor
imaging templates of the adult human brain: Template characteristics, spatial normalization
accuracy, and detection of small inter-group FA differences. Neuroimage 172, 40-50.
https://doi.org/10.1016/j.neuroimage.2018.01.046


https://doi.org/10.1101/2024.06.10.597798
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.10.597798; this version posted October 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Zhang, S., Peng, H., Dawe, R.J., Arfanakis, K., 2011. Enhanced ICBM diffusion tensor template
of the human brain. Neuroimage 54, 974-984.
https://doi.org/10.1016/j.neuroimage.2010.09.008


https://doi.org/10.1101/2024.06.10.597798
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.10.597798; this version posted October 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Tablesand Figures

« k to
Hemisphere  Tract  Metric coef SE coef SE coef SE Age (years)
Left Lower FA - - - - -- - -
AD 450x10*  9.67x10° 0477 0.112 7.22x10*  3.72x10° 4.83
RD 246x 10*  6.71x10° 0.524 0.104 480x10*  275x10° 4.40
MD 3.14x10*  7.26x10° 0.503 0.101 560x 10*  2.93x10° 4,58
NDI -- - - - - - --
Upper FA 0.444 0.014 0.205 0.053 0.277 0.018 11.22
AD 6.22x10*  6.01x10° 0.402 0.048 0.29x10*  2.37x10° 5.72
RD 320x10*  6.20x 10° 0.352 0.042 6.04x 10*  2.06x 10° 6.54
MD  421x10* 562x10° 0.367 0.040 7.11x10*  1.96x10° 6.27
NDI 0.646 0.034 0.126  0.028 0.321 0.017 18.28
Right Lower  FA -- - -- - -- - --
AD 456x10*  841x10° 0.732 0.236 7.16x10*  4.64x10° 3.15
RD 254x10*  825x10° 0.448 0.148 415x10*  2.88x10° 5.14
MD  323x10* 7.35x10° 0.577 0.175 5.18x 10*  3.38x 10° 3.99
NDI - - -- - -- - -
Upper FA - - - - - - -
AD 6.29x 10*  7.72x10° 0.352 0.054 9.03x10*  251x10° 6.54
RD 314x10*  1.12x10°% 0.211 0.035 555x 10*  1.73x10° 10.89
MD 420x10*  9.06x 10° 0.246  0.037 6.66x 10*  1.82x10° 9.37
NDI -- - -- - -- - --

Table 1. Growth model parameters for auditory pathway microstructure. Fitted Brody growth
curve model coefficients (coef) and standard error (SE) for the asymptote (o), growth rate (k) and
y-intercept (tp) are shown for each metric across each auditory pathway. The y-intercept
represents the estimated parameter at age=0 years. Bilateral lower tract and right upper tract FA
and NDI were best fit with a linear model and growth coefficients are not provided. The age at
90% of o were calculated for tracts fit with a Brody growth curve.
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Hemisphere Tract Metric B SE t
Left Lower FA 0.0041 0.0009 4.10***
NDI 0.0095 0.0015 6.43***
Right Lower FA 0.0031 0.0011 3.05*%*
NDI 0.0079 0.0015 5.11***
Upper FA 0.0078 0.0008 10.20***
NDI 0.014 0.0008 18.42***

Table 2: Linear model parameters for auditory pathway metrics that undergo linear age-related
aterations. The fitted lope (B), standard error (SE) and t-value (t) for the main effect of age are
shown for each metric across each auditory pathway.

*p<.05; **p<.01; ***p<.001
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Figure 1. Agedistribution of subjectsincluded in the study stratified by sex.
F=femae M = male.
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Figure 2: Auditory pathway anatomy. (A) Schematic of the ascending auditory pathway. (B) Tractography of the
lower (blue) and upper (red) auditory pathways are shown on a corona dlice of a subject FA map overlaid with
intra-voxel multi-tensor models. (C) An axial slice shows the upper auditory pathway projects through the medial
geniculate nucleus of the thalamus. (D) A sagittal slice shows the auditory pathway from the cochlear nerve to the
inferior colliculus (white sphere). (E) An axial slice shows the complex fiber orientations at the level of the pons.
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Figure 3: Age-related changes in auditory pathway microstructure are shown for the left and right upper and lower
auditory pathways for DTI parameters (FA, AD, RD and MD) and NODDI (NDI and ODI). The fitted line for each
parameter and tract reflects the best fit model, where blue denotes linear regression and black denotes exponential


https://doi.org/10.1101/2024.06.10.597798
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.10.597798; this version posted October 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

changes. For models that demonstrate exponential age-related changes, the age at 90% of the asymptotic value is
shown with a dashed red line.
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Figure 4: Regional variation in the developmental timing of diffusion microstructure within the auditory pathway.
The age at 90% of the asymptotic value of the fitted Brody growth curve for each point along the auditory pathway
are shown for (A) AD, (B) MD, (C) NDI, (D) RD and (E) FA. Regions shaded in gray dencte points where a
growth curve did not provide the best fit model using BIC. L —left, R —right.


https://doi.org/10.1101/2024.06.10.597798
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.10.597798; this version posted October 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 5: Regional linear maturation of microstructural parameters within the auditory pathway. The estimated
dlope (B) is provided at points along the auditory pathway for (A) FA and (B) NDI where the linear model provided
the best fit model. Regions shaded in gray denote points where the linear model did not provide the best fit using
BIC. Note that FA in the bilateral vestibulocochlear nerve was not significantly associated with age using either a
linear model or brody growth curve. L —left, R —right.
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Figure 6: Exponential growth curve error estimates for regional auditory pathway microstructural maturation. The
standard error (SE) of the exponential growth rate (k) is provided for parameters along the auditory pathway
obtained through bootstrapping with replacement. Regions shaded in gray denote points where the growth curve did
not provide the best fit model. The SE is provided for the same regions shown in Figure 4. L — left, R —right.
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Figure 7: Standard error (SE) for the slope (B) estimated with a linear model for diffusion parameters at points
along the auditory pathway. Regionsin gray denote points where the linear model did not provide the best fit model.
The SE is provided for the same regions shown in Figure 5. L —left, R —right.
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Figure 8. Regional lateralization of microstructural maturation within the auditory pathway. The developmental
laterality index (dLI) for the age at 90% of « estimated using a Brody growth curve is provided for (A) AD, (B) MD
and (C) RD. Red (positive dLI) denotes regions that develop later on the right side, while blue (negative dLlI)
denotes regions that mature earlier on the right side. Regions denoted as gray do not have a strongly preferred

lateralization. L —left, R —right.
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