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Abstract Profound congenital sensorineural hearing loss (SNHL) prevents children from devel-
oping spoken language. Cochlear implantation and auditory brainstem implantation can provide
partial hearing sensation, but language development outcomes can vary, particularly for patients
with inner ear malformations and/or cochlear nerve deficiency (IEM&CND). Currently, the periph-
eral auditory structure is evaluated through visual inspection of clinical imaging, but this method is
insufficient for surgical planning and prognosis. The central auditory pathway is also challenging to
examine in vivo due to its delicate subcortical structures. Previous attempts to locate subcortical
auditory nuclei using fMRI responses to sounds are not applicable to patients with profound hearing
loss as no auditory brainstem responses can be detected in these individuals, making it impossible
to capture corresponding blood oxygen signals in fMRI. In this study, we developed a new pipe-
line for mapping the auditory pathway using structural and diffusional MRI. We used a fixel-based
approach to investigate the structural development of the auditory-language network for profound
SNHL children with normal peripheral structure and those with IEM&CND under 6 years old. Our
findings indicate that the language pathway is more sensitive to peripheral auditory condition than
the central auditory pathway, highlighting the importance of early intervention for profound SNHL
children to provide timely speech inputs. We also propose a comprehensive pre-surgical evaluation
extending from the cochlea to the auditory-language network, showing significant correlations
between age, gender, Cn.VIlIl median contrast value, and the language network with post-implant
qualitative outcomes.

Editor's evaluation

Wang, Jiang, Zhu et al. eLife 2023;12:e85983. DOI: https://doi.org/10.7554/eLife.85983

1 of 28


https://en.wikipedia.org/wiki/Open_access
https://creativecommons.org/
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.7554/eLife.85983
mailto:wzyent2019@163.com
mailto:wuhao@shsmu.edu.cn
https://doi.org/10.1101/2023.02.09.527841
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

eLife

Neuroscience

This important study used high-resolution brain imaging methods to visualize and index non-
invasively auditory and language pathways of young children born with inner ear malformations

or cochlear nerve dysfunction resulting in profound hearing loss. Nerve fibre impairments were
compellingly demonstrated in subcortical auditory and cortical language pathways relative to typical
hearing controls. Qualitative language assessment and audiometry linked these structural findings
with functional outcomes. The results suggested novel approaches for clinical assessment of central
auditory and language pathways that may influence different intervention strategies.

Introduction

Congenital profound hearing loss (hearing level >90 dB diagnosed at birth or in early childhood)
deprives children of spoken language development and has lifelong negative consequences for
education, employment, and psychosocial status (Kral and O’'Donoghue, 2010). The prevalence of
neonatal hearing loss has increased from 1.09 to 1.7 cases per 1000 live births in the past two decades
(CDC Early Hearing Detection and Intervention (EHDI) Hearing Screening & Follow-up Survey
(HSFS), 2021; Alicia and Marcus, 2010). Most congenital hearing loss is caused by sensorineural
impairments in the inner ear, cochlear nerve, and/or central auditory pathway (Korver et al., 2017).
The aetiology of these impairments is multifaceted, with genetic factors playing a significant role,
alongside external contributors such as congenital infections (Marazita et al., 1993). Hearing loss
is categorized as syndromic, with accompanying physical or laboratory findings, or non-syndromic,
where hearing loss is the sole symptom and has a highly heterogeneous genetic basis (Korver et al.,
2017). This article primarily focuses on non-syndromic sensorineural hearing loss (SNHL).

Inner ear malformations and cochlear nerve deficiencies (IEM&CND), identifiable with CT and MR,
contribute to 15-39% of paediatric SNHL cases (Li et al., 2011, Mafong et al., 2002). The rest
is primarily due to cellular-level abnormalities. The aetiology of IEM&CND is complex and largely
unknown, yet these abnormalities suggest an earlier developmental arrest compared to cases with
normal inner ear structures (Sennaroglu and Saatci, 2002). Addressing IEM&CND is vital as it pres-
ents specific challenges in clinical management. Cochlear implantation (Cl) and auditory brainstem
implantation (ABI) are currently the only solutions for profound SNHL, but the choice between Cl and
ABI presents a dilemma for many IEM&CND patients. Cl directly stimulates the spiral ganglion cells,
the first-order neurons of the auditory pathway, while ABI bypasses the cochlear nerve and stimulates
the second-order auditory neurons in the cochlear nucleus (CN) when complex [EM or cochlear nerve
aplasia makes Cl inapplicable (Chen and Oghalai, 2016). Both CI and ABI are capable of providing
hearing sensation and language development for children with severe-to-profound prelingual hearing
loss, but postoperative outcomes vary among individuals. ABI recipients generally have poorer
speech recognition performance and delayed and incomplete language development compared to
Cl recipients (Sennaroglu et al., 2016). However, the prognosis of Cl may not necessarily be better
than that of ABI for certain IEMs, including common cavity, cochlear hypoplasia, incomplete partition-
type |, and cochlear aperture abnormalities, as the presence of sufficient cochlear fibres required for
Cl success is uncertain (Freeman and Sennaroglu, 2018; Sennaroglu and Bajin, 2017). This uncer-
tainty is hard to address for two reasons: (1) assessing the cochlear nerve through visual inspection of
MRI poses challenges, including subjective limitations, image quality, and difficulty distinguishing the
cochlear nerve from the cranial nerve VIl (the cochleovestibular nerve) in cases of common cavity; and
(2) the absence of the cochlear nerve structurally does not always indicate a lack of functional hearing
(Thai-Van et al., 2000). Furthermore, distinguishing certain types of IEMs can be problematic and may
impact surgical decision-making. For example, differentiating cochlear aplasia with a dilated vestibule
(CADV) from a common cavity is challenging; CADV is a definitive indication for ABI, while a common
cavity allows for either Cl or ABI. These observations underscore the importance of a deep dive into
IEM&CND and highlight the limitations of contemporary clinical imaging in diagnosis, prognosis eval-
uation, and surgical guidance.

Speech is transmitted through the auditory pathway and understood at the language network
(Friederici, 2011). For children with severe-to-profound prelingual hearing loss, the deprivation of
auditory inputs into this workflow may affect the structural and functional development of associated
brain regions, the degrees of impairment of which may be relevant to later auditory and language
performance after surgical reconstruction of hearing. Diffusion tensor imaging (DTI) studies have
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shown that children with profound SNHL exhibit decreased fractional anisotropy (FA) values along
almost the entire auditory pathway, particularly in the inferior colliculus (IC), medial geniculate body
(MGB), and auditory radiation (Tarabichi et al., 2018). Additionally, hearing and language outcomes
(categories of auditory performance) 6-12 mo following ClI were positively correlated with preoper-
ative auditory pathway FA values (Chang et al., 2012; Huang et al., 2015; Wang et al., 2019b; Wu
et al., 2016). Similarly, brain structures associated with the language pathway, including the superior
temporal gyrus (STG), Broca's area, superior longitudinal fasciculus (SLF), and uncinate fasciculus (UF),
also showed decreased FA values in children with profound hearing loss (Wang et al., 2019b; Wang
et al., 2019a; Wu et al., 2016). The FA value of Broca's area was positively correlated with speech
recognition performance after Cl implantation (Chang et al., 2012). These results indicate that chil-
dren with profound SNHL have a delayed or impaired microstructural organization in the central audi-
tory pathway and the language pathway that may affect subsequent implantation outcomes.

However, there are several challenges in this field. Firstly, the human auditory pathway is difficult to
inspect non-invasively due to its delicate nodes connected by curving and crossing fibres, especially
the parts that are buried deep in the brainstem (Zanin et al., 2019). Functional MRI (fMRI) responses
to natural sounds have been used to locate subcortical auditory structures (Sitek et al., 2019), but this
method is not applicable to patients with profound hearing loss as no auditory brainstem responses
(ABRs) can be detected in these individuals, making it impossible to capture corresponding blood
oxygen signals in fMRI. In fact, few studies have located the auditory brainstem of children with
profound hearing loss, particularly the CN that ABI targets. Therefore, new localization and tractog-
raphy methods are needed to precisely map the auditory pathway in vivo for individuals with normal
or impaired hearing. Secondly, although earlier studies reported several altered fibre tracts related to
language function (Chang et al., 2012, Wang et al., 2019b; Wang et al., 2019a; Wu et al., 2016),
there has been insufficient investigation into the language pathway. Its component streams, which
are segmented on both structural and functional bases, do not correspond to the major fibre tracts
typically studied in whole-brain analyses. Finally, the diffusion tensor model used in these studies
performs poorly in estimating regions with crossing fibres (Farquharson et al., 2013), which may lead
to problematic tractography (particularly in the auditory pathway) and false interpretations of FA alter-
ations in children with profound hearing loss. To overcome this methodological limitation, the present
study implemented a state-of-the-art fixel-based analysis (FBA) approach (Dhollander et al., 2021).
A 'fixel’ refers to an individual fibre population within a voxel, allowing for the quantification of white
matter properties in fibre-crossing areas.

Furthermore, previous neuroimaging studies of profound congenital SNHL excluded children
with IEM&CND. However, as mentioned earlier, these subjects comprise a significant proportion of
patients with congenital hearing loss and are more inclined to be faced with difficult surgical decisions
and unsatisfactory post-implantation outcomes. Therefore, it is important to include and focus on
children with IEM&CND when studying central adaptations associated with profound hearing loss.

In the present study, we introduced a new pipeline for reconstructing the human auditory pathway
and examined the brain structural development of children with profound congenital SNHL at both
the acoustic processing level and the speech perception level. Specifically, we included children under
the age of six with profound hearing loss, with and without IEM&CND, as well as normal hearing
controls. We segmented the subcortical auditory nuclei using super-resolution track density imaging
(TDI) maps and T1-weighted images, and tracked the auditory pathway and the language pathway
using probabilistic tractography. Then, we used FBA to investigate the fibre properties of these two
pathways. We aimed to investigate (1) the alteration of fibre metrics in the auditory-language network
of children with profound SNHL; (2) the potential impact of IEM&CND on the pre-implant structural
development of this network; and (3) the relationship between the pre-implant structural develop-
ment of this network and the auditory-language outcomes following Cl or ABl implantation. By doing
so, we hope to provide new insights into the surgical strategies and rehabilitation of children with
profound congenital SNHL.
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Table 1. Demographic information for patients with congenital bilateral profound sensorineural
hearing loss.

Age Gestational Birth Cochlear nerve
Gender (mo) weeks weight (kg) Inner ear structure (CT) (CISS) Surgery
M 26 39 3.25 Cochlear aplasia Deficiency ABI
M 24 39 2.7 Normal Normal Cl
F 56 39 3.2 Normal Normal Cl
F 65 39 29 Normal Normal Cl
ABI
M 17 40 34 Incomplete partition type | Deficiency candidate
M 32 40 3.3 Normal Normal Cl
Cochlear hypoplasia (L), Cochlear
M 29 40 3 aplasia (R) Deficiency ABI
M 14 40 2.9 Normal Normal Cl
ABI
M 6 39 4.3 Hypoplastic cochlear aperture Deficiency candidate
ABI
F 72 36 22 Hypoplastic cochlear aperture Deficiency candidate
M 44 40 3.97 Normal Normal Cl
F 9 40 3.6 Normal Normal Cl
ABI
M 8 38 6 Hypoplastic cochlear aperture Deficiency candidate

ABI, auditory brainstem implantation; Cl, cochlear implantation; CISS, constructive interference in steady state.

Results

Demographics

Twenty-three children aged under 6 years old including 13 patients with bilateral profound congenital
SNHL (mean [SD] of age, 30.92 [6.115] mo; nine males) and 10 normal hearing volunteers (mean [SD]
of age, 42.90 [4.270] months; five males) matched on age and gender were included (Mann-Whitney
U test: p-value for age = 0.077, 95% confidence interval for the difference in age = [-32.0, 6.5] mo;
p-value for gender = 0.446, 95% confidence interval for the difference in male counts = [-1, 4]).

The audiological profiles of these patients, including newborn hearing testing results, initial diag-
noses, interventions, and recent preoperative audiometric examination results, are presented in detail
in Supplementary file 1. Nearly half of the patients (6 out of 13) had IEMs and cochlear nerve defi-
ciencies: two of them underwent ABI surgeries; the other four were ABI candidates. The remaining
half exhibited normal structures and underwent Cl surgeries (see Table 1).

As for genetic testing, we obtained data for 7 of the 13 patients. Two patients had mutations in the
GJB2 gene, one had a mutation in the OTOF gene, and one had a mutation in the MYO15A gene.
Please refer to Supplementary file 2 for detailed information on the genetic data.

Inner ear structure and cochlear nerve were inspected using temporal bone high-resolution CT
and constructive interference in steady state (CISS) MRI. The presence of IEM&CND was determined
based on Sennaroglu classification criteria (Sennaroglu and Bajin, 2017); descriptions refer to a bilat-
eral condition if the side (such as L or R) is not specified.

Segmentation of subcortical auditory regions and tractography of the
central auditory pathway

All subcortical auditory nuclei, including the bilateral CN, superior olivary complex (SOC), IC, and
MGB, were segmented in both group-average space and individual space with good inter-rater reli-
ability (see Figure 1).
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Figure 1. Segmentation of the subcortical auditory regions at group and individual levels. Subcortical auditory regions are exhibited as red areas

in the schematic diagrams and dotted lines in T1w images and st-DEC-TDI maps. All images are in the axial plane. Schematic diagrams for the CN,
SOC, and IC were redrawn from Moore, 1987 and for the MGB from Duvernoys Atlas of the Human Brain Stem and Cerebellum (2009). Group-level
segmentation was performed in the study-specific template averaged from all 10 normal-hearing controls. Images from one normal hearing control
(male, 32 months old) and one profound SNHL patient (male, 32 months old) were selected to show individual-level segmentation. CN, cochlear
nucleus; ICP, inferior cerebellar peduncle; PBB, ponto bulbar body; VSN, trigeminal spinal nucleus; VST, trigeminal spinal tract; 10, inferior olive; SOC,
superior olivary complex; ML, medial lemniscus; MCP, medial cerebellar peduncle; IC, inferior colliculus; CIC, commissure of IC; LL, lateral lemniscus;
PAG, periaqueductal grey; MGB, medial geniculate body; LGB, lateral geniculate body; SC, superior colliculus; RN, red nucleus; SN, substantia nigra;
CST, corticospinal tract; St-DEC-TDI, short-tracks directionally encoded colour track density imaging; SNHL, sensorineural hearing loss.

We reconstructed the auditory pathway in vivo using probabilistic tractography in four subdivi-
sions: the trapezoid body (TB), lateral lemniscus (LL), brachium of inferior colliculus (BIC), and acoustic
radiation (AR) (see Figure 2). The auditory pathway was generally symmetric bilaterally. Except for
the fibres connecting the CN to the contralateral SOC, contralateral probabilistic tracking resulted in
fewer streamlines than ipsilateral counterparts (fibres tracking from the CN or SOC to the contralateral
IC showed fewer than 30 streamlines each and were thus removed from further analyses).

Tractography of the language pathway

The language pathway was also reconstructed bilaterally, each comprising two dorsal streams and two
ventral streams (see Figure 2). Dorsal pathway | connects the posterior part of the superior temporal
cortex (pSTC) to the premotor cortex (PMC) via the arcuate fascicle (AF) and the superior longitudinal
fascicle (SLF). Dorsal pathway Il connects the pSTC to the pars opercularis of Broca’s area (BA44)
via the AF/SLF. Ventral pathway | connects pars triangularis of Broca's area (BA45) and the temporal
cortex via the extreme fibre capsule system (EFCS). Ventral pathway Il connects the frontal operculum
(FOP) and the anterior part of the STC via the uncinate fascicle (UF). The whole language pathway
showed left dominance in fibre numbers.

Children with profound SNHL exhibited fibre impairment in the central
auditory pathway and the language pathway
In the central auditory pathway, FBA results demonstrated reduced fibre density (FD), fibre cross-
section (FC), and fibre density and cross-section (FDC) in TB and decreased FC in LL in patients with
profound SNHL (pFWE < 0.05) (see Figure 3A). There was no significant difference in the ‘supe-
rior’ part of the auditory pathway (i.e. the bilateral BIC and AR). In the language pathway, only the
left ventral streams showed reduced FC and only the left dorsal streams showed reduced FD, while
decreased FDC was found in both the left dorsal and left ventral streams (see Figure 3B). The size of
impaired areas in the dorsal streams was larger than that in the ventral streams. No significant differ-
ence was found in fibre metrics of the right language pathway.

Next, we performed a tract-of-interest analysis to examine specific subdivisions in these path-
ways (see Figure 3C and D). Fibre metrics of all tracts displayed a decreased trend in children with
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Figure 2. In vivo tractography of the auditory pathway and the language pathway in the study-specific template. (A, E) present schematic diagrams
for the ascending auditory pathway and the language pathway, respectively. The auditory diagram was adapted from Duvernoys Atlas of the Human
Brain Stem and Cerebellum (2009); the language diagram was adapted from Friederici et al., 2017. (B, F) show three-dimensional reconstructions of
tractography results of the central auditory pathway and the language pathway, respectively, in the study-specific template (at group level averaged
from all 10 normal-hearing controls). Fibre colours refer to the subdivisions in each pathway, corresponding with the schematic colours in (A) and (E).
The ball-and-stick diagrams represent the relative region-of-interest (ROI) size and streamline numbers in each pathway. Tractography results are also
displayed in the study-specific white matter fibre orientation distribution (FOD) template in (C) and (G), colour coded by subdivision, and in (D, H),
colour coded by direction (red: left-right; green: anterior-posterior; blue: superior-inferior). See Figure 2—video 1 and Figure 2—video 2 for three-
dimensional animated videos of these pathways.

The online version of this article includes the following video(s) for figure 2:

Figure 2—video 1. Three-dimensional animated video of the central auditory pathway.
https://elifesciences.org/articles/85983/figurestig2video’

Figure 2—video 2. Three-dimensional animated video of the language pathway.
https://elifesciences.org/articles/85983/figures#fig2video2

profound SNHL. In accordance with fixel-wise comparison results, only the ‘inferior’ subdivisions of
the central auditory pathway (TB and bilateral LL) had significant fibre impairments. In the language
pathway, significant impairment was found bilaterally rather than only on the left side. The left ventral
I, left ventral Il, and right dorsal Il streams exhibited all-round fibre impairment, as FC, FD, and FDC
were all significantly reduced. When considering central pathways as a whole, the mean FC of the

Wang, Jiang, Zhu et al. eLife 2023;12:e85983. DOI: https://doi.org/10.7554/eLife.85983 6 of 28


https://doi.org/10.7554/eLife.85983
https://elifesciences.org/articles/85983/figures#fig2video1
https://elifesciences.org/articles/85983/figures#fig2video2

ELife Neuroscience

Figure 3. Fibre impairment of the central auditory pathway and the language pathway in children with profound sensorineural hearing loss (SNHL).
Streamlines associated with significantly reduced fibre cross-section (FC), fibre density (FD), and fibre density and cross-section (FDC) (family-wise error
[FWE]-corrected p-value<0.05) in fixel-wise comparison between patients with profound SNHL (n=13) and normal hearing controls (n=10) are shown

for the central auditory pathway (A) and the language pathway (B). The left two columns in each panel display colour coded by direction and the right
two coded by absolute values of effect size. Mean FC, FD, and FDC extracted from pathway subdivisions, entire pathways, and impaired fixels from

(A) and (B) in the central auditory pathway (C) and the language pathway (D) are shown for patients with profound SNHL versus normal hearing controls.
‘p’ represents the uncorrected p-value; ‘pFWE’ denotes the FWE-corrected p-value. Non-significant p-values, whether uncorrected or FWE-corrected,
are not displayed in the figure. The error bars represent Standard Error of the Mean. Refer to Figure 3—figure supplement 1 for results displayed by

Figure 3 continued on next page
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Figure 3 continued

separating three groups: profound SNHL with ear malformations and/or cochlear nerve deficiency (IEM&CND), profound SNHL with normal peripheral
structure, and normal hearing controls.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Mean fibre cross-section (FC), fibre density (FD), and fibre density and cross-section (FDC) extracted from pathway subdivisions,
entire pathways, and impaired fixels from Figure 3 (A) and Figure 3 (B) in the central auditory pathway and the language pathway of subjects from three
groups: profound sensorineural hearing loss (SNHL) with ear malformations and/or cochlear nerve deficiency (IEM&CND) (n=6), profound SNHL with
normal peripheral structure (n=7), and normal hearing controls (n=10).

entire central auditory pathway and the mean FC, FD, and FDC of the entire language pathway were
significantly reduced. After extracting the mean values of significant results from fixel-wise compar-
ison, the mean fibre metrics of these impaired fixels demonstrated a significant, large decrease. Of all
tract-of-interest comparisons, only the decrease of FD and FDC of impaired fixels in both pathways
survived family-wise error (FWE) correction (pFWE < 0.05). It is worth noting, however, that in our
tract-of-interest analysis, there is the potential for double dipping as we re-analysed the impaired
pixels identified from the same comparison, which could have impacted the reported effect size.

Peripheral nerve structure moderated the structural development of
central pathways

In the present study, all seven children who underwent Cl surgery had normal inner ear and cochlear
nerve structure (see Table 1 and Figure 4A). All six children who underwent ABI surgery or were ABI
candidates presented with IEM&CND (see Table 1 and Figure 4B). The cochlear nerve and vestibular
nerve converge to form cranial nerve VIII (the vestibulocochlear nerve; cn.VIII), which travels through
cerebrospinal fluid (CSF) in the cerebellopontine angle cistern and enters the brainstem. We measured
the median contrast value of cranial nerve VI (regressing out surrounding CSF median contrast values)
to represent peripheral nerve tissue density (see Figure 4C), which provides a quantitative assessment
of peripheral nerve structure. One patient with absent cochlear nerve also presented with no vestib-
ular nerve; therefore, he was absent of cn.VIIl and was left out in the following statistics.

We divided patients with profound SNHL into a normal peripheral structure subgroup and an
IEM&CND subgroup, and compared their peripheral nerve and central pathway structure. The
IEM&CND subgroup had significantly lower cn.VIIl median contrast values than the normal peripheral
structure subgroup (pFWE = 0.006; see Figure 4D). Fixel-wise comparison showed no significant
difference between the two subgroups in the central auditory pathway and the language pathway
(pFWE > 0.05). Then, we extracted mean fibre metrics of profound hearing loss-associated impaired
fixels (significant regions in the fixel-wise comparison between patients with profound SNHL and
normal hearing controls) and compared them between the two subgroups. All fibre metrics showed
a reduced trend for the IEM&CND compared to the normal peripheral structure subgroup; only FD
of profound hearing loss-associated impaired fixels in the language pathway showed a significant
decrease but did not survive FWE correction (p=0.046, pFWE > 0.05; see Figure 4E).

To investigate the relationship between peripheral nerves and central pathways, we performed a
Pearson correlation between cn.VIIl median contrast values and central pathway fibre metrics. When
examining mean metrics of entire pathways, FD of the language pathway, rather than FD of the central
auditory pathway, was significantly correlated with cn.VIll median contrast values (r = 0.57, p=0.032,
pFWE = 0.194; see Figure 4F). Similarly, for profound hearing loss-associated impaired fixels, the
correlation between FD of the language pathway and cn.VIlIl median contrast values was stronger
and more significant compared to the central auditory counterpart (r = 0.80 vs. r = 0.58, pFWE =
0.018 vs. pFWE = 0.191; see Figure 4G). No significant correlation was found in FC of entire pathways
or profound hearing loss-associated impaired fixels. We also examined peripheral correlation with
central pathway subdivisions. More correlations were found for language subdivisions than central
auditory ones (see Figure 4—source data 1).

Further, a moderation analysis was conducted to explore the specific impact of peripheral nerve
structure on the maturation of central pathways over time. The temporal developmental trajectories
of FD of both the entire central auditory pathway and the entire language pathway were negatively
moderated by cn.VIIl median contrast values (interaction beta value = -0.379 and -0.298, respectively;
see Figure 4H and I, Figure 4—source data 2). After controlling for gender, gestational weeks, and
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Figure 4. Cranial nerve VIl median contrast values and central pathway fibre metrics in profound sensorineural hearing loss (SNHL) patients with normal
peripheral structure (n=7) or those with ear malformations and/or cochlear nerve deficiency IEM&CND) (n=5). (A) shows temporal bone high-resolution
CT (HRCT) and constructive interference in steady state (CISS) sections from a patient who underwent cochlear implantation (Cl) surgery (male,

32 months old) and demonstrates a normal structure of the inner ear and cochlear nerve. (B) presents temporal bone HRCT and CISS sections from an
auditory brainstem implantation (ABI) candidate (male, 17 months old) and reveals [IEM&CND. The red arrow in (B) points to the missing cochlear nerve
that is normally present, as shown by the red arrow in (A). (C) displays inverted CISS sections (axial plane) at the pontomedullary junction from a patient
with profound SNHL. Cranial nerve VI (cn.VIII) is visualized as a hyperintense structure relative to the surrounding cerebrospinal fluid (CSF). Cn.VIIl was
segmented (purple) and extracted for its median contrast value, regressing out surrounding CSF median values. (D) shows the cn.VIll median contrast
values for patients with normal peripheral structure versus those with IEM&CND. (E) presents the mean fibre density (FD), fibre cross-section (FC), and
fibre density and cross-section (FDC) of profound hearing loss-associated impaired fixels (from fixel-wise comparison results between patients and
controls; see Figure 2A and B) in central pathways for patients with normal peripheral structure versus those with IEM&CND. (F) displays the Pearson
correlation between cn.VIll median contrast values and the mean FD of entire central pathways for patients with profound SNHL. (G) illustrates the
Pearson correlation between cn.VIIl median contrast values and the mean FD of profound hearing loss-associated impaired fixels in central pathways
for patients with profound SNHL. (H) demonstrates the moderation of central auditory pathway maturation by cn.VIll median contrast values. The mean
FD of the entire central auditory pathway was significantly associated with age (beta value = 0.809), and their association was negatively moderated by
cn VIl median contrast values (interaction beta value = -0.379). (I) shows the moderation of language pathway maturation by cn.VIIl median contrast
values. The mean FD of the entire language pathway was significantly associated with age (beta value = 0.782), and their association was negatively
moderated by cn.VIIl median contrast values (interaction beta value = -0.298). These moderation effects are visualized as separate correlation plots of
central pathway FD and age for patients with normal peripheral structure and those with IEM&CND. In panels (D-G), 'p’ represents the uncorrected
p-value; ‘pFWE' denotes the family-wise error (FWE)-corrected p-value. Non-significant p-values, whether uncorrected or FWE-corrected, are not
displayed in the figure. The error bars represent Standard Error of the Mean. In panels (H) and (1), *p<0.05, **p<0.01, ***p<0.001. Refer to Figure 4—
source data 2 for detailed statistics of the moderation analysis, as well as moderation analysis results after controlling gender, gestational weeks, and
birth weights.

The online version of this article includes the following source data for figure 4:
Source data 1. Pearson correlation between cn.VIIl median contrast values and fibre metrics of central pathways.

Source data 2. Detailed statistics of moderation analyses.
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Figure 5. Correlations between preoperative characteristics and postoperative outcomes of auditory brainstem implantation (ABI) and cochlear

implantation (Cl) recipients. The size of the bubble represents the correlation levels; the colour intensity of the bubble represents the uncorrected

significance levels. All correlations deemed significant are positive. Start, at device activation; 6 m, at 6 mo post-activation; Abm, changes over the
6-month intervening period; PTA-6m, pure tone average at 6 mo post-activation; CAP, Categories of Auditory Performance; SIR, Speech Intelligibility of
Rating; IT-MAIS, Infant-toddler Meaningful Auditory Integration Scale; MUSS, Meaningful Use of Speech Scale. For correlations specific to Cl recipients,

please refer to Figure 5—figure supplement 1.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. Postoperative outcomes of auditory brainstem implantation (ABI) and cochlear implantation (Cl) recipients.

Figure supplement 1. Correlations between preoperative characteristics and postoperative outcomes of cochlear implantation (Cl) recipients.

birth weight, the moderation effect was no longer significant (see Figure 4—source data 2). No
significant moderation effect was found on the maturation of FC of central pathways by peripheral
nerve structure.

Investigating correlations between preoperative characteristics and

postoperative outcomes

Our research aimed to explore the relationship between preoperative attributes and postoperative
auditory and linguistic performance in all patients undergoing implantation (seven Cl recipients and
two ABI recipients). Evaluations included pure tone audiometry 6 mo post-device activation, and four
auditory and language scales at both the onset and 6 mo post-activation, along with changes in these
scores over the intervening period. The scales we employed were the Categories of Auditory Perfor-
mance (CAP), Speech Intelligibility of Rating (SIR), Infant-toddler Meaningful Auditory Integration
Scale (IT-MAIS), and Meaningful Use of Speech Scale (MUSS). These scales predominantly offer a qual-
itative and observational measure of auditory performance, speech use, and speech intelligibility in
various real-life scenarios and are rooted in subjective interpretations. A notable trend was that subjec-
tive assessments of auditory and language development, as measured by various scales, appeared to
be more responsive to preoperative metrics such as age, gender, choice of surgery, peripheral nerve
tissue density, and fibre densities in the central auditory and language pathways. Conversely, the
objective indicator of postoperative auditory condition (PTA) exhibited a more focused correlation
pattern (see Figure 5).

Significantly, age showed a positive correlation with numerous auditory and language scales at
both the initial and six-month post-activation, and with changes in these scores over this period.
Gender demonstrated a correlation with IT-MAIS and MUSS at startup and with SIR 6 mo post-
activation. This positive correlation implies that female patients (coded as '2') typically achieve
higher scores on these scales than their male counterparts (coded as '1'). Contrasting with age
and gender, the choice of surgery (Cl versus ABI) manifested a unique positive correlation with

Wang, Jiang, Zhu et al. eLife 2023;12:e85983. DOI: https://doi.org/10.7554/eLife.85983 10 of 28


https://doi.org/10.7554/eLife.85983

eLife

Neuroscience

PTA 6 mo post-activation, but not with auditory and language scales. This suggests a more imme-
diate effect on the objective auditory condition. A positive correlation signifies that the patients
who opted for ABI surgeries (coded as '2') typically exhibited higher PTA values (indicating poorer
hearing) compared to those who underwent Cl surgeries (coded as '1'), at least at the 6-month
post-activation.

In terms of the preoperative variables related to the auditory system, the cn.VIll median contrast
value was positively correlated with CAP, IT-MAIS at 6 mo post-activation, and change in SIR. Interest-
ingly, the FD of the central auditory pathway did not present significant correlations with the scales
at any point.

However, a notable trend emerged when assessing the language pathways. CAP at the onset posi-
tively correlated with all language pathways, whereas PTA at 6 mo showed no correlation with these
pathways. Generally, the FD of most language pathways, particularly most dorsal streams, demon-
strated positive correlations with various scales at startup and 6 mo post-activation, and also with
MUSS change. These observations highlight the language pathway's significant role in auditory devel-
opment beyond the primary hearing level. When comparing the correlations between auditory and
language pathways, it becomes apparent that the latter might exert a superior influence on auditory-
speech outcomes. This could be attributed to the intricate and compensatory neural mechanisms
involved in speech comprehension, especially in patients with auditory implants. Further exploration
of these findings is elaborated upon in the ‘Discussion section.

Despite the uniformly positive and frequently robust correlations (r > 0.5, many > 0.75), most did
not pass the stringent FWE correction, and only managed to exceed uncorrected p-value thresholds.
The only correlations that survived the rigorous FWE correction were those between age and IT-MAIS
at startup, age and MUSS at 6 mo post-activation, and surgery choice and PTA at 6 mo. These findings
warrant careful interpretation.

In addition, our findings presented an unexpected correlation: a positive association was identified
between PTA at 6 mo post-activation and the FD of left LL and left BIC within the central auditory
pathway. Considering that elevated PTA scores signify a degraded auditory condition, the implica-
tion of a positive correlation with the FD in these regions of the central auditory pathway raises a
conundrum. Upon further reflection, we suspected that this positive correlation might be an artefact
of statistical anomaly due to the polarized distribution of PTA values (see Figure 5—source data 1).
Specifically, the PTA values of the eight patients analysed were situated at either high or low extremes,
leaving few intermediate scores. The higher PTA values for ABI recipients, in particular, might skew the
overall correlation. To substantiate this theory, we conducted a separate correlation analysis confined
to Cl recipients (see Figure 5—figure supplement 1). The results showed that the earlier identified
positive correlation between PTA and other metrics vanished, thus corroborating our initial hypoth-
esis. We therefore infer that the previously observed positive correlation between PTA and FD in
certain regions of the auditory pathway could be a statistical illusion triggered by extreme PTA values
in ABI recipients, rather than a genuine relationship. Conversely, the scale scores at both initial and
6-month timepoints did not appear as polarized as the PTA. On reviewing these results, we noted
that the overall correlation pattern of the scales established in the all-patient cohort were largely
preserved, such as the strong correlations with age and the association between language pathways
and the majority of scales at both timepoints.

Discussion

In this study, we successfully segmented subcortical auditory regions and reconstructed the auditory
and language pathways in vivo. Our findings showed decreased FD and FC mainly in the inferior part
of the central auditory pathway and the left language pathway. Additionally, we discovered that the
correlation between language pathway fibre metrics and peripheral vestibulocochlear nerve structure
is stronger and more significant than that in the central auditory pathway, and that the peripheral
nerve structure moderated the developmental trajectory of the central auditory and language path-
ways. Preoperatively evaluating the structure of the auditory-language network helps predict postop-
erative audiometric and qualitative language outcomes.
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The new pipeline for mapping the human auditory pathway with in vivo
MRI

To address the issue of inability to precisely locate subcortical auditory nuclei using sound-stimulating
fMRI tasks for patients with profound hearing loss, we have introduced a new pipeline that only
requires the acquisition and postprocessing of structural and diffusional images. The CN appears
as an angulated wedge shape along the brainstem surface when viewed from above; it is mostly
located between the inferior cerebellar peduncle (ICP) and CSF, with a small width of up to around
2 mm (Rosahl and Rosahl, 2013). The SOC is a small cell mass that is buried deep in the brainstem,
surrounded by multiple fibre bundles. These two delicate auditory nuclei are prone to partial volume
effects due to insufficient resolution and a lack of contrast to differentiate them from their surround-
ings in in vivo structural MR brain scans (even when using 7T MRI scanner; Sitek et al., 2019). To
address this, we have reconstructed super-resolution TDI maps to provide complementary contrast
for high-resolution structural images, allowing the CN and the SOC to be delineated according to
track density and track direction at an isotropic resolution of 0.5 mm. The super-resolution properties
of TDI maps have been validated using in vivo and in silico data, and the anatomical contrast of TDI
maps from ex vivo mouse data has been related to histology (Calamante et al., 2011, Calamante
et al., 2012). TDI maps have been demonstrated to be useful in delineating substructures of the
thalamus, the basal ganglia, and brainstem fibre bundle cross-sections to assist fibre tracking (Cala-
mante et al., 2013; Kwon et al., 2021; Tang et al., 2018). Epprecht et al. found that significantly
different fibre orientations can be detected in the CN area and in the ICP area using diffusion tensor
model (Epprecht et al., 2020), which suggests the potential role of fibre direction information in
distinguishing the CN from adjacent structures. In the present study, the good inter-rater reliability of
segmentation suggests that this method is effective for locating the subcortical auditory nuclei.

Our results showed that the best way to capture fibre features of different tracts in the auditory
pathway is to track them separately and optimize tracking strategies for each part. We implemented
probabilistic tractography and deliberately chose seeds and termination ROIs for each tract based
on anatomical prior knowledge. MCP fibres were excluded when tracking the TB, which accounted
for a large proportion of contralateral streamlines if not controlled and have yet been neglected in
earlier studies. Exclusion ROls are also essential when tracking the AR, because the AR crosses with
several major fibre bundles that own greater FOD amplitudes in the corresponding directions. Mafei
et al. found that optimal tracking parameters for the ARs were probabilistic tractography with default
settings (angle threshold = 45°, step size = 1/2 * voxel size); however, the FOD amplitude threshold
was not mentioned (Maffei et al., 2019). We examined a range of cutoff values and found that
thresholding at 0.05 obtained optimal results for the ARs and 0.1 for subcortical auditory tracts. The
tractography parameters established in the present study offer reliable recommendations for future
attempts to track the auditory pathway.

Fibre impairment pattern in the central auditory pathway of children
with profound SNHL

Normally, the axonal myelination of the auditory pathway starts at the 26th foetal week, becomes
definitive by the 29th week of gestation, and continuously increases in density until at least 1y post-
natal age (Moore et al., 1995). With the deprivation of hearing inputs, the central auditory pathways
of children with congenital profound hearing loss displayed a brainstem-dominant fibre impairment
pattern that included both microstructural impairment and macroscopic deficiency: the FD, FC, and
FDC of the TB and the FC of the lateral lemnisci were significantly decreased; nevertheless, no signif-
icant difference was found in the branchium of inferior colliculus or the AR.

Current results are partly contradictory to earlier findings using the diffusion tensor model. Huang
et al. manually delineated six ROls along the auditory pathway, including nuclei and fibre bundles,
using a 14 mm? square box in T2w and FA maps of children with profound hearing loss. They measured
DTl-based metrics in the TB, SOC, IC, MGB, AR, and white matter of Heschl's gyrus (LL and BIC not
included) and found decreased FA values in all of these six ROls (Huang et al., 2015). Wu et al.
focused on the AR and STG, demonstrating reduced FA values in both regions in children with hearing
loss (Wu et al., 2016). The discrepancy between the present study and earlier findings may be caused
by methodology factors. Unlike DTI metrics, FBA is capable of measuring individual fibre properties
in fibre-crossing areas, which is the case along almost the entire auditory pathway. Based on our new
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pipeline, each fibre bundle in the auditory pathway was defined by tractography separately; FBA
metrics were measured in the fixel mask built on the auditory pathway so that presumable contamina-
tion from adjacent crossing fibres was excluded. Also, the FWE correction used in FBA is a more rigid
multiple comparison method. As a result, we were able to make an accurate and strict examination of
the fibre properties of the auditory pathway.

The TB was the most affected tract in the auditory pathway of children with congenital profound
hearing loss. The TB is essential to sound localization because it transfers binaural sound information
to the SOC, where interaural level and time differences are compared to identify the sound source.
Decreased FD and FDC in the TB indicate an immature myelination or axon loss, which may affect
the efficiency of signal transmission. For patients with bilateral cochlear implants, their accuracy and
sensitivity of sound localization are still worse than those of normal hearing listeners and hearing aid
users (Dorman et al., 2016; Verschuur et al., 2005). One reason for this may be the absent temporal
fine structure cues and limited absolute level judgements in the Cl system. Another possibility is that
the structural impairment of the TB plays a role in the process. If this is true, it raises the interesting
question of whether auditory implants may promote structural plasticity in the TB that could enhance
sound localization performance over time.

The formation of a brainstem-dominant impairment pattern warrants investigation. The absence
of a significant difference in two high-level auditory pathways, the BIC and AR, may reflect that the
susceptibility of fibre structures to auditory deprivation decreases in a bottom-up fashion along
the pathway, or that upper pathways in the thalamus and cerebrum may have already undergone
cross-modal plasticity so that fibres are still structurally intact but subserve other functions. It
has been proposed that the auditory cortex might reorganize to mediate other functions such
as vision. Auditory areas in the superior temporal sulcus show greater recruitment in individuals
with severe-to-profound hearing loss than in hearing individuals when processing visual, tactile, or
signed stimuli (Bavelier et al., 2006). However, it is unclear that to what extent the primary audi-
tory cortex may be affected by cross-modal plasticity and whether such cortical plasticity would
affect downstream auditory nuclei and in-between fibre bundles. Further studies incorporating
structural and functional features of the auditory pathway in larger samples are required to shed
light on these questions.

The structural development of the language pathway in children with
profound SNHL

After Cl and/or ABI implantation, children were able to achieve good hearing sensation, but their
performance in speech recognition and production was poorer and varied (Sennaroglu et al., 2016).
One of the most important tasks in this field is identifying the factors that contribute to language
outcome after implantation. In this study, we focused on the structural properties of the language
pathway and found that patients with profound SNHL had an all-streams-affected fibre impairment
that was left-dominant.

The language pathway was reconstructed based on Angela Friederici's model, which elucidates
the neuroanatomical fibre bundles that underlie specific language functions (Friederici, 2011; Fried-
erici et al., 2017). The coordination between BA44 and pSTC subserves syntactic computation, while
the ventral streams that connect BA45 and FOP with the temporal cortex support lexical-semantic
comprehension. The pSTC integrates syntactic and semantic information for comprehension at the
sentence level and is also connected to the PMC as a peripheral sensorimotor interface system. The
maturational status of these tracts has been found to be associated with behavioural performance. For
example, the tract targeting BA44 is highly predictive of behavioural performance on processing hier-
archically complex sentences (Skeide et al., 2016). In this study, these four streams were separately
reconstructed using probabilistic tractography. FBA results showed that the dorsal streams mainly
suffered from reduced FD, while the ventral streams mainly exhibited decreased FC in children with
profound SNHL. The combined metric FDC was more sensitive in detecting fibre impairment in both
dorsal and ventral streams. These results demonstrate that deprived auditory inputs have a damaging
effect on the structural development of all language streams that serve different functions, which may
indicate that children with congenital profound hearing loss suffer from an overall underdeveloped
language capacity in semantics, syntax, and sensorimotor integration, rather than just struggling with
oral communication.
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Moderation of central pathway maturation by peripheral auditory
structure

Patients with normal peripheral auditory structure and those with IEM&CND had significantly different
cn. VIl median contrast values (which has been shown to represent nerve tissue density; Harris et al.,
2021), but few differences in FD and FC of the central auditory pathway and language pathway.
However, several central pathways were positively correlated with cn.VIIl median contrast values,
including FC of bilateral BIC and LL, FC of two left ventral streams, and FD of bilateral dorsal streams
and left ventral streams. Although all patients included in the study were diagnosed with bilater-
ally profound SNHL, several patients with normal peripheral structure had late-onset or progressive
hearing loss that may have allowed a small amount of peripheral auditory inputs to stimulate central
development before profound hearing loss. In contrast, all patients with CND failed newborn hearing
screening and remained profound hearing loss since (see Supplementary file 1). This phenomenon
may partly explain the correlation between peripheral nerve tissue density and central fibre metrics.

Our findings revealed a stronger and more significant correlation between language pathway fibre
metrics and peripheral nerve tissue density than with central auditory metrics. This might seem coun-
terintuitive given the structural and functional connections between the central auditory pathway and
the peripheral cochlear nerve. For patients with profound SNHL, who present normal cochlear nerves
and inner ear structures, the primary pathology is often located at the cellular level within the cochlea.
However, in non-syndromic profound SNHL patients exhibiting IEM&CND, more severe genetic
abnormalities are typically suspected. In our study cohort, genetic testing results were acquired for
seven participants, revealing mutations in GJB2 (two patients), OTOF (one patient), and MYO15A (one
patient). These mutations are largely associated with peripheral auditory deficits, given these genes'
critical roles in inner ear development and function (Kelsell et al., 1997, Stelma and Bhutta, 2014,
Wang et al., 1998; Yasunaga et al., 1999). Consequently, we hypothesized that observed central
auditory pathway alterations could be adaptive changes due to these peripheral deficits. Neverthe-
less, it remains uncertain whether the detected central auditory anomalies stem from genetic factors
directly or whether they are the result of underdevelopment due to auditory deprivation following
peripheral dysfunction. Our findings suggest a weak association between profound hearing loss-
related impaired fixels in the central auditory pathway and cn.VIIl tissue density, casting doubt on the
former hypothesis. It is important to consider, however, the potential of certain gene mutations such
as CDH23 or CHD7 - typically linked with syndromic forms of hearing loss — to directly affect central
auditory pathways (Astuto et al., 2002; Zentner et al., 2010). Although our study primarily included
non-syndromic hearing loss patients, these potential genetic influences highlight the complexities
inherent in interpreting auditory function and call for further in-depth investigation.

On the other hand, the significant association between FD/FC of profound hearing loss-associated
impaired language fixels and cn.VIIl tissue density suggests that the language pathway is more
sensitive to peripheral auditory condition compared to the central auditory pathway. The language
pathway, as the substrate for higher cognitive functions, develops in a way that is highly dependent on
external inputs and interaction with the environment (Kuhl and Rivera-Gaxiola, 2008). More specifi-
cally, acquiring proper inputs during a sensitive period is essential for the maturation of the language
pathway. This structural developmental feature corresponds with behavioural results from follow-up
studies on Cl recipients of different age at implantation. Chen et al. compared performances of chil-
dren implanted before and after 2 years old and found that the younger the age of bilateral cochlear
implant surgery, the higher developmental quotient of language, social skills, and adaptability the
child could achieve after 2 y (Chen et al., 2023). Houston et al. studied an earlier demarcation time-
point at 1 year old and found that children implanted during the first year of life had better vocabulary
outcomes than children implanted during the second year of life; however, earlier implanted children
did not show better speech perception outcomes than later implanted children. They suggested that
there is an earlier sensitive period for developing the ability to learn words than for central auditory
development (Houston and Miyamoto, 2010).

To understand the specific impact of peripheral nerve structure on the developmental trajectory of
central pathways, we conducted a moderation analysis. Cn.VIl tissue density had a significant nega-
tive moderation effect on the relationship between auditory pathway FD and age, and that between
language pathway FD and age. In other words, the lower the cn.VIIl tissue density, the closer the
relationship between FD of central pathways and age. It is worth noting that cn.VIIl tissue density
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only moderated FD maturation; there was no significant moderation effect on FC maturation. These
results may imply that the macroscopic developmental trajectory of central pathways is similar among
patients with various peripheral conditions, while at the microscopic level, peripheral nerve deficiency
may lead to a delayed and slowed axon generation or myelination in central pathways, which may
reflect as an increased association of central FD with age in the participants ranging from 6 months to
6 years old. However, when controlling gender, gestational weeks, and birth weights, the moderation
effect was not significant, necessitating a cautious interpretation of the findings. Taken together, to
prevent aberrant structural development in the auditory-language network in the absence of hearing,
auditory interventions should be implemented as early as possible. Special attention should be paid to
patients with CND. Early interventions would provide children with timely auditory inputs during the
critical period of language development and lead to better long-term outcomes.

Indeed, the quantitative differences observed between the effects on the central auditory and
language structures may be influenced by the varying ability to accurately image each pathway
with current neuroimaging technologies. The central auditory pathway, largely situated in the
brainstem, faces severe distortion in diffusion images due to the inherent properties of the echo-
planar imaging (EPI) sequence used. Despite distortion correction methods, it is challenging to
entirely eliminate these effects. In contrast, the language pathways, primarily located in the cere-
brum, have less distortion, allowing for more accurate imaging. Additionally, the auditory pathways
in the brain (e.g. the auditory radiations) intersect with numerous cerebral fibre tracts, compli-
cating accurate tractography. While the Constrained Spherical Deconvolution (CSD) modelling
approach we employed is currently the most advanced method for addressing crossing fibres, it is
not entirely exempt from these issues. The language pathways, on the other hand, intersect with
fewer fibre tracts, facilitating more precise reconstruction. Lastly, the language pathways are more
extensive and possess more fibres than the auditory pathways. From a statistical perspective, this
enables more ‘sampling’ when extracting average metrics such as FD, resulting in more stable
outcomes. Therefore, the differences in our ability to visualize and quantify these pathways might
have influenced the comparative effects observed. As neuroimaging technologies and method-
ologies continue to advance, we anticipate that our understanding of the differential effects of
hearing loss on the central auditory and language structures will continue to evolve and improve.
Another limitation is that the normal hearing control group did not undergo scanning with the CISS
sequence, precluding the establishment of a baseline for comparing the development of auditory

Figure 6. Comprehensive pre-surgical evaluation of the auditory-language network.
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and language pathways in SNHL to normal development, which requires future research to include
a baseline assessment.

Integrating pre-surgical evaluations for optimized auditory-language
rehabilitation

Our study delivers novel insight into the quantification of central auditory structural development and
advocates an individualized, comprehensive pre-surgical evaluation of the auditory-language network
to inform surgical decisions and predict prognosis (see Figure 6). From the correlation results, we
observed significant clinical values that bolster the utility of such an evaluation. Further research
should explore association and causation between neural and more robust auditory (e.g. speech-in-
noise) and language evaluations.

Comprehensive auditory system assessment: Informed surgical
decisions

By refining the CISS-based estimation of cn.VIII tissue density, we enable more accurate quantita-
tive assessment of peripheral nerve structure, which is essential for characterizing CND. The positive
correlation of en.VIIl median contrast value with CAP and IT-MAIS at 6 mo post-activation, and with
change in SIR, underscores its clinical value in predicting postoperative auditory performance.

Furthermore, by reconstructing the entire central auditory pathway, we enable measurements of
FD and FCs to assess the structural maturity and integrity of the central auditory pathway. Although
correlations with auditory-language scales were not significant in the all-patient analysis, among ClI
recipients, correlations were observed in specific regions of the auditory pathway. This suggests that
this approach might be indicative of postoperative auditory information transmission efficiency and
highlight the need for further investigations.

Moreover, by integrating the findings from HRCT, CISS MRI, and reconstruction of the central audi-
tory pathway, we offer a holistic view from the cochlea to the auditory cortex, which may guide critical
surgical decisions such as the choice between Cl and ABI, and the side of implantation. Our study
primarily includes patients with normal peripheral structures undergoing Cl, but patients with varying
malformations may also be Cl candidates. Thus, while our findings provide initial insights, further
investigations encompassing a more diverse patient population with different types of IEM&CND
are warranted. It is also worth noting that the timepoint of outcomes post-implantation is important
when comparing ABI and Cl. Although our study found that ABI generally resulted in poorer PTA 6
mo post-activation compared to Cl, clinical experience suggests that ABI patients may show consid-
erable improvements over a longer term (within a year or two post-activation). Therefore, longer-term
follow-up is essential to fully understand the outcomes of different surgeries. Our study’s 6-month
follow-up lays the groundwork for future, more comprehensive studies.

Language pathways: Central to post-implant speech outcomes

We found that FD of most language pathways positively correlates with auditory and language scales.
Our findings indicate the potentially central role of the structural development of the language
pathway in predicting auditory and language outcomes following implantation.

Language has a recursive hierarchical structure, and the brain’s mechanism of language processing
reflects this through its hierarchical representations that unfold across time and space in the brain
(Ding et al., 2016; Friederici, 2011; Hickok and Poeppel, 2007). Speech processing requires the
transformation of continuous acoustic inputs into discrete linguistic constructs, termed the acoustic-
phonological mapping. Many studies have found that Heschl’s gyrus (HG) preferentially processes
spectrotemporal features of sound, while STG preferentially processes phonological and intelligible
features, indicating an ascending hierarchical progression from HG to STG (Obleser et al., 2010;
Peelle et al., 2010; Venezia et al., 2019). However, recent research conducted by Edward Chang
and colleagues demonstrated that transient functional disruptions or focal ablation of the HG did
not impair speech comprehension, thereby suggesting a parallel processing between HG and STG
(Hamilton et al., 2021). Furthermore, while STG is the computational hub for acoustic-phonological
mapping, its response to speech stimuli is also modulated by cognitive factors such as attention,
as well as high-level linguistic knowledge such as language familiarity and contextual information
(Leonard and Chang, 2014; Obleser and Kayser, 2019). The dynamic interplay between STG and
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higher-level centres such as the frontal cortex is crucial for speech processing (Cope et al., 2017,
Leonard et al., 2016; Sohoglu et al., 2012). Hence, to some extent, STG in conjunction with these
higher-level centres could be viewed as a speech processing network that operates independently of
tonotopic mapping within HG. The language pathways reconstructed in this study form a significant
part of this network.

Our findings revealed that subjective auditory-speech performance was predominantly correlated
with the preoperative FD of the language pathway, rather than the structural status of the auditory
system. This observation underscores the potential necessity of employing language-specific metrics
to evaluate speech prognosis. It is noteworthy that sound information contains a significant redun-
dancy for speech processing, as evidenced by the fact that people can understand degraded speech.
In the context of patients with auditory implants, the received auditory signals tend to be unnatural
and degraded. It is possible that the restoration of precise tonotopic mapping in these patients may
not substantially influence their speech perception; instead, the dynamic interplay between STG and
higher-order brain regions is instrumental in their speech comprehension capabilities. Predictions
provided by higher-level centres aid patients in understanding and learning language. Peelle et al.
found that listeners with cochlear implants showed greater activity in the left prefrontal cortex than
listeners with normal hearing when listening to spoken words, indicating a compensatory role of the
frontal lobe in language processing for implant recipients (Sherafati et al., 2022). As such, evaluating
the structural integrity of connecting fibres between STG and higher-level centres preoperatively may
predict the postoperative efficiency of information transmission within the network, which could be
indicative of language-related behavioural outcomes.

Additionally, our results also indicate a significant positive correlation between age at the time
of preoperative MRI scanning and postoperative performance. At first glance, this appears to be
contradictory to the widely held view that there are advantages to performing surgery at an early age.
However, it is important to note that the postoperative performance data in this study was gathered
at 6 mo following surgery. Older children typically possess a more extensive repository of abstract
concepts and might have a more developed top-down predictive function in higher-level brain areas.
Consequently, in this short-term postoperative timeframe, older children may exhibit superior perfor-
mance due to their advanced cognitive development. However, once the timeframe is extended, a
wealth of behavioural evidence suggests that undergoing surgery earlier offers advantages in various
areas, including auditory, linguistic, and cognitive development (Chen et al., 2023; Friedmann and
Rusou, 2015; The Joint Committee on Infant Hearing, 2019). Therefore, in the context of clinical
decision-making, it is advisable to perform surgery at the earliest feasible juncture. At this early stage,
when the age range is narrow, evaluating the development of the language pathway preoperatively
could hold substantial prognostic value.

Overall, while the study’s findings emphasize the value of these preoperative metrics in deter-
mining postoperative outcomes, we acknowledge the need for additional research to corroborate
these findings and unlock the full potential of these evaluations. By pushing forward in these investi-
gations, we can continue to refine and enhance auditory rehabilitation, delivering patient-specific care
and ultimately improving postoperative auditory and language outcomes.

Strengths and limitations

The strengths of the present study include (1) the first comprehensive in vivo reconstruction of the
central auditory pathway independent of using auditory stimuli; (2) the inclusion of children with
IEM&CND in addition to those with normal inner ear structures to provide a more complete picture
of children with congenital profound hearing loss; and (3) a precise inspection of fibre structures of
the auditory pathway, the language pathway, and their subdivisions using a fixel-based approach that
address crossing fibre issues.

We also acknowledge some limitations of this study: (1) the genetic dataset in our study is incom-
plete and heterogeneous. While two patients underwent extensive testing of over 200 genes, five
were tested for select common genes. For a thorough understanding of the genetic factors in audi-
tory deficits, future studies should employ uniform and comprehensive genetic testing across partic-
ipants. (2) Our cohort is of a limited size, which may limit the generalizability of these findings to
a larger population. (3) The potential discrepancies in the ability to image auditory and language
pathways could have influenced the observed effects. Specifically, the more pronounced distortion
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of the auditory pathway in diffusion images, the complex fibre-crossing issue within the auditory
pathway, and the fewer fibres present compared to the language pathway may have contributed
to the observed differences. (4) A ‘floor effect’ was observed in the PTA of ABI recipients and in
some auditory and language scale scores. This may have masked the full extent of the relationships
between the structural parameters and postoperative progress, as significant improvements could
potentially be observed in some patients over a more extended period. (5) The scales employed (CAP,
SIR, IT-MAIS, and MUSS) primarily provide subjective and observational measures. While they offer
valuable qualitative insights into auditory performance and speech use in real-life contexts, they have
limited quantitative precision. Their usefulness should be appreciated within this context.

Conclusions

In conclusion, this study introduced a new pipeline for in vivo reconstruction of the central auditory
pathway, found both microscopic and macroscopic fibre impairment in specific auditory and language
tracts, and discovered a negative moderation effect of peripheral auditory structure on central pathway
maturation. Additionally, our investigation uncovered significant correlations between fibre densities
of auditory and language pathway subdivisions and various auditory and language outcomes, under-
scoring the potential predictive value of these structural parameters. This provides structural evidence
supporting the necessity of early auditory intervention and establishes a promising comprehensive
pre-surgical evaluation of the auditory-language network for children with severe-to-profound SNHL
to assist with surgical planning and prognosis.

Methods
Study sample

Twenty-three children aged under 6 years old, including 13 patients with bilateral profound congenital
SNHL and 10 controls matched on age and gender, were included.

The patients met the following criteria: (1) diagnosis of bilateral profound SNHL: click ABR
threshold >95 dB nHL, or pure tone average (PTA, 0.5-4k Hz) threshold >95 dB HL (Lin et al., 2011);
and (2) non-syndromic hearing loss (no association with any other systemic manifestations). The
controls had normal hearing in both ears (click ABR threshold/PTA <20 dB HL). Exclusion criteria for
all volunteers were as follows: (1) neurological disease (epilepsy, brain tumour, etc.) or history of head
trauma; (2) psychiatric disorders (autism spectrum disorder, etc.); (3) history of ototoxic drug use; and
(4) metal implants and other contraindications to MRI safety.

The study protocol was approved (SH9H-2021-T449-1) by the Ethics Committee of Shanghai
Jiao Tong University School of Medicine Affiliated Ninth People’s Hospital (Shanghai, China), and all
enrolled subjects had informed consent provided by parent/guardian.

Preoperative clinical and imaging evaluation
Clinical data

Age, gender, gestational weeks, birth weight, and a thorough medical history of pregnancy and
hearing condition were recorded.

Pure tone audiometry was conducted at frequencies of 0.5k, 1k, 2k, 4k, and 8k Hz for children
who were able to cooperate, serving to evaluate their hearing levels. Additionally, click ABRs were
assessed. The click stimuli used in ABR tests had a duration of 100 ps and covered a broad frequency
range from 100 Hz to 10,000 Hz. Examinations were performed using AC40 and Eclipse devices
(Intercoustics, Middelfart, Denmark). Distortion product otoacoustic emissions (DPOAE) and tympa-
nometry tests were also conducted to provide a comprehensive auditory assessment.

Genetic data were obtained from the patients' records, coming from various sources, which led to
variations in the testing panels among patients. Specifically, two patients underwent comprehensive
hereditary deafness gene testing, which analysed over 200 genes linked to hearing loss. In contrast,
five patients were tested for a limited set of common genes, such as GJB2 and MTR. Genetic data for
the remaining six patients could not be obtained due to practical constraints.

CT, MRI acquisition, and quality assessment
A temporal bone high-resolution CT (sections of 0.5 mm in thickness) and a three-dimensional (3D)
CISS MRI scan (3-Tesla MAGNETOM Vida, Siemens Healthcare, Erlangen, Germany) were acquired to
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inspect the structure of the inner ear and the cochlear nerve of patients. Two experienced neurora-
diologists assessed the presence and type of IEM&CND based on Sennaroglu classification criteria
(inter-rater agreement = 0.923) (Sennaroglu and Bajin, 2017).

Whole-brain MRI was carried out on a 3-Tesla Siemens MAGNETOM Vida scanner (Siemens Health-
care) using a 64-channel head coil. To reduce motion artefacts, patients received sedation by oral
intake of chloral hydrate for the MRI scan under supervision. Earplugs and sound-attenuating foam
were used to decrease the noise of the scanner. Sandbags were placed on the scanner table to help
attenuate vibrations during scanning. The lights in the scanner room were turned off, and blankets
were wrapped around the children to create a suitable sleeping environment. Monitoring throughout
the scanning session included pulse oximetry, respiration, and close observation by medical staff.

The acquisition protocol was adapted from the Developing Human Connectome Project (DHCP)
that was optimized for the properties of the developing brain (Edwards et al., 2022). All children
underwent a T1-weighted anatomical brain scan (3D MPRAGE sequence with a spatial resolution of
0.8 mm isotropic, matrix =320 x 320, field of view [FOV]=256 x 256 mm?, and TR/TE =2400/2.38
ms) and whole-brain diffusion imaging (dMRI). The scanning protocol consisted of 3 diffusion shells
(b-values of 400, 1000, and 2600 s/mm?) with 32, 44, and 64 diffusion-weighted directions each and
10 b0 volumes using PA phase encoding. Additionally, two b0 images in AP phase encoding were
scanned for TOPUP distortion correction. The EP| readout used SMS factor of 4, Grappa acceleration
factor of 2, partial Fourier factor of 6/8, isotropic resolution of 2.0 mm, axial slices of 72, matrix of
105x 105, FOV of 210x 210 mm?, and TR/TE of 2900/95ms.

Each patient’s MRI was transferred to a DICOM workstation during acquisition to review any clin-
ical or research-relevant incidental findings. Then, insufficient coverage, excessive motion, and/or
ghosting were visually assessed. If any image failed the visual quality assessment, the MR technicians
would decide whether to re-scan the sequence according to the child’s condition.

Postoperative outcomes assessment
Of 13 patients, 9 underwent auditory implantation (two ABI recipients and seven Cl recipients). Post-
operative data were collected during follow-up appointments.

Pure tone audiometry
This was conducted at 6 mo after device activation.

Auditory and language scales
Four auditory and language scales were assessed both at activation and at 6 mo after activation. The
scales included:

1. CAP: This scale categorizes the auditory performance on a spectrum from no awareness of
environmental sounds to conversing with a stranger over the phone (Archbold et al., 1995).
Mandarin version: test-retest reliability (r = 0.981, p<0.01), inter-rater reliability (r = 0.983,
p<0.01), and criterion validity with LittlEARS (r = 0.721, p<0.01) and Griffiths (r = 0.283, p<0.05)
(Wang et al., 2020).

2. SIR: The SIR assesses the intelligibility of speech, factoring in listener concentration, lip-reading
cues, and context (Allen et al., 1998). Mandarin version: test-retest reliability (r = 0.983,
p<0.01), inter-rater reliability (r = 0.997, p<0.01), and criterion validity with LittlEARS (r = 0.698,
p<0.01) and Griffiths (r = 0.428, p<0.01) (Wang et al., 2020).

3. IT-MAIS: Centred on a child’s capacity to respond to auditory stimuli without visual cues, the
scale evaluates spontaneous use of sound in everyday settings and the ability to differentiate
speech from non-speech sounds. Mandarin version: test-retest reliability (r = 0.929, p<0.01) and
inter-rater reliability (r = 0.894, p<0.01). Content and construct validity were established with
expert judgement and domain consistency (Zhong et al., 2017).

4. MUSS: MUSS evaluates a child’s tendency to use speech as their primary communication mode
in both familiar and unfamiliar settings, emphasizing understandability to both familiar individ-
uals and strangers. Mandarin version: test-retest reliability (r = 0.928, p<0.01) and inter-rater
reliability (r = 0.910, p<0.01). Its validity characteristics are in line with those of IT-MAIS (Zhong
et al., 2017).
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Assessments were conducted by certified audiologists and speech therapists, who were blinded to
the preoperative evaluations to ensure unbiased data collection.

MRI data analysis

Cranial nerve VIIl measurement

The measurement of cranial nerve VIII tissue density was adapted from Harris et al.’s protocol (Harris
et al., 2021). Specifically, the contrast of CISS images was inverted to visualize cranial nerve VI as
a hyperintense structure relative to the surrounding CSF. The Cn.VIIl was segmented on each axial
section using ITK-SNAP (Yushkevich et al., 2006) by two independent raters. The inter-rater agree-
ment was assessed using the DICE coefficient, yielding a value of 0.977 = 0.010 (mean + SD). The
median contrast value of cn.VIIl was calculated across sections. The median contrast values of adjacent
CSF were also collected and regressed out to control contrast differences across individuals due to
scanner heating and motion artefact.

Diffusional MRI processing

The state-of-the-art FBA pipeline (Dhollander et al., 2021) was implemented to process diffusional
data using MRtrix3 (Tournier et al., 2019). Specifically, after standard preprocessing steps (including
denoising, Gibbs ringing correction, eddy-current and motion correction, bias field correction, and
intensity normalization), response functions for WM, GM, and CSF were estimated from the data
themselves. The diffusional images were then upsampled to 1.25 mm isotropic voxels for subsequent
better estimation of fibre orientation distribution (FOD). We used multi-shell multi-tissue constrained
spherical deconvolution (msmt-CSD) to obtain WM-like FOD as well as GM-like and CSF-like counter-
parts in all voxels (Dhollander and Connelly, 2016). A study-specific WM FOD template was created
using the WM FOD images from all 10 controls. Finally, study-specific auditory and language pathways
were generated from this template and filtered to reduce reconstruction bias (Smith et al., 2015).
These generated tractograms were then converted to fixel masks, allowing for fixel-based analysis of
specific tracts.

Reconstruction of the human auditory pathway

Overview

We generated directionally encoded colour track density imaging (DEC-TDI) maps from whole-brain
tractography to obtain high spatial resolution images of the white matter. These DEC-TDI maps and
T1-weighted images provided complementary information and enhanced anatomical contrast for
subsequent manual segmentation of subcortical auditory nuclei. The primary auditory cortex was
extracted from the Human Brainnetome Atlas (Fan et al., 2016) and co-registered to diffusional space.
Finally, the auditory pathway was tracked based on anatomical prior knowledge and visualized using
3D volume rendering. This process was performed at both the group-average and individual level.

Track density imaging

The DEC short-tracks TDI (stTDI) map method (Calamante et al., 2012) was used to obtain better
directional information compared to the standard DEC-TDI pipeline (Calamante et al., 2010),
particularly in low-intensity structures such as brainstem nuclei that we were interested in. Whole-
brain probabilistic tractography was constrained to short tracks by setting the maximum length
of each track to 20 mm (corresponding to 10 acquired voxels). We generated 40 million short
tracks for each dataset using the iFOD2 algorithm (Tournier et al., 2010) by randomly seeding
throughout the brain with the following parameters: angle threshold = 45°, minimum length =
4 mm, maximum length = 20 mm, cutoff value = 0.1. We then constructed the super-resolution
TDI maps with a 0.5 mm isotropic grid size by calculating the number of tracks in each element
of the grid. The colour-coding values were obtained by averaging the colours of all the stream-
line segments contained within each grid element, thereby indicating the local fibre orientation.
(Green represents anterior-to-posterior, blue represents superior-to-inferior, and red represents
left-to-right.)
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Image registration

At the group level, a study-specific T1-weighted brain template was created using the T1-weighted
images from all 10 controls using antsMultivariateTemplateConstruction2.sh in ANTs (Avants et al.,
2011) and transformed to the study-specific DEC-TDI space. At the individual level, T1-weighted
images were transformed to each individual’s DEC-TDI space. Therefore, manual segmentation can
be carried out in T1-weighted and DEC-TDI with a 0.5 mm isotropic resolution.

Manual segmentation of subcortical auditory regions

Subcortical auditory regions were segmented based on anatomical observations in histology studies
(Moore, 1987; Rosahl and Rosahl, 2013; Winer, 1984) as well as earlier attempts to delineate some
of these structures via MRI in vivo (Garcia-Gomar et al., 2019; Sitek et al., 2019). Two raters inde-
pendently segmented the auditory nuclei using the mrview toolbox in MRtrix3 (Tournier et al., 2019).
Only the overlap areas between the two raters’ segmentations were retained in the following analysis
(inter-rater DICE coefficient: CN, 0.798; SOC, 0.690; IC, 0.829; MGB, 0.795).

Cochlea nucleus (CN)

The CN is located on the brainstem surface at the pontomedullary junction, where auditory nerve
axons enter and terminate. The CN is elongated and curved from ventrolateral to dorsomedial. The
ventral and dorsal portions of the CN can be distinguished by histological cytoarchitectonic proper-
ties, although approximately 10% of their shared borders remain a grey zone (Rosahl and Rosahl,
2013). In a horizontal view, the CN borders the ICP medially; its anterior half extends laterally along
the posterior edge of the middle cerebellar peduncle (MCP) (Moore and Osen, 1979, Terr and
Edgerton, 1985).

On T1-weighted images, the CN can be located at the pontomedullary junction where cranial
nerve VIl enters the brainstem and is roughly delineated along the brainstem surface from ventro-
lateral to dorsomedial. In DEC-TDI maps, the CN is distinguished from its medial neighbour, the
ICP, by its clear blue border, as the ICP travels mainly in the rostrocaudal direction (Epprecht et al.,
2020). The CN, on the other hand, is a mixture of cell bodies and axons that travel from ventrolateral
to dorsomedial, resulting in either low-intensity areas (where cells dominate) or green colour areas
(where axons dominate).

Superior olivary complex (SOC)
The SOC is a group of cells located in the pons, a short distance medial and rostral to the CN. The
SOC is composed of a laminar medial nucleus (which extends about 4 mm rostrocaudally) and a
small lateral nucleus; the entire complex is enclosed by a capsule of rostrally directed axons of the
ascending auditory pathway (Moore, 1987; Strominger and Hurwitz, 1976).

The SOC is not distinguishable on T1-weighted images. In DEC-TDI maps, the SOC appears as
a hypointense area surrounded by hyperintense fibres in the horizontal view: medially, the medial
lemnisci; ventrally, the TB; and laterally, the MCP. The SOC was delineated from the same axial plane
as the rostral-most extent of the ventral CN, extending about 4 mm rostrally (Garcia-Gomar et al.,
2019).

Inferior colliculus (IC)

The IC is easy to locate as the two inferior spherical structures of the corpora quadrigemina in the
dorsal midbrain (Mansour et al., 2019). On T1-weighted images, the IC is distinguished from its medi-
ally adjacent structure, the periaqueductal grey matter, by demonstrating more intense T1 signals in
the horizontal view. However, in DEC-TDI maps, most of the signal of the IC is lost, possibly due to
distortion from tissue/air interface.

Medial geniculate body (MGB)

The MGB is located in the ventromedial thalamus. On T1-weighted images, the MGB is identified
as an oval-shaped hypointense eminence that is medial to the lateral geniculate body and lateral to
the superior colliculus (Winer, 1984). In the horizontal view of DEC-TDI maps, the MGB is restricted
ventrolaterally by the blue areas of the corticospinal tract (CST).
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Tractography

Subcortical auditory regions were segmented manually as described above. The primary auditory
cortex (A41/42, TE1.0 and TE1.2) was extracted from the Human Brainnetome Atlas (Fan et al., 2016)
in the MNI space and co-registered to the WM FOD space by a rigid, affine, and nonlinear transfor-
mation using ANTs (Avants et al., 2011). Probabilistic tractography of each major tract in the auditory
pathway was performed in the WM FOD space using iFOD2 algorithm with optimized parameters.
For cortical tracts (ARs), we set a 0.05 cutoff value and 80 mm maximum length; for subcortical tracts,
the cutoff value was 0.1 and the maximum length was set to 200 mm. Other parameters were kept the
same across all tracts: 10,000 seeds per voxel, angle threshold = 45°, and minimum length = 4 mm. A
mask of brainstem and thalamus was created semi-automatically using ITK-SNAP (Yushkevich et al.,
2006) to constrain tracking of the subcortical auditory pathway; a centre ROl in the sagittal plane was
used as exclusion for ipsilateral tracking.

Trapezoid body (TB) and lateral lemnisci (LL)
The neurons in the CN receive nerve innervation from the cochlea and project to the IC both directly
and indirectly. The SOC is the major relay station and receives axons from mostly the contralateral,
partly the ipsilateral CN; the contralateral dominance remains in the following ascending pathway
(Moore, 1987). The ascending axons below the level of the SOC form the TB; axons above the level
of the SOC form the LL (Moore et al., 1995). The TB travels horizontally in the inferior pons and
comprises many crossing fibres. The LL runs rostrally and dorsally to the IC and is located on the lateral
side of the brainstem superficially.

Tracking of the TB and LL was carried out by seeding from each CN to the SOC and the IC in both
sides, using MCP as an exclusion ROI for anatomical constraints, and seeding from each SOC to the
IC in both sides.

Brachium of inferior colliculus (BIC)

All ascending projections from the auditory brainstem to the thalamus are carried in the BIC (Moore,
1987). Tracking of the BIC was performed by seeding from the IC to the ipsilateral MGB. There are
also commissural pathways between the bilateral IC; however, the commissure of IC is difficult to trace
via tractography due to signal loss near the tissue/air interface.

Acoustic radiation (AR)

The AR is the final stream that links the subcortical auditory pathway to the auditory cortex (Rademacher
et al., 2002). The AR crosses with or travels near many major fibre bundles on its way to the auditory
cortex, including the CST, the arcuate fasciculus (AF), the inferior fronto-occipital fasciculus (IFOF),
the middle longitudinal fasciculus (MLF), the inferior fasciculus (ILF), and the optic radiation (OR). We
manually delineated major cross-sections of the tracts mentioned above as exclusion ROls. Then, we
tracked the AR by seeding from the MGB, terminating in the ipsilateral primary auditory cortex, and
excluding the adjacent tracts for anatomical constraint.

Visualization
Streamlines were transformed into the trk format in Python via the Nibabel package (https://nipy.org/
nibabel/) and visualized in DSI Studio (https://dsi-studio.labsolver.org/).

Reconstruction of the language pathway
Language ROIs were also extracted from the Human Brainnetome Atlas (Fan et al., 2016) for its
finer subdivision in the temporal and frontal cortex, and co-registered from the MNI152 T1 space
(Fonov et al., 2009) to the WM FOD space using rigid, affine, and nonlinear transformation with ANTs
(Avants et al., 2011). The anterior superior temporal cortex (aSTC) was defined as the combination
of A22r, A38l, and aSTS; the posterior superior temporal cortex (pSTC) was segmented by combining
A22c¢, rpSTS, and cpSTS. The frontal areas were also extracted: the pars opercularis of Broca’s area
(BA44), pars triangularis of Broca's area (BA45), the FOP, and the PMC.

Probabilistic tractography was performed in the WM FOD space. Two dorsal streams of the
language pathway were seeded from BA44 or PMC and terminated in pSTC; two ventral streams were
seeded from BA45 or FOP and terminated in aSTC. Parameters included iFOD2 algorithm, 10,000
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seeds per voxel, angle threshold = 45°, cutoff value = 0.1, minimum length = 4 mm, maximum length
= 200 mm. Tracts were visualized in the same way as the auditory pathway.

Fixel-based metrics

In the FBA framework, a ‘fixel’ refers to a ‘fibre population within a voxel’, allowing for the measure-
ment of WM metrics for individual fibres crossing in the same voxel. FD, FC, and FDC were calcu-
lated for the study-specific auditory pathway and the study-specific language pathway. FD values are
approximately proportional to total intra-axonal volume and measure WM microstructure, while FC
estimates macroscopic differences by using information from individual subject warps to the study-
specific template. The combined FDC measure enables a more sensitive assessment of fixel-wise
effects (Dhollander et al., 2021).

Statistical analysis

Fixel-wise comparison of FC, FD, and FDC between groups was conducted using the connectivity-
based fixel enhancement method (Raffelt et al., 2015). Tract-wise analysis was performed by
extracting the mean fibre metrics of tracts-of-interest and comparing them between groups using
PALM (Winkler et al., 2014) in MATLAB. For both comparisons, age and gender were controlled,
and family-wise-corrected (FWE) p-values were obtained via permutation testing. Pearson correlation
between cn.VIIl median contrast values and central pathway fibre metrics were conducted using PALM
in MATLAB. Moderation analysis was performed using SPSS. Pearson correlation between preop-
erative characteristics (age, gender, surgical choice, cn.VIIl median contrast values, mean FD of the
central auditory pathway and the language pathway) and postoperative outcomes (PTA and four audi-
tory and language scales) was also conducted using PALM in MATLAB.

Acknowledgements

This research was funded by Science and Technology Commission of Shanghai Municipality Major Basic
Research (2018SHZDZX05), Science and Technology Commission of Shanghai Municipality Shanghai
Key Laboratory of Translational Medicine on Ear and Nose diseases (14DZ2260300), Shanghai Munic-
ipal Health Commission Shanghai Key Clinical Specialty Construction - Otolaryngology-Head and
Neck Surgery (shslczdzk00802), Shanghai Shen Kang Hospital Development Center Emerging Frontier
Project (SHDC12020105), Shanghai Jiao Tong University School of Medicine Translational Medicine
Collaborative Innovation Project (TM202011), and Shanghai Jiao Tong University School of Medicine
High-level Local University Construction Project. The funding sources were not involved in the design
of the study, the collection, analysis and interpretation of data, writing the manuscript, or the decision
to submit the manuscript for publication.

Additional information

Competing interests

Yinghua Chu: Yinghua Chu is affiliated with Siemens Healthineers Ltd. The author has no financial
interests to declare. Yang Song: Yang Song is affiliated with Siemens Healthineers Ltd. The author has
no financial interests to declare. The other authors declare that no competing interests exist.

Funding

Funder Grant reference number Author
Science and Technology ~ Major Basic Research Hao Wu
Commission of Shanghai  2018SHZDZX05

Municipality

Science and Technology ~ Shanghai Key Laboratory  Hao Wu

Commission of Shanghai  of Translational Medicine

Municipality on Ear and Nose diseases
14DZ2260300

Wang, Jiang, Zhu et al. eLife 2023;12:e85983. DOI: https://doi.org/10.7554/eLife.85983 23 of 28


https://doi.org/10.7554/eLife.85983

ELife Neuroscience

Funder Grant reference number Author
Shanghai Municipal Health Shanghai Key Clinical Hao Wu
Commission Specialty Construction

- Otolaryngology-Head
and Neck Surgery

shslczdzk00802
Shanghai Shen Kang Emerging Frontier Project Zhaoyan Wang
Hospital Development SHDC12020105
Center
Shanghai Jiao Tong Translational Medicine Hao Wu
University School of Collaborative Innovation
Medicine Project TM202011
Shanghai Jiao Tong High-level Local University Hao Wu
University School of Construction Project
Medicine

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Yaoxuan Wang, Conceptualization, Data curation, Formal analysis, Validation, Investigation, Visualiza-
tion, Methodology, Writing - original draft, Writing — review and editing; Mengda Jiang, Conceptualiza-
tion, Resources, Data curation, Formal analysis, Validation, Investigation, Visualization, Methodology,
Writing — review and editing; Yuting Zhu, Formal analysis, Validation, Visualization, Methodology,
Writing — review and editing; Lu Xue, Hongsai Chen, Validation, Writing - review and editing; Wenying
Shu, Xiang Li, Visualization, Writing — review and editing; Yun Li, Ying Chen, Yu Zhang, Data curation,
Project administration, Writing — review and editing; Yongchuan Chai, Xiaofeng Tao, Resources, Data
curation, Supervision, Project administration, Writing — review and editing; Yinghua Chu, Conceptual-
ization, Resources, Supervision, Funding acquisition, Methodology, Writing - review and editing; Yang
Song, Data curation, Methodology, Project administration, Writing — review and editing; Zhaoyan
Wang, Conceptualization, Resources, Data curation, Supervision, Funding acquisition, Validation,
Investigation, Project administration, Writing - review and editing; Hao Wu, Conceptualization,
Resources, Data curation, Supervision, Funding acquisition, Project administration, Writing — review
and editing

Author ORCIDs

Yaoxuan Wang  http://orcid.org/0000-0003-1002-7242
Zhaoyan Wang  http://orcid.org/0000-0002-0977-0920
Hao Wu  http://orcid.org/0000-0002-5317-902X

Ethics

The experimental procedures were approved by the Ethics Committee of Shanghai Jiao Tong Univer-
sity School of Medicine Affiliated Ninth People's Hospital (Shanghai, China) (reference number: SH9H-
2021-T449-1), and were performed in accordance with the approved guidelines. All enrolled subjects
had informed consent provided by parent/guardian.

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.85983.sa
Author response https://doi.org/10.7554/¢elife.85983.sa2

Additional files

Supplementary files
¢ Supplementary file 1. Audiological characteristics of patients with congenital bilateral profound
sensorineural hearing loss.

¢ Supplementary file 2. Genetic profile of patients with congenital bilateral profound sensorineural
hearing loss.

e MDAR checklist

Wang, Jiang, Zhu et al. eLife 2023;12:e85983. DOI: https://doi.org/10.7554/eLife.85983 24 of 28


https://doi.org/10.7554/eLife.85983
http://orcid.org/0000-0003-1002-7242
http://orcid.org/0000-0002-0977-0920
http://orcid.org/0000-0002-5317-902X
https://doi.org/10.7554/eLife.85983.sa1
https://doi.org/10.7554/eLife.85983.sa2

eLife

Neuroscience

Data availability
The subcortical auditory segmentations of the study-specific template (as well as T1-weighted, DEC-
TDI, and WM FOD templates) are available on the Open Science Framework: https://osf.io/pxmf5/.

The following dataset was generated:

Author(s) Year Dataset title Dataset URL Database and Identifier
Wang Y, Jiang M, 2023 Mapping the auditory https://doi.org/10. Open Science Framework,
ZhuY pathway 17605/OSF.I0/PXMF5 10.17605/OSF.IO/PXMF5
References

Alicia C, Marcus G. 2010. Directors of Speech and Hearing Programs in State Health and Welfare Agencies
(DSHPSHWA): Overview and Summary of 1999-2004 DSHPSHWA Data. https://www.cdc.gov/ncbddd/
hearingloss/documents/1999-2004_dshpshwa-summary.pdf [Accessed September 19, 2010].

Allen MC, Nikolopoulos TP, O'Donoghue GM. 1998. Speech intelligibility in children after cochlear implantation.
The American Journal of Otology 19:742-746. DOI: https://doi.org/10.1016/].ijporl.2003.11.006, PMID:
9831147

Archbold S, Lutman ME, Marshall DH. 1995. Categories of auditory performance. The Annals of Otology,
Rhinology & Laryngology. Supplement 166:312-314. DOI: https://doi.org/10.3109/03005364000000045,
PMID: 7668685

Astuto LM, Bork JM, Weston MD, Askew JW, Fields RR, Orten DJ, Ohliger SJ, Riazuddin S, Morell RJ, Khan S,
Riazuddin S, Kremer H, van Hauwe P, Moller CG, Cremers CWRJ, Ayuso C, Heckenlively JR, Rohrschneider K,
Spandau U, Greenberg J, et al. 2002. CDH23 mutation and phenotype heterogeneity: a profile of 107 diverse
families with Usher syndrome and nonsyndromic deafness. American Journal of Human Genetics 71:262-275.
DOI: https://doi.org/10.1086/341558, PMID: 12075507

Avants BB, Tustison NJ, Song G, Cook PA, Klein A, Gee JC. 2011. A reproducible evaluation of ANTs similarity
metric performance in brain image registration. Neurolmage 54:2033-2044. DOI: https://doi.org/10.1016/j.
neuroimage.2010.09.025, PMID: 20851191

Bavelier D, Dye MWG, Hauser PC. 2006. Do deaf individuals see better? Trends in Cognitive Sciences 10:512—
518. DOI: https://doi.org/10.1016/j.tics.2006.09.006, PMID: 17015029

Calamante F, Tournier JD, Jackson GD, Connelly A. 2010. Track-density imaging (TDI): super-resolution white
matter imaging using whole-brain track-density mapping. Neurolmage 53:1233-1243. DOI: https://doi.org/10.
1016/j.neuroimage.2010.07.024, PMID: 20643215

Calamante F, Tournier JD, Heidemann RM, Anwander A, Jackson GD, Connelly A. 2011. Track density imaging
(TDI): validation of super resolution property. Neurolmage 56:1259-1266. DOI: https://doi.org/10.1016/].
neuroimage.2011.02.059, PMID: 21354314

Calamante F, Tournier JD, Kurniawan ND, Yang Z, Gyengesi E, Galloway GJ, Reutens DC, Connelly A. 2012.
Super-resolution track-density imaging studies of mouse brain: comparison to histology. Neurolmage 59:286—
296. DOI: https://doi.org/10.1016/j.neuroimage.2011.07.014, PMID: 21777683

Calamante F, Oh SH, Tournier JD, Park SY, Son YD, Chung JY, Chi JG, Jackson GD, Park CW, Kim YB,

Connelly A, Cho ZH. 2013. Super-resolution track-density imaging of thalamic substructures: comparison with
high-resolution anatomical magnetic resonance imaging at 7.0T. Human Brain Mapping 34:2538-2548. DOI:
https://doi.org/10.1002/hbm.22083, PMID: 23151892

CDC Early Hearing Detection and Intervention (EHDI) Hearing Screening & Follow-up Survey (HSFS). 2021.
Hearing Screening & Follow-up Survey (HSFS). https://www.cdc.gov/ncbddd/hearingloss/2019-data/01-data-
summary.html [Accessed September 19, 2021].

Chang Y, Lee HR, Paik JS, Lee KY, Lee SH. 2012. Voxel-wise analysis of diffusion tensor imaging for clinical
outcome of cochlear implantation: retrospective study. Clinical and Experimental Otorhinolaryngology 5 Suppl
1:537-542. DOI: https://doi.org/10.3342/ce0.2012.5.51.537, PMID: 22701772

Chen MM, Oghalai JS. 2016. Diagnosis and management of congenital sensorineural hearing loss. Current
Treatment Options in Pediatrics 2:256-265. DOI: https://doi.org/10.1007/s40746-016-0056-6, PMID: 28083467

Chen Y, Li Y, Jia H, Gu W, Wang Z, Zhang Z, Xue M, Li J, Shi W, Jiang L, Yang L, Sterkers O, Wu H. 2023.
Simultaneous bilateral cochlear implantation in very young children improves adaptability and social skills: a
prospective cohort study. Ear and Hearing 44:254-263. DOI: https://doi.org/10.1097/AUD.0000000000001276,
PMID: 36126187

Cope TE, Sohoglu E, Sedley W, Patterson K, Jones PS, Wiggins J, Dawson C, Grube M, Carlyon RP, Griffiths TD,
Davis MH, Rowe JB. 2017. Evidence for causal top-down frontal contributions to predictive processes in
speech perception. Nature Communications 8:2154. DOI: https://doi.org/10.1038/s41467-017-01958-7, PMID:
29255275

Dhollander T, Connelly A. 2016. A Novel iterative approach to reap the benefits of multi-tissue CSD from just
single-shell (+B=0) diffusion MRI data Proc ISMRM.

Dhollander T, Clemente A, Singh M, Boonstra F, Civier O, Duque JD, Egorova N, Enticott P, Fuelscher |,
Gajamange S, Genc S, Gottlieb E, Hyde C, Imms P, Kelly C, Kirkovski M, Kolbe S, Liang X, Malhotra A, Mito R,

Wang, Jiang, Zhu et al. eLife 2023;12:e85983. DOI: https://doi.org/10.7554/eLife.85983 25 of 28


https://doi.org/10.7554/eLife.85983
https://osf.io/pxmf5/
https://doi.org/10.17605/OSF.IO/PXMF5
https://doi.org/10.17605/OSF.IO/PXMF5
https://www.cdc.gov/ncbddd/hearingloss/documents/1999-2004_dshpshwa-summary.pdf
https://www.cdc.gov/ncbddd/hearingloss/documents/1999-2004_dshpshwa-summary.pdf
https://doi.org/10.1016/j.ijporl.2003.11.006
http://www.ncbi.nlm.nih.gov/pubmed/9831147
https://doi.org/10.3109/03005364000000045
http://www.ncbi.nlm.nih.gov/pubmed/7668685
https://doi.org/10.1086/341558
http://www.ncbi.nlm.nih.gov/pubmed/12075507
https://doi.org/10.1016/j.neuroimage.2010.09.025
https://doi.org/10.1016/j.neuroimage.2010.09.025
http://www.ncbi.nlm.nih.gov/pubmed/20851191
https://doi.org/10.1016/j.tics.2006.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17015029
https://doi.org/10.1016/j.neuroimage.2010.07.024
https://doi.org/10.1016/j.neuroimage.2010.07.024
http://www.ncbi.nlm.nih.gov/pubmed/20643215
https://doi.org/10.1016/j.neuroimage.2011.02.059
https://doi.org/10.1016/j.neuroimage.2011.02.059
http://www.ncbi.nlm.nih.gov/pubmed/21354314
https://doi.org/10.1016/j.neuroimage.2011.07.014
http://www.ncbi.nlm.nih.gov/pubmed/21777683
https://doi.org/10.1002/hbm.22083
http://www.ncbi.nlm.nih.gov/pubmed/23151892
https://www.cdc.gov/ncbddd/hearingloss/2019-data/01-data-summary.html
https://www.cdc.gov/ncbddd/hearingloss/2019-data/01-data-summary.html
https://doi.org/10.3342/ceo.2012.5.S1.S37
http://www.ncbi.nlm.nih.gov/pubmed/22701772
https://doi.org/10.1007/s40746-016-0056-6
http://www.ncbi.nlm.nih.gov/pubmed/28083467
https://doi.org/10.1097/AUD.0000000000001276
http://www.ncbi.nlm.nih.gov/pubmed/36126187
https://doi.org/10.1038/s41467-017-01958-7
http://www.ncbi.nlm.nih.gov/pubmed/29255275

eLife

Neuroscience

et al. 2021. Fixel-based analysis of diffusion MRI: methods, applications. Challenges and Opportunities.
Neuroimage 241:118417. DOI: https://doi.org/10.1016/j.neuroimage.2021.118417, PMID: 34298083

Ding N, Melloni L, Zhang H, Tian X, Poeppel D. 2016. Cortical tracking of hierarchical linguistic structures in
connected speech. Nature Neuroscience 19:158-164. DOI: https://doi.org/10.1038/nn.4186, PMID: 26642090

Dorman MF, Loiselle LH, Cook SJ, Yost WA, Gifford RH. 2016. Sound source localization by normal-hearing
listeners, hearing-impaired listeners and cochlear implant listeners. Audiology & Neuro-Otology 21:127-131.
DOI: https://doi.org/10.1159/000444740, PMID: 27077663

Edwards AD, Rueckert D, Smith SM, Abo Seada S, Alansary A, Almalbis J, Allsop J, Andersson J, Arichi T,
Arulkumaran S, Bastiani M, Batalle D, Baxter L, Bozek J, Braithwaite E, Brandon J, Carney O, Chew A,
Christiaens D, Chung R, et al. 2022. The developing human connectome project neonatal data release.
Frontiers in Neuroscience 16:886772. DOI: https://doi.org/10.3389/fnins.2022.886772

Epprecht L, Qureshi A, Kozin ED, Vachicouras N, Huber AM, Kikinis R, Makris N, Brown MC, Reinshagen KL,
Lee DJ. 2020. Human cochlear nucleus on 7 tesla diffusion tensor imaging: insights into micro-anatomy and
function for auditory brainstem implant surgery. Otology & Neurotology 41:e484-e493. DOI: https://doi.org/
10.1097/MA0O.0000000000002565, PMID: 32176138

Fan L, Li H, Zhuo J, Zhang Y, Wang J, Chen L, Yang Z, Chu C, Xie S, Laird AR, Fox PT, Eickhoff SB, Yu C, Jiang T.
2016. The human brainnetome atlas: a new brain atlas based on connectional architecture. Cerebral Cortex
26:3508-3526. DOI: https://doi.org/10.1093/cercor/bhw157, PMID: 27230218

Farquharson S, Tournier JD, Calamante F, Fabinyi G, Schneider-Kolsky M, Jackson GD, Connelly A. 2013. White
matter fiber tractography: why we need to move beyond DTI. Journal of Neurosurgery 118:1367-1377. DOI:
https://doi.org/10.3171/2013.2.JNS121294, PMID: 23540269

Fonov VS, Evans AC, McKinstry RC, Almli CR, Collins DL. 2009. Unbiased nonlinear average age-appropriate
brain templates from birth to adulthood. Neurolmage 47:5102. DOI: https://doi.org/10.1016/51053-8119(09)
70884-5

Freeman SR, Sennaroglu L. 2018. Management of cochlear nerve hypoplasia and aplasia. Advances in Oto-
Rhino-Laryngology 81:81-92. DOI: https://doi.org/10.1159/000485542, PMID: 29794457

Friederici AD. 2011. The brain basis of language processing: from structure to function. Physiological Reviews
91:1357-1392. DOI: https://doi.org/10.1152/physrev.00006.2011, PMID: 22013214

Friederici AD, Chomsky N, Berwick RC, Moro A, Bolhuis JJ. 2017. Language, mind and brain. Nature Human
Behaviour 1:713-722. DOI: https://doi.org/10.1038/s41562-017-0184-4, PMID: 31024099

Friedmann N, Rusou D. 2015. Critical period for first language: the crucial role of language input during the first
year of life. Current Opinion in Neurobiology 35:27-34. DOI: https://doi.org/10.1016/j.conb.2015.06.003,
PMID: 26111432

Garcia-Gomar MG, Strong C, Toschi N, Singh K, Rosen BR, Wald LL, 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 Tesla MRI. Frontiers in Neuroscience 13:764. DOI: https://doi.org/10.3389/
fnins.2019.00764, PMID: 31440122

Hamilton LS, Oganian Y, Hall J, Chang EF. 2021. Parallel and distributed encoding of speech across human
auditory cortex. Cell 184:4626-4639.. DOI: https://doi.org/10.1016/j.cell.2021.07.019, PMID: 34411517

Harris KC, Ahlstrom JB, Dias JW, Kerouac LB, McClaskey CM, Dubno JR, Eckert MA. 2021. Neural presbyacusis
in humans inferred from age-related differences in auditory nerve function and structure. The Journal of
Neuroscience 41:10293-10304. DOI: https://doi.org/10.1523/JNEUROSCI.1747-21.2021, PMID: 34753738

Hickok G, Poeppel D. 2007. The cortical organization of speech processing. Nature Reviews. Neuroscience
8:393-402. DOI: https://doi.org/10.1038/nrn2113, PMID: 17431404

Houston DM, Miyamoto RT. 2010. Effects of early auditory experience on word learning and speech perception
in deaf children with cochlear implants: implications for sensitive periods of language development. Otology &
Neurotology 31:1248-1253. DOI: https://doi.org/10.1097/MAO.0b013e3181f1ccéba, PMID: 20818292

Huang L, Zheng W, Wu C, Wei X, Wu X, Wang Y, Zheng H, Zhou J. 2015. Diffusion tensor imaging of the auditory
neural pathway for clinical outcome of cochlear implantation in pediatric congenital sensorineural hearing loss
patients. PLOS ONE 10:e0140643. DOI: https://doi.org/10.1371/journal.pone.0140643

Kelsell DP, Dunlop J, Stevens HP, Lench NJ, Liang JN, Parry G, Mueller RF, Leigh IM. 1997. Connexin 26
mutations in hereditary non-syndromic sensorineural deafness. Nature 387:80-83. DOI: https://doi.org/10.
1038/387080a0, PMID: 9139825

Korver AMH, Smith RJH, Van Camp G, Schleiss MR, Bitner-Glindzicz MAK, Lustig LR, Usami S-I, Boudewyns AN.
2017. Congenital hearing loss. Nature Reviews. Disease Primers 3:16094. DOI: https://doi.org/10.1038/nrdp.
2016.94, PMID: 28079113

Kral A, O’'Donoghue GM. 2010. Profound deafness in childhood. The New England Journal of Medicine
363:1438-1450. DOI: https://doi.org/10.1056/NEJMra0911225, PMID: 20925546

Kuhl P, Rivera-Gaxiola M. 2008. Neural substrates of language acquisition. Annual Review of Neuroscience
31:511-534. DOI: https://doi.org/10.1146/annurev.neuro.30.051606.094321, PMID: 18558865

Kwon DH, Paek SH, Kim YB, Lee H, Cho ZH. 2021. In vivo 3D Reconstruction of the Human Pallidothalamic and
Nigrothalamic pathways with super-resolution 7T MR Track density imaging and fiber tractography. Frontiers in
Neuroanatomy 15:739576. DOI: https://doi.org/10.3389/fnana.2021.739576, PMID: 34776880

Leonard MK, Chang EF. 2014. Dynamic speech representations in the human temporal lobe. Trends in Cognitive
Sciences 18:472-479. DOI: https://doi.org/10.1016/j.tics.2014.05.001, PMID: 24906217

Leonard MK, Baud MO, Sjerps MJ, Chang EF. 2016. Perceptual restoration of masked speech in human cortex.
Nature Communications 7:13619. DOI: https://doi.org/10.1038/ncomms13619, PMID: 27996973

Wang, Jiang, Zhu et al. eLife 2023;12:e85983. DOI: https://doi.org/10.7554/eLife.85983 26 of 28


https://doi.org/10.7554/eLife.85983
https://doi.org/10.1016/j.neuroimage.2021.118417
http://www.ncbi.nlm.nih.gov/pubmed/34298083
https://doi.org/10.1038/nn.4186
http://www.ncbi.nlm.nih.gov/pubmed/26642090
https://doi.org/10.1159/000444740
http://www.ncbi.nlm.nih.gov/pubmed/27077663
https://doi.org/10.3389/fnins.2022.886772
https://doi.org/10.1097/MAO.0000000000002565
https://doi.org/10.1097/MAO.0000000000002565
http://www.ncbi.nlm.nih.gov/pubmed/32176138
https://doi.org/10.1093/cercor/bhw157
http://www.ncbi.nlm.nih.gov/pubmed/27230218
https://doi.org/10.3171/2013.2.JNS121294
http://www.ncbi.nlm.nih.gov/pubmed/23540269
https://doi.org/10.1016/S1053-8119(09)70884-5
https://doi.org/10.1016/S1053-8119(09)70884-5
https://doi.org/10.1159/000485542
http://www.ncbi.nlm.nih.gov/pubmed/29794457
https://doi.org/10.1152/physrev.00006.2011
http://www.ncbi.nlm.nih.gov/pubmed/22013214
https://doi.org/10.1038/s41562-017-0184-4
http://www.ncbi.nlm.nih.gov/pubmed/31024099
https://doi.org/10.1016/j.conb.2015.06.003
http://www.ncbi.nlm.nih.gov/pubmed/26111432
https://doi.org/10.3389/fnins.2019.00764
https://doi.org/10.3389/fnins.2019.00764
http://www.ncbi.nlm.nih.gov/pubmed/31440122
https://doi.org/10.1016/j.cell.2021.07.019
http://www.ncbi.nlm.nih.gov/pubmed/34411517
https://doi.org/10.1523/JNEUROSCI.1747-21.2021
http://www.ncbi.nlm.nih.gov/pubmed/34753738
https://doi.org/10.1038/nrn2113
http://www.ncbi.nlm.nih.gov/pubmed/17431404
https://doi.org/10.1097/MAO.0b013e3181f1cc6a
http://www.ncbi.nlm.nih.gov/pubmed/20818292
https://doi.org/10.1371/journal.pone.0140643
https://doi.org/10.1038/387080a0
https://doi.org/10.1038/387080a0
http://www.ncbi.nlm.nih.gov/pubmed/9139825
https://doi.org/10.1038/nrdp.2016.94
https://doi.org/10.1038/nrdp.2016.94
http://www.ncbi.nlm.nih.gov/pubmed/28079113
https://doi.org/10.1056/NEJMra0911225
http://www.ncbi.nlm.nih.gov/pubmed/20925546
https://doi.org/10.1146/annurev.neuro.30.051606.094321
http://www.ncbi.nlm.nih.gov/pubmed/18558865
https://doi.org/10.3389/fnana.2021.739576
http://www.ncbi.nlm.nih.gov/pubmed/34776880
https://doi.org/10.1016/j.tics.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/24906217
https://doi.org/10.1038/ncomms13619
http://www.ncbi.nlm.nih.gov/pubmed/27996973

eLife

Neuroscience

LiY, Yang J, Li Y. 2011. Constitute, imaging and auditory characteristics of pediatric patients with congenital
malformations of inner ear in sensorineural hearing loss. Journal of Clinical Otorhinolaryngology, Head, and
Neck Surgery 25:1-5.

Lin JW, Chowdhury N, Mody A, Tonini R, Emery C, Haymond J, Oghalai JS. 2011. Comprehensive diagnostic
battery for evaluating sensorineural hearing loss in children. Otology & Neurotology 32:259-264. DOI: https://
doi.org/10.1097/MAQ.0b013e31820160fa, PMID: 21131880

Maffei C, Sarubbo S, Jovicich J. 2019. Diffusion-based tractography atlas of the human acoustic radiation.
Scientific Reports 9:4046. DOI: https://doi.org/10.1038/541598-019-40666-8, PMID: 30858451

Mafong DD, Shin EJ, Lalwani AK. 2002. Use of laboratory evaluation and radiologic imaging in the diagnostic
evaluation of children with sensorineural hearing loss. The Laryngoscope 112:1-7. DOI: https://doi.org/10.
1097/00005537-200201000-00001, PMID: 11802030

Mansour Y, Altaher W, Kulesza RJ. 2019. Characterization of the human central nucleus of the inferior colliculus.
Hearing Research 377:234-246. DOI: https://doi.org/10.1016/j.heares.2019.04.004, PMID: 31003035

Marazita ML, Ploughman LM, Rawlings B, Remington E, Arnos KS, Nance WE. 1993. Genetic epidemiological
studies of early-onset deafness in the U.S. school-age population. American Journal of Medical Genetics
46:486-491. DOI: https://doi.org/10.1002/ajmg.1320460504, PMID: 8322805

Moore JK, Osen KK. 1979. The cochlear nuclei in man. The American Journal of Anatomy 154:393-418. DOI:
https://doi.org/10.1002/aja.1001540306, PMID: 433789

Moore JK. 1987. The human auditory brain stem: a comparative view. Hearing Research 29:1-32. DOI: https://
doi.org/10.1016/0378-5955(87)90202-4, PMID: 3654394

Moore JK, Perazzo LM, Braun A. 1995. Time course of axonal myelination in the human brainstem auditory
pathway. Hearing Research 87:21-31. DOI: https://doi.org/10.1016/0378-5955(95)00073-d, PMID: 8567438

Obleser J, Leaver AM, Vanmeter J, Rauschecker JP. 2010. Segregation of vowels and consonants in human
auditory cortex: evidence for distributed hierarchical organization. Frontiers in Psychology 1:232. DOI: https://
doi.org/10.3389/fpsyg.2010.00232, PMID: 21738513

Obleser J, Kayser C. 2019. Neural entrainment and attentional selection in the listening brain. Trends in
Cognitive Sciences 23:913-926. DOI: https://doi.org/10.1016/].tics.2019.08.004, PMID: 31606386

Peelle JE, Johnsrude IS, Davis MH. 2010. Hierarchical processing for speech in human auditory cortex and
beyond. Frontiers in Human Neuroscience 4:51. DOI: https://doi.org/10.3389/fnhum.2010.00051, PMID:
20661456

Rademacher J, Birgel U, Zilles K. 2002. Stereotaxic localization, intersubject variability, and interhemispheric
differences of the human auditory thalamocortical system. Neurolmage 17:142-160. DOI: https://doi.org/10.
1006/nimg.2002.1178, PMID: 12482073

Raffelt DA, Smith RE, Ridgway GR, Tournier JD, Vaughan DN, Rose S, Henderson R, Connelly A. 2015.
Connectivity-based fixel enhancement: Whole-brain statistical analysis of diffusion MRI measures in the
presence of crossing fibres. Neurolmage 117:40-55. DOI: https://doi.org/10.1016/j.neuroimage.2015.05.039,
PMID: 26004503

Rosahl SK, Rosahl S. 2013. No easy target: anatomic constraints of electrodes interfacing the human cochlear
nucleus. Neurosurgery 72:58-64. DOI: https://doi.org/10.1227/NEU.0b013e31826cde82, PMID: 22895407

Sennaroglu L, Saatci |. 2002. A new classification for cochleovestibular malformations. The Laryngoscope
112:2230-2241. DOI: https://doi.org/10.1097/00005537-200212000-00019, PMID: 12461346

Sennaroglu L, Colletti V, Lenarz T, Manrique M, Laszig R, Rask-Andersen H, Géksu N, Offeciers E, Saeed S,
Behr R, Bayazit Y, Casselman J, Freeman S, Kileny P, Lee DJ, Shannon RV, Kameswaran M, Hagr A, Zarowski A,
Schwartz MS, et al. 2016. Consensus statement: Long-term results of ABI in children with complex inner ear
malformations and decision making between Cl and ABI. Cochlear Implants International 17:163-171. DOI:
https://doi.org/10.1080/14670100.2016.1208396, PMID: 27442073

Sennaroglu L, Bajin MD. 2017. Classification and current management of inner ear malformations. Balkan
Medical Journal 34:397-411. DOI: https://doi.org/10.4274/balkanmed].2017.0367, PMID: 28840850

Sherafati A, Dwyer N, Bajracharya A, Hassanpour MS, Eggebrecht AT, Firszt JB, Culver JP, Peelle JE. 2022.
Prefrontal cortex supports speech perception in listeners with cochlear implants. eLife 11:75323. DOI: https://
doi.org/10.7554/elife. 75323, PMID: 35666138

Sitek KR, Gulban OF, Calabrese E, Johnson GA, Lage-Castellanos A, Moerel M, Ghosh SS, De Martino F. 2019.
Mapping the human subcortical auditory system using histology, postmortem MRI and in vivo MRI at 7T. eLife
8:e48932. DOI: https://doi.org/10.7554/eLife.48932, PMID: 31368891

Skeide MA, Brauer J, Friederici AD. 2016. Brain functional and structural predictors of language performance.
Cerebral Cortex 26:2127-2139. DOI: https://doi.org/10.1093/cercor/bhv042, PMID: 25770126

Smith RE, Tournier JD, Calamante F, Connelly A. 2015. SIFT2: Enabling dense quantitative assessment of brain
white matter connectivity using streamlines tractography. Neurolmage 119:338-351. DOI: https://doi.org/10.
1016/j.neuroimage.2015.06.092, PMID: 26163802

Sohoglu E, Peelle JE, Carlyon RP, Davis MH. 2012. Predictive top-down integration of prior knowledge during
speech perception. The Journal of Neuroscience 32:8443-8453. DOI: https://doi.org/10.1523/JNEUROSCI.
5069-11.2012, PMID: 22723684

Stelma F, Bhutta MF. 2014. Non-syndromic hereditary sensorineural hearing loss: review of the genes involved.
The Journal of Laryngology and Otology 128:13-21. DOI: https://doi.org/10.1017/50022215113003265, PMID:
24423691

Strominger NL, Hurwitz JL. 1976. Anatomical aspects of the superior olivary complex. The Journal of
Comparative Neurology 170:485-497. DOI: https://doi.org/10.1002/cne.901700407, PMID: 826550

Wang, Jiang, Zhu et al. eLife 2023;12:e85983. DOI: https://doi.org/10.7554/eLife.85983 27 of 28


https://doi.org/10.7554/eLife.85983
https://doi.org/10.1097/MAO.0b013e31820160fa
https://doi.org/10.1097/MAO.0b013e31820160fa
http://www.ncbi.nlm.nih.gov/pubmed/21131880
https://doi.org/10.1038/s41598-019-40666-8
http://www.ncbi.nlm.nih.gov/pubmed/30858451
https://doi.org/10.1097/00005537-200201000-00001
https://doi.org/10.1097/00005537-200201000-00001
http://www.ncbi.nlm.nih.gov/pubmed/11802030
https://doi.org/10.1016/j.heares.2019.04.004
http://www.ncbi.nlm.nih.gov/pubmed/31003035
https://doi.org/10.1002/ajmg.1320460504
http://www.ncbi.nlm.nih.gov/pubmed/8322805
https://doi.org/10.1002/aja.1001540306
http://www.ncbi.nlm.nih.gov/pubmed/433789
https://doi.org/10.1016/0378-5955(87)90202-4
https://doi.org/10.1016/0378-5955(87)90202-4
http://www.ncbi.nlm.nih.gov/pubmed/3654394
https://doi.org/10.1016/0378-5955(95)00073-d
http://www.ncbi.nlm.nih.gov/pubmed/8567438
https://doi.org/10.3389/fpsyg.2010.00232
https://doi.org/10.3389/fpsyg.2010.00232
http://www.ncbi.nlm.nih.gov/pubmed/21738513
https://doi.org/10.1016/j.tics.2019.08.004
http://www.ncbi.nlm.nih.gov/pubmed/31606386
https://doi.org/10.3389/fnhum.2010.00051
http://www.ncbi.nlm.nih.gov/pubmed/20661456
https://doi.org/10.1006/nimg.2002.1178
https://doi.org/10.1006/nimg.2002.1178
http://www.ncbi.nlm.nih.gov/pubmed/12482073
https://doi.org/10.1016/j.neuroimage.2015.05.039
http://www.ncbi.nlm.nih.gov/pubmed/26004503
https://doi.org/10.1227/NEU.0b013e31826cde82
http://www.ncbi.nlm.nih.gov/pubmed/22895407
https://doi.org/10.1097/00005537-200212000-00019
http://www.ncbi.nlm.nih.gov/pubmed/12461346
https://doi.org/10.1080/14670100.2016.1208396
http://www.ncbi.nlm.nih.gov/pubmed/27442073
https://doi.org/10.4274/balkanmedj.2017.0367
http://www.ncbi.nlm.nih.gov/pubmed/28840850
https://doi.org/10.7554/eLife.75323
https://doi.org/10.7554/eLife.75323
http://www.ncbi.nlm.nih.gov/pubmed/35666138
https://doi.org/10.7554/eLife.48932
http://www.ncbi.nlm.nih.gov/pubmed/31368891
https://doi.org/10.1093/cercor/bhv042
http://www.ncbi.nlm.nih.gov/pubmed/25770126
https://doi.org/10.1016/j.neuroimage.2015.06.092
https://doi.org/10.1016/j.neuroimage.2015.06.092
http://www.ncbi.nlm.nih.gov/pubmed/26163802
https://doi.org/10.1523/JNEUROSCI.5069-11.2012
https://doi.org/10.1523/JNEUROSCI.5069-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22723684
https://doi.org/10.1017/S0022215113003265
http://www.ncbi.nlm.nih.gov/pubmed/24423691
https://doi.org/10.1002/cne.901700407
http://www.ncbi.nlm.nih.gov/pubmed/826550

eLife

Neuroscience

Tang Y, Sun W, Toga AW, Ringman JM, Shi Y. 2018. A probabilistic atlas of human brainstem pathways based on
connectome imaging data. Neurolmage 169:227-239. DOI: https://doi.org/10.1016/j.neuroimage.2017.12.
042, PMID: 29253653

Tarabichi O, Kozin ED, Kanumuri VV, Barber S, Ghosh S, Sitek KR, Reinshagen K, Herrmann B,

Remenschneider AK, Lee DJ. 2018. Diffusion tensor imaging of central auditory pathways in patients with
sensorineural hearing loss: a systematic review. Otolaryngology--Head and Neck Surgery 158:432-442. DOI:
https://doi.org/10.1177/0194599817739838, PMID: 29112481

Terr LI, Edgerton BJ. 1985. Three-dimensional reconstruction of the cochlear nuclear complex in humans.
Archives of Otolaryngology 111:495-501. DOI: https://doi.org/10.1001/archotol.1985.00800100043003, PMID:
4026657

Thai-Van H, Fraysse B, Berry |, Berges C, Deguine O, Honegger A, Sevely A, Ibarrola D. 2000. Functional
magnetic resonance imaging may avoid misdiagnosis of cochleovestibular nerve aplasia in congenital deafness.
The American Journal of Otology 21:663-670 PMID: 10993455.

The Joint Committee on Infant Hearing. 2019. Year 2019 position statement: Principles and guidelines for early
hearing detection and intervention programs. Journal of Early Hearing Detection and Intervention 4:1-44.

Tournier JD, Calamante F, Connelly A. 2010. Improved probabilistic streamlines tractography by 2nd order
integration over fibre orientation distributions. Proceedings of the international society for magnetic resonance
in medicine. .

Tournier JD, Smith R, Raffelt D, Tabbara R, Dhollander T, Pietsch M, Christiaens D, Jeurissen B, Yeh CH,
Connelly A. 2019. MRtrix3: A fast, flexible and open software framework for medical image processing and
visualisation. Neurolmage 202:116137. DOI: https://doi.org/10.1016/j.neurcimage.2019.116137, PMID:
31473352

Venezia JH, Thurman SM, Richards VM, Hickok G. 2019. Hierarchy of speech-driven spectrotemporal receptive
fields in human auditory cortex. Neurolmage 186:647-666. DOI: https://doi.org/10.1016/j.neuroimage.2018.
11.049, PMID: 30500424

Verschuur CA, Lutman ME, Ramsden R, Greenham P, O’'Driscoll M. 2005. Auditory localization abilities in
bilateral cochlear implant recipients. Otology & Neurotology 26:965-971. DOI: https://doi.org/10.1097/01.
mao.0000185073.81070.07, PMID: 16151344

Wang A, Liang Y, Fridell RA, Probst FJ, Wilcox ER, Touchman JW, Morton CC, Morell RJ, Noben-Trauth K,
Camper SA, Friedman TB. 1998. Association of unconventional myosin MYO15 mutations with human
nonsyndromic deafness DFNB3. Science 280:1447-1451. DOI: https://doi.org/10.1126/science.280.5368.1447,
PMID: 9603736

Wang S, Chen B, Yu Y, Yang H, Cui W, Li J, Fan GG. 2019a. Alterations of structural and functional connectivity in
profound sensorineural hearing loss infants within an early sensitive period: A combined DTl and fMRI study.
Developmental Cognitive Neuroscience 38:100654. DOI: https://doi.org/10.1016/].dcn.2019.100654, PMID:
31129460

Wang H, Liang Y, Fan W, Zhou X, Huang M, Shi G, Yu H, Shen G. 2019b. DTl study on rehabilitation of the
congenital deafness auditory pathway and speech center by cochlear implantation. European Archives of
Oto-Rhino-Laryngology 276:2411-2417. DOI: https://doi.org/10.1007/s00405-019-05477-7, PMID: 31127414

Wang L, Shen M, Liang W, Dao W, Zhou L, Zhu M. 2020. Validation of the Mandarin versions of CAP and SIR.
International Journal of Pediatric Otorhinolaryngology 139:110413. DOI: https://doi.org/10.1016/].ijporl.2020.
110413

Winer JA. 1984. The human medial geniculate body. Hearing Research 15:225-247. DOI: https://doi.org/10.
1016/0378-5955(84)90031-5, PMID: 6501112

Winkler AM, Ridgway GR, Webster MA, Smith SM, Nichols TE. 2014. Permutation inference for the general
linear model. Neurolmage 92:381-397. DOI: https://doi.org/10.1016/j.neuroimage.2014.01.060, PMID:
24530839

Wu C, Huang L, Tan H, Wang Y, Zheng H, Kong L, Zheng W. 2016. 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 Research 1639:228-234. DOI: https://doi.org/10.1016/].
brainres.2014.12.025, PMID: 25536303

Yasunaga S, Grati M, Cohen-Salmon M, El-Amraoui A, Mustapha M, Salem N, EI-Zir E, Loiselet J, Petit C. 1999.
A mutation in OTOF, encoding otoferlin, A FER-1-like protein, causes DFNB9, A nonsyndromic form of
deafness. Nature Genetics 21:363-369. DOI: https://doi.org/10.1038/7693, PMID: 10192385

Yushkevich PA, Piven J, Hazlett HC, Smith RG, Ho S, Gee JC, Gerig G. 2006. User-guided 3D active contour
segmentation of anatomical structures: significantly improved efficiency and reliability. Neurolmage 31:1116~
1128. DOI: https://doi.org/10.1016/j.neuroimage.2006.01.015, PMID: 16545965

Zanin J, Dhollander T, Farquharson S, Rance G, Connelly A, Nayagam BA. 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. Hearing Research 377:1-11. DOI: https://doi.org/10.1016/j.
heares.2019.02.014, PMID: 30877899

Zentner GE, Layman WS, Martin DM, Scacheri PC. 2010. Molecular and phenotypic aspects of CHD7 mutation in
CHARGE syndrome. American Journal of Medical Genetics. Part A 152A:674-686. DOI: https://doi.org/10.
1002/ajmg.a.33323, PMID: 20186815

Zhong Y, Xu T, Dong R, Lyu J, Liu B, Chen X. 2017. The analysis of reliability and validity of the IT-MAIS, MAIS
and MUSS. International Journal of Pediatric Otorhinolaryngology 96:106-110. DOI: https://doi.org/10.1016/].
ijporl.2017.03.006, PMID: 28390596

Wang, Jiang, Zhu et al. eLife 2023;12:e85983. DOI: https://doi.org/10.7554/eLife.85983 28 of 28


https://doi.org/10.7554/eLife.85983
https://doi.org/10.1016/j.neuroimage.2017.12.042
https://doi.org/10.1016/j.neuroimage.2017.12.042
http://www.ncbi.nlm.nih.gov/pubmed/29253653
https://doi.org/10.1177/0194599817739838
http://www.ncbi.nlm.nih.gov/pubmed/29112481
https://doi.org/10.1001/archotol.1985.00800100043003
http://www.ncbi.nlm.nih.gov/pubmed/4026657
http://www.ncbi.nlm.nih.gov/pubmed/10993455
https://doi.org/10.1016/j.neuroimage.2019.116137
http://www.ncbi.nlm.nih.gov/pubmed/31473352
https://doi.org/10.1016/j.neuroimage.2018.11.049
https://doi.org/10.1016/j.neuroimage.2018.11.049
http://www.ncbi.nlm.nih.gov/pubmed/30500424
https://doi.org/10.1097/01.mao.0000185073.81070.07
https://doi.org/10.1097/01.mao.0000185073.81070.07
http://www.ncbi.nlm.nih.gov/pubmed/16151344
https://doi.org/10.1126/science.280.5368.1447
http://www.ncbi.nlm.nih.gov/pubmed/9603736
https://doi.org/10.1016/j.dcn.2019.100654
http://www.ncbi.nlm.nih.gov/pubmed/31129460
https://doi.org/10.1007/s00405-019-05477-7
http://www.ncbi.nlm.nih.gov/pubmed/31127414
https://doi.org/10.1016/j.ijporl.2020.110413
https://doi.org/10.1016/j.ijporl.2020.110413
https://doi.org/10.1016/0378-5955(84)90031-5
https://doi.org/10.1016/0378-5955(84)90031-5
http://www.ncbi.nlm.nih.gov/pubmed/6501112
https://doi.org/10.1016/j.neuroimage.2014.01.060
http://www.ncbi.nlm.nih.gov/pubmed/24530839
https://doi.org/10.1016/j.brainres.2014.12.025
https://doi.org/10.1016/j.brainres.2014.12.025
http://www.ncbi.nlm.nih.gov/pubmed/25536303
https://doi.org/10.1038/7693
http://www.ncbi.nlm.nih.gov/pubmed/10192385
https://doi.org/10.1016/j.neuroimage.2006.01.015
http://www.ncbi.nlm.nih.gov/pubmed/16545965
https://doi.org/10.1016/j.heares.2019.02.014
https://doi.org/10.1016/j.heares.2019.02.014
http://www.ncbi.nlm.nih.gov/pubmed/30877899
https://doi.org/10.1002/ajmg.a.33323
https://doi.org/10.1002/ajmg.a.33323
http://www.ncbi.nlm.nih.gov/pubmed/20186815
https://doi.org/10.1016/j.ijporl.2017.03.006
https://doi.org/10.1016/j.ijporl.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28390596

	Impact of inner ear malformation and cochlear nerve deficiency on the development of auditory-­language network in children with profound sensorineural hearing loss
	Editor's evaluation
	Introduction
	Results
	Demographics
	Segmentation of subcortical auditory regions and tractography of the central auditory pathway
	Tractography of the language pathway
	Children with profound SNHL exhibited fibre impairment in the central auditory pathway and the language pathway
	Peripheral nerve structure moderated the structural development of central pathways
	Investigating correlations between preoperative characteristics and postoperative outcomes

	Discussion
	The new pipeline for mapping the human auditory pathway with in vivo MRI
	Fibre impairment pattern in the central auditory pathway of children with profound SNHL
	The structural development of the language pathway in children with profound SNHL
	Moderation of central pathway maturation by peripheral auditory structure
	Integrating pre-surgical evaluations for optimized auditory-language rehabilitation
	Comprehensive auditory system assessment: Informed surgical decisions
	Language pathways: Central to post-implant speech outcomes
	Strengths and limitations
	Conclusions

	Methods
	Study sample
	Preoperative clinical and imaging evaluation
	Clinical data

	CT, MRI acquisition, and quality assessment
	Postoperative outcomes assessment
	Pure tone audiometry
	Auditory and language scales

	MRI data analysis
	Cranial nerve VIII measurement
	Diffusional MRI processing

	Reconstruction of the human auditory pathway
	Overview
	Track density imaging
	Image registration
	Manual segmentation of subcortical auditory regions
	Cochlea nucleus (CN)
	Superior olivary complex (SOC)
	Inferior colliculus (IC)
	Medial geniculate body (MGB)

	Tractography
	Trapezoid body (TB) and lateral lemnisci (LL)
	Brachium of inferior colliculus (BIC)
	Acoustic radiation (AR)

	Visualization

	Reconstruction of the language pathway
	Fixel-based metrics
	Statistical analysis

	Acknowledgements
	Additional information
	﻿Competing interests
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


