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Abstract
Language is a fundamental part of human cognition. The question of whether language is processed independently of
speech, however, is still heavily discussed. The absence of speech in deaf signers offers the opportunity to disentangle
language from speech in the human brain. Using probabilistic tractography, we compared brain structural connectivity of
adult deaf signers who had learned sign language early in life to that of matched hearing controls. Quantitative comparison
of the connectivity profiles revealed that the core language tracts did not differ between signers and controls, confirming
that language is independent of speech. In contrast, pathways involved in the production and perception of speech
displayed lower connectivity in deaf signers compared to hearing controls. These differences were located in tracts towards
the left pre-supplementary motor area and the thalamus when seeding in Broca’s area, and in ipsilateral parietal areas and
the precuneus with seeds in left posterior temporal regions. Furthermore, the interhemispheric connectivity between the
auditory cortices was lower in the deaf than in the hearing group, underlining the importance of the transcallosal
connection for early auditory processes. The present results provide evidence for a functional segregation of the neural
pathways for language and speech.
Key words: deaf, dMRI, DTI, language network, probabilistic tractography

Introduction
Language is a crucial part of human cognition and communication. The comprehension and production of spoken language
requires the interplay between the core language network and
the auditory input and motor output systems. Language itself,
however, can be acquired independent of modality. This is the

case in prelingually deaf individuals, who are either born deaf or
lose their hearing before the acquisition of language (Smith et al.
1993). With vision-based sign language as their native language
input, they develop language comparable to those of hearing
people (Lillo-Martin and Gajewski 2014). Learning to read and
write in later childhood consolidates language performance,
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postcentral gyrus responsible for tongue and lip movements
(Zhang et al. 2017).
Another fiber tract involved in speaking is the frontal aslant
tract (FAT). It connects vBA6 and BA44 as the most posterior parts
of what is sometimes called “Broca’s territory” (extending from
BA44 frontally to BA45 and BA47) with the pre-supplementary
motor area (preSMA) and SMA (Catani et al. 2013). This connection is essential for the articulation of words and forms part of
the loop between frontal regions such as vBA6 and BA44, the
basal ganglia, and the thalamus (Tha; for a review see Dick et al.
2019). It is important to note the FAT’s differentiation between
vBA6 and BA44 as well as between preSMA and SMA. Together
with the cerebellum, these pathways convey information for
the finely-tuned activity of the articulatory muscles necessary
to produce comprehensible speech, which also implies their
participation in the auditory feedback loop during speaking
(Petacchi et al. 2005). Little is known about the neural basis for
production of facial expressions during sign language production, although mouthing plays a crucial role. In German Sign
Language (GSL), for example, the words “brother” and “sister”
are performed with the same manual gesture, but different lip
patterns. This makes it likely that pathways to vBA6 known to
be relevant for speaking may also be relevant for signing.
Ventral to the Sylvian fissure, there are two main fiber tracts
connecting the ventral part of the anterior portion of the IFG
to the temporal cortex: the uncinate fasciculus and the inferior fronto-occipital fasciculus. Additionally, the inferior longitudinal and the middle longitudinal fasciculus extend posteriorly from the temporal pole. Functionally, these fiber tracts are
attributed mainly to the processing of semantic information,
but they have also been described in studies on emotion and
cognitive control (for a review see Bajada et al. 2015). Among
these, the most relevant tract for language processing is the
inferior fronto-occipital fasciculus, which has been described to
support semantic processes (Saur et al. 2008).
While semantic and syntactic processes are mainly subserved by this left-dominant network, there is increasing
evidence that prosodic features of spoken language are
processed in a right-dominant network (Sammler et al. 2015;
Sammler et al. 2018). The interplay between the left and the
right hemisphere during auditory language processing has been
demonstrated in patients with lesions in the corpus callosum
(CC; Friederici et al. 2007). This hemispheric dissociation
between a system for semantic and syntactic processing in
the left hemisphere and a system for processing prosodic
information in the right hemisphere has also been discovered
in sign language, where semantic and syntactic tasks activate
the typical left-lateralized language regions (MacSweeney et al.
2002; Emmorey et al. 2003). Prosody in sign language is
transmitted via trunk and head posture as well as via facial
expression (Sandler 2012) and its interpretation has been shown
to activate predominantly right-hemispheric inferior frontal
and superior temporal regions. Studies reporting recruitment of
the classic fronto-temporal network in both spoken and signed
language (MacSweeney et al. 2002; Leonard et al. 2012) further
support the concept of modality-independence of the language
network. These neuroscientific findings fit well into the concept
of a domain-independent language system, and is aligned with
the finding that spoken and signed languages exhibit similar
linguistic characteristics such as recursive rule application and
hierarchical structures (Lillo-Martin and Gajewski 2014).
Before spoken language can be understood, the speech signal
has to be pre-processed by the hearer’s bihemispheric auditory
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though often at a lower level than in hearing non-signers. With
additional training prelingually deaf people can also learn to
visually decode spoken language primarily via lip reading, and
to produce speech, but with clear limitations in the domains of
phonation and articulation (Harris and Beech 1998). The unique
situation of language without speech in deaf signers offers the
possibility to disentangle the neural underpinnings of speech
as an input–output system from those of the core language
system. In the present study we achieved this by comparing the
effect of auditory (oral) and visual (sign) language acquisition
on the differential neuroplastic development of the respective
structural brain networks.
The exact functional division of language and speech
networks continues to be the subject of sustained scientific
research. On a theoretical level (Berwick et al. 2013; Friederici
et al. 2017), a core language system responsible for semantic
and syntactic processes is distinguished from a sensory–motor
interface system allowing communication via vocal production
and auditory perception of speech. In sign language, this is
achieved through the visual decoding of manual gestures and
concomitant lip reading. At the neural network level, Broca’s
area in the left inferior frontal gyrus (IFG) and Wernicke’s area
in the left posterior temporal cortex extending to the inferior
parietal lobule (IPL) are widely accepted as major nodes of
the core language network (Price 2012; Hagoort, 2014). This
core language network also supports semantic and syntactic
processes in sign language (Emmorey et al. 2003; MacSweeney
et al. 2002).
The frontal cortex and the temporal cortex also include brain
areas relevant for speech production (ventral BA6 in the motor
cortex) and for speech perception (Heschl’s gyrus (HG) in the
auditory cortex). These frontal and posterior temporal brain
areas are connected by long-range white matter fiber tracts
located dorsally and ventrally to the Sylvian fissure. We will
discuss these in turn.
Dorsally, there are two distinguishable fiber pathways. The
superior longitudinal/arcuate fasciculus (SLF/AF) connects the
posterior portion of Broca’s area (BA44) to posterior superior and
middle temporal gyri (pSTG and pMTG) touching the IPL on its
way (Catani et al. 2005; Anwander et al. 2007; Perani et al. 2011).
This fiber tract has been demonstrated to be involved in the
development and processing of complex syntactic structures
(Friederici et al. 2006; Brauer et al. 2011; Skeide et al. 2016).
Another part of the dorsal pathway running in parallel and
also involving the SLF/AF targets the ventral precentral gyrus
(ventral part of BA6: vBA6) and links speech motor areas to
the auditory cortex (Catani et al. 2005; Perani et al. 2011). In a
purely functional model Hickok and Poeppel (2007) proposed the
dorsal processing stream to support sensory-motor processes,
without however, further separating the dorsal stream into
substreams. The presently available evidence suggests that
there are two dorsal white matter fiber tracts and that the
sensory-motor function should be related to the pathway
targeting vBA6 (Saur et al. 2008). In an intracranial recording
study, it has been shown that BA44 is activated prior to vBA6
during speech production, supporting the view that vBA6 is
involved in the articulation of speech following the planning
and initiation phase subserved by BA44 (Flinker et al. 2015).
These two functionally distinct regions also exhibit differential
functional connectivities: the ventral part of BA44 displays
connections with language-relevant areas in the temporal and
parietal cortex, while vBA6 is linked to input/output-related
areas such as the pSTG and the face area in the central and
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two groups. This allowed us to separate speech-specific tracts
from pathways of the core language system.
As described above, the core language system responsible
for processing semantic and syntactic aspects of language is
thought to be distinct from, but to functionally interact with a
sensory-motor interface system during the perception and production of speech grounded in white matter pathways (Friederici
et al. 2017). We distinguish two types of fibers that are relevant
for our study. The first group covers fibers within the core
language network, including the dorsally located SLF/AF targeting BA44 and the ventral pathway. The second type includes
fibers belonging to the auditory input system as well as fibers
belonging to the motor output system. This includes auditory
areas and their interhemispheric fibers as well as motor output
tracts targeting vBA6.
We anticipated differences in auditory-related white matter
pathways involved in speech perception. With respect to the
motor output system our expectations for differences were low,
since speaking involves muscles similar to those employed in
mouthing, an essential part of sign language. Based on the
well-documented modality independence of the core language
regions (Booth et al. 2002; MacSweeney et al. 2002; Emmorey et al.
2003; Patterson et al. 2007), we expected similar connectivity
profiles of the core language pathways connecting BA44 and
the posterior temporal cortex. These considerations guided our
choice for the selection of seed regions of interest (ROIs) for
probabilistic tractography and subsequent analyses. We defined
seven ROIs in each hemisphere that served as seed masks
for unidirectional probabilistic fiber tracking. These were six
language-related ROIs located in BA44, vBA6, IPL, pSTG, pMTG,
and HG as well as one control region in the visual cortex. As our
goal was to unravel differences and similarities in connections
beyond the classic language pathways, we did not define target,
waypoint, and exclusion masks in order to compare all possible
connections of the specific ROIs.

Materials and Methods
Experimental Design
The present study was designed to investigate the theory which
assumes separate neural networks for language and speech. We
compared white matter connectivity in hearing and deaf participants. These two groups were chosen, because they display
similar language concepts, but communicate differently: exclusively via speech (hearing non-signers) or GSL (deaf signers).

Participants
Fifteen prelingually deaf adults were recruited for the study, but
after application of strict inclusion parameters (see below), three
among them had to be excluded from further participation.
MR-data of 12 prelingually deaf adults who learned GSL within
the first years of life and who could read and write German
were acquired. Due to uncorrectable motion artifacts in one
dataset and an incidental finding in another, only the data of
10 participants (mean age 31 years, range 25–39 years, three
men) were analyzed (please see Table 1 for details). All participants were right-handed according to the Edinburgh Handedness Inventory (Oldfield 1971).
Participants of the deaf group had to express a high level
of sign language proficiency and use GSL as their primary
language of communication. All of them were diagnosed with
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system, requiring interhemispheric fiber bundles that support a
direct exchange of information between the two hemispheres.
Strong connections exist within the temporal cortex (Upadhyay
et al. 2008), but also to the auditory cortex in the opposite
hemisphere via commissural fibers through the presplenial and
splenial part of the CC (Huang et al. 2005; Chao et al. 2009).
These connections subserve the rapid interhemispheric transfer
of auditory speech signals within the perceptual system and
thus pave the way for successful comprehension of speech.
This, in turn, is substantially influenced by auditory attention,
employing mid-temporal as well as mainly right-hemispheric
superior parietal and frontal areas (Zatorre et al. 1999).
Before sign language can be understood, visual information
has to be processed in the visual system. Therefore, differences
in speech networks between deaf and hearing participants
are likely and have previously been investigated functionally
and with regard to gray matter structural alterations. In a
pioneering brain imaging study, Finney et al. (2001) revealed
a partial takeover of auditory areas by the visual system in
profoundly deaf individuals. Brain plasticity is also possible in
the white matter, as indicated by structural magnetic resonance
imaging (MRI) studies showing short-term as well as long-term
learning-induced cortical changes in both gray and white matter
(Draganski et al. 2004; Taubert et al. 2010; Schlegel et al. 2012).
In the present study, we investigate changes in white matter
connectivity as a function of long-term use of sign language
compared to spoken language. White matter pathways involved
in the processing of acoustic information have been consistently
found to be weaker in deaf signers compared to hearing controls,
referring to fractional anisotropy (FA), a diffusion MRI (dMRI)derived quantitative measure of brain microstructure (for a
review see Tarabichi et al. 2018). Work focusing on subcortical
tracts along the auditory pathway showed that participants with
acquired hearing loss exhibit lower FA values in the lateral lemniscus and the inferior colliculus (Lin et al. 2008). Others revealed
alterations in cortical white matter tracts such as the right SLF
and inferior longitudinal fasciculus, corticospinal tract, inferior
fronto-occipital fasciculus, superior occipital fasciculus, and
anterior thalamic radiation (Husain et al. 2011). Studies including prelingually and congenitally deaf individuals reported
lower FA values in bilateral superior temporal cortex and the
splenium of CC in the deaf compared to the hearing group
(Li et al. 2012; Karns et al. 2017; Kim et al. 2017). Lower FA points
to reduced myelination, lower axonal density, a combination of
both, or the presence of crossing fibers in the aforementioned
regions, offering a variety of possible interpretations that cannot
be construed with certainty (Jones et al. 2013).
The goal of the present study is to go beyond the auditory
pathway and resolve the relation between the core language
network and its connections to the auditory input and the
motor output system necessary for speech processing. To this
end, we compared prelingually deaf signers who learned GSL at
an early age and could read and write German to a matched
hearing control group. We employed dMRI-based probabilistic
fiber tractography in order to analyze the connectivity profiles of six major language- and speech-associated areas in
both hemispheres. This is a robust and well-established method
to study brain connectivity, which provides a measure of the
connection probability between a seed region and every voxel
in the brain (Behrens et al. 2007). By examining the resulting
seed-specific connectivity maps with voxel-based statistics, we
were able to compare all connections of a selected region to their
full extent and to localize connectivity differences between the
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Table 1 Demographic data of all deaf participants
Sex

Cause of
deafness

Age of onset
of hearing
impairment (y)

Age of onset of Sign language
Hearing aid
deafness (y;m) use from age (y)

Hearing loss Handedness
of better eara
(dB)

Mother/Father
deaf

26
31

F
F

0
0

2
0

3
3

No
Yes

94 (left)
125 (left)

Right
Right

No/No
No/No

25
25
27

F
F
M

0
0
-

0;7
0
1;6

6
3
3

Yes
Yes
No

109 (right)
94 (left)
124 (left)

Right
Right
Right

No/No
No/No
No/No

33
37
39
33
31

M
M
F
F
F

Unknown
Rubella
during
pregnancy
Unknown
Unknown
Ototoxic
medication
Hereditary
Hereditary
Hereditary
Unknown
Hereditary

0
0
0
0
0

0
0
0
0
0

3
1
3
3
1

Yes
No
No
No
Yes

111 (left)
111 (left)
114 (left)
116 (right)
111 (right)

Right
Right
Right
Right
Right

No/Nob
Yes/Yes
No/No
No/No
Yes/Yes

a averaged

over values at 500 Hz, 1000 Hz, 2000 Hz, and 4000 Hz, b Father knows GSL because of deaf grandmother.

sensorineural deafness, were fitted with hearing aids during
early childhood and attended schools for deaf students. As there
was no newborn hearing screening at the time the participants
were born, we grounded our assessment on participants’
self-reported history of deafness and other available medical
documentation. According to this information, they were either
born deaf or with severe progressing hearing impairment
(with the exception of one participant who became deaf
after receiving ototoxic medication at 1;6 years) so that they
experienced deafness before the age of three in all cases. We
only included participants with hearing thresholds above 90 dB
on the better ear. In addition, their speech was examined by
an experienced patholinguist. Those who used speech at a
higher level than basic utterances were not included in our
study. Pure tone audiometry results are averaged over hearing
thresholds at 500 Hz, 1000 Hz, 2000 Hz, and 4000 Hz, because
these frequencies best represent the range of spoken language.
As 130 dB was the maximum possible stimulation threshold,
values of tones that were not heard up to this level were set to
130 dB for averaging.
Ten control subjects (mean age 31 years, range 25–39 years,
three men) were matched for sex, age, and handedness
and received monetary compensation for their participation.
All hearing participants were German native speakers with
unremarkable tone audiograms and no knowledge of sign
language. No participant reported having a history of neurological disorders or head injuries and all of them had normal
neuroanatomy, which was confirmed by a neuroradiologist,
who inspected all participants’ MR images. After having been
informed about risks and procedures, all participants gave
written consent. The study was approved by the local Ethics
Committee of the Faculty of Medicine at the Technical University
of Dresden, and followed the ethical standards of the Helsinki
Declaration.

Data Acquisition and Pre-processing of Diffusion Data
Anatomical and diffusion MR images were acquired with
a 3 Tesla Tim-Trio MR-tomograph (Siemens Healthineers,
Erlangen, Germany; software syngo MR B17) equipped with
an eight-channel head coil. After obtaining a high-resolution
structural T1-weighted scan, diffusion volumes were acquired

with the following parameters: 60 gradient directions with a
b-value 1000 s/mm2 and 7 b0-volumes; 63 transversal slices
without gap; twice-refocused echo-planar imaging sequence,
interleaved recording; field of view 186 × 186 mm; voxel size
1.86 × 1.86 × 1.9 mm; repetition time 11.3 s and echo time 88 ms;
6/8 partial Fourier and GRAPPA 2 acceleration. After visual
inspection and verification of absence of artifacts, data were
motion corrected using rigid-body transformation computed
with FSL (Jenkinson et al. 2002) (University of Oxford, UK,
http://www.fmrib.ox.ac.uk/fsl) and linearly registered to the
participants’ individual T1 anatomy image in one combined
step. The aligned diffusion image was masked with the brain
mask obtained from the T1 image. Lastly, the diffusion tensor
and FA maps were computed in every voxel. For the group
analysis, all FA images were eroded and normalized to the
FSL-FA template image using a linear and non-linear registration
with default parameters (FSL’s FLIRT and FNIRT) (Smith et al.
2006).

ROI definition
As depicted in Figure 1, we defined six ROIs in each hemisphere
that served as seed masks for probabilistic fiber tracking. To
investigate the auditory input system, we placed ROIs in bilateral
HG. The ROIs covering the core language network were situated
in BA44, pSTG, pMTG, and the central part of the IPL. To examine
connections of the pre-motor output system, a ROI was placed in
vBA6. Two additional ROIs in left and right primary visual cortex
served as seeds for control tracts. The ROIs were drawn manually
in ITK-SNAP (Yushkevich et al. 2006) on the FSL-FA-template
(isotropic 1 mm resolution) based on anatomical landmarks. In
order to separate tracks that start or end in the seed region from
tracks that pass through it, we selected only the crown of the
respective gyrus (50% of the local sulcal depth) and chose seed
voxels at the gray matter/white matter boundary of each ROI in
individual space.
The ROI in the pSTG was restricted posteriorly by the
temporoparietal junction, superiorly by the Sylvian fissure,
inferiorly by the superior temporal sulcus and anteriorly by the
posterior border of HG. The latter as a whole was classified as HG
ROI. We defined the pMTG ROI parallel to the one in pSTG with
the superior temporal sulcus representing its superior border
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and the middle temporal sulcus the inferior one. Medially, all
ROIs ended at the transition from gyrus to deep white matter.
The ROI in BA44 was drawn over the opercular part of the
IFG, with the Sylvian fissure and its anterior ascending ramus
forming the inferior and the anterior borders, respectively. It was
restricted posteriorly by the precentral sulcus, and its superior
boundary was the inferior frontal sulcus. Posteriorly adjacent to
BA44, we defined the precentral ROI in vBA6, which reached from
the Sylvian fissure up to the IFS and had its posterior border at
the central sulcus. The parietal ROI covered the central portion
of the IPL posterior to the ascending branch of the Sylvian fissure
and was restricted superiorly by the intraparietal sulcus and
inferiorly by the temporoparietal junction (Ruschel et al. 2014).
The control ROIs in the primary visual cortex were based on the
Juelich histological atlas beyond 50% probability (Amunts et al.
2000).
All ROIs were smoothed with a spherical kernel of 2 mm and
aligned to each participant’s FA images by applying the inverse
normalization steps computed in the previous normalization of
the individual FA images to the FSL-FA template (Smith et al.
2006). As we intended to start probabilistic tracking at the transition from gray to white matter, the aligned ROIs were masked
with participants’ individual FA maps at a threshold of 0.15,
providing a white matter mask. After removing disconnected
voxels left by the masking process, we selected only the white
matter border voxels of the resulting ROIs as seed regions. The
transition of the FA values between white and gray matter is
smooth at the chosen resolution of the diffusion images. An
FA threshold of 0.15 provides a white matter mask that might
include boundary voxels with a partial volume of gray matter at its borders as revealed by a direct comparison with the
segmentation of the high resolution T1 image. This relatively
low threshold was chosen to robustly seed the tractography
only at the white matter/gray matter boundary. After each step,
the ROIs were carefully checked and, if necessary, adjusted to
ensure proper alignment. Supplementary Table S1 summarizes
the final sizes of all seed ROIs. Note that the applied FA threshold
for the seed voxels should not be confused with any threshold
applied during the tractography process. Probabilistic tracking
was conducted employing a whole brain mask instead of a white
matter mask.

Probabilistic Tractography
In preparation for probabilistic tracking, we computed the fiber
orientation distribution for every voxel with FSL’s BEDPOSTX
(Behrens et al. 2007) software. Up to two fiber orientations were
modeled in each voxel, which were used for the computation

Statistical Analysis
The number of computed trajectories per voxel is indicative of
the tractography’s statistical precision and is influenced by the
coherence of the analyzed white matter pathway. This measure
relates indirectly to the white matter connectivity of the
seed region. We compared the normalized connectivity maps
between the two groups of participants to detect areas with
reduced connection probability with respect to each seed ROI
(Neef et al. 2018). For this statistical analysis, we applied a twosample t-test (one-tailed) with default parameters in SPM. Areas
with low and improbable connectivity values were masked by
an explicit mask. For this purpose, we created an average scaled
and normalized tractogram of all subjects in MNI-space and
masked out regions with values lower than 0.2. For purposes of
clarity, we used these average tractograms of all participants for
visualization. All results were obtained using an uncorrected
P-value of 0.005 at voxel level, a family wise error (FWE)corrected P-value of 0.05 at cluster level and a cluster extent
threshold of 100 voxels. All contrasts were calculated with
n = 20.

Post hoc Analyses
Since the absence of a group effect is no evidence for similarity,
we calculated interaction effects and Bayes Factor (Nieuwenhuis
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Figure 1. Seed ROIs for probabilistic tractography. Brodmann area 44 (BA44),
ventral Brodmann area 6 (vBA6), central part of the IPL, pSTG, pMTG, and HG.
HG is situated medial of pSTG and therefore marked with a dashed line. They do
not overlap.

of tracking directions. Probabilistic tracking was performed
unidirectionally from each of the 14 seed ROIs separately
for every participant. As our goal was to unravel the differences and similarities in connections beyond the classic
language pathways and to reduce unequal biases between
participants, we did not include any target, waypoint, or
exclusion masks. We used FSL PROBTRACKX (Behrens et
al. 2007) with default parameters (5000 sample tracts per
seed voxel, step length of 0.5 mm, curvature threshold of
0.2, maximum of 2000 steps per streamline, volume fraction
threshold of subsidiary fiber orientations of 0.01). As the
range of PROBTRACKX output images covered several orders
of magnitude, we applied a logarithmic transform to each
of the resulting tractography visitation maps to reduce the
dynamic range. The transformed maps were then scaled with
the log of the total number of streamlines as a function
of the seed ROI’s size to account for ROI size differences
between participants. The resultant individual maps were
normalized to the FSL-FA template in MNI space (1 mm
isotropic) using the linear and non-linear normalization
matrices and maps computed by normalizing the FA images
as described before (Smith et al. 2006). The maps were then
submitted to voxel-based statistics implemented in SPM12
(Wellcome Trust Centre for Neuroimaging; http://www.fil.ion.
ucl.ac.uk/spm).
Apart from the normalization process, which implies a
certain degree of smoothing, tractography images were not
additionally smoothed. One reason for this approach is that
the high resolution FA-based maps used for normalization are
less prone to misalignments during registration compared to T1
images, as they provide a sharp white matter definition with
high FA values in the centre of each gyrus. Secondly, we were
interested in examining focal effects along the pathways. As
these can be small in diameter and display some twists and
curves along their trajectories, smoothing would erase their
fine structure.
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Figure 3. Tractography results with seeds in right pMTG (blue), left pSTG (green) and left IPL (yellow). Average tractograms of all participants are displayed on the
standard T1 MNI-brain. Seed ROIs are marked with dashed lines. Right IPL, left precuneus (PC) and left premotor cortex (PMC), where connectivity differed significantly
between groups (PMC: trend) are depicted in orange. Color coding in slices ranges from 0 (no connectivity with seed ROI) to 1 (maximal connectivity). Tracts are shown
at a threshold of 0.2, which was also used for statistical testing. For purposes of clarity, the tracts in the 3D images are presented at a threshold of 0.3. Sagittal slices
show left hemisphere for negative x and right hemisphere for positive x. Boxplots indicate mean logarithmized connectivity values of controls (C) and deafs (D) in
areas with significant connectivity differences; Cohen’s d was calculated post hoc. P-values are FWE-corrected at cluster level. All coordinates are given in MNI-space.

et al. 2011; Wetzels et al. 2011) in R (R Core Team 2016) for
two tracts: the FAT representing the speech production network
and the AF as part of the core language network. To this end,
we selected the significant region in the left preSMA (please
see results) and defined a similar region in the left posterior
temporal cortex by defining a sphere around the two original
seed ROIs in pMTG and pSTG. We chose these two regions in

order to directly compare AF and FAT with respect to their
targets when starting tractography in BA44. We masked the
original connectivity maps with a mean map of all participants
at a threshold of 0.2 to exclude improbable results. Within
this map we extracted mean connectivity values for the significant region in the preSMA and for the previously defined
region in the posterior temporal cortex. Calculation method and
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Figure 2. Tractography results with seed in Brodmann area 44 (BA44). Average tractograms of all participants are displayed on the standard T1 MNI-brain. Seed ROIs
are marked with dashed lines. Tha, preSMA, and pMTG, where connectivity differed significantly between groups are depicted in orange (pMTG: trend). Color coding
in slices ranges from 0 (no connectivity with seed ROI) to 1 (maximal connectivity). Tracts are shown at a threshold of 0.2, which was also used for statistical testing.
For purposes of clarity, the tracts in the 3D images are presented at a threshold of 0.3. 3D images and horizontal slices are viewed from above and coronal slices from
behind with left in the pictures representing left in the brain. Boxplots indicate mean logarithmized connectivity values of controls (C) and deafs (D) in areas with
significant connectivity differences; Cohen’s d was calculated post hoc. P-values are FWE-corrected at cluster level. All coordinates are given in MNI-space.

818

Cerebral Cortex, 2020, Vol. 30, No. 2

Table 2 Results of probabilistic tractography
Connectivity
difference in

Cluster
size

Cluster p
(FWE-corrected)

Peak T

Peakcoordinates (mm)
x
y
z

Mean connectivity
controls deaf

Effect size
(Cohen’s d)

Left BA44
Left BA44
Right BA44
Left HG
Left HG
Right HG
Left IPL
Left pSTG
Right pMTG

Left preSMA
Left Tha
Right MTG
CC
Left precuneus
CC
Left PMC
Left precuneus
Right IPL

673
1001
490
2296
671
1146
368
422
539

0.024
0.003
0.056
0.000
0.013
0.000
0.053
0.037
0.023

4.36
4.11
4.93
4.39
4.39
5.73
4.66
4.49
4.47

−2
−16
47
5
−19
−18
−30
−14
45

0.37
0.38
0.33
0.38
0.47
0.37
0.37
0.37
0.42

1.46
1.14
1.56
1.38
1.27
1.50
1.46
1.42
1.41

10
−4
−40
−31
−60
−33
−2
−66
−46

65
14
−7
17
37
38
38
41
30

0.16
0.28
0.16
0.18
0.25
0.16
0.19
0.20
0.21

Note: HG: Heschl’s gyrus; IPL: inferior parietal lobule; pSTG/pMTG: posterior superior/middle temporal gyrus; preSMA: pre-supplementary motor area; PMC:
premotor cortex

nomenclature for the Bayes Factor are taken from the paper by
Wetzels et al. (2011).

Data Availability
In alignment with the data protection clause in the ethics protocol which governed this study, data are available in nonidentifiable format upon request. All analyses were conducted
in FSL and SPM and are described above. No custom algorithms
were used for analysis.

Results
Core Language Network
We reliably found the SLF/AF in both groups, confirming that
our ROIs were placed appropriately. The different components of this pathway could be tracked bilaterally in both
directions seeding frontally in BA44 (Fig. 2) and vBA6 (see
Supplementary Fig. S1) as well as temporally in pMTG and pSTG
(Fig. 3 and Supplementary Fig. S2). We detected no significant
group differences for these fiber tracts. The IPL ROIs (Fig. 3
and Supplementary Fig. S2) also connected to frontal and
temporal cortices via the short segments of the SLF/AF (Catani
et al. 2005) in both hemispheres. This core pathway of the
language network in the left hemisphere was not affected by
early deafness and appeared to be similar in both groups. The
ventral connections of the posterior temporal and the IPL ROIs
towards the frontal lobe (Fig. 3 and Supplementary Fig. S2) did
not display significant group differences.

Speech Perception and Production Network
We detected a number of pathways with significantly lower
connection probability in the deaf group compared to the control
group. These tracts are associated not with language processing
in general, but with the production and perception of speech
in particular. The differences in connectivity spanned a volume
of at least 100 adjacent voxels at an FWE P < 0.05, corrected
at cluster level. Pathways and regions with significant connectivity differences were smoothed for display in the sliced
MR images. Effect sizes were calculated based on connectivity
values in those regions with significant connectivity differences
and were plotted with the corresponding MR images in standard
space (Figs 2–4). Supplementary Tables S2–S8 provide a full list
of results.

Speech Perception
The most striking group differences in the speech perception
network appeared in the tracts seeded in bilateral HG, where
both transcallosal connections (left-to-right and right-to-left)
had significantly lower connectivity values in the deaf than in
the control group (left: P < 0.001, right: P < 0.001; for details see
Fig. 4 and Table 2). With regard to the left HG, the deaf group further showed a weaker continuation of the transcallosal connection towards the contralateral parietal and posterior temporal
cortices. Moreover, the connections of the left HG (Fig. 4; P = 0.01)
and the left pSTG (Fig. 3; P < 0.05) towards the ipsilateral PC had
significantly lower probabilities in the deaf group, similar to the
tract between the right pMTG and the right IPL (Fig. 3; P < 0.05).

Speech Production
Concerning speech production, tractography revealed significantly lower connectivity values for the left Broca–Tha–preSMA
loop in the deaf group (Fig. 2; BA44 to preSMA: P < 0.05, BA44 to
Tha: P < 0.005). Though only apparent as a trend (P = 0.053), the
left IPL and the left PMC had a lower connection probability in
the deaf than in the hearing group, strengthening this finding
(Fig. 3). With regard to the right BA44 as seed ROI, we observed a
trend to lower connectivity with the ipsilateral pMTG in the deaf
group (Fig. 2; P = 0.056).
In order to test for a dissociation of a core language network
and an output system for speech processing, we directly compared AF and FAT with respect to their targets when starting
tractography in BA44 (Fig. 5). A repeated measures ANOVA with
the between-groups factor “hearing status” and the withingroups factor “tract” revealed a significant interaction between
“hearing status” and “tract” (F1,36 = 11.471, P = 0.0017) and a significant main effect of “hearing status” (F1,36 = 13.232, P = 0.0009).
There was no main effect of the factor “tract” (F1,36 = 0.431,
P = 0.52). Pairwise post hoc comparisons (corrected for multiple
comparisons; Holm 1979) showed that the main effect “hearing
status” was driven by the group difference in the FAT (P = 0.0013,
one-tailed), while the groups’ means did not differ in the AF
(P = 0.41, one-tailed). These findings were corroborated by their
respective Bayes Factor. We found very strong evidence for the
group difference in the FAT (BFA0 = 59.39). The Bayes Factor for
the AF was BF0A = 3.17, providing substantial evidence for similarity. Additionally, we reconstructed control tracts from visual
seed ROIs and found similar trajectories in both groups without
significant differences.
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Figure 5. Connectivity values in the left FAT seeded in BA44 and targeting the
preSMA and the left AF seeded in BA44 and targeting posterior temporal cortex.
Boxplots indicate mean logarithmized connectivity values of deaf (gray) and
hearing (white) participants in AF and FAT with a significant group difference
in the FAT (P = 0.0013, one-tailed) and no significant group difference in the AF
(P = 0.41, one-tailed). P-values are corrected for multiple comparisons. Asterisk
indicates significance at ∗∗ P < 0.01.

Discussion
Using a novel approach for analyzing probabilistic tractography
group differences, we were able to disentangle white matter
pathways involved in speech processing from those subserving
language itself. This finding provides structural evidence for the
theoretically-proposed segregation of a core language system

and input/output systems responsible for externalization
(Friederici et al. 2017). We reliably found the major dorsal
language tract, which is the SLF/AF targeting BA44, in both
groups, underlining the general modality-independence of
the core language network (MacSweeney et al. 2002), further
supported by similar connection probabilities in the ventral
language pathway of both deaf and hearing participants. In
contrast, regions of the sensory-motor system involved in
the production and perception of speech had significantly
lower connectivity values in the deaf group compared to the
hearing group, indicating their modality dependency. Moreover,
producing and understanding spoken language is claimed
to rely on fast feedback mechanisms between the core
language network and the speech network, including the
(sub)cortical motor system, oropharyngeal muscles and the
hearing system (Dick et al. 2014). In prelingually deaf individuals,
these input/output related circuits do not seem to be equally
well established. The present results call for a fine-grained
discussion of BA44 region’s role in the core language system and
its relation to the sensory-motor system, including subcortical
parts of the production networks. Before doing so we will
consider the perception network involving the left and the right
hemisphere.
Concerning circuits subserving speech perception, there
exists a general scientific consensus with regard to the
identification of degraded subcortical auditory pathways in deaf
individuals (Lin et al. 2008; Tarabichi et al. 2018). In this study,
we built on previous results (Li et al. 2012) by showing that the
callosal connection between the auditory cortices appears to
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Figure 4. Tractography results with seed in HG. Average tractograms of all participants are displayed on the standard T1 MNI-brain. Seed ROIs are marked with dashed
lines. CC and left PC, where connectivity differed significantly between groups are depicted in orange. Color coding in slices ranges from 0 (no connectivity with seed
ROI) to 1 (maximal connectivity). Tracts are shown at a threshold of 0.2, which was also used for statistical testing. For purposes of clarity, the tracts in the 3D images
are presented at a threshold of 0.3. 3D images and horizontal slices are viewed from above and coronal slices from behind with left in the pictures representing left
in the brain. Boxplots indicate mean logarithmized connectivity values of controls (C) and deafs (D) in areas with significant connectivity differences; Cohen’s d was
calculated post hoc. P-values are FWE-corrected at cluster level. All coordinates are given in MNI-space.
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it is based upon hand configuration, location and movement
(Sandler 2012).
The present findings illustrates BA44’s key role as integration
node in the language and speech network. It covers syntactic processing via the SLF/AF between BA44 and the posterior temporal cortex (Friederici et al. 2006; Skeide et al. 2016)
independent of modality, reflected in the two groups’ similar SLF/AF connectivity profiles. Moreover, it plays a crucial
part in speech planning and initiation. In this role, however,
BA44 reveals lower connectivity values in the tracts towards
the preSMA and the Tha in the deaf group. As described above,
vBA6 is functionally distinct from BA44 (Flinker et al. 2015) and
covers those regions in the precentral gyrus which are relevant
for mouth and facial movements—crucial in sign language. As
such, the two groups’ similar connectivity profiles with regard
to vBA6 may be explained by this region’s relevance for both
speaking and mouthing during signing.
The PMC has been implicated in auditory discrimination of
speech sounds as well as in auditory-motor mapping of speech
and is involved in speech repetition, articulation and phonological word learning (Price 2012; López-Barroso et al. 2013; Flinker
et al. 2015). These functions strongly rely on one part of the
SLF/AF, which connects temporoparietal regions to the PMC as
part of the dorsal pathway (Saur et al. 2008). While we observed
no differences in the long segment of this pathway connecting
the left temporal seed ROIs and BA44 known to be relevant for
syntactic processes, the SLF’s connectivity values between the
left IPL seed and PMC were lower in the deaf group, emphasizing
this part’s role in auditory-motor integration during speech
processing.
The connection between left supramarginal gyrus and PMC
represents a key component of audiovisual speech processing
that matures as experience in producing and perceiving spoken
language increases (Dick et al. 2010). The lower connection
probabilities we found in the deaf group are consistent with
this model, because perceptional and articulatory deficits
prevent audiovisual integration and further development of the
respective pathways. As shown in an audiovisual fusion study,
these pathways do not regrow after successful restoration of
hearing with a cochlear implant (Schorr et al. 2005). Our results
provide neuroanatomical underpinnings for these findings. In
addition to this frontoparietal connection, the connectivity
values between the left HG/pSTG seed and the ipsilateral PC
extending to the intraparietal and parieto-occipital sulcus were
significantly lower in the deaf group. These regions have been
suggested to contribute to auditory-visual object recognition (for
a review see Price 2012), completing the picture of a diminished
fronto-temporo-parietal circuit for spoken language in the deaf
group.
In order to obtain the results discussed above, we used
probabilistic tractography. There are some methodological
considerations concerning this technique. As it is an indirect
measure of brain microstructure and connectivity, exact
conclusions concerning the causes of the observed effects, such
as changes in axonal diameter, myelinization, and fiber density
cannot be drawn. Based on this indirect relation, connection
probability is only a relative measure for actual connectivity. In
this context, connectivity values serve as a correlate that can be
compared between groups. Furthermore, dMRI is susceptible
to measurement errors that may lead to the indication of
inexistent connections or the negation of existing ones. It is
important to note that, owing to sensitivity differences between
the voxels close to a seed ROI and those voxels further away
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be weakened in prelingually deaf individuals. This connection
seems to be crucial for a rapid transfer of acoustic information
processed in both hemispheres at an early cortical processing
stage, as indicated by white matter changes in the splenial CC
of professional interpreters (Elmer et al. 2011). They rely on the
fast integration of interhemispheric computational differences
(Hickok and Poeppel 2007) with the left auditory cortex being
more responsive to high-temporal (segmental) changes in
speech signals and the right one to spectral (supra-segmental)
variations (Zatorre and Belin 2001). Furthermore, our analyses
yielded lower connectivity between the left HG and contralateral
parietal as well as midtemporal cortices. This connection
provides a structural basis for the interhemispheric interaction
needed for sentence-level auditory prosody processing with a
commissural connection that directly links the primary auditory
cortex to contralateral higher-order integration areas (Friederici
et al. 2007). The identification of less developed pathways for
auditory prosody processing in our study’s deaf participants
was complemented by lower connection probabilities between
the right MTG seed and the IPL as well as between the right
BA44 seed and the MTG. This finding underlines the role of
these tracts in the processing of speech (Price 2012).
Apart from transferring prosodic speech information
(Friederici et al. 2007), the splenium of the CC is known to be
crucial for attention-demanding tasks in the auditory, visual,
and tactile domains with the right hemisphere outperforming
the left one (Dimond 1979). The missing auditory attention
capacities of the deaf group may have further contributed
to the reduced transcallosal connectivity of the auditory
cortices. Although some auditory features such as tonotopic
functional connectivity seem to be preserved to varying degrees
in severely hearing-impaired individuals (Striem-Amit et al.
2016), the connections described above might not be completely
established in such individuals. They may be diminished
due to pruning processes in early childhood occurring in the
context of auditory deprivation and/or due to the later lack of
use.
Deafness is not only about hearing and speech perception,
but also about producing speech. The neural network that is
responsible for speech production encompasses motor as well
as somatosensory and auditory regions involved in feedback
loops for real-time adjustment of articulatory output (Price
2012). One of the tracts that seems to be associated with
producing fluent speech is the FAT between left BA44/vBA6
and preSMA/SMA, two regions crucial for speech initiation
(Price 2012; Catani et al. 2013; Flinker et al. 2015). As the
deaf participants in our study hardly communicate orally, this
pathway may not have developed to its fullest possible extent.
In the group comparisons of the BA44 connectivity profiles, the
respective values of the FAT were lower in the deaf group, which
highlights its importance for speech initiation and builds on the
findings from a post-stroke aphasia study demonstrating FAT
involvement in speech fluency (Halai et al. 2017).
The connection between the left BA44 and the Tha as
part of the cortico-basal ganglia-thalamo-cortical circuit for
motor processing of speech (Dick et al. 2014) also showed
reduced connection probability in the deaf group. This is in
line with previous results (Lyness et al. 2014) and underlines our
finding of weakened connections involved in speech production,
owing to this projection’s role in supporting phonological
language processing. We argue in favor of this suggestion based
on deaf signers’ limited capability of auditory phonological
processing. There is phonology in sign language, but note that
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