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Inaccurate cortical tracking of speech in adults
with impaired speech perception in noise

®Marc Vander Ghinst,"'? Mathieu Bourguignon,"3’4 Vincent Wens,'"® Gilles Naeije,"‘
Cecile Ducéne,"2 Maxime Niesen,"2 Sergio Hassid,2 Georges Choufani,2 Serge Goldman"
and Xavier De Tiége'”®

5

Impaired speech perception in noise despite normal peripheral auditory function is a common problem in young adults. Despite a growing
body of research, the pathophysiology of this impairment remains unknown. This magnetoencephalography study characterizes the cor-
tical tracking of speech in a multi-talker background in a group of highly selected adult subjects with impaired speech perception in noise
without peripheral auditory dysfunction. Magnetoencephalographic signals were recorded from 13 subjects with impaired speech percep-
tion in noise (six females, mean age: 30 years) and matched healthy subjects while they were listening to 5 different recordings of stories
merged with a multi-talker background at different signal to noise ratios (No Noise, +10, +5, 0 and —5 dB). The cortical tracking of
speech was quantified with coherence between magnetoencephalographic signals and the temporal envelope of (i) the global auditory scene
(i.e. the attended speech stream and the multi-talker background noise), (ii) the attended speech stream only and (iii) the multi-talker back-
ground noise. Functional connectivity was then estimated between brain areas showing altered cortical tracking of speech in noise in sub-
jects with impaired speech perception in noise and the rest of the brain. All participants demonstrated a selective cortical representation of
the attended speech stream in noisy conditions, but subjects with impaired speech perception in noise displayed reduced cortical tracking
of speech at the syllable rate (i.e. 4-8 Hz) in all noisy conditions. Increased functional connectivity was observed in subjects with impaired
speech perception in noise in Noiseless and speech in noise conditions between supratemporal auditory cortices and left-dominant brain
areas involved in semantic and attention processes. The difficulty to understand speech in a multi-talker background in subjects with
impaired speech perception in noise appears to be related to an inaccurate auditory cortex tracking of speech at the syllable rate. The
increased functional connectivity between supratemporal auditory cortices and language/attention-related neocortical areas probably aims
at supporting speech perception and subsequent recognition in adverse auditory scenes. Overall, this study argues for a central origin of
impaired speech perception in noise in the absence of any peripheral auditory dysfunction.
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Abbreviations: dB=decibel; EHI =Edinburgh handedness inventory; FC =functional connectivity; FEF =frontal eye field; Hz
=hertz; IFG =inferior frontal gyrus; IOG =inferior occipital gyrus; ISPIN =impaired speech perception in noise in the absence of
any peripheral auditory dysfunction; ITG =inferior temporal gyrus; MEG =magnetoencephalography; MFG =middle frontal gyrus;
MNE =minimum-norm estimates; MNI =Montreal Neurological Institute; MTG =middle temporal gyrus; Op =operculum; SiN
=speech in noise; SNR =signal-to-noise ratio; STG =superior temporal gyrus; STS =superior temporal sulcus; TP] =temporo-par-
ietal junction
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Impaired speech-in-noise cortical tracking

Introduction

Experiencing difficulties to understand speech in noise
(SiN) is a common symptom in adults with no peripheral
hearing loss.'"™” Hearing complaints in these subjects are
comparable to those with mild to moderate hearing loss,
leading to similar socio-professional difficulties.*~"°
Impaired speech perception in noise (ISPiN) in the ab-
sence of any peripheral auditory dysfunction is also
known as the King-Kopetzky syndrome,'' central audi-
tory processing disorder,'* hidden hearing loss'® or ob-
scure auditory dysfunction.®

Despite its high prevalence and socio-professional impli-
cations, no consensual pathophysiological mechanism
explains ISPiN in subjects with normal peripheral audi-
tory function. Several speculative mechanisms involving
different elements of the auditory pathways have been
proposed.’® Lesion of outer hair cells'>'® or loss of syn-
apses between inner ear cells and auditory nerve fibres
(i.e. cochlear synaptopathy)!” might result in subtle elec-
trophysiological changes not captured by typical evalu-
ation of peripheral hearing but compatible with ISPiN
clinical pattern. However, human studies failed to demon-
strate such electrophysiological changes.'®'” ISPiN has
been associated with different neurological conditions
such as attention deficit hyperactivity disorder,”” dys-
lexia,”""** depression,'**® traumatic brain injury**2® or
HIV-related neurocognitive disorders.”” These findings
suggest that ISPIN might be related to deficits in the cen-
tral processing of auditory information.

In multi-talker auditory scenes (i.e. the ‘cocktail party’
effect), auditory cortex activity selectively tracks the tem-
poral envelope (i.e. amplitude modulations) of the
attended speaker’s voice rather than those of the global
auditory scene.”®*! This coupling occurs at frequencies
below 10Hz and decreases when the speech noise level
increases.’® Given that this frequency range matches with
prosodic stress/phrasal/sentential (<1Hz), word (1-4 Hz)
and syllable (4-8 Hz) repetition rates, the corresponding
cortical tracking of speech has been hypothesized to sub-
serve the chunking of the continuous verbal flow into
relevant hierarchical segments used for further speech rec-
ognition, up to a certain noise level.>***7>*

Behavioural studies have demonstrated that children
aged <10years have an inherent difficulty to understand
speech in noisy conditions, such as multi-talker back-
grounds.”>*® Such behavioural difficulty has been related
to an immaturity of the selective cortical tracking of the
attended speech stream in noisy conditions, especially at
the syllable rate.>' Based on this observation, the present
study tested the hypothesis that inaccurate low-frequency
cortical tracking of SiN is a core mechanism of ISPiN.
This assumption was tested using magnetoencephalogra-
phy (MEG) in strictly selected adults with ISPiN and
matched healthy subjects while they listened to connected
speech recordings mixed with a multi-talker babble noise
at different intensities. Coherence analysis quantified the
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frequency-specific cortical tracking of the slow fluctua-
tions of the different elements of the auditory scene: (i)
the Attended stream (i.e. attended speaker’s voice), (ii)
the Multi-talker babble noise and (iii) the Global auditory
scene (i.e. the combination of Attended stream and Multi-
talker babble). We then compared the spatial patterns of
functional connectivity arising from the brain areas
involved in SiN cortical tracking to unravel the possible
impact of altered tracking on high-order SiN processing
steps.

Methods

Methods were derived from Vander Ghinst et al.>*3! and
Wens et al.®’

Thirteen subjects (mean age: 30vyears, age range: 21—
40 years, six females) who consulted at the Ear Nose and
Throat Department of the CUB Hopital Erasme for diffi-
culties to understand speech in noisy backgrounds lasting
for more than a year, were included based on the follow-
ing stringent inclusion criteria: age <40 years; right-hand-
edness [Edinburgh handedness inventory (EHI)],*® native
French speakers; absence of any history of neuropsychi-
atric, language or otologic disorder (including noise
trauma and tinnitus); normal hearing according to pure
tone audiometry [i.e. normal hearing thresholds (between
0-20dB HL) for 250, 500, 1000, 2000, 3000, 4000,
6000 and 8000 Hz|; normal otomicroscopy and tympan-
ometry; compatibility with MEG and MRI.

Thirteen right-handed (EHI) and native French-speaking
healthy subjects, individually matched with subjects with
ISPIN for age, sex and educational level (mean age:
29years, age range 22-40years, six females) were also
recruited.

Participants’ auditory perception was assessed with
three separate subtests of a validated and standardized
French language central auditory battery: (i) a dichotic
test, (i) a speech audiometry and (iii) a SiN audiometry®’
(see Vander Ghinst et al.>' for details). Participants’ at-
tentional abilities were evaluated using two different subt-
ests (i.e. visual scanning and divided attention tasks) of
the computerized Attention Test Battery (TAP, Version
2.2).%% The divided attention task relied on both visual
and auditory modalities.

The study had prior approval by the CUB Hopital
Erasme Ethics Committee (REF: P2012/049). Participants
gave written informed consent before participation.

Participants underwent five listening and one rest (eyes
opened, fixation cross) conditions each lasting Smin in a
randomized order. Listening conditions consisted of five
different stories in French randomly selected from a set
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of six stories read by native French speakers (three
females; http://www litteratureaudio.com  Accessed 27
August 2021) mixed with a continuous multi-talker bab-
ble of six native French speakers (three females) talking
simultaneously in French.*' Phrasal, word and syllable
rates, assessed as the number of phrases, words or sylla-
bles divided by the corrected duration of the audio
recording were 0.49, 3.39 and 5.56Hz, respectively
(mean phrasal, word and syllable rates across different
stories). For phrases, the corrected duration was (trivially)
the total duration of the audio recording. For words and
syllables, the corrected duration was the total time during
which the speaker was actually speaking, that is the total
duration of the audio recording (here 5 min) minus the
sum of all silent periods when the speech amplitude was
below a tenth of the mean amplitude for at least 100 ms.
A specific signal-to-noise ratio (SNR; signal: Attended
stream, noise: Multi-talker babble) was randomly assigned
to each story: a noiseless condition, +10, +5, 0 and
—5dB. Sound recordings were transmitted to a MEG-
compatible flat-panel loudspeaker (Panphonics Oy,
Espoo, Finland) and played at about 60dB. Participants
had to attend to the reader’s voice and gaze at a fixation
cross. At the end of each listening condition, participants
were requested to verbally score the intelligibility of the
attended stream (0=totally unintelligible, 10 = perfectly
intelligible) and to answer 16 yes/mo forced-choice ques-
tions on the heard story.**

Neuromagnetic signals were recorded (bandpass: 0.1-
330Hz, sampling rate: 1kHz) using a whole-scalp-cover-
ing 306-channel MEG (Vectorview, Elekta Oy, Helsinki,
Finland) installed in a light-weight magnetically shielded
room (Maxshield, MEGIN, Helsinki, Finland; see De
Tiége et al.* for details). The MEG device has 102 sen-
sor chipsets, each comprising one magnetometer and two
orthogonal planar gradiometers. Four head-tracking coils
monitored participants’ head position inside the MEG
helmet. The location of the coils and at least 150 head-
surface (on scalp, nose and face) points with respect to
anatomical fiducials were digitized with an electromagnet-
ic tracker (Fastrack, Polhemus, Colchester, VT). Audio
signals (bandpass: 50-22 000Hz, sampling rate:
44.1 kHz) were recorded (low-pass: 330 Hz) simultaneous-
ly to MEG signals for synchronization of the correspond-
ing signals.

High-resolution 3D T1-weighted cerebral MRIs were
acquired at 1.5 T (Intera, Philips, The Netherlands).

Continuous MEG data were preprocessed offline using
the temporal extension of the signal space separation
method (correlation limit, 0.9; segment length, 20s) to
suppress external inferences and correct for head
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movements.*** Eyeblink, eye movement and heartbeat
artefacts were removed from the band-pass filtered (0.1-
45Hz) data using independent component analysis
(FastICA algorithm with dimension reduction to 30 and
non-linearity tanb)*® and visual inspection of the compo-
nents (1-4 components/subject).47

Continuous MEG signals (and the synchronous audio
signals in the listening conditions) were split into 2048-
ms epochs with 1638-ms epoch overlap (frequency reso-
lution: ~0.5Hz). MEG epochs exceeding 3 pT (magneto-
meters) or 0.7 pT/cm (gradiometers) were excluded to
reject artefactual epochs. The number of artefact-free
epochs was 742 =13 (mean * SD across all participants
and listening conditions). A two-way repeated-measures
ANOVA did not reveal an effect of group (Fjz4 = 0.67,
P=0.42) or condition (F49¢ = 0.61, P=0.67), nor an
interaction (F49¢ = 2.04, P=0.09), on the number of
artefact-free epochs.

The synchronization between the temporal envelope of
wide-band (50-22 000 Hz) audio signals and artefact-free
MEG signals was assessed with coherence analysis at fre-
quencies in which speech temporal envelope is critical for
speech comprehension (i.e. 0.1-20 Hz).** Coherence com-
putation was based on all artefact-free epochs (2048-ms
long), yielding a frequency resolution of ~0.5Hz.

For the four SiN conditions (+10, +5, 0 and —5dB),
coherence was separately computed between MEG signals
and three acoustic streams of the auditory scene: the
Attended  stream  (Coh,,), the Multitalker babble
(Cob,pise) and the Global scene (Attended stream -+
Multitalker babble;  Cobgiopa). Sensor-level coherence
maps were obtained using combined gradiometer signals
as in Bourguignon et al.*’

Sensor-level coherence maps were produced separately
for frequencies matching with prosodic stress/phrasal/sen-
tential (0.5Hz), word (average across 1-4Hz) and syl-
lable (4-8 Hz) rhythms, which are henceforth referred to
as frequency ranges of interest.

Individual MRIs were segmented using the Freesurfer
software (Martinos Center for Biomedical Imaging,
Boston, MA)*® and manually coregistered to MEG coord-
inate systems. Then, a non-linear transformation from in-
dividual MRIs to the MNI brain was computed using the
spatial normalization algorithm implemented in Statistical
Parametric Mapping (SPMS8, Wellcome Department of
Cognitive Neurology, London, UK).*"*% This transform-
ation was used to map a homogeneous 5-mm grid sam-
pling the MNI brain volume onto individual brain
volumes. For each subject and grid point, the MEG
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forward model corresponding to three orthogonal current
dipoles was computed using the one-layer Boundary
Element Method implemented in the MNE software suite
(Martinos Centre for Biomedical Imaging, Boston, MA,
USA).>3 The forward model was then reduced to its two
first principal components. This procedure is justified by
the insensitivity of MEG to currents radial to the skull,
and hence, this dimension reduction leads to considering
only the tangential sources. To simultaneously combine
data from planar gradiometers and magnetometers for
source estimation, sensor signals (and the corresponding
forward-model coefficients) were normalized by their
root-mean-square noise level, estimated from rest data
(band-pass: 1-195 Hz). Coherence maps for each partici-
pant, listening condition (Noiseless, +10, +5, 0 and
—5dB), speech stream (Attended stream, Multi-talker
Babble and Global scene) and frequency range of interest
(<1, 1-4 and 4-8Hz), were finally produced using
Dynamic Imaging of Coherent Sources’® with a
Minimum-Norm Estimates (MNE) inverse solution.’®
Noise covariance was estimated from the rest data (band-
pass: 1-195Hz) and the regularization parameter was
fixed in terms of the MEG sensor noise level.?”

To search for any possible impact of altered cortical
tracking of SiN on subsequent speech processing steps,
we compared between groups the functional connectivity
arising from the brain areas showing altered cortical
tracking of SiN in ISPiN subjects. For that purpose, seed-
based functional connectivity maps were computed using
a source-space coherence analysis similar to that assessing
the cortical tracking of speech. In that analysis, source
space activity was estimated using MNE as above, and
connectivity maps were obtained as the coherence be-
tween all sources and selected seed signals. The only
major addition was to precede coherence estimation with
signal orthogonalization®® to correct for spatial leakage
emanating from the seed, i.e. spurious inflation of con-
nectivity due to zero-lag cross-correlations within the
MEG forward model.>”*” We focused here on seed(s) for
which the cortical tracking of SiN was significantly differ-
ent between groups (see Statistical Analyses section) and
on the corresponding frequency range of interest. This
procedure yielded one functional connectivity map for
each participant, listening condition and seed.

Maps of cortical tracking of speech and seed-based func-
tional connectivity were averaged across participants.
Note that averaging was straightforward given that indi-
vidual maps were intrinsically coregistered to the MNI
template. For illustration purposes, functional connectivity
maps were computed (i) in the rest condition, (ii) in the
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Noiseless condition and (iii) as the mean of all noisy con-
ditions (+10, +5, 0 and —5 dB).

Scores for auditory perception (dichotic test, speech audi-
ometry and SiN audiometry) and attentional (visual scan-
ning and divided attention) tests were compared between
groups (i.e. subjects with ISPiN versus matched healthy
subjects) using independent sample #-tests.

A two-way repeated-measures ANOVA was used to as-
sess the effects of the listening condition (within-subject
factor; Noiseless, +10, +5, 0 and —5dB) and the group
(between-subjects factor; subjects with ISPiN, healthy sub-
jects) on intelligibility ratings and comprehension scores
separately.

The statistical significance of individual-level coherence
values assessing the cortical tracking of speech (for each
listening condition, speech stream and frequency range of
interest) was derived in the sensor space with surrogate-
data-based maximum statistics. This approach intrinsical-
ly deals with the issue of multiple comparisons across
sensors while preserving signals’ temporal auto-correl-
ation. For each participant, 1000 surrogate sensor-level
coherence maps were computed as done for the genuine
coherence maps but with speech stream signals replaced
by random Fourier-phase surrogates.’® The maximum co-
herence value across all sensors was extracted for each
surrogate simulation, and the 95th percentile of this dis-
tribution of maximum coherence values yielded the sig-
nificance threshold at P <0.05.

The statistical significance of coherence values in group-
level coherence maps assessing the cortical tracking of
speech (for each listening condition, speech stream and
frequency range of interest) was derived in source space
with a non-parametric permutation test.”” In practice, in-
dividual and group-level surrogate coherence maps were
first computed as done for the genuine coherence maps,
but with MEG signals in listening conditions replaced by
the resting-state MEG signals (and speech stream signals
unchanged). Group-level difference maps were obtained
by subtracting the group mean of the genuine coherence
maps with the corresponding surrogate maps. Under the
null hypothesis that coherence maps are the same what-
ever the experimental condition, the genuine maps (i.e.
during listening conditions) and the surrogate maps (i.e.
at rest) are exchangeable at the individual level before
taking the group-level difference.”” To reject this
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hypothesis and to compute a threshold of statistical sig-
nificance for the correctly labelled difference map, the
permutation distribution of the maximum of the differ-
ence map’s absolute value was computed for 10 000 per-
mutations. The test assigned a P-value to each source in
group-level coherence maps, equal to the proportion of
surrogate values exceeding the corresponding source’s dif-
ference value. Statistical significance was set to P < 0.05
since the P-value was intrinsically corrected for the mul-
tiple comparisons across all sources tested within each
hemisphere.*’

Permutation tests can be too conservative for sources
other than the one with the maximum observed statis-
tic.”” For example, dominant coherence values in the
right auditory cortex could bias the permutation distribu-
tion and over-shadow weaker coherence values in the left
auditory cortex, even if these were highly consistent
across subjects. Therefore, the permutation test described
above was conducted separately for left- and right-hemi-
sphere sources.

Coordinates of significant local maxima in group-level
coherence maps were finally identified.*'

For each listening condition and frequency range of inter-
est, we identified the cortical areas wherein activity
reflected more the Attended stream than the Global
scene. For that, we compared source-level Coh,; to
Cobgiopar maps using the same permutation test described
above, but now permuting the Global scene and
Attended stream labels rather than the genuine and surro-
gate labels.

Such analysis was not done for contrasts involving the
cortical tracking of the Background babble (i.e. Coh,,;s.)
because such tracking was not consistently observed in
subjects with ISPiN nor healthy subjects (see Results).
This finding was in line with our previous studies relying
on similar experimental paradigms.’®*' Furthermore, as
in our previous studies, the cortical tracking of speech
streams was higher for the Attended stream than for the
Global scene.®*>"*° The next analyses about cortical
tracking of speech, therefore, focused on the Attended
stream.

To identify cortical areas exhibiting a modulation of the
cortical tracking of the Astended stream due to ISPiN, we
compared Cob,;; maps between subjects with ISPiN and
healthy subjects using the same permutation test
described above, permuting on the labels subjects with
ISPiN and bealthy subjects.

M. Vander Ghinst et al.

In this between-subject design, we used a 3-way repeated-
measures ANOVA to compare the cortical tracking of
speech between subjects with ISPiN and healthy subjects
with additional factors of hemisphere (left versus right)
and five different listening conditions (Noiseless, +10,
+5, 0 and —5dB). The dependent variable was the max-
imal Cob,; value within a sphere of 10mm radius
around the maximum of the group-level difference map
in each hemisphere.

We assessed the effect of group (subjects with ISPiN ver-
sus healthy subjects) or listening conditions (Noiseless,
+10, +5, 0 and —5dB) on each connection included in
the seed-based functional connectivity maps, using a
mass-univariate two-way ANOVA of their Fisher-trans-
formed coherence values. A statistical mask was then
built at a 5% significance level, with Bonferroni correc-
tion for the effective number of independent connections
in those maps, to reveal the significant regions reflecting
ANOVA main effect (group and SNR conditions) and
interaction (group x SNR conditions). Of note, the cor-
rection for multiple comparisons relied here on a para-
metric estimate rather than a non-parametric method
used for the cortical tracking of speech because of our
use of mass-univariate ANOVA, analogously to standard
protocols in Statistical Parametric Mapping of activation
maps.®’ The Bonferroni factor was set here as the effect-
ive number of degrees of freedom in MNE maps, i.e. 60,
estimated as the rank of the forward model.?”
Subsequently, post hoc mass-univariate #-test maps were
produced (with the same Bonferroni factor) to examine
specific differences between each group/condition.

Data are available upon reasonable request to the authors
and after approval of Institutional authorities (i.e. CUB
Hépital Erasme and Université libre de Bruxelles).

Results

Performance for dichotic (t,4 = 1.21; P=0.24; subjects
with ISPiN, 70.8 =15; mean * SD; healthy subjects,
77.5 =13.6) and speech perception in silence (¢4 = 0.23;
P=0.82; 28.8+0.9; 28.8+0.8) tests did not differ
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between groups, while those for SiN audiometry was sig-
nificantly (4 = 5.86; P<0.0001) poorer in subjects
with ISPIN (23.8 +£1.8) than in healthy subjects
272 +1.1).

In the visual scanning task, reaction times did not differ
between groups, whether the target was present (4 =
0.11; P=0.91) or not (t,4 = 0.1; P=0.93). The error
rate did not differ between both groups, whether the tar-
get was present (f4 = 0.8; P=0.46) or not (t,4 = 0.36;
P=0.72).

In the divided attention task, reaction times did not dif-
fer between groups (auditory task, #4 = 1.2; P=0.2; vis-
ual task, t,4 = 1.4; P=0.17). The omission rate did not
differ between groups either (auditory task, f4 = 0;
P=1; visual task, t,4 = 1.1; P=0.27).

Figure 1 displays the intelligibility ratings and comprehen-
sion scores in all listening conditions in both groups.

The ANOVA performed on intelligibility ratings and
comprehension scores revealed a statistically significant
effect of listening condition (ratings, Fsos = 178,
P <0.0001; scores, F496 = 46.6, P<0.0001) and group
(ratings, Fy,4 = 12.0, P=0.002; scores, Fy,4 = 9.63,
P=0.0048), and a significant interaction (ratings, F4 9 =
2.67, P=0.037; scores, F405 = 3.58, P=0.0092). Post
hoc comparisons demonstrated that comprehension scores
were higher in healthy subjects than in subjects with
ISPiN only in conditions with an SNR below +5dB (see
Fig. 1 for detailed P-values). Intelligibility rating was
higher in healthy subjects than in subjects with ISPiN in
intermediate SNR conditions (+10, +5 and 0dB) but not
in extreme conditions (Noiseless and —5 dB).

—— Healthy subjects —— Subjects with
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In the noiseless condition, all participants displayed statis-
tically significant Cob,;, at all frequencies (<1, 1-4 and
4-8 Hz), except for one healthy subject and three subjects
with ISPIN at 1-4Hz (Table 1). Fig. 2 presents the
group-averaged coherence spectra. In line with previous
literature, the coherence peaked at 0.5Hz and was sus-
tained in the range of 2-8Hz. In further analyses, we
focused on the a priori defined frequency ranges.

Table | Participants with significant cortical tracking of
speech

Healthy Subjects with
subjects ISPiN

Condition Attended Global Noise Attended Global Noise

<IHz
Noiseless 13 - 13 -
10dB 13 13 | 13 13 2
5dB 13 13 0 13 13 0
0dB 13 12 | 13 13 2
-5dB 13 6 0 12 7 I
1—4Hz
Noiseless 12 - 10 -
10dB 12 Il 2 12 12 0
5dB 11 Il | 13 12 5
0dB Il 8 6 12 9 5
-5dB 9 6 8 Il 5 5
4-8Hz
Noiseless 13 - 13 -
10dB 13 13 | 13 13 2
5dB 13 13 4 13 13 2
0dB 13 12 7 12 12 4
-5dB 8 6 5 7 6 4

Number of healthy subjects and subjects with ISPiN showing statistically significant
coherence assessing the cortical tracking of speech (surrogate-data-based statistics) in
at least one sensor for each audio signal, condition and frequency range of interest.

104 -y x
28, S
= p=0.18
S 5. p<oooa § X
S =
£ p=0.38
Z 4l =
2 p =0.0017
o o p = 0.0061 II
A=

0

Noiseless +10dB +5dB 0dB -5dB

Figure | Effect of listening conditions on intelligibility ratings and comprehension scores. Comprehension scores (left) and
intelligibility ratings (right) in healthy subjects (black) and subjects with IPSiN (grey). Dots indicate the mean and bar the standard deviation.
Comprehension scores are reported in the number of questions (16) answered correctly, and intelligibility ratings ranged from 0 (totally
unintelligible) to 10 (perfectly intelligible). Horizontal brackets indicate the outcome of post hoc paired t-tests between groups in each condition.

Significant P-values are emphasized in bold.
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Figure 2 Spectra of cortical tracking of speech in the five listening conditions and corresponding sound excerpts. Group-
averaged coherence spectra are shown separately for healthy subjects (left column) and subjects with ISPiN (right column), and when estimated
with the temporal envelope of the different components of the auditory scene: the Attended stream (black connected trace), the Multi-talker
babble (grey connected trace) and the Global scene (grey dotted trace). Each spectrum represents the group mean of the maximum coherence
across all sensors. The sound excerpts showcase the Attended stream (black traces) and the Multitalker babble (grey traces) and their relative

amplitude depending on the SNR.

Maximum Cob,;,; peaked at MEG sensors covering bilat-
eral temporal areas (Supplementary Fig. 1).

In the SiN conditions, almost all participants displayed
significant sensor-level Cob,,, and Cobgopa, except at
—5dB where fewer did (Table 1). Coherence local max-
ima were located for all frequency ranges of interest and

in both groups at bilateral superior temporal sulcus (STS)
and supratemporal auditory cortices (AC) (Fig. 3,
Supplementary Table 1).

Significant Cob,,;;. was observed in a limited number
of participants, justifying why further analyses concen-
trated on Cobh,,, and Cobgjopar.
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Figure 3 Cortical tracking of the Attended stream at <I|, 1-4 and 4-8 Hz. The group-level coherence maps were masked statistically
above the significance level (maximum-based permutation statistics). One source distribution is displayed for each possible combination of the

group (healthy subjects, top panel; subjects with ISPiN, bottom panel) and listening condition (from left to right, Noiseless, +10, +5, 0 and —5 dB).
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Group-level cortical tracking of
speech

In source space, group-level Cob,,, and Cohgopa at <1Hz
peaked at bilateral neocortical areas around STS and the
right operculum (Op), while it peaked at bilateral AC at
1-4 and 4-8 Hz (Fig. 3 and Supplementary Table 1).

Significance of selective cortical
tracking of the attended speech

In both healthy subjects and subjects with ISPiN, Cobh,,;
was higher than Cobgpa, i.e. MEG signals tracked more
the Attended stream than the Global scene. Cortical areas
showing this effect were the bilateral AC/STS for every
listening condition and frequency range of interest (Ps <
0.05), except, for some instances, for the +5 dB condition

<1Hz

Noiseless

M. Vander Ghinst et al.

(in the left hemisphere at 1-4Hz in healthy subjects, in
the right hemisphere at 4-8Hz in healthy subjects).
Conversely, Cobgiopa did not exceed significantly Cob,y,
in any listening condition, frequency range of interest and
group (Ps > 0.5).

Group comparison of cortical
tracking of the attended speech

The comparison of Cob,; between healthy subjects and
subjects with ISPiN (Fig. 4) revealed strikingly different
patterns at the different frequencies investigated. At fre-
quencies <1Hz, Coh,; was higher in subjects with ISPiN
than in healthy subjects at the right AC at +10dB
(P=0.005) and 0dB (P=0.018), and the same trend
was seen at +5dB (P=0.068). At 1-4Hz, Coh,, was
significantly higher in healthy subjects than in subjects

Subjects with ISPiN>Healthy subjects
SNR +10dB  SNR +5dB

SNR 0 dB SNR-5dB

=]
1-4 Hz Healthy subjects>Subjects with ISPIN
Noiseless SNR +10dB SNR +5dB SNR 0 dB SNR -5dB
0.02
| <
4-8 Hz Healthy subjects>Subjects with ISPIN
Noiseless SNR +10dB SNR +5dB SNR 0 dB SNR -5 dB
0.02

Left

8
e

&L
B

S G-

Figure 4 Group comparison of the cortical tracking of the attended speech. Contrast maps indicating where the cortical tracking
of the attended speech (Cohgy) is higher in subjects with ISPiN with IPSiN than in healthy subjects at <| Hz (top panel), and in healthy subjects
than in subjects with ISPiN at 14 and 4-8 Hz (middle and bottom panels), for each listening condition (Noiseless, +10, +5, 0 and —5 dB). The
group-level difference coherence maps were masked statistically above the significance level (maximum-based permutation statistics).
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with ISPiN at bilateral AC in Noiseless (left, P=0.01;
right, P=0.048). At 4-8Hz, Cob,; was significantly
higher in healthy subjects than in subjects with ISPiN at
bilateral AC in all listening conditions (Ps < 0.05), ex-
cept in right AC in Noiseless (P=0.19), at +5dB
(P=0.07) and at 0dB (P=0.22).

Overall, data demonstrate that both groups do track
the attended stream rather than the global scene and that
such tracking localizes mainly at bilateral AC/STS. Also,
the way noise modulates the tracking in both groups
seems to depend on the frequency range considered, and
possibly on the hemisphere. Accordingly, we next used
an ANOVA to determine how group, listening condition
and hemispheric lateralization impact the cortical tracking
of speech in the three frequency ranges of interest
separately.

At <1Hz, the ANOVA revealed a significant main effect
of noise level on Cob,y (Faos = 27.3, P<0.0001), a sig-
nificant interaction between listening condition and hemi-
spheric lateralization (F49s = 7.00, P=0.0001), a
marginally significant interaction between hemispheric lat-
eralization and group (F;.4 = 3.61, P=0.069) and no
other effects (Ps > 0.1). The main effect of the listening
condition was explained by a decrease in Cob,;, as the
noise level increased (Fig. 5). The interaction between lis-
tening condition and hemispheric lateralization was
explained by a faster decrease in Cob,,; in the right than
the left STS with increasing noise level (Figs 2 and 3).
Post hoc comparisons (see Fig. 5 for details) revealed
that Coh,,; at right STS decreased as soon as the
Multitalker babble was added and it further diminished
significantly as noise increased. In contrast, Coh,, in the
left STS decreased significantly only in the two noisiest
conditions. The marginal interaction between group and
lateralization was explained by higher Cob,; in subjects
with ISPiN than in healthy subjects in the right (4 =
2.19, P=0.038) but not left (t,4 = 0.25, P=0.8) STS.
At 1-4Hz, the ANOVA revealed a significant main ef-
fect of the listening condition (F496 = 4.02, P=0.0046),
a significant effect of hemispheric lateralization (Fy,4 =
7.49, P=0.012), a significant interaction between listen-
ing condition and hemispheric lateralization (F405 =
3.15, P=0.018), a significant interaction between listen-
ing condition and group (F49¢ = 3.44, P=0.011) and no
other significant effects or interactions (Ps > 0.05). The
interaction between listening condition and hemispheric
lateralization was explained by a stronger drop in Cobh,,
in left than right AC as soon as the noise was added
[Cobu(Noiseless) — Cob,u(+10dB) in left versus right
hemisphere, t,5 = 2.36, P=0.027] and by the reverse ef-
fect in the noisiest condition [Cohb,(0dB) —
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Cob,u(—5 dB) in right versus left hemisphere, 5 = 2.22,
P=0.035]. The interaction between listening condition
and group was explained by higher values in healthy sub-
jects than subjects with ISPiN in Noiseless only (t4 =
2.28, P=0.032). The main effect of hemispheric lateral-
ization was explained by higher Cob,,; at right (mean =*
SD  coherence, 0.0321 £0.0106) than left AC
(0.0272 + 0.0101).

At 4-8Hz, the ANOVA revealed a significant main ef-
fect of listening condition (F496 = 30.28, P <0.0001), a
significant effect of group (F1,4 = 4.13, P=0.05), a sig-
nificant interaction between listening condition and group
(F496 = 2.6, P=0.04) and no other significant main
effects or interactions (Ps > 0.1). The main effect of the
group was explained by significantly higher Cob,; in
healthy subjects (mean = SD coherence, 0.0427 * 0.024)
than in subjects with ISPiN (0.028 = 0.0097). The inter-
action between listening condition and group was
explained by a stronger modulation of Cob,,; by noise in
healthy subjects than in subjects with ISPiN (Figs 2 and
3). In healthy subjects, Cob,; (mean across hemispheres)
was significantly higher in intermediate (+10 and +35 dB)
than in extreme (Noiseless, 0 and —5 dB) listening condi-
tions, and in Noiseless and at 0dB than at —5dB
(Fig. 5). Some of these effects were also found in subjects
with ISPiN: Coh,,; was higher at +5dB than in
Noiseless, and lower at —5dB than in all other condi-
tions (Fig. 5).

Since a robust between-group difference in SiN cortical
tracking was observed at 4-8 Hz, we limited functional
connectivity analyses to this frequency range. We focused
on mapping functional connectivity with seeds placed at
bilateral AC with MNI coordinates [—65 —14 14] mm
for left AC and [66 —11 8] mm for right AC. These
coordinates were the mean across groups and conditions
of the coordinates of Coh,,; local maxima, which all
were anyway in close proximity (see Supplementary
Table 1).

Functional connectivity maps showed a similar topo-
graphical pattern in both groups. However, functional
connectivity values for both seeds were higher in Subjects
with ISPiN in every listening condition, but also in the
rest condition (see Supplementary Fig. 2). These differen-
ces in functional connectivity value therefore irrespective
of the task partly explain the results described below.

Functional connectivity from the left AC was signifi-
cantly different between groups with the right Op, the
left inferior frontal gyrus (IFG), the left frontal eye field
(FEF), the left superior temporal gyrus (STG), the left
middle temporal gyrus (MTG) and the left temporo-par-
ietal junction (TPJ]). The connectivity from the right AC
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Figure 5 Effect of noise, group and hemisphere on the cortical tracking of the Attended stream at <I, 1--4 and 4-8 Hz. Dots

indicate mean and bars the standard error on the mean of coherence values at the right (solid lines) and left (dashed lines) cortical area of
peak group-level coherence (STS at <| Hz, and AC at |4 and 4-8 Hz) in healthy subjects (left) and subjects with ISPiN (right). Horizontal

brackets illustrate the different post hoc t-tests.

was significantly different between groups with the right
IFG, the left middle frontal gyrus (MFG), the left inferior
temporal gyrus (ITG) and the left inferior occipital gyrus
(IOG) (Fig. 6). For both seed locations, these differences
were explained by higher functional connectivity values
in subjects with ISPiN than in healthy subjects (see Fig. 7
for functional connectivity values and MNI coordinates).
Subsequent post hoc t maps showed significantly higher
functional connectivity in subjects with ISPiIN compared
to healthy subjects, mainly between left AC and left FEF
in every SiN condition, and left AC and left IFG in the

two noisiest conditions (i.e. 0 and —5dB). Furthermore,
in the noisiest conditions (i.e. 0 and —5 dB with the seed
at left AC, and +35, 0 and —5dB with the seed at right
AC), cortical areas showing significantly higher functional
connectivity in subjects with ISPiN were only located in
the left hemisphere.

A significant effect of noise emerged in the right middle
occipital gyrus [MNI coordinates: (36 —87 4) mm]| for
the seed placed in the left AC, and in the left lingual
gyrus [(—=9 —84 —5) mm)], the right IFG [(55 13 24)
mm)], the left precentral gyrus [(51 —6 44) mm] and the
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Figure 6 Effect of noise and group on functional
connectivity. Brain regions showing a significant effect of noise
and group (healthy subjects versus subjects with ISPiN) on
functional connectivity between the left or right AC seed (blue dot)
and the rest of the cortex. Seed-based maps are masked statistically
using a mass-univariate two-way ANOVA at P < 0.05 Bonferroni
corrected for the number of degrees of freedom. Subsequent post
hoc t maps illustrate the between-group difference for every
condition. Positive t values show that subjects with ISPiN exhibit
higher functional connectivity values than healthy subjects (see

Fig. 7 for details). Note that the precise anatomical location is
distorted by the 3D surface rendering, we refer to Fig. 7 for the
MNI coordinates of the significant local maxima.

right thalamus [(20 —12 15) mm] for the seed placed in
the right AC.

No significant interaction between group and noise was
observed with the seed placed in left or right AC.

Discussion

This MEG study performed in a group of highly
selected subjects with ISPiN provides novel insights
into the pathophysiology of ISPiN. Compared with
healthy subjects, those with ISPiN mainly displayed (i)
no behavioural deficit in attentional abilities as assessed
by visual scanning and divided (visual and auditory
modalities) attention tasks, (ii) reduced cortical tracking
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of speech at 4-8 Hz in SiN but also in noiseless condi-
tions and (iii) increased functional connectivity at 4-—
8Hz between AC and language/attention-related brain
areas.

Behavioural tests favour a specific
auditory processing disability
hypothesis

In noise, the behavioural scores (SiN audiometry, intelligi-
bility rating and comprehension) were significantly poorer
in subjects with ISPiN than in healthy subjects, while
they were similar in silence. This confirms the specific
SiN impairment in the ISPiN group thereby ruling out a
subjective underestimation of their auditory abilities.®*®?
Both groups also had comparable dichotic performances
further suggesting that ISPiN is a specific auditory proc-
essing disability rather than a global central auditory
processing disorder.®*

The substantial variability in SiN performances in sub-
jects with normal peripheral hearing is related to individ-
ual selective attentional abilities®> in both visual and
auditory modalities. A reduction in attentional control
has, e.g. been suggested to explain SiN comprehension
deficits in older people with normal hearing thresholds.®®
Our results do not support this hypothesis in subjects
with ISPiN, since attentional testing did not disclose any
significant difference in both visual scanning and divided
attention tasks between both groups.

Left-lateralized selective tracking of
speech in subjects with ISPiN

In ‘cocktail party’ settings, neural activity in auditory cor-
tices selectively tracks the attended speaker’s voice rather
than the global auditory scene.**3° We found such pref-
erential tracking also in subjects with ISPiN, and further-
more, that they had a higher level of tracking at <1Hz
than healthy subjects. This selective tracking of speech is
partly subsequent to the selective suppression of noise-
related acoustic features in the cortical responses.®” An
alteration of this suppression mechanism is therefore not
the source of ISPiN pathophysiology, since significant
Cob,,pise Was seldom observed in both groups.

The cortical tracking of speech at <1Hz in the left
hemisphere is typically more robust to noise than that in
the right hemisphere, probably reflecting a filtering pro-
cess at the semantic processing level.>*¢**® Interestingly,
this functional asymmetry that is considered to promote
speech recognition in adverse auditory scenes does not
account for ISPiN pathophysiology since the way noise
affected <1Hz Coh,;, in the right more than left STG
was similar between groups.
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Figure 7 Comparison of seed-based functional connectivity (FC) between groups of participants. Left row: cortical regions (red
dot) reflecting significant ANOVA main group effect (healthy subjects versus subjects with ISPiN), with their associated MNI coordinates in
mm and corrected P-values, for seeds placed in the right and left AC (blue dot). Right row: Corresponding functional connectivity values and
associated post hoc t-tests for each condition in both groups (healthy subjects/subjects with ISPiN).
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When listening to connected speech, ongoing auditory
cortex oscillations align with speech rhythms at frequen-
cies matching the syllable rate, i.e. at 4-8 Hz.°”~"* This
cortical tracking is considered to be involved in speech
perception by parsing incoming continuous speech into
discrete syllabic units,>>”>"* and by chunking different
acoustic features at the syllable timescale to support the
build-up of an auditory stream.”>”® Speech intelligibility
has been related to the magnitude of this cortical track-
ing,””~”’ which can moreover be exogenously enhanced
with transcranial currents conveying speech-envelope in-
formation resulting in increased speech comprehension
performance.®®®! SiN comprehension is also improved
with transcranial alternating current carrying information
on the 4-8 Hz—but not the 1-4 Hz—content of the tar-
geted speech envelope.®? Taken together, these data high-
ly suggest that cortical tracking of speech in this
frequency range plays a key functional role in SiN com-
prehension. They also fit with our previous finding of in-
accurate cortical tracking of speech at 4-8 Hz in children
aged <10years who typically display lower SiN process-
ing abilities than adults.®’

The results obtained in subjects with ISPiN bring
additional empirical evidence supporting the critical
role of an accurate auditory cortex tracking of the
attended speech at 4-8Hz for the successful under-
standing of SiN.

Cochlear synaptopathy has been raised as one possible
etiopathogenic mechanism of ISPiN."*®* However, it
develops mainly after a sound trauma—history of such
trauma was missing in our subjects—and its electro-
physiological signature in animal models (i.e. reduced
cochlear responses to suprathreshold sound levels) is sel-
dom  replicated in  human  studies.”>'%!%-63:84-8¢
Furthermore, previous studies have shown that the cor-
tical tracking of speech is increased in case of peripheral
hearing loss,®”"*® suggesting that a reduced tracking ra-
ther reflects a central deficit. In addition, central patholo-
gies with speech perception deficits, such as dyslexia and
schizophrenia, are characterized by a decreased cortical
tracking—especially at 1-4Hz—of rhythmic auditory
stimuli and connected speech.®~** Based on these consid-
erations, our data do not support the involvement of
cochlear synaptopathy in the mechanisms of ISPiN occur-
ring in the absence of any history of sound trauma.

Increased functional connectivity during speech processing
within an extended left-lateralized language-related
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cortical network was found in subjects with ISPIN com-
pared with healthy subjects. The identified regions (i.e.
IFG, MTG, STG, ITG, TPJ) corresponded to major nodes
of the language processing network” ™7 that are critical
for speech recognition.”>”81%0 Left-hemisphere domin-
ance of SiN cortical processing has already been high-
lighted in healthy adults®®%19L102, these left cortical
regions being more resilient to acoustic degradations of
speech signals.'”® However, a specific noise-related in-
crease in functional connectivity was only highlighted
with left IFG and left IOG.

The increased recruitment of left-dominant language-
related brain areas observed in subjects with ISPIN dur-
ing speech processing in the 4-8Hz frequency range
might underscore a mechanism of compensation for the
inaccurate cortical tracking of speech at the syllable rate
to support speech recognition. Indeed, increased function-
al connectivity was observed within brain areas contribu-
ting to syntaxic/semantic processing. 00104105
Alternatively, the increased recruitment may reflect differ-
ences in the intrinsic functional brain architecture of sub-
jects with ISPIN as suggested by our data obtained at
rest. An excessive intrinsic functional integration between
low- and high-level linguistic regions could potentially
alter the hierarchical processing of linguistic information,
which would only become clinically apparent in adverse
auditory scenes. This interpretation is more in line with
the finding that the increased recruitment was equally
present at rest and in all listening conditions.

In addition, in every SiN condition, subjects with ISPiIN
demonstrated stronger functional connections between left
AC and left FEF. FEFs, which enable the planning and
control of eye movements, are also involved in spatially
directed attention, even in the absence of gaze changing
(i.e. ‘covert attention’'%®). Specifically, left FEF is impli-
cated in auditory selective attention by controlling audi-
tory spatial attention in a purely top-down
manner.”®%71%8 Our results remain, however, puzzling
since spatial cues, which lead to FEF activation, were
lacking in our tasks. Interestingly, left FEF is anticipa-
tively activated in the preparation of an auditory location
task.'”” We hypothesize, therefore, that the increased
functional connectivity between left AC and left FEF indi-
cates a preparatory activity reflecting the additional need
in ‘orientated’ auditory attention in subjects with ISPiN
in noisy auditory scenes.

Conclusions

ISPiN is characterized by an inaccurate auditory cortical
tracking of speech at the syllable rate in adverse auditory
scenes and increased functional connectivity between
auditory cortices and language/attention-related neocor-
tical areas to support SiN recognition. These results argue
for a central origin of ISPiN.
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