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Abstract

Epidemiological evidence shows an association between hearing loss and dementia in
elderly people. However, the mechanisms that connect hearing impairments and cognitive
decline are still unknown. Here we propose that a suprathreshold auditory-nerve impairment
is associated with cognitive decline and brain atrophy. Methods: audiological, neuropsycho-
logical, and brain structural 3-Tesla MRI data were obtained from elders with different levels
of hearing loss recruited in the ANDES cohort. The amplitude of waves | (auditory nerve)
and V (midbrain) from auditory brainstem responses were measured at 80 dB nHL. We also
calculated the ratio between wave V and | as a proxy of suprathreshold brainstem function.
Results: we included a total of 101 subjects (age: 73.5 £ 5.2 years (mean + SD), mean edu-
cation: 9.5 £ 4.2 years, and mean audiogram thresholds (0.5—4 kHz): 25.5 + 12.0 dB HL).
We obtained reliable suprathreshold waves V in all subjects (n = 101), while replicable
waves | were obtained in 92 subjects (91.1%). Partial Spearman correlations (corrected by
age, gender, education and hearing thresholds) showed that reduced suprathreshold wave |
responses were associated with thinner temporal and parietal cortices, and with slower pro-
cessing speed as evidenced by the Trail-Making Test-A and digit symbol performance.
Non-significant correlations were obtained between wave | amplitudes and other cognitive
domains. Conclusions: These results evidence that reduced suprathreshold auditory nerve
responses in presbycusis are associated with slower processing speed and brain structural
changes in temporal and parietal regions.
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Introduction

Epidemiological studies have associated hearing loss with cognitive decline in adults older
than 55 years, showing that individuals with audiometric thresholds worse than 40 dB are
more likely to develop dementia [1-4]. However, the mechanisms that connect this epidemio-
logical association are still under research [5]. Age-related hearing loss or presbycusis is char-
acterized by bilateral hearing loss, degraded speech understanding, and impaired music
perception, especially in background noise conditions [6,7]. Presbycusis is also associated with
executive dysfunction [8,9] and with brain atrophy in the temporal lobe [10,11]. Moreover,
recent studies in presbycusis have shown cortical atrophy in regions beyond the auditory cor-
tex, including the cingulate cortex and parietal regions [9,12,13].

In addition to audiogram threshold elevations, hearing impairments in presbycusis can also
be due to an altered suprathreshold function [14]. In rodents, suprathreshold brainstem
responses have been extensively studied in models of acoustic injury, in which after a transient
acoustic trauma, there is a temporary auditory threshold elevation that recovers completely,
but a permanent reduction in the amplitude of auditory nerve responses is observed at supra-
threshold levels [15,16]. In humans, the reduction of the amplitude of wave I from auditory
brainstem responses (ABR) without alterations in auditory thresholds and otoacoustic emis-
sions levels has been termed as hidden hearing loss (HHL) [17]. The underlying structural
abnormality found in animals with HHL is the loss of synapses between inner hair cells and
auditory nerve neurons, a histologic feature that has been termed as cochlear synaptopathy
[15,18,19]. Importantly, evidence in animals shows that cochlear synaptopathy is a contributor
of the early pathophysiological process of presbycusis [20].

In humans, the suprathreshold amplitude of ABR wave I has been reported to be reduced
in patients with tinnitus and normal audiograms [17], and in subjects exposed to noise [21],
suggesting that HHL might be part of the pathophysiological mechanisms of these conditions.
In addition, HHL has been proposed as one of the mechanisms that might degrade speech per-
ception in noisy environments [22]. In this line, a reduction in the amplitude of suprathres-
hold auditory nerve responses could be considered as an early stage of hearing impairment,
which can be detected before hearing loss becomes clinically evident. Whether these supra-
threshold abnormalities are associated with cognitive impairment and structural brain changes
in humans is unknown. Here, we hypothesize that a reduction in the amplitude of supra-
thresholds auditory-nerve responses (ABR wave I is associated with brain atrophy and cogni-
tive decline in the elderly.

Methods

Subjects

The ANDES (Auditory and Dementia study) project is a prospective cohort of non-demented
Chilean elders (>65 years) with a Mini-Mental State Examination (MMSE) > 24, with differ-
ent levels of age-related hearing impairment and no use of hearing aids at recruitment. Inclu-
sion criteria were: preserved functionality measured by the Pfeffer activities questionnaire
[23], auditory brainstem responses evaluated at 80 dB nHL, and magnetic resonance imaging
(MRI) at 3 Tesla. Exclusion criteria for recruitment were: (i) other causes of hearing loss differ-
ent from presbycusis; (ii) previous use of hearing aids (iii); stroke or other neurological disor-
ders; (iv) dementia; and (v) major psychiatric disorders. All procedures were approved by the
Ethics Committee of the Clinical Hospital of the University of Chile, protocol number: OAIC
752/15. All subjects gave written informed consent in accordance with the Declaration of
Helsinki.
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Auditory evaluations

Hearing impairments were evaluated with threshold and supra-threshold tests. All auditory
evaluations were assessed inside a sound attenuating room and were obtained by an experi-
enced audiologist who was blind to cognitive and MRI evaluations. We obtained audiometric
thresholds using a calibrated audiometer (AC40e, Interacoustics®) for each ear at 0.125,
0.250, 0.5, 1, 2, 3, 4, 6 and 8 kHz. Pure tone averages (PTA) were computed for each ear using
0.5, 1, 2 and 4 kHz thresholds. The better hearing ear was used for analyses. Distortion product
otoacoustic emissions (DPOAE) (2f1-f2) were elicited using eight pairs of primary tones (f1
and 2) with f2/f1 ratio = 1.22, and delivered at 65 and 55 dB SPL (ER10C, Etymotic
Research®). DPOAE were measured at eight different frequencies per ear, between 707 and
3563 Hz. For subsequent analyses we counted the number of detected DPOAE, a value that
considering both ears, goes from 0 to 16 (see [9,13] for more details on DPOAE analysis). ABR
waveforms were averaged with alternating clicks presented at supra-thresholds levels (2000
repetitions, 80 dB nHL, bandpass 0.1-3 kHz, stimulus rate 21.1 Hz, EP25, Eclipse, Interacous-
tics®). The amplitudes of waves I and V were measured from peak to trough, and wave laten-
cies from peaks. For computing wave V/I ratios, in those cases with no measurable wave I

(n =9, see results section), we used the minimum amplitude value that we obtained for wave I
(0.02 V).

Neuropsychological assessment

Subjects and their relatives were evaluated by a neurologist with a complete structured medi-
cal, functional and cognitive interview. Cognitive performance was assessed by an experienced
psychologist in cognitive tests, including the MMSE adapted for the Chilean population for
global cognition [23,24]; the Frontal Assessment Battery (FAB), perseverative errors from the
Wisconsin Card Sorting (WCS) and Trail Making Test B (TMT-B) for measuring executive
function [25]; the Trail Making Test A (TMT-A) and digit symbol for processing speed [26];
the Boston Nominating Test for Language [27]; the Fluency “P” for phonemic verbal fluency
[28]; the Rey-Osterrieth Complex Figure Test for Visuospatial Abilities [29]; and the free recall
of the Free and Cued Selective Reminding Test (FCSRT) to explore verbal episodic memory
[30,31]. In order to ensure comprehension of cognitive tests, instructions were given verbally
and visually using a presentation in a desktop computer.

Magnetic resonance imaging

Neuroimaging data were acquired by a MAGNETOM Skyra 3-Tesla whole-body MRI Scanner
(Siemens Healthcare GmbH®), Erlangen, Germany) equipped with a head volume coil.
T1-weighted magnetization-prepared rapid gradient echo (T1-MPRAGE) axial images were
collected, and parameters were as follows: time repetition (TR) = 2300 ms, time echo (TE) =
232 ms, matrix = 256 x 256, flip angle = 8°, 26 slices, and voxel size = 0.94 x 0.94 x 0.9 mm3.
T2-weighted turbo spin echo (TSE) (4500 TR ms, 92 TE ms) and fluid attenuated inversion
recovery (FLAIR) (8000 TR ms, 94 TE ms, 2500 TI ms) were also collected to inspect structural
abnormalities. A total of 440 images were obtained during an acquisition time of 30 minutes
per subject.

Morphometric analyses

MRI data was used to determine the structural brain changes in all studied subjects (n = 101),
measuring the volume and thickness of bilateral cortical regions. FreeSurfer (version 6.0,
http://surfer.nmr.mgh harvard.edu) was used with a single Linux workstation using Centos 6.0
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for T1-weighted images analysis of individual subjects. The FreeSurfer processing involved
several stages, as follows: volume registration with the Talairach atlas, bias field correction, ini-
tial volumetric labeling, nonlinear alignment to the Talairach space, and final volume labeling.
We used the “recon-all” function to generate automatic segmentations of cortical and subcorti-
cal regions. This command performs regional segmentation and processes gross regional vol-
ume in a conformed space (256x256x256 matrix, with coronal reslicing to 1 mm” voxels). The
function “recon-all” creates gross brain volume extents for larger-scale regions (i.e., total num-
ber of voxels per region): total grey and white matter, subcortical grey matter, brain mask vol-
ume, and estimated total intracranial volume.

Additionally, we measured the cortical thickness in native space using FreeSurfer tools. We
calculated the cortical thickness of each mesh of vertices by measuring the distance between
the point on one surface and the closest conforming point on the opposite surface. Then we
measured the average of the two values calculated from each side to the other [32]. Based on
the brain regions that have been previously studied in presbycusis [10,33] our regions of inter-
est (ROI) were bilateral frontal, inferior, middle, superior and transverse temporal gyri, and
parietal cortex. We also included as regions of interest, cortical areas that have been implicated
in the neural networks of degraded speech comprehension: bilateral anterior cingulate cortex,
posterior cingulate cortex (PCC), and precentral and postcentral gyri [9,11,34].

Data analyses

Possible correlations between cognitive tests and audiological functions were evaluated by
means of partial Spearman associations adjusted by age, educational level, gender and audio-
gram thresholds. Gender comparisons were done using Mann-Whitney tests. Comparisons
between subgroups were performed with ANCOVA adjusted by age, education, audiogram
thresholds and gender. This approach was maintained for two group comparisons, as t-test do
not allow covariates. Bonferroni corrections were performed for multiple comparisons when
comparing more than two groups. Data are shown as mean =+ standard deviation. Significant
differences and correlations were considered for p<0.05.

Results
Demographic and audiological variables

The mean age of the 101 studied subjects was 73.5 + 5.2 years with a mean education of

9.5 + 4.2 years, and mean PTA of the better hearing ear of 25.5 + 12.0 dB HL. A demographic
description of the 101 subjects that completed the auditory, neuropsychological, and MRI eval-
uations is presented in Table 1. As one of our recruitment criteria was that subjects were not
using hearing aids, the majority of the enrolled individuals had normal hearing thresholds
(PTA < 25dB HL, n = 55, 54.5%), while 46 subjects had some degree of hearing loss, including
33 (32.7%) with mild hearing loss (PTA > 25 dB HL <40 dB HL), and 13 individuals (12.8%)
with moderate hearing loss (PTA > 40 dB HL) according to audiogram thresholds of the better
hearing ear. Age and audiogram thresholds were significantly correlated (Spearman,

rho = 0.326, p = 0.001), while the educational level was not correlated with PTA thresholds
(Spearman, rho = 0.0622, p = 0.536) (Fig 1A-1D).

Regarding supra-threshold ABR responses, we obtained measurable waves V at 80 dB nHL
in the 101 subjects of this study, while wave I was obtained in 92 of these subjects (91.1%). The
average amplitudes of wave I and V were 0.120 £ 0.070 pV and 0.369 + 0.129 pV respectively,
while mean latencies were 5.71 + 0.39 ms for wave V and 1.56 + 0.14 ms for wave I. We found
a significant correlation between the amplitude of wave I and wave V (Fig 2A, rho = 0.323,

p = 0.001), while there were no correlations between the supra-threshold amplitudes of ABR
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Table 1. Summary of demographic data of the subjects considered in this report (obtained from ANDES cohort, n =101).

ANDES cohort Female (n = 64) Male (n = 37) Total (n=101) p value
Age (years) 72.6+5.2 75.1 £ 5.0 73.5+5.2 p=0.018
Education (years) 9.6 +4.5 9.3+3.7 9.5+4.2 n.s.
Hearing Thresholds (dB, better ear) 233+11.5 29.1+12.2 25.5+12.0 p=0.018
MMSE (score) 28.2+0.9 27.8+£1.7 28.0+1.3 n.s.
HHIE-S (score) 7.8+8.5 6.6+ 8.6 7.4+8.6 n.s

Significant gender differences were obtained for age and hearing thresholds, as men are older and have worse hearing thresholds than women (p<0.05, Mann Whitney).
MMSE: Mini Mental State Examination, HHIE-S: Hearing Handicap Inventory for the Elderly, ns: non-significant.

https://doi.org/10.1371/journal.pone.0233224.t001
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Fig 1. Correlations between audiogram thresholds, age, education and supra-thresholds ABR responses. A. Age and PTA were significantly
correlated (Spearman, rho = 0.326, p = 0.001). B. and E. Scatter plots showing no correlations between the amplitude of wave I with age (in the range
between 65 and 85 years) and audiogram thresholds. C. and F. Scatter plots showing no correlations between the amplitude of wave V with age (in the
range between 65 and 85 years) and audiogram thresholds. D. Audiogram thresholds were not correlated with the years of education.

https://doi.org/10.1371/journal.pone.0233224.9001
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https://doi.org/10.1371/journal.pone.0233224.9002

0.15 uV were significantly larger than for those above 0.15 uV (Mann-Whitney, p<0.001) (Fig
2B, Table 2). Non-significant correlations were obtained between age and audiogram thresh-
olds with the wave V/I ratio. In addition, there were non-significant differences in the wave V/
I ratio when comparing subjects with hearing loss (n = 46, 4.7 + 4.2) with those with normal
audiogram thresholds (n = 55, 4.4 + 3.7, F(1,96) = 0.42, p = 0.519, ANCOVA controlled for

age, education and gender).

Table 2. Demographic and neuropsychological variables compared according to the two groups with different amplitude of auditory nerve responses.

ANDES cohort (n =101) | Auditory nerve less than 0.15 uV ABR wave I (n = 68) | Auditory nerve more than 0.15 uV ABR wave I (n = 33) | p value ANCOVA
Age 74.0+5.3 72.6 4.9 n.s.
Years of education 9.7+43 9.0+4.1 n.s
PTA 0.5-4 kHz (dB) 26.8+13.3 23.1+8.5 n.s
DPOAE (n, both ears) 7.0+5.8 7.8+5.1 n.s
ABR wave V amplitude (uV) 0.349 +£0.132 0.410 £ 0.115 n.s
Wave V/I ratio 5.64 +4.32 2.15+£0.73 p<0.001*
MMSE 27.82 £ 1.40 28.42 +£1.30 n.s.
Digit symbol 36.3 + 14.7 40.5+ 13.1 n.s
TMT-A (s) 66.3 + 31.5 51.9 + 23.0 p = 0.005"
TMT-B (s) 172.4 + 84.0 176.8 £ 91.1 n.s
Perseverative errors (WCS) 11.1+£9.1 10.2+6.3 n.s
FAB 13.3+25 14.0 £ 2.0 n.s
Fluency P 10.0 + 4.8 10.1 +4.3 n.s
Boston nomination 244 +32 25.0+34 n.s.
Rey Figure 30.0+54 29.4+5.1 n.s
FCRST free recall 259+7.9 262+ 7.0 n.s

ANCOVA was corrected by age, gender, education and audiogram thresholds. Note that TMT-A time is the only significant difference in cognitive performance

between the groups (p<0.05%, adjusted by Bonferroni for multiple comparisons).

https://doi.org/10.1371/journal.pone.0233224.t1002
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As the increased wave V/I ratio might be reflecting a compensatory midbrain gain increase
of wave V responses in the group with wave I < 0.15 uV, we divided data according to the
amplitude of wave I into two groups: (i) those with wave I responses smaller than 0.15 uV
(n = 68) and (ii) those with wave I responses larger than 0.15 uV (n = 33). Table 2 shows demo-
graphic, audiological and neuropsychological data comparing these two groups with different
wave I amplitudes. There were no differences in age, education and hearing thresholds
(assessed by audiogram and DPOAEs) between these two groups.

Suprathreshold ABRs and cognitive assessments

Regarding cognitive tests, and after adjusting by age, education, gender, audiogram thresholds,
and Bonferroni correction for multiple comparisons (10 cognitive tests), the only significant
difference was obtained in the TMT-A speed, showing that the group with smaller wave I
responses had slower processing speed (66.3 + 31.5 s) than the group with larger wave I
responses (51.9 + 23.0 s, p = 0.005).

Next, we performed partial Spearman correlations in the whole sample (n = 101) between
ABR and cognitive tests, corrected by age, education, gender and audiogram thresholds. The
only cognitive tests that showed significant correlations with the amplitude of supra-threshold
wave I were those that measure processing speed: the TMT-A time (Fig 3A, rho = -0.27,

p = 0.007), and the digit symbol (rho = 0.199; p = 0.049). On the other hand, we there was no
correlation between the supra-threshold amplitude of wave V and TMT-A time (Fig 3B)
(Table 3).

Suprathreshold ABRs and cortical volume and thickness

We performed partial Spearman correlations between the suprathreshold amplitudes of wave I
and V responses with all the cortical volumes and thickness of the ROIs in the brain (corrected
by age, education, gender and audiogram thresholds). Non-significant differences were found
when analyzing cortical volumes in all the ROIs between the two groups with different supra-
threshold ABR amplitudes. We found significant Spearman correlations between the ampli-
tude of wave I and the thickness of bilateral middle and inferior temporal cortex, and bilateral
inferior parietal cortex (Fig 4, Table 4). We also found significant correlations between wave I
amplitude and the cortical thickness of: right posterior cingulate, right medial orbitofrontal,
left superior parietal, and for left inferior and transverse temporal cortices (Table 4). Regarding
wave V amplitude, we only found a significant correlation with left inferior and transverse
temporal cortices.

Discussion

Here we give evidence that a reduced amplitude of suprathreshold auditory nerve responses
(wave I) is associated with slower processing speed (TMT-A, digit symbol) and with thinner
bilateral temporal and parietal cortices in non-demented elderly humans. In addition, we
show that the wave V/I ratio as a function of wave I amplitude yielded an asymmetric distribu-
tion, suggesting a midbrain compensatory gain increase for reduced suprathreshold auditory
nerve responses.

Aging, audiogram thresholds and suprathreshold ABRs

Although, in our data we did not find any significant correlation between the suprathreshold
amplitudes of waves I and V with age (Fig 1), these results should be taken carefully, as the
range of age of our subjects was between 65 and 85 years, and probably if we extend the range
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https://doi.org/10.1371/journal.pone.0233224.9003

of age to younger subjects, it is very likely that we would find significant age effects. Indeed,
previous studies performed in animals [35,36] as well as in humans [37-39] found significant
reductions in wave I amplitudes with age.
In our study we also found that the amplitudes of suprathreshold ABR responses were not
associated with audiogram thresholds (PTA calculated between 0.5 and 4 kHz), suggesting that
auditory thresholds and suprathreshold functions are independent measures of auditory pro-
cessing. In this line, we previously showed that a deteriorated hearing threshold function as
evidenced by a reduced number of DPOAE is associated with atrophy of the anterior cingulate
cortex and executive dysfunction in presbycusis [9]. In contrast, here we show that a reduced
amplitude of suprathreshold auditory nerve responses is not associated with deteriorated exec-
utive function, but with slower processing speed (longer TMT-A latencies and worse digit
symbol scores) and with thinner temporal and parietal cortex. These findings suggest that the
impairment of different auditory functions (threshold and suprathreshold) could affect differ-
ent brain structures and cognitive domains.

Table 3. Partial correlations between ABR amplitudes and latencies and neuropsychological tests in the ANDES cohort (n = 101).

ANDES cohort (n =101)

ABR wave I amplitude

ABR wave V amplitude

ABR wave I latency

ABR wave V latency

Digit symbol rho = 0.199 p = 0.049 rho =0.178 p = 0.079 rho =-0.079 p = 0.461 rho =-0.121 p = 0.234
TMT-A rho =-0.272 p = 0.007 rho =-0.065 p = 0.524 rho = 0.065 p = 0.544 rho=0.119 p = 0.243
TMT-B rho =0.136 p = 0.208 rho = 0.044 p = 0.683 rho = 0.067 p = 0.536 rho = 0.243 p = 0.023

Perseverative errors

rho =-0.024 p = 0.817

rho =-0.066 p = 0.516

rho =-0.051 p = 0.634

rho =0.135p = 0.186

FAB

rho = 0.041 p = 0.692

rho = 0.015 p = 0.882

rho = 0.084 p = 0.436

rho =-0.062 p = 0.542

Fluency P

rho = -0.071 p = 0.485

rho = -0.072 p = 0.479

rho = 0.045 p = 0.677

rho =-0.119 p = 0.243

Boston nomination

rho = 0.068 p = 0.504

rho=0.161 p=0.114

rho =-0.097 p = 0.363

rho =-0.208 p = 0.039

Rey Figure

rho = -0.009 p = 0.929

rho =-0.110 p = 0.285

rho =0.038 p = 0.724

rho =-0.117 p = 0.256

FCSRT free recall

rho =-0.10 p = 0.327

rho = -0.120 p = 0.238

rho =-0.094 p = 0.382

rho = 0.160 p = 0.876

All correlations were adjusted by age, education, gender and audiogram thresholds. Notice significant correlations (shown in bold) between TMT-A time and digit

symbol with the amplitude of ABR wave I. In addition, Boston and TMT-B time were significantly correlated with the latency of wave V.

https://doi.org/10.1371/journal.pone.0233224.t003
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Fig 4. The thickness of bilateral middle and inferior temporal cortex and inferior parietal cortex are correlated
with the amplitude of ABR wave I responses. (A) Right and (B) left middle temporal thickness correlated with wave I
amplitude. (C) Right and (D) left inferior temporal cortex thickness correlated with wave I amplitude. (E) Right and
(F) left inferior parietal cortex thickness correlated with wave I amplitude.

https://doi.org/10.1371/journal.pone.0233224.9004
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Table 4. Partial correlations between ABR amplitudes and cortical thickness in presbycusis patients from the

ANDES cohort (n=101).

Right hemisphere

Inferior temporal
Middle temporal
Superior temporal
Transverse temporal
Superior parietal
Inferior parietal
Lateral orbitofrontal
Medial orbitofrontal
Caudal middle frontal
Rostral middle frontal
Superior frontal
Anterior cingulate
Posterior cingulate
Precentral thickness
Postcentral thickness
Left hemisphere
Inferior temporal
Middle temporal
Superior temporal
Transverse temporal
Superior parietal
Inferior parietal
Lateral orbitofrontal
Medial orbitofrontal
Caudal middle frontal
Rostral middle frontal
Superior frontal
Anterior cingulate
Posterior cingulate
Precentral thickness

Postcentral thickness

Wave I
rho = 0.240; p = 0.018*
rho = 0.221; p = 0.029*
rho =0.157; p = 0.124
rho = 0.129; p = 0.207
rho = 0.132; p = 0.198
rho = 2125 p = 0.037*
rho = 0.093; p = .366
rho = 0.232; p = 0.022*
rho = 0.155; p = 0.130
rho = 0.071; p = 0.486
rho = 0.109; p = 0.290
rho = -0.027; p = 0.793
rho = 0.214; p = 0.036*
rho = 0.154; p = 0.133
rho = 0.047; p = 0.648
Wave I
rho = 0.216; p = 0.034*

rho = 0.263; p = 0.009"*

rho = 0.198; p = 0.052
rho = 0.215; p = 0.034*

rho = 0.265; p = 0.009**

rho = 0.235; p = 0.020*
rho = 0.170; p = 0.097
tho = .099; p = 0.337
rho=10.141;p =0.168
rho = 0.066; p = 0.519
rho = 0.124; p = 0.226
rho = 0.068; p = 0.507
rho = 0.006; p = 0.954
rho=0.161;p =0.116
rho = 0.053; p = 0.604

Wave V
rho = 0.064; p = 0.536
rho = 0.107; p = 0.298
rho = 0.195; p = 0.056
rho =0.193; p = 0.058
rho = 0.130; p = 0.203
rho = 0.052; p = 0.610
rho =-0.014; p = 0.894
rho = 0.053; p = 0.603
rho =-0.028; p = 0.786
rho = 0.052: p = 0.616
rho =-0.001; p = 0.994
rho =-0.036; p = 0.730
rho =-0.034; p = 0.743
rho =-0.009; p = 0.930
rho = 0.052; p = 0.610
Wave V
rho = 0.232; p = 0.022*
rho =0.111; p = 0.280
rho = 0.066; p = 0.524
rho = 0.214; p = 0.035*
rho = 0.136; p = 0.183
rho =0.102; p = 0.322
rho = 0.021; p = 0.835
rho =-0.059; p = 0.568
rho = 0.038; p = 0.709
rho =-0.094; p = 0.362
rho =-0.104; p = 0.310
rho =0.199; p = 0.051
rho = -0.007; p = 0.945
rho = -0.007; p = 0.946
rho = -0.009; p = 0.928

All correlations were controlled by age, education, gender and audiogram thresholds. Significant correlations are
highlighted in bold (*p<0.05 **p<0.01).

https://doi.org/10.1371/journal.pone.0233224.t1004

Midbrain gain increase

We found an increased wave V/I ratio in the group with reduced suprathreshold auditory
nerve responses (<0.15 uV), which was independent of age and hearing thresholds. The gain
increase of midbrain responses is also supported by the fact that the amplitudes of wave V

responses were similar between the two groups with different wave I amplitudes (Table 2).

Thus, the preserved amplitude of suprathreshold wave V responses in the group with reduced
wave I could be reflecting a compensatory gain increase in the midbrain. A similar mechanism
has been proposed for peripheral de-afferentation [17,40]. Moreover, animal models have
shown that cochlear de-afferentation is sufficient for inducing an increase in the spontaneous
activity of auditory cortex neurons [41], showing that the effects of peripheral de-afferentation
can also affect cortical processing. Here we show in humans, that the group with reduced
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auditory nerve amplitudes has structural brain changes that were located bilaterally in the tem-
poral and inferior parietal cortices, and in the posterior cingulate cortex of the right
hemisphere.

Brain atrophy in presbycusis

Previous studies have related audiogram threshold loss with right temporal and cingulate cor-
tex atrophy [9-12,42,43]. Here we extended these results, showing that in addition to audio-
gram threshold elevation, reduced suprathreshold amplitudes of auditory nerve responses are
associated to significant reductions in the cortical thickness of temporal and inferior parietal
regions, but not to the cortical volume of these regions. These results suggest that the cortical
thickness is a more sensitive measure than cortical volume loss for evidencing brain atrophy
related to suprathreshold auditory impairments. In addition, our data show that these struc-
tural brain changes can be detected in earlier stages of presbycusis, or even in subjects with
normal hearing (at least as evaluated by audiogram thresholds between 0.5 and 4 kHz).

In a previous work [9], we demonstrated that reduced PCC thickness was correlated with
worse auditory thresholds in patients with presbycusis and cochlear dysfunction, suggesting
that the atrophy of the right PCC is related to hearing loss. Here, we showed that a reduction
in the cortical thickness of the right PCC is also associated with suprathreshold hearing impair-
ments, suggesting that PCC atrophy is related to hearing threshold and suprathreshold impair-
ments. The right posterior cingulate cortex is important for visuospatial abilities like
orientation and spatial navigation. Interestingly the PCC is among the earliest regions that get
atrophied in prodromal and preclinical Alzheimer’s disease [44]. In this line, the right PCC
might be an important brain region linking hearing impairments with cognitive decline in
presbycusis. In addition to the PCC, we also found that reduced suprathreshold auditory-
nerve responses are associated to thinner bilateral inferior parietal cortex (Table 4). The infe-
rior parietal cortex is considered a multimodal area involved in several neural networks
including speech, voice production, and visual attention [45]. Importantly, visual attention is
necessary for the execution of the TMT-A and digit symbol tests. In this line, a speculative
explanation for our results is that impaired visual attention due to the bilateral reduction of
cortical thickness in the inferior parietal cortex could affect TMT-A and digit symbol
performance.

Processing speed and suprathreshold auditory-nerve function

Previous evidence has shown that worse audiogram thresholds [10,46] or an alteration of the
cochlear function as evidenced by loss of DPOAE [9] are associated with executive dysfunc-
tion, memory loss and global cognitive decline. In addition to these associations, here we show
that reduced suprathreshold auditory-nerve responses are associated to slower processing
speed, as evidenced by TMT-A responses (Fig 3, Table 3) and digit symbol performance
(Table 3), cognitive tests which do not rely on auditory inputs. Processing speed tests are usu-
ally categorized as “fluid cognition” and are influenced by the aging process, but also by sen-
sory impairments and visual attention [45,47]. One speculative explanation for the association
between reduced amplitude of auditory-nerve responses and slower processing speed could be
related to the physiological aging process, resulting in loss of synapses at different levels of the
nervous system [48]. In this sense, we can propose that due to the aging process, the loss of
synapses between the inner hair cells and auditory nerve neurons would result in reduced
amplitude of suprathreshold wave I responses [20], while reduced synapses at the central ner-
vous system would lead to slower processing speed [48]. Although cochlear synaptopathy has
been associated to loss of synapses due to acoustic trauma, it could also be an indirect measure
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of a general loss of synapses in the central nervous system, and therefore the greater the loss of
synapses in different circuits of the nervous system, the slower is the processing speed. In this
sense, it would be important to estimate the loss of auditory nerve synapses due to acoustic
injury for adding this variable to our models. Unfortunately, in the present study we did not
collect data about occupational or recreational noise exposure. Another speculative explana-
tion is that processing speed could be related to white matter microstructural changes in the
peripheral and central auditory pathways, including the auditory nerve, as a reduced fractional
anisotropy in diffusion tensor imaging has been demonstrated in diverse white matter tracts of
patients with hearing loss [49].

Clinical relevance

Importantly, structural brain changes and auditory-nerve responses described in the present
manuscript were obtained by MRI and ABR techniques, which are non-invasive examinations
that can be used in a clinical setting. Future longitudinal studies should examine whether
patients with reduced suprathreshold wave I amplitude and morphological changes in the tem-
poral and parietal regions are at a higher risk of developing dementia.

Conclusion

We conclude that a reduction of the suprathreshold amplitude of auditory nerve responses is
related to slower processing speed and reduced cortical thickness in bilateral middle and infe-
rior temporal cortices, bilateral inferior parietal, and in the right posterior cingulate cortex.
Taken together, the present and our previous findings [9] suggest that thresholds and supra-
threshold hearing impairments are associated with different types of cognitive functions and
brain structural changes.
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