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Age-related central gain compensation for reduced
auditory nerve output for people
with normal audiograms, with and without tinnitus

Peter T. Johannesen'? and Enrique A. Lopez-Poveda'-#34*

SUMMARY

Central gain compensation for reduced auditory nerve output has been hypoth-
esized as a mechanism for tinnitus with a normal audiogram. Here, we investigate
if gain compensation occurs with aging. For 94 people (aged 12-68 years, 64
women, 7 tinnitus) with normal or close-to-normal audiograms, the amplitude
of wave | of the auditory brainstem response decreased with increasing age
but was not correlated with wave V amplitude after accounting for age-related
subclinical hearing loss and cochlear damage, a result indicative of age-related
gain compensation. The correlations between age and wave I/lll or 1lI/V ampli-
tude ratios suggested that compensation occurs at the wave lll generator site.
For each one of the seven participants with non-pulsatile tinnitus, the amplitude
of wave I, wave V, and the wave I/V amplitude ratio were well within the confi-
dence limits of the non-tinnitus participants. We conclude that increased central
gain occurs with aging and is not specific to tinnitus.

INTRODUCTION

Tinnitus, an auditory sensation in the absence of an external sound, is often associated with hearing loss.
Reduced peripheral activation due to hearing loss is thought to produce plastic readjustments in the central
auditory system that lead to a tinnitus percept (Kaltenbach, 2011; Norena, 2011). Although less frequently,
tinnitus also occurs in otherwise audiologically normal people. For these people, some studies have shown
that tinnitus is associated with reduced amplitudes of wave | of the auditory brainstem response (ABR) but
normal wave V amplitudes, hence with increased wave V/I amplitude ratios (Kehrle et al., 2008; Schaette and
McAlpine, 2011; Gu et al., 2012; Bramhall et al., 2018; Valderrama et al., 2018). This has been interpreted as indi-
cating that mechanisms central to the auditory nerve amplify the reduced nerve output (wave I) to give normal
wave V amplitudes (Chambers et al., 2016) and that the increased central gain could amplify spontaneous nerve
activity to a level that produces a tinnitus sensation (Norefa, 2011; Schaette and McAlpine, 2011).

For people with a normal audiogram, aging is associated with reduced auditory nerve output (Makary et al.,
2011; Sergeyenko et al., 2013; Viana et al., 2015; Wu et al., 2018; Johannesen et al., 2019). This, together
with the hypothesized mechanism just described that links tinnitus with increased central gain, raises the
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An important shortcoming of most existing studies about the effect of age on ABR wave amplitudes and/or

amplitude ratios for normal-hearing humans (or animals) is that they did not control for the potential con-
founding effects of subclinical hearing loss (Psatta and Matei, 1988; Costa et al., 1990; Sand, 1991; Burkard
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when they remain within normal limits, and the increase is typically greater at higher frequencies than that
atlower frequencies (e.g., Johannesen et al., 2019). Wave | likely reflects neural responses to mid-high stim-
ulus frequencies (2-12 kHz), while wave V reflects responses to low-mid frequencies (0.4-2 kHz) (Don and
Eggermont, 1978; Eggermont and Don, 1980). Therefore, subclinical hearing loss, rather than central
gain compensation, might explain the increased wave V/I amplitude ratios in audiometrically normal older
listeners (Musiek et al., 1984). Indeed, wave V/I amplitude ratios inferred from Konrad-Martin et al. (2012),
who did control statistically for age-related increases in thresholds (all within the normal range) do not sup-
port the central gain compensation hypothesis, while the ABRs from previous studies that did not control
for threshold are indicative of central gain compensation (Psatta and Matei, 1988; Sand, 1991).

Here, we searched for age-related central gain compensation while statistically accounting for the effects of sub-
clinical hearing loss and cochlear mechanical deficits on ABRs. We analyzed the amplitude of ABR waves |, Ill and
V for 94 people (aged 12-68 years; 64 women) with normal audiograms or very mild hearing losses (Figure S1),
seven of whom incidentally had chronic tinnitus (Figures S2 and S3). Because otoacoustic emissions are likely
more sensitive than hearing thresholds to mild cochlear mechanical damage (Attias et al.,, 1995; LePage,
1998; Seixas et al., 2005; Lapsley Miller et al., 2006), we used both the across-frequency mean hearing threshold
and distortion product otoacoustic emissions (DPOAEs) level to partial out the effects of subclinical hearing loss
on the amplitude of wave |, lll, and V before analyzing the (adjusted) ABR amplitudes.

We show that central gain compensation (i.e., decreased wave |/V ratio, see below) occurs with aging in
people without tinnitus. Further, we show that central gain compensation in aging likely occurs at the
wave |ll generation site. Lastly, we show that for each one of the seven participants with tinnitus, the ampli-
tude of wave |, wave V, and the wave I/V amplitude ratio were within the corresponding distribution of
values for the non-tinnitus participants. We conclude that increased central gain occurs with aging and
is not specific to tinnitus.

RESULTS

The study was part of a larger study aimed at investigating the presence of cochlear synaptopathy in audio-
metrically normal human listeners and its impact on auditory perception. For this reason, part of the data
reported here has already been reported elsewhere, where further details can be found (Johannesen et al.,
2019). This includes audiometric thresholds (0.25-8 kHz), high-frequency thresholds (12 kHz), DPOAEs (0.5~
4 kHz), and ABR wave | responses. Here, for the same participants, we additionally report if they had chronic
tinnitus and analyze their ABR wave Ill and V responses.

Relation between ABR wave | amplitude and age

Because reduced auditory nerve output is a prerequisite for any potential gain compensation along the auditory
pathway to occur, we first investigated if aging is associated with reduced auditory nerve output. Because age
affects many aspects of auditory function, particularly hearing thresholds and/or cochlear function, we applied
partial regression to partial out the effects of subclinical hearing loss and cochlear mechanical deficits on wave |
amplitude before assessing the correlation of the (adjusted) wave | amplitude with age. Potential differences in
ABR characteristics across sexes (Jerger and Hall, 1980; Trune et al., 1988; Mitchell et al., 1989) were accounted
for by conducting separate analyses for men and women. Unless otherwise stated, in what follows ABR wave
amplitudes refer to the mean value across stimulus levels from 100 to 110 dB ppeSPL.

Wave | amplitude decreased significantly with increasing age for both men and women (Figure 1A) and the
correlations remained statistically significant after partialling out the effects of hearing thresholds and
DPOAEs on wave | amplitude (Figure 1B). This suggests that age-related subclinical hearing loss (Figure S4)
and cochlear mechanical deficits (Figure S5) are insufficient to explain the decreasing wave | amplitude with
increasing age (Figure 1A), although the shallower regression line slopes in Figure 1B than Figure 1A (i.e.,
the smaller R? values) indicate that cochlear deficits explained some of the age-related decline in wave |
amplitude. Overall, these results are consistent with reduced output from the auditory nerve with
increasing age independent of hearing loss and cochlear mechanical damage.

Relation between ABR wave V amplitude and wave | amplitude or age

Second, we investigated if a central gain mechanism compensated for reduced auditory nerve output as
measured by the ABR wave | amplitude or as indicated by age. To do this, we assessed the correlation
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Figure 1. Relation between ABR wave | amplitude and age

(A) ABR wave | amplitude (mean across stimulus levels from 100 to 110 dB ppeSPL) as a function of age for women and
men. The insets show the proportion of variance explained (R?) and the probability of a non-zero regression line slope
occurring by chance (p).

(B) As panel A, but with wave | amplitude adjusted for the effect of hearing thresholds and DPOAEs. Open and filled
symbols depict data for non-tinnitus and tinnitus participants, respectively.

of wave V amplitude with both wave | amplitude and age (Figure 2). If a central mechanism compensated
perfectly for reduced output from the wave | generator site to preserve wave V amplitude at normal (con-
stant) levels, the amplitude of wave V should be independent of wave | amplitude or age. To test if wave V
amplitudes for men and women could be analyzed jointly, the wave V amplitudes of the non-tinnitus par-
ticipants were subjected to a repeated-measures analysis of variance (RMANOVA) with sex as a between-
subjects factor and stimulus level as a within-subjects factor. The test revealed that wave V amplitudes were
larger for women than for men [F(1,84) = 15.7, p = 1.5-107%] and for this reason the correlation between
wave V amplitude and wave | amplitude was calculated separately for women and men (Figure 2).

Wave V amplitude tended to increase with increasing wave | amplitude for both men and women, although the
trend was statistically significant only for women (Figure 2A). Further, wave V amplitude decreased with
increasing age at roughly the same rate for men and women although the decrease was significant only for
women (Figure 2B). Overall, the observed relationships between wave V amplitude and wave | amplitude or
age appeared to be inconsistent with the presence of a perfect compensatory mechanism for age-related
reduced auditory nerve output.

These relationships, however, are likely to be misleading as the amplitudes of waves | and V were correlated
with both hearing threshold (Table 1) and overall DPOAE level (Table 2) at one or more test frequencies.
Furthermore, across-frequency mean thresholds and DPOAE levels were both predictors of wave V ampli-
tude [mean thresholds, partial R? = 0.055, p = 0.0093; DPOAEs, partial R? = 0.050, p = 0.0131]. For this
reason, the analyses were repeated after adjusting the amplitudes of waves | and wave V for the effects
of both hearing thresholds and DPOAEs.
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Figure 2. Relation between ABR wave V amplitude and wave | amplitude or age

(A and B) ABR wave V amplitude as a function of wave | amplitude (A) and age (B) for women and men. The amplitudes of
wave | and V are the mean across stimulus levels from 100 to 110 dB ppeSPL. The insets show the proportion of variance
explained (R?) and the probability of a non-zero regression line slope occurring by chance (p).

(Cand D) As panels A and B, but with wave | and V amplitudes adjusted for the effects of hearing thresholds and DPOAEs.
Open and filled symbols depict data for non-tinnitus and tinnitus participants, respectively.

The reanalysis revealed that the adjusted wave V amplitude was not correlated with the adjusted wave | ampli-
tude for women or men (Figure 2C) (note that the adjusted wave V amplitude for men tended to be correlated
with the adjusted wave | amplitude because of two high-leverage data points, i.e., two outliers around adjusted
wave | amplitudes of 0.7 and 0.88 pV). Likewise, the adjusted wave V amplitude was not correlated with age for
women or men (Figure 2D). This suggests that the significant correlations between the unadjusted wave V and |
amplitudes (Figure 2A) or age (Figure 2B) in women were due to the effect of subclinical cochlear mechanical
deficits on ABR wave amplitudes. Further, the lack of dependence of adjusted wave V amplitude on age sup-
ports the presence of central compensation for reduced auditory output with aging (Figure 2D).

Wave I/V amplitude ratio decreases with increasing age

To further investigate central gain compensation while reducing individual variability in ABR amplitude, we
assessed the correlation of the wave I/V amplitude ratio (the inverse of the central gain) with age. We chose
to use this ratio over the more conventional wave V/| ratio because the latter can result in extremely large
values when the amplitude of wave | approaches zero. Figure 3 presents the wave I/V ratio as a function of
age and separately for women and men. One outlier (man, wave I/V ratio = 2.5) was omitted here (Figure 3)
and in subsequent analyses because his ratio was outside 2.5 times the interquartile range. The wave I/V
ratio (Figure 3A) decreased significantly with increasing age for both women (Pearson R = —0.40, p =
0.0011) and men (Pearson R = —0.37, p = 0.048), consistent with central gain compensation for reduced
output from the wave | generator site.

The decreasing ABR wave I/V ratio with increasing age (Figure 3A) may have been potentially influenced by
increasing cochlear hearing loss with aging. We investigated this possibility because (1) thresholds did increase
with increasing age (Figure S4; see also Johannesen et al., 2019); (2) DPOAEs decreased with age (Figure S5); and
(3) wave V amplitudes were correlated with thresholds (Table 1) and DPOAEs (Table 2). We adjusted the wave I/V
ratio for the effects of hearing thresholds and DPOAEs using partial regression methods. Because the age-
related effect on wave I/V ratio was similar for men and women (Figure 3A), data for men and women were
analyzed jointly. Partial regression showed (Figure 3B) that adjusted wave I/V ratios decreased significantly
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Table 1. Effect of hearing loss on ABR wave | and V amplitude

Frequency (kHz)

0.5 1 2 4 8 12
Wave | R —0.14 -0.13 —0.24 -0.32 -0.28 -0.43
p 0.177 0.201 0.021 1.64:-10° 6.30-10°° 1.23-10°
Wave V R -0.23 —0.06 0.1 -0.23 -0.17 -0.37
P 0.024 0.570 0.273 0.029 0.098 2.6:107*

Pearson correlations (R) between hearing threshold (N = 94) and ABR wave | or V amplitude (mean across click levels 100, 105,
and 110 dB ppeSPL). The probabilities for significant correlations (p) were not corrected for multiple comparisons.

with increasing age (partial R = —0.30, p = 7.8-10"°, N=93). This suggests that age-related cochlear mechanical
deficits are insufficient to explain the decreasing wave I/V ratio with increasing age (Figure 3A), although the shal-
lower regression line slopes in Figure 3B than Figure 3A (i.e., the smaller R? values) indicate that cochlear deficits
explained some of the age-related decline in wave I/V ratio.

Origin of compensatory mechanism

The wave I/V amplitude ratio decreased with increasing age (Figure 3), consistent with the presence of a
central gain compensation mechanism. We investigated where along the auditory neural pathway this
compensation occurred by analyzing the wave amplitude ratios /1l and l1I/V, while using partial regression
to adjust for effects of hearing thresholds and DPOAEs on wave |, Ill, and V amplitude (Figure 4). If compen-
sation occurs at the cochlear nuclei, where wave Il is generated (Moller, 2006), we would expect normal
wave Il and reduced wave | with increasing age and hence the wave I/lll ratio should decrease with
increasing age while wave [lI/V ratio should be constant with age. Conversely, if gain compensation occurs
in the inferior colliculus, where wave V is generated (Moller, 2006), we would expect no correlation between
age and wave I/lll ratio but a decreasing wave lI/V ratio with increasing age.

The wave I/lll ratio decreased significantly with increasing age (Figure 4A) for both women (Pearson correlation, R =
-0.33, p = 0.0081, N = 63) and men (Pearson correlation, R =-0.41, p = 0.023, N = 30) while the wave Ill/V ratio was
uncorrelated with age (p>0.46, Figure 4B). This suggests that gain compensation occurs at the cochlear nuclei.
Aging, however, is also associated with cochlear deficits and because some reports have suggested that thresh-
olds and/or cochlear mechanical deficits may affect waves |, lll, and V differently (Don and Eggermont, 1978; Eg-
germont and Don, 1980; Verhulst et al., 2016), we reassessed age-related effects on wave amplitude ratios after
adjusting for the effects of hearing thresholds and DPOAEs (Figures 4C and 4D). Because unadjusted wave I/11|
and IV ratios were similar for women and men, adjusted wave amplitude ratios for men and women were
analyzed together. Partial regression analysis showed that wave I/lll ratio adjusted for mean threshold and
DPOAEs decreased significantly with increasing age (Figure 4C). The regression line for the wave I/lll ratio after
adjusting for cochlear deficits (Figure 4C) was shallower than for the unadjusted wave I/Ill ratio, which shows
that part of the age effect on (unadjusted) wave I/lll ratio (Figure 4A) was due to age-related cochlear deficits.
Wave [lI/V ratio was uncorrelated with age, regardless of whether or not the ratio was adjusted for cochlear deficits
(Figures 4D and4B). Overall, the present results are consistent with a gain compensation mechanism located in the
cochlear nuclei.

Table 2. Effect of DPOAE response level on ABR wave | and V amplitude

Test frequency, f, (kHz)

0.5 1 1.5 2 4
Wave | R 0.09 0.07 0.11 0.17 0.26
P 0.409 0.520 0.277 0.106 0.011
Wave V R 0.26 0.30 0.33 0.36 0.43
p 0.014 3.50-10°3 1.14-1073 4.39-10" 1.60-107°

As Table 1 but for Pearson correlations between overall DPOAE levels (N = 94) and ABR wave | or V amplitude.
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Figure 3. ABR wave I/V amplitude ratio as a function of age

(A) For women and men separately. The insets show the proportion of variance explained (R?) and the probability of a non-
zero regression line slope occurring by chance (p).

(B) As panel A, but for ABR wave I/V amplitude ratio adjusted for effects of absolute thresholds and DPOAEs, and pooling
data for men and women. In all panels, wave amplitudes were the mean of the responses to stimulus levels from 100 to 110
dB ppeSPL. Open and filled symbols depict data for non-tinnitus and tinnitus participants, respectively.

Effect of tinnitus on ABRs

Seven out of the 94 participants reported having chronic tinnitus either bilaterally (N = 4) or unilaterally (N =
3)in the test ear (Figure S2). Based on their scores in two tinnitus severeness questionnaires (Figure S3), the
tinnitus was mild for all participants except one whose tinnitus was moderate. We tested if the presence of
tinnitus for these participants was associated with alterations of wave | and/or V responses, particularly with
reduced wave | amplitudes together with normal wave V amplitudes (Schaette and McAlpine, 2011; Gu
et al., 2012). For this purpose, wave V amplitudes were plotted as a function of wave | amplitudes for
each participant. Separate plots were produced for each stimulus level, for men and women, and for
tinnitus and non-tinnitus participants (Figure 5).

For two female participants, their ABR wave | amplitudes to 90 dB ppeSPL clicks were small and below the
noise floor and hence their data are omitted in Figure 5F. The sample size for the tinnitus participants
(women: N = 4; men: N = 3) was too small for a sufficiently powerful group comparison of wave amplitudes
between the tinnitus and non-tinnitus groups. Instead, to assess if the ABR wave | and V responses for any
individual of the tinnitus participants were statistically different from those for the non-tinnitus group, we
calculated the 95% confidence intervals for wave | and V for one single new observation (mean +/- two stan-
dard deviations) based on the non-tinnitus data (Figures 5A-5E) and superimposed the confidence inter-
vals on the ABR wave | and V responses for the tinnitus participants, separately for men and women (Figures
5F-5J: blue and red shaded areas, respectively). Wave | and V amplitudes were within the 95% confidence
intervals for all individual tinnitus participants and stimulus levels, except for one male participant at the
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Figure 4. Relation between age and ABR wave I/1ll or lll/V amplitude ratios

(A) ABR wave I/1ll amplitude ratios for men and women. The insets show the proportion of variance explained (R? and the
probability of a non-zero regression line slope occurring by chance (p).

(B) As panel A, but for wave llI/V amplitude ratios.

(C) As panel A, but for wave I/1ll amplitude ratios adjusted for effects of hearing thresholds and DPOAEs, and pooling data
for men and women.

(D) As panel C, but for wave IlI/V amplitude ratios. In all panels, wave amplitudes were the mean of the responses to
stimulus levels from 100 to 110 dB ppeSPL. Open and filled symbols depict data for non-tinnitus and tinnitus participants,
respectively.

lowest stimulus level (Figure 5F). This suggests that neither the wave | nor wave V amplitudes of any indi-
vidual tinnitus participant were statistically significantly different from those of the non-tinnitus group.

We also assessed the amount of central gain directly by calculating the wave I/V amplitude ratio for each of the
stimulus levels, and separately for the tinnitus and non-tinnitus participants and for each sex. Results are shown in
Figure 6, where error bars indicate one standard deviation for the non-tinnitus group and symbols illustrate in-
dividual wave I/V ratios for the tinnitus participants. The wave I/V ratio of every tinnitus participant was within or
close to the +/- one standard deviation range (Figure 6), indicating that that the wave I/V ratio of every tinnitus
participant in our sample was well within the ratio distribution for the non-tinnitus group.

DISCUSSION

In summary, we found ABR wave V amplitude not to be correlated with age or with wave | amplitude after
correction for effects of subclinical hearing loss and cochlear mechanical deficits. Assuming that smaller
wave | amplitudes and/or increasing age are indicative of reduced peripheral output, this suggests that
a central gain mechanism along the auditory neural pathway amplifies peripheral responses to normal
levels at the wave V generation site. In addition, we found the ABR wave I/V amplitude ratio to be negatively
correlated with age, indicative of comparatively larger wave V than wave | amplitudes with increasing age.
This is also consistent with a central gain mechanism amplifying wave V relative to wave I. Our findings sur-
vived rigorous controls for potentially confounding effects of small threshold increases and reduced
DPOAEs that accompany age. Further, we found evidence that the gain compensatory mechanism is likely
located at the wave Il generator site (the cochlear nuclei). Lastly, we found no differences in wave | or V
amplitudes for seven individual tinnitus participants compared to the distribution of the wave amplitudes
for the non-tinnitus participants. Overall, our findings suggest that increased central gain occurs with aging
for people with normal audiograms and that central gain compensation is not specific to tinnitus.
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deviations) for wave | and V amplitudes based on the response amplitudes of the non-tinnitus participants (from upper row).

On the contribution of cochlear mechanical deficits to wave | and V amplitudes and their ratio

The impact of small cochlear mechanical deficits on ABR amplitudes may have contributed to the
discrepant findings across earlier studies of central gain compensation (see the introduction). The present
study illustrates the importance of partialling out cochlear mechanical deficits in that the significant corre-
lation between wave V amplitude and age (Figure 2B) and between the amplitudes of wave V and wave | for
women (Figure 2A) became not significant after adjusting for hearing threshold and DPOAEs (Figures 2C
and 2D), most likely because of differential contributions of small hearing losses to wave | and wave V (Don
and Eggermont, 1978; Eggermont and Don, 1980).

Adjusting for small hearing loss and cochlear mechanical deficits is also required to get precise estimates of neu-
ral gain. For example, the wave I/V amplitude ratio decreased at a rate of 0.0083 per year (Figure 3A), which was
reduced to 0.0056 per year (Figure 3B) after adjusting for cochlear deficits. DPOAEs and hearing thresholds
together explained more variance in wave V amplitude than thresholds alone, which suggests that OAEs may
be sensitive to small cochlear deficits not (yet) reflected as a threshold elevation. This is consistent with studies
that have reported noise-exposure to reduce OAEs before thresholds are affected (Attias et al., 1995; LePage,
1998; Seixas et al., 2005; Lapsley Miller et al., 2006) but inconsistent with others that found age-related declines in
DPOAEs and transient-evoked OAEs to be inversely correlated with threshold increases (e.g., Hoth et al., 2010).
In summary, cochlear mechanical deficits contribute significantly to ABR amplitudes and it seems appropriate to
account for their effect using both hearing thresholds and OAEs.

The cause of the age-related decrease in auditory nerve output

We found the amplitude of wave | to decrease with increasing age even after adjusting the amplitude of
wave | for subclinical threshold elevations and cochlear mechanical deficits. This indicates that auditory
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Figure 6. ABR wave I/V amplitude ratio as a function
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nerve responses decrease with increasing age probably because of inner hair cell and/or auditory nerve
deficits. One likely cause is age-related cochlear synaptopathy. Two arguments support this view. First,
in human temporal bones, the number of synapses decreases with increasing age (Makary et al., 2011; Vi-
anaetal., 2015; Wu et al., 2018). Second, animal research has demonstrated a link between reduced wave 1
amplitude and age-related reduction in number of synapses (Sergeyenko et al., 2013).

Evidence consistent with increased central gain with increasing age

The present evidence for central gain compensation for an age-related reduction of auditory nerve output
appears inconsistent with animal research that found that the aged brain does not compensate for reduced
peripheral output (e.g., Ruttiger et al., 2013; Mohrle et al., 2016). On the other hand, our finding is consistent
with studies that reported decreasing wave I/V ratios with aging without controlling for age-related cochlear
deficits (Psatta and Matei, 1988; Costa et al., 1990; Sand, 1991; Burkard and Sims, 2001; Moosavi et al., 2016).
Konrad-Martin etal. (2012) did control for age-related cochlear deficits and reported the amplitude of wave |
to be reduced more than that of wave V with increasing age. Their model equation, however, suggests that
the wave I/V amplitude ratio varied only from 0.56 to 0.52 over a 40-year age range (i.e., -0.0010 per year). We
foundthe ratio to decrease at a rate of 0.0056 per year, which suggests much larger gain compensation. The
reason for the discrepancy across the two studies is unclear. One difference is that Konrad-Martin et al.
(2012) included mostly male veterans (79%) and relatively few younger participants (N = 9; age < 40 years),
while we included mostly women (68%) and relatively more young participants (Figure S2).

Origin of the central gain mechanism

We found that the wave I/Ill ratio decreases with aging while the wave IlI/V ratio does not (Figure 4), which
suggests that most of the compensation for reduced peripheral output occurs at the wave lll generation site.
Previous studies of humans have reported age-related gain compensation to occur mostly at the wave |lI
generator site and to a smaller extent at the wave V generator site (Costa et al., 1990), equally at the
wave |ll and V generator sites (Sand, 1991), or mostly at the wave V generator site (Psatta and Matei,
1988). One study reported wave I/lll and Ill/V amplitude ratios to be constant with age (Moosavi et al.,
2016). The discrepancy across studies might be due to the fact that cochlear deficits predominantly affect
peripherally generated ABR waves (Don and Eggermont, 1978; Eggermont and Don, 1980; Verhulst et al.,
2016), and previous studies did not compensate for cochlear deficits. We have statistically compensated
wave I/lll and wave llI/V ratios for thresholds and DPOAEs, so our results are unlikely to be affected by those
cochlear deficits.

Reduced wave | with normal wave Il amplitudes has been predicted based on computational models
(Schaette and Kempter, 2009) and reported after noise-exposure (Bramhall et al., 2017) as well as for
tinnitus patients with unknown noise-exposure history (Gu et al., 2012). Like ours, those studies controlled
for the confounding effects of thresholds and their results are consistent with our findings.
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No alterations of ABR responses in tinnitus

Participants were recruited opportunistically and so the number of participants who incidentally had
tinnitus (N = 7) was insufficient for a powerful group-level comparison with the non-tinnitus group (N =
87). Nonetheless, except for one man at 90 dB ppeSPL (Figure 5F), in no other condition did any of the
tinnitus individuals in our sample have ABR wave | and V amplitudes (Figure 5) or wave I/V ratios (Figure 6)
outside the 95% confidence intervals of the non-tinnitus group. This finding is consistent with most studies
(Barnea et al., 1990; Attias et al., 1993; Attias et al., 1996; Gilles et al., 2016; Guest et al., 2017; Shim et al.,
2017; see also review by Milloy et al., 2017), but inconsistent with two studies that reported reduced wave |
with normal wave V amplitudes for tinnitus subjects (Schaette and McAlpine, 2011; Gu et al., 2012). The
reason for the discrepant findings is uncertain but might be related to differences in age, degree of sub-
clinical hearing loss, and/or severeness of tinnitus across the participants used in the different studies.

Implications for the neural basis of tinnitus

We have presented evidence for increased central gain in older participants with reduced nerve output. If
increased central gain was the only required condition to produce a tinnitus percept, it would not be ex-
pected that only a small fraction (8%) of the present participants reported having tinnitus. Perhaps, our
older participants did not (yet) suffer from sufficient synaptopathy and their central gain was not (yet)
increased enough to produce tinnitus. This explanation, however, seems unlikely because Schaette and
McAlpine (2011) showed a relative increase in gain of 1.2 to 1.27 on average (or a 20% to 27% reduction
in wave |/V ratio) for the tinnitus compared to their control group. In comparison, the present older partic-
ipants had on average 20% smaller wave |/V ratios than the younger participants (Figure 3) and hence a
larger proportion of them would be expected to have tinnitus than was the case. Further, except for
one, all of the present tinnitus participants were younger than 50 years and hence not among those with
the largest gain compensation. In summary, our results suggest that increased central gain is not specific
to tinnitus.

Limitations of study
e We have used the term “age-related” to refer to changes across a cohort of participants with
different ages. This should not be taken as indicating that the same changes occur necessarily along
the life of every individual, i.e., as a result of age per se. It is conceivable that reduced auditory nerve
responses occur as a result of specific events in life, and the probability of undergoing one or more
such events increases with increasing age.

e Our analyses were restricted to ABRs wave |, Il and V, and thus the present results do not exclude
further gain compensation from occurring at sites central to the inferior colliculus (e.g. reviewed
by Parthasarathy et al., 2019).

e The present analyses and findings were restricted to click-evoked ABRs. It is uncertain if the age-
related gain compensation reported here would also apply to sustained stimuli. Some animal studies
suggest that gain compensation occurs more peripherally for transient stimuli and more centrally for
sustained stimuli (Lai et al., 2017).

e Most of our older participants did not have tinnitus despite presenting elevated central gain. This
shows that increased central gain is not sufficient for tinnitus to occur but does not exclude elevated
central gain being required for tinnitus to occur for people with a normal audiogram.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and algorithms

Matlab R2014a

Intelligent Hearing Systems SmartOAE custom
v5.10 (DPOAEs)

Intelligent Hearing Systems SmartEP v5.10
(ABRs)

Custom Matlab software (12 kHz threshold and

statistical analysis)

Mathworks, Inc.

Intelligent Hearing Systems Corp.

Intelligent Hearing Systems Corp.

This study

RRID: SCR_001622

http://www.ihsys.com/site/

http://www.ihsys.com/site/

N/A

Other

Interacoustics audiometer AD229%e
(thresholds)
Interacoustics tympanometer AT235H (middle

ear test)

Intelligent Hearing Systems Smart device
(ABRs)

Etymotic ER-3A insert earphones (ABRs)

Intelligent Hearing Systems Smart device
(DPOAEs)

Etymotic ER-10D probe (DPOAEs)
RME Fireface 400 sound card (12 kHz
thresholds)

Etymotic ER-2 insert earphones (12 kHz
thresholds)

Interacoustics A/S, Assens, Denmark

Interacoustics A/S, Assens, Denmark

Intelligent Hearing Systems Corp.

Etymotic Research; Elk Grove Village,IL, USA

Intelligent Hearing Systems Corp.

Etymotic Research; Elk Grove Village,IL, USA

RME audio, Haimhausen, Germany

Etymotic Research; Elk Grove Village,IL, USA

www.interacoustics.com

www.interacoustics.com

http://www.ihsys.com/site/

www.etymotic.com

http://www.ihsys.com/site/

www.etymotic.com

www.rme-audio.de

www.etymotic.com

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Enrique A. Lopez-Poveda (ealopezpoveda@usal.es).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The raw data sets supporting the current study are available from the lead contact on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The study was approved by the Ethics Review Board of the University of Salamanca. Participants were vol-
unteers and not paid for their services. They all signed an informed consent before they were admitted to
the study.

Participants were required to have hearing thresholds <20 dB HL at audiometric frequencies between 0.5
to 4 kHz and <30 dB HL at 6 and 8 kHz (Figure S1), and normal tympanometry in the test ear. Participants
were tested in the ear with lowest mean threshold across the frequencies 0.5 to 8 kHz (53 left ears, and 41
right ears). Participants were excluded if they reported suffering from, or having suffered from any
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audiological or neurological disorders other than chronic tinnitus or had been diagnosed with memory or
attention disorders. The age distribution of the non-tinnitus participants was similar for men and women
(Figure S2A). The ages of the tinnitus participants ranged from 37 to 48 years for men (N=3) and from 25
to 68 years for women (N=4) (Figure S2B).

METHOD DETAILS

Hearing thresholds

Air-conduction hearing thresholds at the audiometric frequencies (0.25, 0.5, 1, 2, 3, 4, 6, and 8 kHz) (ANSI,
2004) were measured using a clinical audiometer (Interacoustics AD229%¢) equipped with TDH-39 head-
phones. Stimuli were warble tones. Thresholds were measured using a 10-dB-down, 5-dB-up rule and
threshold was defined as the level at which the participant detected the tone at least 50% of the times
that it was presented during the ascents. Thresholds at 12 kHz were measured using custom-made Matlab
(R2014a) software. Stimuli were pure tones with a duration of 500 ms (including 1-ms cosine-squared onset
and offset ramps) and were presented to the participants via an RME Fireface sound card connected to Ety-
motic ER-2 insert phones. 12-kHz thresholds were measured using a three-interval, three-alternative,
forced choice adaptive procedure with feedback to track the sound pressure level at 71% correct tone
detection in the psychometric function. The initial step size was 4 dB, which was decreased to 2 dB after
three reversals in level occurred. The adaptive procedure continued until 12 reversals in level were
measured. Threshold was calculated as the mean tone level at the last 10 reversals. A measurement was
discarded if the standard deviation of the levels at the last 10 reversals exceeded 4 dB. Three threshold es-
timates were obtained in this way and their mean was taken as the threshold.

Distortion product otoacoustic emissions

DPOAE input/output (I/O) curves were measured to assess cochlear outer hair cell function. Test fre-
quencies (f;) were 0.5, 1, 1.5, 2 and 4 kHz (f;=1,/1.2). Stimulus levels (L,) ranged from 35 dB SPL to 70 dB
SPLin 5-dB steps. The level of the f; tone (Ly) was set equal to Ly = 34 + 0.6 L,. A third tone (with a frequency
f3=2-f;-,-50 Hz) was presented to suppress the contribution of the reflection source to the ear canal
DPOAE. The level (Ls) of the third tone (f3) was set equal to L3 = 37+0.33-L, for f, = 0.5, 1, 1.5 and 2 kHz
and to L3 = 32+0.42- L, for 4 kHz.

DPOAE responses were regarded as present when they exceeded by at least é dB the participant’s noise
level and the artifactual response from the measurement equipment. Absent DPOAEs need not be a sign of
outer hair cell lesions. Here, most of the absent DPOAEs were due to high levels of physiological noise at
0.5 and 1 kHz (Lonsbury-Martin and Martin, 2008) and/or high levels of artifactual responses produced by
the measurement equipment. Given that there is no consensus on normal DPOAE I/O curve responses, the
participants' DPOAE responses seemed typical for a study population with audiometric thresholds within
the range required here but yet low DPOAE responses might indicate small sub-clinical mechanical dam-
age (Figure S5) that should be compensated for when analyzing the effect of age on ABR amplitudes.

To be able to calculate the correlation of DPOAE levels with ABR wave amplitudes, the DPOAE levels re-
corded at multiple (L,) levels and test frequencies (f,) were collapsed into a single value as follows. First, an
overall DPOAE level for each test frequency (f,) was calculated as the area underneath of the measured
DPOAE I/O curve with the base of the area arbitrarily set at -15 dB SPL. Second, the overall DPOAE levels
at the various test frequencies were averaged.

ABRs

ABR responses were obtained using rarefaction click stimuli (duration 100 us) with levels from 110 dB peak-
peak equivalent sound pressure level (dB ppeSPL) down to 90 dB ppeSPL in steps of 5 dB. The clicks were
delivered at arate of 11 per s through Etymotic ER-3A insert phones. The electrodes were positioned on the
mastoid (active), high forehead (reference) and the very high forehead (ground). Responses were amplified
100,000 times and bandpass filtered from 100 to 3000 Hz. Noisy epochs with peak amplitude
exceeding +31 mV were eliminated. The number of averaged responses increased with decreasing stim-
ulus level from 2048 at 110 ppeSPL to 8196 at 90 ppeSPL. The ABR wave amplitudes were calculated from
the wave peak to the next trough. Unless otherwise stated, the amplitudes of waves |, lll and V were quan-
tified as the mean across stimulus levels of 100, 105 and 110 dB ppeSPL, in an attempt to reduce variability.
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Tinnitus assessment

A participant was classified as having tinnitus if they reported (1) perceiving tinnitus in either ear; (2) the
percept was non-pulsatile; and (3) the percept was constantly present except for one participant who
had several episodes of tinnitus each with a duration of at least 3 days. Four participants had bilateral
tinnitus and three had lateralized tinnitus in the test ear. All but one of the tinnitus participants completed
the tinnitus functional index (TFl) questionnaire (Meikle et al., 2012) and the tinnitus handicap inventory
(THI) (Kuk et al., 1990; Newman et al., 1996). A summary of the questionnaire scores is shown in Figure S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using the Statistics Toolbox of MATLAB (R2014a). Pearson correlation
was used to calculate the correlations presented in the upper row of Figures 1, 2, 3, and 4, in Tables 1 and 2,
andin Figures S4 and S5. Semi-partial regression analysis was used in the lower rows of Figures 1, 2, 3, and 4
to adjust the dependent variable for the effect of a potential covarying variable and test for the possible
additional effects of the independent variable. As an example, in Figure 1, ABR wave | amplitude was
adjusted for the effects of increasing threshold with age before assessing the potential correlation with
age. Repeated-measures analysis of variance was used to test if ABR wave V amplitudes were different
across sexes. Statistical significance was defined as rejection of the null hypotheses with 95% confidence
(p < 0.05).
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