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Abstract
People with sensorineural hearing loss have substantial difficulty understanding speech under
degraded listening conditions. Behavioral studies suggest that this difficulty may be caused by
changes in auditory processing of the rapidly-varying temporal fine structure (TFS) of acoustic
signals. In this paper, we review the presently known effects of sensorineural hearing loss on
processing of TFS and slower envelope modulations in the peripheral auditory system of
mammals. Cochlear damage has relatively subtle effects on phase locking by auditory-nerve fibers
to the temporal structure of narrowband signals under quiet conditions. In background noise,
however, sensorineural loss does substantially reduce phase locking to the TFS of pure-tone
stimuli. For auditory processing of broadband stimuli, sensorineural hearing loss has been shown
to severely alter the neural representation of temporal information along the tonotopic axis of the
cochlea. Notably, auditory-nerve fibers innervating the high-frequency part of the cochlea grow
increasingly responsive to low-frequency TFS information and less responsive to temporal
information near their characteristic frequency (CF). Cochlear damage also increases the
correlation of the response to TFS across fibers of varying CF, decreases the traveling-wave delay
between TFS responses of fibers with different CFs, and can increase the range of temporal
modulation frequencies encoded in the periphery for broadband sounds. Weaker neural coding of
temporal structure in background noise and degraded coding of broadband signals along the
tonotopic axis of the cochlea are expected to contribute considerably to speech perception
problems in people with sensorineural hearing loss.
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1. Introduction
Sensorineural hearing loss involving damage and dysfunction within the cochlea is a
common, sometimes preventable disorder that can profoundly affect communication ability
and hence, the social wellbeing of affected individuals. The National Institute on Deafness
and Other Communication Disorders estimates that 15% of Americans between the ages of
20 and 69 have hearing loss due to overexposure to loud sounds. The incidence of reported
hearing loss increases with age, rising from 18% in individuals aged 45 to 64 to 30% aged
65–74 and 47% aged 75 and older. While amplification from a hearing aid can improve
speech perception in quiet by restoring audibility of previously imperceptible acoustic cues,
listeners with sensorineural hearing loss often still struggle to understand speech under
degraded conditions with background noise and reverberation (e.g., Duquesnoy, 1983;
Woods et al., 2010)

The mammalian cochlea is tonotopically arranged such that high-frequency sounds evoke
greatest vibration of the basilar membrane at the base of the structure near its input from the
stapes while lower-frequency sounds evoke greatest vibration from progressively more
apical locations (Geisler, 1998). The system is commonly modeled as a bank of overlapping
band-pass “auditory filters” centered on characteristic frequencies (CFs) distributed across
the frequency range of normal hearing, each representing a place on the basilar membrane.
Sharply tuned filters with high CFs represent basal cochlear locations, while more broadly
tuned filters (on a log frequency scale) with lower CFs represent more apical cochlear
locations. The auditory filters decompose broadband sound into a series of narrowband
output signals (one per auditory filter), each of which contains two kinds of temporal
information: slow changes in overall amplitude envelope (ENV) and faster variations in
temporal fine structure (TFS; Fig. 1). Each output signal is encoded by a discrete population
of auditory-nerve fibers through variation in spike rate over time. For frequencies below 4–5
kHz, both the TFS and ENV of the output signal are encoded through neural phase locking,
or variation in spike rate with the temporal structure of the signal. At higher frequencies, in
contrast, the TFS coding is greatly diminished and the auditory-nerve fibers encode
primarily the ENV (Johnson, 1980; Joris and Yin, 1992).

Recent behavioral studies suggest that speech perception problems in people with
sensorineural hearing loss may be caused by diminished sensitivity to the temporal structure
of acoustic signals (reviewed by Moore 2008). Lorenzi and colleagues (Lorenzi et al. 2006,
2009; Ardoint et al. 2010) compared the ability to use temporal information to perceive
speech between subjects with varying configurations of sensorineural hearing loss and
subjects with normal hearing. Consonant stimuli were decomposed into component
narrowband signals (designed to fall within the bandwidth of a single auditory filter) and
filtered to contain only ENV information, only TFS information, or both TFS and ENV
information (i.e., left intact). The component signals were recombined and presented to
subjects for identification. All study subjects, including listeners with hearing loss, could
accurately identify consonants when they were intact or contained only ENV information.
However, listeners with hearing loss had considerable difficulty identifying consonants
containing only TFS information while normal-hearing subjects did not. A reduced ability to
use TFS cues was even observed for listeners with only mild to moderate degrees of hearing
loss (Ardoint et al. 2010). Furthermore, the listeners with hearing loss who were least able to
identify consonants based on TFS information were also least able to perceive sentences
presented in fluctuating background noise (Lorenzi et al., 2006). The results suggest that
cochlear hearing loss degrades auditory processing of TFS information and that TFS
information is critical for accurate perception of speech under degraded listening conditions.
Processing of ENV information, in contrast, appears to be less vulnerable to hearing loss and
is sufficient for perception of speech in quiet.

Henry and Heinz Page 2

Hear Res. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



A follow-up study examined perception of target speech in the presence of a competing
background talker in subjects with moderate hearing loss and normal hearing (Hopkins et
al., 2008). The extent of TFS information in the target speech was manipulated by
decomposing the signal into component narrowband signals as above and removing TFS
from a variable number of filtered signals (beginning with the highest-frequency filter).
Component signals were recombined and the speech reception threshold signal-to-noise
ratio was measured. Speech reception thresholds in the listeners with hearing loss improved
less with the addition of TFS information than in normal-hearing control listeners. These
findings further suggest that cochlear hearing loss degrades processing of TFS information
and that TFS information is critical for listening in background noise.

Although these ideas are not without controversy (e.g., Oxenham and Simonson, 2009;
Swaminathan and Heinz, 2012), they have fueled a great interest in the physiological basis
of this problem. A more definitive understanding of the physiological effects of
sensorineural hearing loss on temporal coding would be a major asset to efforts aimed at
restoring speech perception in people with cochlear hearing loss. In this paper, we review
the existing neurophysiological literature on the effects of sensorineural hearing loss on
neural coding of TFS information and ENV information in the peripheral auditory system of
mammals. We consider coding of narrowband stimuli first followed by coding of broadband
signals that stimulate auditory-nerve fibers tuned to a broader range of CFs and have
acoustic structure more similar to human speech. In general, the effects of cochlear hearing
loss on temporal coding of narrowband stimuli are relatively subtle under quiet conditions.
More striking changes in neural coding of temporal information emerge in background
noise, where listeners with hearing loss struggle most, and in responses to broadband signals
across fibers of varying CF.

2. Basic characteristics of sensorineural hearing loss
Sensorineural hearing loss can arise from numerous sources including exposure to ototoxic
drugs or excessively loud sounds, aging, congenital disorders, and infection. One or more of
several component systems of the cochlea may suffer damage including (1) sensory inner
and outer hair cells, which transduce and amplify basilar-membrane vibration, (2) spiral
ganglion neurons, which serve as the only information channel from the cochlea to the
auditory brainstem (Kujawa and Liberman, 2006, 2009), and (3) the stria vascularis, which
provides the energy necessary for both inner hair cell transduction and cochlear
amplification via the outer hair cells (Schuknecht and Gacek, 1993; Schmiedt et al., 2002).
Our knowledge of the effects of sensorineural hearing loss on temporal coding is based on
neurophysiological data from noise-exposed animals with mixed inner and outer hair cell
damage and, to a lesser extent, from kanamycin-exposed animals with primarily outer hair
cell damage. Noise exposures have generally been acute, that is, conducted once at high SPL
for several hours. Noise and kanamycin-induced hearing losses are generally associated with
reductions in cochlear sensitivity and broadened frequency tuning – louder sound pressure
levels are required to evoke the same level of response activity from auditory-nerve fibers,
and fibers respond to a broader range of acoustic frequencies (Young, 2012).

3. Effects of sensorineural hearing loss on temporal coding of narrowband
stimuli

A handful of studies have examined the effects of sensorineural hearing loss on phase
locking to the TFS of pure tones in the peripheral auditory system. Two early studies in
guinea pigs and chinchillas used the ototoxic drug kanamycin to selectively damage
cochlear outer hairs cells of the Organ of Corti (Harrison and Evans, 1979; Woolf et al.,
1981). While outer hair cell damage reduced cochlear sensitivity in both studies as expected
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based on the role of outer hair cells in cochlear amplification, the first study in guinea pigs
showed no effect of ototoxic damage on phase locking to tones (Harrison and Evans, 1979)
while the second study in chinchillas showed a significant reduction, particularly near the
upper frequency limit of phase locking (Woolf et al., 1981). Another more recent
investigation showed no measurable effect of noise-induced hearing loss on phase locking to
tones in cats (Miller et al., 1997) and similarly, a recent study in our lab showed only a small
negative effect of noise-induced hearing loss on phase locking to tones in chinchillas (Henry
and Heinz, 2012; Fig. 2). Taken as a whole, these studies suggest that cochlear hearing loss
has relatively little impact on the fundamental ability of peripheral auditory neurons to
follow the fast fluctuations (i.e., the TFS) of narrowband stimuli.

In another recent study in our lab, we investigated the effects of sensorineural hearing loss
on temporal coding of narrowband amplitude modulated signals containing both TFS
information and ENV information (Kale and Heinz, 2010; 2012). As in the pure-tone studies
described above, noise-induced hearing loss in chinchillas had no measurable effect on
phase locking to the TFS of sinusoidally amplitude modulated tones and single-formant
stimuli. Intriguingly however, this cochlear damage enhanced phase locking to the
amplitude ENV of both stimulus types to some degree (Kale and Heinz, 2010).
Enhancement of ENV coding occurred across a broad range of modulation frequencies;
however, the corner frequency of the temporal modulation transfer function was not
extended as would be expected if coding of temporal modulation were limited only by the
frequency tuning of auditory filters (Kale and Heinz, 2012). In summary, sensorineural
hearing loss is associated with stronger neural coding of ENV modulations, but not with an
increase in the range of modulation frequencies encoded for these narrowband stimuli.

The physiological results described above are consistent with behavioral studies in humans
showing that sensorineural hearing loss is associated with stronger perception of ENV cues
under some stimulus conditions, but without a clear increase in the range of modulation
frequencies encoded. In one study for example, listeners with unilateral cochlear hearing
loss required less modulation depth in their impaired ear than their normal ear to achieve a
sensation of equal modulation depth in both ears, consistent with enhanced ENV
representation in the damaged ear (Moore et al., 1996). Other studies of modulation
detection thresholds (i.e., minimum detectable modulation depth) have shown either better
detection thresholds in listeners with sensorineural hearing loss under some stimulus
conditions (Bacon and Gleitman, 1992; Fullgrabe et al., 2003) or similar performance
between subject groups (e.g., Moore et al. 1992). Changes in ENV coding with
sensorineural hearing loss presumably arise from multiple factors including an increase in
the slope of the input-output function of the basilar membrane (i.e., reduced compressive
growth; Glasberg and Moore, 1992; Moore et al., 1996) and inner hair cell dysfunction (i.e.,
physical damage to stereocilia; Heinz and Young, 2004; Kale and Heinz, 2010).

An important limitation of the neurophysiological studies described above is that they
evaluated neural coding of temporal information under quiet laboratory conditions only,
while perceptual difficulties in people with sensorineural hearing loss are commonly
exacerbated under degraded listening conditions. To help fill in this gap, we studied the
effects of noise-induced hearing loss in chinchillas on phase locking to the TFS of pure
tones in background noise (Henry and Heinz, 2012). As found in previous work (e.g.,
Abbas, 1981), auditory-nerve fibers in normal-hearing animals exhibited robust phase
locking to TFS that decreased in vector strength with the addition of masking noise. This
result, which indicates a decrease in the proportion of spikes synchronized to the tone with
increasing noise level (and concomitant increase in spikes driven by the noise), is primarily
attributable to the decrease in the signal-to-noise ratio with increasing masker level (Abbas,
1981). Phase locking in animals with noise-induced sensorineural hearing loss to equal-
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sensation-level tones was only slightly diminished compared to controls under quiet
conditions, consistent with the studies described above, but substantially reduced in
background noise (Fig. 2). This result shows that neural coding of signals in the impaired
peripheral auditory system is less resilient to background noise than normal, and also
highlights the importance of further advancement in technologies that boost signal-to-noise
ratios for people with sensorineural hearing loss (e.g., FM devices and noise-reduction
algorithms).

Across the noise-exposed population, fibers with the broadest tuning curves experienced the
greatest reductions in phase locking in background noise (Henry and Heinz, 2012). Broader
tuning allows more background noise into the receptive field of the neuron, thereby
decreasing phase locking to the TFS of the relevant signal to a greater degree. Although
normal-hearing auditory-filter bandwidths generally increase with overall sound level, the
decrease in vector strength with increasing noise level in normal-hearing fibers is
predominantly related to decreased signal-to-noise ratio, with very little dependence on
overall level when signal-to-noise ratio is held constant (Abbas, 1981). Hence, this degraded
coding of TFS in background noise with cochlear hearing loss appears to be a consequence
of broader cochlear tuning, rather than simply higher overall sound levels. Theoretically,
broader tuning should also decrease phase locking to ENV information in background noise
in impaired fibers relative to controls for the same reason (i.e., more noise energy enters the
receptive field of the neuron); however, ENV coding in background noise has not yet been
studied. Finally, it should be noted that weaker cochlear suppression following sensorineural
hearing loss (e.g., Miller et al. 1997) could be thought to also contribute to differences in the
effect of masking level on coding of TFS. However, the contributions of weaker suppression
are likely to be in the opposite direction of the effect of broader cochlear tuning, and
therefore do not explain our results (consistent with the lack of a significant effect of overall
level on phase locking to tones in noise (Abbas, 1981)). Weaker suppression leads to less of
a reduction in the basilar-membrane response to tones with the addition of noise, and
therefore, less of a decrease in signal-to-noise ratio with masking.

In addition to decreasing the resiliency of neural coding in background noise, sensorineural
hearing loss also alters the temporal dynamics of auditory-nerve fiber responses to pure
tones. Auditory-nerve fiber responses in normal-hearing animals show a rapid increase in
spike rate shortly after the onset of the tone followed by gradual adaptation to a lower spike
rate (Westerman and Smith, 1984). Following the offset of the tone, the spike rate drops
precipitously before gradually recovering to the spontaneous firing rate observed in the
absence of stimulation. Noise-induced sensorineural hearing loss in chinchillas increased the
amplitude of the onset response and decreased its latency when measured at equal sensation
levels (Fig. 3; Scheidt et al., 2010). Furthermore, noise-induced cochlear damage increased
the rate of adaptation following the onset response and decreased the recovery rate following
stimulus offset. This increase in the amplitude of onset responses and the slower recovery
from adaptation with sensorineural hearing loss may contribute to the enhanced ENV coding
with cochlear damage observed in studies using narrowband modulated stimuli described
above (Kale and Heinz, 2010; 2012). Changes in the latency of the onset response appear to
be a consequence of broader cochlear tuning. A broadly tuned system has a more transient
impulse response with less filter buildup time than a more narrowly tuned system (Goldstein
et al., 1971; Ruggero, 1994).

4. Effects of sensorineural hearing loss on temporal coding of broadband
stimuli

The studies discussed above all examined neural coding of narrowband stimuli that evoke
activity from spatially restricted regions of the normal-hearing cochlea. Broadband human
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speech, by contrast, can stimulate activity from much of the cochlea at any given moment.
In an attempt to gain further insight into the physiological basis of degraded speech
perception in people with sensorineural hearing loss, a number of recent animal studies have
examined the effects of cochlear damage on temporal coding of broadband signals along the
tonotopic axis of the cochlea.

Recently in our lab, we used a spectro-temporal manipulation procedure to study the effects
of noise-induced hearing loss on coding of broadband Gaussian noise and speech stimuli
across auditory-nerve fibers of varying CF (Heinz et al., 2010). The spectro-temporal
manipulation procedure relies on scaling invariance of cochlear mechanics to predict the
TFS response of a set of “virtual” fibers with effective CFs spanning a ~1-octave range from
the recorded responses of a single AN fiber to a stimulus presented at multiple sampling
frequencies (Heinz 2007; Larsen et al., 2008; Wang and Delgutte, 2012). This method helps
overcome several limitations of traditional across-CF studies of temporal coding, including
sparse sampling of CFs, variability in the response properties across fibers with the same
CF, and variability in estimates of the CF for any given fiber (Chintanpalli and Heinz,
2007). We used cross-correlation analyses to compare TFS responses across the set of
virtual fibers with different effective CFs. Both the control and noise-exposed populations
showed a decrease in the correlation between the TFS responses of two different AN fibers
with increasing CF separation, as expected for a simple bank of filters. In the noise-exposed
group, however, the correlation decreased much more slowly with increasing CF separation,
presumably due to greater overlap in the receptive fields for TFS in broadly tuned fibers
with different CFs. These results suggest that sensorineural hearing loss reduces the overall
number of independent information channels in the peripheral auditory system. Other effects
of noise-induced hearing loss on across-CF temporal coding, also probably due to broader
tuning, were that neural responses had shorter latencies at any given CF, and estimated
traveling-wave delays between TFS responses of fibers with different CFs were smaller.
Taken together, the results indicate a substantial deviation in neural coding of TFS across
fibers of varying CF, which based on spatiotemporal coding theories could impact a number
of aspects of perception including discrimination of speech, pitch, intensity, and signals in
noise (Shamma, 1985; Heinz et al., 2001; Carney et al., 2002; Larsen et al., 2008).

Two studies have examined changes with sensorineural hearing loss in the neural coding of
vowels in the peripheral auditory system of mammals. One study examined coding of the
vowel /ε/ across a large population of auditory-nerve fibers in cats with noise-induced
hearing loss (Miller et al., 1997). Whereas normal-hearing fibers with characteristic
frequencies near a formant phase lock preferentially to that formant (i.e., formants are
encoded through “synchrony capture”; Young and Sachs, 1979; Sachs and Young, 1980),
fibers in noise-exposed animals exhibited a marked reduction in synchrony capture of
formants and a concomitant increase in phase locking to lower-frequency spectral
components of the stimulus (Miller et al., 1997; Fig. 4). Similarly, another study in guinea
pigs with kanamycin-induced hearing loss showed that when the two vowels /a/ and /i/ were
presented simultaneously, synchrony capture of formants 1 and 2 (/a/: 730 and 1090 Hz; /i/:
270 and 2290 Hz) decreased in favor of stronger phase locking to the lower fundamental
frequencies of the vowels (100 and 125 Hz; Palmer and Moorjani, 1993). These studies
suggest that sensorineural hearing loss increases the neural representation of low-frequency
TFS information while decreasing the representation of higher-frequency TFS information.

A recent study conducted in our lab provides further evidence that sensorineural hearing loss
increases the representation of low-frequency TFS information while decreasing the
representation of higher-frequency temporal information. We used Wiener-kernel analysis
of neural responses to broadband Gaussian noise to examine the coding of TFS information
and ENV information in auditory-nerve fibers of varying CF (Henry et al., in prep). The
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first-order Wiener kernel is the reverse-correlation (revcor) function, or average waveform
of the stimulus occurring before a spike, which describes temporal coding of TFS
information (de Boer and de Jongh, 1978). The second-order Wiener kernel is the second-
order reverse-correlation function, the details of which are described elsewhere (Lewis et al.
2002; Recio-Spinoso et al. 2005). Briefly, the second-order kernel is a time domain
representation of the spectro-temporal receptive field (Lewis and van Dijk, 2004), or
average spectrogram of the stimulus occurring before a spike. Following removal of energy
in the first and third quadrants of its 2-dimensional spectrum and decomposition into
eigenvectors, the second-order Wiener kernel describes temporal coding of primarily ENV
information (Recio-Spinoso et al. 2005).

Previous Wiener-kernel studies conducted in normal-hearing mammals show that auditory-
nerve fibers tuned to CFs below 4–5 kHz encode both TFS information and ENV
information present in a narrow frequency band of the stimulus near CF (Lewis et al., 2002;
Recio-Spinoso et al. 2005). Neurons with higher CFs, in contrast, phase lock primarily to
ENV information near CF due to the roll-off in phase locking to TFS that occurs with
increasing frequency. In chinchillas with noise-induced sensorineural hearing loss, we found
striking changes in the coding of temporal information in fibers with CFs above 2.5 kHz
(Henry et al., in prep). While control fibers phase locked primarily to ENV information near
CF as in previous studies, noise-exposed fibers routinely showed additional robust phase
locking to low-frequency TFS information (0.5–1.5 kHz; Fig. 5). In the most severely
impaired fibers, coding of ENV information near CF was lost as phase locking shifted
entirely to the low-frequency band (0.5–1.5 kHz) of the stimulus. Fibers tuned to lower CFs
exhibited less substantial downward shifts in the frequency tuning of TFS coding and ENV
coding with cochlear damage.

The results of the Wiener-kernel study can explain the abnormally strong masking of speech
in background noise in people with sensorineural hearing loss (e.g., Duquesnoy, 1983).
While many listeners with cochlear damage can discriminate vowels in background noise
with a high degree of accuracy, they struggle to discriminate consonants due in part to a
decreased ability to use high-frequency cues (Owens et al., 1968; Dubno et al., 1982; Woods
et al., 2010). Our results suggest that when high-frequency cues are presented with low-
frequency noise, normal-hearing fibers in the high-frequency part of the cochlea will encode
only the temporal (ENV) structure of the high-frequency cues while mildly impaired fibers
encode the temporal structure of both the high-frequency cue and low-frequency noise. The
additional response to the low-frequency noise degrades the representation of the relevant
cue and hence, should degrade perception. With moderate to severe hearing loss, the outlook
for perception is particularly bleak because high-frequency cues are not encoded at all.
Instead, high-frequency fibers phase lock exclusively to temporal information in the low-
frequency band of the signal and any background noise that may be present. The
representation of high-frequency cues in high-CF neurons could potentially be improved
through high-pass filtering by an amplification device such as a hearing aid (Miller et al.,
1999). It is less clear, however, how the response of these neurons to lower-frequency
speech information (e.g., vowels) could be suppressed without diminishing the
representation of this information in impaired low-CF-fibers (e.g., in cases such as flat
hearing losses).

These physiological results may also help explain why listeners with hearing loss can
perceive speech based on ENV cues similarly to normal-hearing listeners, but are less able
to use TFS information. We observed changes in coding of TFS information more
frequently and in less severe instances of hearing loss than coding of ENV information.
Whereas ENV information was encoded in the normal tonotopic fashion following hearing
loss in most cases, TFS information was not. Instead, low-frequency TFS information was
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encoded in all cochlear fibers regardless of their CF and higher-frequency TFS information
(2.5–5 kHz) was never encoded. This abnormal and diminished representation of TFS
information appears sufficient to explain the inability to perceive speech containing only
TFS information and the inability to use TFS information to improve speech reception in
noise in people with cochlear hearing loss.

In a recent extension of the Wiener-kernel study, we examined the effects of noise-induced
hearing loss on neural sensitivity to temporal modulations of varying modulation frequency
(i.e., temporal-modulation transfer functions; Henry, K.S., Kale, S., and Heinz, M.G.,
unpublished data). Briefly, we computed the spectro-temporal receptive field from the
filtered second-order Wiener kernel using a 1-dimensional Fourier transform (Lewis and van
Dijk, 2004; Fig. 6). The modulation tuning function was calculated from the spectro-
temporal receptive field with a 2-dimensional Fourier transform and finally, the modulation
tuning function was collapsed across spectral-modulation frequencies to yield a temporal-
modulation transfer function (as in Woolley et al., 2005). Note that in contrast to previous
studies of temporal-modulation tuning in hearing-impaired animals based on responses to
sinusoidally amplitude modulated tones (Kale and Heinz, 2012), this Wiener-kernel based
approach quantifies temporal-modulation tuning from the response to random fluctuations in
a continuous Gaussian noise stimulus. Similar to the previous work based on responses to
sinusoidal amplitude modulation, all fibers were found to exhibit a roll-off in coding of
temporal modulation with increasing modulation frequency, the corner frequency of which
was greater in fibers with higher CFs. In contrast to these previous findings, however,
temporal-modulation transfer functions from the noise-exposed population of fibers were
broader than from control fibers of the same CF (Fig. 6). This result shows that cochlear
hearing loss can extend the range of temporal-modulation frequencies that are encoded in
the peripheral auditory system in response to broadband stimuli. The fate and perceptual
consequences of these encoded modulations as they ascend the auditory pathway are unclear
to date.

5. Conclusions
In summary, existing research shows that sensorineural hearing loss has relatively subtle
effects on temporal coding of narrowband sounds in quiet. In background noise, however,
cochlear damage substantially diminishes phase locking to the TFS of pure tones.
Sensorineural hearing loss is also associated with significant changes in temporal coding of
broadband sounds compared to control fibers, including (1) overrepresentation of low-
frequency TFS information, (2) underrepresentation of high-frequency temporal
information, (3) overrepresentation of fast temporal ENV modulations, and (4) stronger
correlation and less difference in timing of the TFS response between auditory-nerve fibers
with different CFs. Stronger coding of low-frequency TFS information with cochlear
hearing loss at the cost of high-frequency temporal information and the reduction in neural
phase locking to TFS in background noise both help to explain why listeners with hearing
loss struggle to perceive speech in background noise. The greater degradation of TFS coding
than ENV coding with hearing loss, in turn, might contribute to the reduced ability of people
with hearing loss to use TFS information to discriminate speech. While these
neurophysiological results help to explain several common perceptual difficulties in listeners
with cochlear hearing loss, they also leave unanswered questions for future research. For
example, how does sensorineural hearing loss affect coding of ENV information in
background noise and coding of broadband sounds in background noise, and what are the
consequences of changes in temporal coding in the periphery to the representation of
temporal information in the central auditory system? Also, how does the loss of afferent
fibers due to synaptic degeneration (Kujawa and Liberman, 2009) affect temporal coding in
central neurons? How does cochlear hearing loss affect coding of reverberant signals? How
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is temporal coding affected by other common forms of sensorineural hearing loss, including
metabolic hearing loss, inner-hair-cell dysfunction, and cochlear hearing loss induced by
chronic exposure to noise? Finally, to what extent can signal processing strategies
incorporating dynamic filtering and noise-reduction algorithms counteract the changes in
temporal coding with hearing loss documented so far. Future research in these areas will be
important to help inform efforts aimed at restoring speech perception in people with
sensorineural hearing loss.
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Abbreviations

AN auditory nerve

CF characteristic frequency

ENV envelope

FM frequency modulation

SPL sound pressure level

SR spontaneous rate

TFS temporal fine structure
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Highlights

1. Phase locking to the fine structure of narrowband stimuli is not degraded in
quiet

2. Degraded phase locking to fine structure emerges in background noise

3. Envelope coding is enhanced following cochlear hearing loss

4. Loss of tonotopicity has a significant effect on the temporal coding of
broadband stimuli

5. Across-fiber temporal coding is degraded following sensorineural hearing loss
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Fig. 1.
Schematic of the spectral decomposition of broadband sounds and coding of TFS and ENV
information in the cochlea. Broadband acoustic input signal (top) and output signals (left) of
auditory filters with center frequencies between 1.5 and 5 kHz. Each output signal consists
of a slowly varying amplitude envelope (ENV; red) and a quickly varying temporal fine
structure (TFS, black). Auditory filter output signals are encoded in the spike rate of
auditory-nerve fibers (right). In fibers with characteristic frequencies (CFs) below 4–5 kHz,
spike rate varies with both the TFS and ENV of the auditory filter output signal. In fibers
with higher CFs, spike rate varies primarily with the ENV of the output signal, due to the
low-pass membrane filtering of the inner hair cells.
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Fig. 2.
Phase locking to the TFS of pure tones in quiet and in background noise. Vector strength of
phase locking to pure tones in chinchilla auditory-nerve fibers is plotted as a function of
characteristic frequency. Control and noise-exposed fibers show similar phase locking to
tones under quiet conditions. A significant reduction in the vector strength of phase locking
in the noise-exposed population emerges under noisy conditions. Noise level is the root-
mean-square amplitude of the noise expressed in dB relative to the root-mean-square
amplitude of the tone. (Modified from Henry and Heinz, 2012, and originally published in
Nature Neuroscience by Nature Publishing Group).
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Fig. 3.
Post-stimulus time histograms of auditory-nerve fiber responses to 50-ms tones presented at
characteristic frequency (CF). Fibers from chinchillas with noise-induced hearing loss show
greater onset response amplitude (left-pointing arrows), reduced onset latency, faster
adaptation during stimulation, and slower recovery following stimulus offset. Black and
gray lines show mean responses of normal-hearing fibers and noise-exposed fibers,
respectively, for populations of neurons with CFs between 1 and 4 kHz. Separate panels
present data from fibers falling into different categories of spontaneous firing rate (SR): low
(SR<1), medium (1<SR<18), and high (SR >18). Modified and reprinted from Scheidt et al.
(2010), with permission from Elsevier.
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Fig. 4.
Loss of synchrony capture of vowel formants with noise-induced hearing loss.
Representative neural responses in cats to the vowel /ε/ (top) from a control auditory-nerve
fiber (middle plots) and noise-exposed fiber (lower plots). The characteristic frequencies
(CFs) of the fibers were near F3. While the control fiber shows strong synchrony capture of
TFS information near F3 (i.e., near CF), the noise-exposed fiber shows synchrony to a
broader range of lower frequency TFS information. Modified and reprinted from Miller et
al. 1997, with permission from the Acoustical Society of America.
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Fig. 5.
Effect of cochlear hearing loss on the frequency tuning of temporal responses to TFS and
ENV information. Representative frequency tuning curves (top) of chinchilla auditory-nerve
fibers with varying degrees of noise-induced hearing loss. Characteristic frequencies (CFs)
ranged from 3 to 4 kHz. Wiener kernels (middle panels) show the temporal response to TFS
information (1st order kernels) and ENV information (filtered 2nd order kernels). Frequency-
domain representations of the kernels (bottom panels) show that control fibers in this CF
range encode primarily ENV information (red) based on stimulus energy near CF. Mild
hearing loss introduced additional phase locking to low-frequency TFS information (black
curve), while with moderate impairment both the TFS and ENV information encoded were
centered at lower frequencies well below CF.
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Fig. 6.
Derivation of temporal-modulation transfer functions from second-order Wiener kernels.
Spectro-temporal receptive fields (top), modulation tuning functions (middle), and temporal-
modulation transfer functions (bottom) for the control fiber and moderately impaired fiber
shown in Fig. 5 (CFs between 3 to 4 kHz). Noise floors (dotted lines in bottom panel) were
calculated from the temporal regions before (0 to 2 ms) and after (last 3 ms, e.g., 7 to 10 ms)
the response in the spectro-temporal receptive fields. Noise-induced hearing loss enhanced
the coding of faster temporal modulations.
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