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2. Methods:

1. Introduction:

4. Cross fiber temporal fine structure (TFS) coding was degraded following 

noise induced hearing loss

6. BF shifts following SNHL contribute to degraded spatiotemporal coding

Recent psychophysical studies have suggested that listeners with sensorineural hearing loss (SNHL) have a reduced ability to use

temporal fine-structure cues and that this deficit is correlated with their reduced ability to perceive speech in temporally varying

background noise (Hopkins and Moore 2007; Lorenzi et. al. 2006). These perceptual results have renewed an interest in the effects

of SNHL on the neural coding of temporal fine structure, both within single auditory-nerve (AN) fibers and across fibers with different

characteristic frequencies (CFs). It has been hypothesized that degradation in within fiber phase locking or broadened tuning

following SNHL might underlie the perceptual TFS deficits observed in hearing impaired listeners. There is conflicting evidence as to

whether within-fiber encoding of fine-structure (i.e., phase locking) is degraded following SNHL (Harrison and Evans 1979; Woolf et.

al. 1981). Another hypothesis suggests that degraded across-fiber temporal coding associated with broader tuning and the

associated shallower phase response could underlie these perceptual deficits, e.g., as implicated in spatiotemporal theories of

speech coding (e.g., Shamma 1985). The present study compared the effects of noise-induced hearing loss on within- and across-

fiber TFS coding. Responses of individual AN fibers to frequency-shifted stimuli were used to predict the responses of a population

of AN fibers with differing CFs. Shuffled auto- and cross-correlograms were used to quantify across-CF temporal coding in terms of

both a neural cross-correlation coefficient and a characteristic delay that estimates the traveling-wave delay between two CFs.

10. References:

ÅAuditory nerve (AN) recordings were collected from anesthetized chinchillas.

ÅA noise induced sensorineural hearing loss was produced by playing a 50 Hz wide

noise centered at 2 KHz (Liberman and Dodds, 1984).

ÅThis resulted in threshold elevation (Fig. 1A) and broadened tuning (Fig 1B).

ÅStimulus set: Speech sentence (óAboy fell from the windowô),Broadband noise

(BBN) and Pure tones at fibersôcharacteristic frequency.

ÅEach stimulus was presented with positive and negative polarity in an interleaved

manner, which allowed us to quantify temporal fine structure and envelope

separately (Joris, 2003).
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Spectro-Temporal Manipulation Procedure (STMP)

Goal: To measure response of fibers with characteristic frequencies

(CFA=CF0/1.2) and (CFB=CF0*1.2) to STIM0 with sampling frequency F0

To predict CFA : STIM0 is played at 1.2*F0

To predict CFB : STIM0 is played at F0/1.2

The response of a below STIM0 neuron (i.e. CFA) to the baseline STIM0 is

predicted by scaling up the measured spike times in response to the

shifted STIM0 by a factor of 1.2, thus reducing the effective STIM0 feature

frequencies to the baseline values.

Analysis metrics

ÅSTMP (Heinz, 2007) was used to predict the spatiotemporal population response pattern from responses of single AN fibers.

ÅThis technique relies on scaling invariance property of the cochlea (Larson et. al., 2008)

Figure 2: Schematic describing STMP procedure

ÅShuffled correlograms were used to quantify within and 

across CF temporal coding.

ÅDIFCORs compare positive and negative stimulus 

polarities to isolate fine structure

ÅPeak height of shuffled auto-correlogram DIFCOR 

quantifies within-fiber TFS coding (Louage et al 2004)

ÅThe characteristic delay (CD) of shuffled cross-

correlogram estimates traveling-wave delay between 

two CFs (Joris et al 2006).

ÅThe effect of CF separation on across-CF correlation 

and delay was quantified from the predicted 

spatiotemporal patterns for each AN fiber (figure 4A). 

ÅFor each AN fiber, neural cross-correlation coefficients 

( TFS) and characteristic delays (CD) were computed 

for all effective-CF pairs predicted from STMP (figures 

4B and C).

ÅWidth of the region over which TFS was correlated 

across fibers was quantified as the CF separation at 

which TFS drops below 0.6 (figure 4C).

ÅTraveling wave delay between two fibers separated by 

0.5 octaves was compared between normal and 

impaired population of fibers (figure 4B).

ÅEstimates of auditory filters were computed using 

revcor functions. Revcor functions approximate the 

impulse response of auditory filter (deBoer and 

deJongh, 1978; Carney and Yin, 1988).

ÅPhase locking to pure tones was quantified using 

synchronization index (Goldberg and Brown, 1969) 

and FFT analysis was performed to measure phase 

responses.

Figure 3: Shuffled correlogram analyses and neural metrics allowed us

to selectively quantify temporal fine structure and envelope coding

ÅNeural cross correlation for temporal fine 

structure ( TFS) decreased with 

increasing CF separation (ȹCF) for both 

normal and impaired fibers

ÅImpaired fiber had a wider CF-separation 

range of correlated activity (ȹCF=0.92 

oct.) than a normal fiber (ȹCF=0.31 oct.). 

ÅFigure 7 summarizes the cross fiber TFS 

coding for population of normal and 

impaired fibers. Trend lines are fitted over 

0.7 octave wide triangular window.

ÅFor most normal-hearing fibers, the width 

of correlated activity was less than 0.45 

octaves for both broadband noise and 

speech.

ÅThe degradation in across-CF correlation 

was more significant for speech 

responses

a
8. Discussion
ÅNo degradation was observed in the strength of within-fiber temporal fine structure coding

ÅTwo forms of degradation were observed in across-fiber temporal coding:

ÅBroadened CF range over which AN responses were correlated

Åleads to fewer ñindependentò information channels for complex sounds

ÅReduced traveling-wave delay

Åremoves sharp phase-transition cues implicated in many spatiotemporal coding theories (e.g., for speech, pitch, é)

Åleads to overly coincident temporal features across CFs

ÅShifts in fiber BF following SNHL appear to contribute significantly to these degradations in across-CF coding

ÅPhase responses below cochlear CF (in hypersensitive tail region) are shallower than near CF

ÅThe effects of SNHL on across-CF coding are significant and need to be considered when interpreting the reduced perceptual 

ability of listeners with SNHL to use fine-structure cues (e.g., Lorenzi et al. 2006; Hopkins and Moore 2007).
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Figure 1: Threshold (A) and Q10 (B) vs 

characteristic frequencies of AN fibers
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Figure 4: Shuffled cross correlogram difcors 

between all effective CF pairs (A) were used 

to quantify the effect of CF separation on 

characteristic delay (CD, panel B) and neural 

cross-correlation coefficient ( TFS, panel C) 

for temporal fine structure.

3. Strength of within-fiber phase locking to temporal fine structure was not 

degraded following SNHL

Figure 5: DIFCOR peak heights vs characteristic frequency plotted

for broadband noise (A), speech (B) and pure tones (C). Black

diamonds indicate DIFCOR peak heights from responses of normal

hearing fibers to pure tones (control).

Figure 6: Across-CF coding is compared for a normal

and an impaired AN fiber with similar CFs. Following

noise induced hearing loss, TFS was correlated over

a broader CF region (compare panels B: normal

hearing and C: Hearing Impaired). Figure 7: Neural cross correlation ( TFS, top 

row) at ȹCF=0.5 octaves and the smallest CF 

separation (ȹCF) at which TFS dropped to 0.6 

(bottom row) are plotted vs CF for population of 

normal (blue) and impaired (red) fibers. Squares 

in panels C and D indicate that TFS never 

dropped below 0.6 for these fibers even over 1 

octave wide ȹCF.

5. Traveling wave delay decreased with SNHL

Figure 8: Rate of growth of characteristic delay with CF was slower following SNHL.  A) Characteristic 

delay is plotted as a function of CF separation for a normal (blue) and an impaired fiber (red). Each 

value in panels B,C and D is the characteristic delay at 0.5 octave CF separation (as shown by dotted 

lines in panel A). 

Figure 9: A) Tuning curves and estimates of cochlear characteristic frequency (CF) for a normal

(blue) and an impaired fiber. B) Estimates of auditory filters derived from revcor functions

computed from neural response of AN fibers for which tuning curve data is shown in A.

C) Characteristic delay computed at estimated cochlear CF (green) and at revcor filter best

frequency (black). For a large number of impaired fibers the revcor filter showed maximum

response at a frequency more than 0.5 octaves below cochlear CF.

Figure 10:  A) Best response frequency of revcor filter estimates is plotted vs estimates of 

cochlear CF for individual AN fibers. Solid black line indicates a perfect match between 

revcor filter BF and cochlear CF. Dotted lines indicate deviation from cochlear CF by 0.5 

octave and 1 octave.  B) Slope of characteristic delay vs octave CF separation function 

computed at cochlear CF (open red circles for impaired fibers and blue crosses for 

normal fibers) and at revcor BF (filled red circles).  C) Characteristic delay between two 

fibers with CFs 0.5 octaves apart. 

ÅFor almost all the normal fibers, estimated 

cochlear CF matched with the best 

frequency of revcor filters (Fig. 10A)

ÅFor many impaired fibers revcor filters 

showed resonant response at much lower 

frequency, with many revcor filters showing 

maximum response at a frequency more 

than an octave below cochlear CF.

ÅPhase estimates could not be computed at 

cochlear CFs of many impaired fibers since 

revcor filter magnitude response rolled off  

by more than 20 dB at those frequencies.

ÅPhase delay and characteristic delay 

estimates for such impaired fibers showed 

consistently slower rate of growth 

(shallower  slope, fig 10C) indicating slower 

traveling wave delay.

7. Phase analyses of tone responses suggest that BF shifts with 

impairment are a significant factor in reduced traveling-wave delays

Figure 11: Phase response of 1 normal hearing fiber to

9 pure tones ranging in frequency from 0.5 octave

below to 0.5 octave above fiberôsCF is plotted as a

function of tone frequency (A) and separation from CF

in octaves (B). Slopes were computed at three

different segments of the phase function as shown by

black, red and green lines corresponding to below CF,

at CF and above CF regions respectively.

Figure 12: Slope of phase vs octave

separation function at CF (panel B)

and 0.5 octave below CF (panel A)

[see figure 11] is plotted for a

population of normal (blue) and

impaired (red) fibers.

ÅSlopes of phase vs octave separation 

function measured for tones at fibersô 

CF were steeper than the slopes 

measured for tones presented 0.5 

octave below fibersô CF.

ÅThis trend was similar in both, normal 

and hearing impaired populations and 

there were no systematic differences 

in phase slopes between normal and 

impaired population.

ÅThus, broadened tuning alone, did not 

seem to contribute to reduced traveling 

wave delays following SNHL based on 

the analysis of fixed frequency stimuli 

like pure tones.

ÅCharacteristic Delay (in CF cycles) 

increased linearly with increasing ȹCF  

for both normal and impaired fibers (Fig 

8A).

ÅImpaired fiber had a slower rate of  

increase (smaller delays).

ÅImpaired delays were reduced by ~0.25 

CF-cycles for fibers with (1<CF<3 kHz).

ÅThese quarter cycle shifts in 

characteristic delays might contribute 

towards degradation of spatiotemporal 

cues along the basilar membrane. 

ÅStrength of within fiber phase locking as measured by DIFCOR peak  

heights was not degraded following SNHL for broadband noise, speech  

and pure tones.

ÅStrength of within fiber phase locking to pure tones was comparable 

between normal hearing and hearing impaired population (Fig 5C).

ÅFor complex stimuli such as speech, strength of phase locking in 

hearing impaired fibers was better than normal hearing fibers. These 

findings are discussed later.

ÅRoll off in phase locking at higher characteristic frequencies was  

comparable between normal hearing and hearing impaired population

ÅThis data suggests that the impaired fibers may be more responsive to the energy falling within low frequency (tail) region of their 

tuning curve excitatory area. This off-frequency listening of the impaired fibers might be the significant factor for shallower phase 

responses (slower traveling wave delay) and high DIFCOR peak heights that were initially observed (Figures 3 and 5).

9. Acknowledgements

ÅFor impaired fibers estimated cochlear CF (close match to basilar membrane place CF) was picked according to 

Liberman (1984). However revcor filter estimates derived for many of the impaired fibers showed maximum 

response  at a frequency much lower than estimated cochlear CF (also see figure 10 A).

ÅCharacteristic delays were estimated for 9 predicted AN fiber responses around estimated cochlear CF and revcor  

filter BF.

ÅRate of increase for characteristic delays was shallower around revcor BF (black line, figure 9C) than around 

cochlear CF (green line). 
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