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Objective: Auditory temporal processes in quiet are impaired in auditory neuropathy (AN) similar to nor-
mal hearing subjects tested in noise. N100 latencies were measured from AN subjects at several tone
intensities in quiet and noise for comparison with a group of normal hearing individuals.
Methods: Subjects were tested with brief 100 ms tones (1.0 kHz, 100–40 dB SPL) in quiet and in contin-
uous noise (90 dB SPL). N100 latency and amplitude were analyzed as a function of signal intensity and
audibility.
Results: N100 latency in AN in quiet was delayed and amplitude was reduced compared to the normal
group; the extent of latency delay was related to psychoacoustic measures of gap detection threshold
and speech recognition scores, but not to audibility. Noise in normal hearing subjects was accompanied
by N100 latency delays and amplitude reductions paralleling those found in AN tested in quiet. Addi-
tional N100 latency delays and amplitude reductions occurred in AN with noise.
Conclusions: N100 latency to tones and performance on auditory temporal tasks were related in AN sub-
jects. Noise masking in normal hearing subjects affected N100 latency to resemble AN in quiet.
Significance: N100 latency to tones may serve as an objective measure of the efficiency of auditory tem-
poral processes.
� 2009 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

Auditory neuropathy (AN) describes patients with dysfunction
of the auditory nerve in the presence of preserved cochlear outer
hair-cell receptor functions (Starr et al., 1996). The sites of involve-
ment in the auditory periphery include auditory nerve (Starr et al.,
2003), or the inner-hair cells and their synapses with auditory
nerve fibers (Rodríguez-Ballesteros et al., 2008; Roux et al.,
2006). The diagnosis of AN is based primarily on physiological
measures of function of auditory nerve and brainstem pathways,
cochlear outer hair cells, and auditory middle-ear muscles. The cri-
teria include: (1) absence or marked abnormalities of auditory
brainstem responses (ABRs) beyond that expected for the degree
of hearing loss; (2) preserved outer hair-cell activity including
otoacoustic emissions (OAEs) and/or cochlear microphonics
(CMs); and (3) absence of acoustic and preserved, non-acoustic
middle-ear muscle reflexes (Berlin et al., 2003; Rance, 2005; Starr,
2009; Starr et al., 1996, 2001, 2008).
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Adult AN patients typically complain of an impaired ability to
understand speech especially in the presence of noise (Rance
et al., 2004; Sininger and Oba, 2001; Zeng and Liu, 2006). The audi-
tory processes that contribute to the speech perceptual deficits ap-
pear related to abnormal temporal and masking functions (Vinay
and Moore, 2007; Zeng et al., 1999, 2005). Rance et al. (2008) iden-
tified in some Freidreich’s ataxia, a mitochondrial disorder affect-
ing degeneration of auditory nerves but not outer hair cells
(Spoendlin, 1974), that speech perceptual errors involve stop con-
sonants (e.g., /t/ vs. /d/) distinguished by voice onset times, a tem-
poral cue, but not fricatives (e.g., /s/ vs. /f/) distinguished by
spectral cues. Speech perception in other etiologies of AN are nec-
essary to define if these defects are also present.

Our understanding of AN will benefit from a knowledge based
on etiology, such as specific gene mutations, and the relationship
of the auditory nerve disorder to other clinical findings. For in-
stance, temporal bone studies of adult AN patients have shown loss
of auditory nerve fibers, demyelination of remaining fibers, and
normal numbers and morphology of both outer- and inner-hair
cells (Bahmad et al., 2007; Hallpike et al., 1980; Spoendlin, 1974;
Starr et al., 2003). These findings are consistent with some post-
synaptic disorders of auditory nerve as being part of generalized
disorders affecting both peripheral and other cranial nerves. A
pre-synaptic form of AN is now identified due to mutations of
ed by Elsevier Ireland Ltd. All rights reserved.
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the OTOF (otoferlin) gene affecting neurotransmitter release (Rod-
ríguez-Ballesteros et al., 2003, 2008; Roux et al., 2006; Varga et al.,
2003, 2006). Temporal bones in this condition have not yet been
examined to determine whether there are long-term effects of
pre-synaptic disorders on the viability of either inner-hair cells
or auditory nerve fibers.

AN subjects, in spite of abnormal or absent ABRs, show auditory
N100 and P200 cortical sensory potentials to tones (Kraus et al.,
1993; Rance et al., 2002; Satya-Murti et al., 1983; Starr et al.,
1996, 2003, 2004), speech signals (Kraus et al., 2000; Narne and
Vanaja, 2008), and to silent gaps in continuous noise (Michalewski
et al., 2005). These cortical potentials typically were delayed in la-
tency sometimes by as much as 60 ms or more compared to nor-
mal hearing subjects. In contrast, Rance et al., 2002 showed
cortical potentials were absent in 50% of young children with AN
and the absence of these potentials was related to impaired speech
perception. Early studies of auditory cortical potentials to tones in
normal hearing subjects showed that N100 latency was remark-
ably stable over a wide range of intensities (e.g., 70–30 dB SL, Rapin
et al., 1966) whereas changes of rise time, a temporal cue, resulted
in striking delays of N100 latency (Onishi and Davis, 1968). More-
over, auditory cortical single unit data in experimental animals re-
veal that the latency of response is sensitive to temporal rather
than intensity cues (Phillips, 1990). These human and animal re-
sults suggest that the N100 latency delays observed in AN subjects
may reflect altered auditory nerve activity encoding temporal cues.

In the study reported below, tones were presented in quiet and
in continuous noise to evoke cortical potentials. The quiet mode
served as a ‘‘favorable” listening condition whereas the noise mode
served as a ‘‘difficult” listening condition. The ability of AN subjects
to understand speech as mentioned earlier is abnormally affected
by background noise. Noise activates auditory neurons and reduces
their responsiveness to other signals, a phenomenon known com-
monly as ‘‘the line-busy effect” (Derbyshire and Davis, 1935; Pow-
ers et al., 1995). In addition, noise can specifically interfere with
neural synchrony independent of a change of responsiveness (Mill-
Table 1
Auditory neuropathy subject information.

AN subject ID AN codea Age Sex Ear tested P

#1 AN13 33 F Left
#2 AN7 27 M Left
#3 AN2 60 F Right
#4 AN16 18 F Left
#5 AN10 26 M Left
#6 AN29 26 F Right
#7 AN28 26 F Left
#8 AN30 21 M Right

Mean or count 29.6 5F–3M 5L–3R

Psycho-acoustic
gap (ms)

Speech quiet/
noise

N100 latency
(ms) at 30 dB SL

N
(

#1 AN13 11.0 60/38 SNR = 15 143
#2 AN7 7.7 85/DNT 138
#3 AN2 15.0 19/3 SNR = 15 179
#4 AN16 12.0 16/DNT 147 �
#5 AN10 5.0 76/51 SNR = 10 117
#6 AN29 7.1 21/DNT 157
#7 AN28 5.4 95/ DNT 126
#8 AN30 5.8 98/40 SNR = 0 113

Mean or count 8.6 58.8/33.0 140

ABR = auditory brainstem response. The ABRs were tested on separate occasions where
testing. PTA = pure tone average. SNR = signal-to-noise ratio.

a AN identification codes for subjects tested previously from published studies in our
reference codes in Michalewski et al., 2005; subjects 2, 3, 4, and 5 in that study corresp

b Type I AN = post-synaptic; Type II AN = pre-synaptic; Unspecified = type not defined
er et al., 1987).Of the many potentials that can be recorded from
the scalp to acoustic stimuli (see Picton et al., 1977), we focused
here on the N100 cortical potential for testing AN subjects. Our
working hypotheses included that: (1) in quiet, N100 in AN would
be delayed in latency and reduced in amplitude reflecting disrup-
tion of auditory nerve activity sensitive to temporal cues, (2) in
noise, AN would show additional effects on N100 latency and
amplitude measures, and (3) in normal hearing subjects, N100
potentials to tones in noise would be delayed in latency and atten-
uated in amplitude to resemble N100 measures in AN.
2. Methods

2.1. Normal subjects

Twelve normal individuals equally divided by sex and ranging
between 18 and 22 years of age (mean = 19.8) were tested. A
pure-tone hearing test using a MAICO 790 audiometer was used
to screen each subject. Average hearing thresholds (between 0.5
and 8.0 kHz) were within normal ranges (<10 dB) for both left
and right ears.
2.2. AN subjects

Eight AN subjects (3 males, 5 females) were tested, seven ran-
ged from 18 to 33 years (mean = 25.3), and one older female sub-
ject 60 years of age. Each AN subject was assigned an
identification number (ID#), #1 through #8. Audiological, psycho-
physical, neurophysiological test results, and clinical details for the
AN group are summarized in Table 1. Four of the eight AN individ-
uals were participants in other published studies and their subject
ID# is included in Table 1 for reference.

The results of diagnostic physiological tests were entirely con-
sistent with the diagnosis of AN (Starr et al., 1996). Neural compo-
nents of the ABRs were absent in six subjects, or abnormal in two
TA low PTA high 1.0 kHz threshold
nHL

N100 detection
nHL

52 10 40 40
45 18 50 10
45 30 25 30
35 20 50 50
30 5 30 30
27 5 15 20
12 25 20 20
15 13 10 10

32.6 15.8 30.0 26.3

100 amplitude
lV) at 30 dB SL

ABR
(wave V)

Auditory
neuropathyb

Special
features

�5.9 Absent Unspecified
�3.6 Abnormal (6.6 ms) Unspecified
�1.8 Absent Type I Vestibular
15.7 Absent Unspecified
�3.7 Absent Unspecified
�1.7 Absent Type I Optic
�2.7 Absent Type I Optic
�3.5 Abnormal (6.4 ms) Type II Temperature sensitive

�4.8 6 Absent Type I: 3
2 Abnormal Type II: 1

Unspecified:4

as psychoacoustic measures were performed on the same day as evoked potential

laboratory are included for cross reference (note the exception to the subject cross-
ond to AN7, AN2, AN16, and AN10, respectively).
. DNT = did not test.
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subjects consisting of only a Wave V of delayed latency beyond
that expected for the degree hearing loss. Outer hair-cell receptor
measures including otoacoustic emissions (OAEs) and cochlear
microphonics (CMs) were normal in all subjects. Brainstem acous-
tic reflexes involving middle-ear muscles were absent in all of the
AN subjects.

Audiograms for each AN subject are provided in Fig. 1. Audio-
metric thresholds were normal (20 dB or less) for three subjects
(#6, #7, and #8) and were mildly- to moderately-elevated for the
lower frequencies for five subjects (#1 through #5). The average
threshold for the AN subjects at 1.0 kHz was elevated to 31.3 dB
nHL compared to 5.6 dB nHL for the normal hearing group.

Psychoacoustic gap detection thresholds were moderately ele-
vated (mean = 8.6 ms) compared to normal hearing subjects
(approximately 3 ms at high sensation levels, Zeng et al., 2005).
Fig. 1. Pure tone audiograms are shown for each auditory neuropathy subject. The
audiograms correspond to the ear used (Table 1) for testing auditory evoked
potentials.
Speech perception scores were measured in seven of the eight
AN subjects by the percent of correctly identified keywords in daily
sentences (refer to Zeng and Liu, 2006 for testing details) and in
one subject (#7) by results from the referring audiologist to spon-
dee words in quiet. Normal hearing listeners typically score close
to 100% in quiet but hearing-impaired listeners tend to score lower
and are particularly susceptible to noise (e.g., Bench et al., 1979;
Gifford et al., 2008). There was a moderate impairment in seven
of the eight AN subjects tested in quiet (mean = 58.8%; nor-
mal = 100%). For AN subjects, accuracy for speech recognition
scores in quiet was associated with gap detection thresholds
(r = �0.73, p < 0.05).

We classified the disruption of auditory nerve function to a dis-
order of the auditory nerve (post-synaptic AN) in three subjects
(#3, #6, and #7); #3 had accompanying peripheral and vestibular
neuropathies due to MPZ gene mutation (Starr et al., 2003); sub-
jects #6 and #7 were twins with accompanying optic neuropa-
thies. The disorder is pre-synaptic in #8 who had a temperature
sensitive hearing loss (see Starr et al., 1998) due to compound het-
erozygous mutation of OTOF (Varga et al., 2003, 2006). This subject
was tested when afebrile. The remaining four AN subjects (#1, #2,
#4, and #5) did not have peripheral or cranial nerve abnormalities
and they were classified as unspecified for site of the disorder. De-
tails of the procedures used to characterize neurological, audiolog-
ical, and physiological measures of the AN subjects are more fully
described in Starr et al. (1996) and Zeng et al. (2005).

2.3. Subject recruitment

Normal subjects were young adults recruited from the univer-
sity community. AN subjects are part of a research cohort either
self-referred or referred by professional colleagues (see Acknowl-
edgments). Internal review board (IRB) approval for the study
was obtained prior to testing. Each subject signed an informed con-
sent following university IRB guidelines for testing human subjects
and each subject was paid for participating in the study.

2.4. Auditory stimuli

Auditory stimuli consisted of tones in quiet and tones mixed in a
background of continuous noise. Pure 1.0 kHz tones of 100 ms
duration were generated (16-bit, 44.1 kHz sampling rate) for seven
intensity levels in 10 dB steps from 40 to 100 dB SPL. Audiometric
thresholds measured at 1.0 kHz for normal hearing subjects in
our laboratory average approximately 35 dB SPL in quiet. Individual
tones were windowed (10 ms Hamming) at onset and offset to re-
duce spectral splatter. Tones were separately mixed with broad-
band ‘‘white” noise (within ±0.3 dB from 30.0 Hz to 20.0 kHz) at
90 dB SPL. This noise level was relatively loud (90 dB SPL) but not
uncomfortable and accommodated the wide range of hearing loss
anticipated for the AN subjects. All subjects could detect the
1.0 kHz tone even at negative signal-to-noise ratios (SNRs) since
only noise energies within the 1.0 kHz critical band affected the
detection of the tone. Adding brief tones to continuous noise in-
stead of noise bursts was used to avoid possible component overlap
of brain potentials to bursts and tone onsets. Sound stimuli were
generated with Cool Edit Pro (Syntrillium) and were converted from
.wav-to-.snd files for playback on a PC-based Neuroscan stimula-
tion system. Sounds were delivered monaurally from a shielded-
transducer (Etymotic Type ER-3A MN) connected through a 25 cm
plastic tube to a foam insert within the ear canal. In the normal sub-
jects, only the right ear was tested since there were no threshold
differences between the ears; for AN subjects, the ear with the low-
er threshold at 1.0 kHz was tested. Tones in quiet and tones in noise
were presented at a regular 1.4 s interval; the order of tone presen-
tation was randomly determined in quiet and in noise. Periodic
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measurements of stimulus output levels delivered from the trans-
ducer were checked with a B&K 2260 sound level meter.

2.5. Experimental conditions

Tones in quiet and tones in noise were presented in separate
passive and active listening conditions in a sound-attenuating elec-
trically-shielded chamber. In the passive conditions, subjects fix-
ated a point on a CRT monitor directly ahead; in the active
conditions, subjects again fixated their gaze, but also pressed a
reaction time (RT) button as quickly as they could whenever a tone
was detected. Thus, there were four conditions randomly ordered
among subjects: tones in quiet (passive, active) and tones in noise
(passive, active). A testing condition was completed when at least
50 stimuli at each tone level were presented (approximately
10 min). A practice sequence for each condition was presented to
the subject before recording was started to verify that the instruc-
tions for each stimulus condition were understood. The ongoing
EEG was continuously monitored during recording for signs of
slowing reflecting drowsiness in the passive conditions, and dis-
ruptive muscle activity and movement-related artifact in the active
conditions. Testing was paused until recording adjustments could
be made. On-line averages were computed to each stimulus to
monitor for any other unwanted artifacts developing in the poten-
tials. A short break of 5–10 min occurred between conditions.

2.6. Recording and analysis

Scalp recordings were made from 8-mm diameter Ag/AgCl (sin-
tered) electrodes at midline sites Fz, Cz, and Pz referenced to linked
mastoids. Ocular movements were monitored from electrodes lo-
cated above and below the right eye. A ground electrode was at-
tached at the forehead. A PC-based Neuroscan recording system
(Scan) with SynAmps (biological amplifiers) was used to collect
the EEG data. Amplifier bandpass was set between DC and
100 Hz. Ongoing EEG was digitized (500 Hz), displayed, and stored
to disk. Off-line, the digitized records were adjusted for DC drift
and were corrected for ocular artifact with Scan system software.
The records were epoched off-line from coded stimuli to include
a 100 ms pre-stimulus baseline period and an 800 ms post-stimu-
lus period. Separate averages were computed to each tone sorted
by loudness level (40–100 dB SPL) in the passive conditions and
correct responses in the active conditions.

Individual averages were low-pass filtered (Butterworth) with
an upper cutoff frequency of 30 Hz (12 dB/octave slope). Peak
latencies to N100 were measured from stimulus onset to peak
maximum; peak amplitudes were computed relative to the aver-
age pre-stimulus voltage to peak maximum.

2.6.1. Normal subjects
Peak measures were separately evaluated using procedures

based on a general linear model (GLM). A multi-factor design
(one between, four repeated) was used to analyze evoked potential
measures by sex, active and passive conditions, tones in quiet and
noise, intensity level, and electrode site (2 � 2 � 2 � 7 � 3 design)
with Greenhouse–Geiser correction. Post-hoc comparisons of the
means for cortical and behavioral measures were tested with the
Tukey–Kramer multiple comparison procedure. The significance
level was set at p < 0.05; values of the test statistic and level of sig-
nificance are reported.

In quiet, normal subjects displayed N100 potentials for the en-
tire stimulus range (40–100 dB SPL). The presence of noise, how-
ever, affected identification of N100 potentials in the averaged
potentials evoked to tones. At 60 dB SPL and below
(SNR P �30 dB), cortical potentials to tones in noise were no longer
detected in the averages for normal subjects. At 70 dB SPL
(SNR = �20 dB), N100 peaks were identified in nine of the 12 sub-
jects and assigned zero amplitude if absent; correspondingly, peak
latency was scored as missing. Since cortical responses could not be
identified to 60 dB SPL tones in noise and below, the GLM analysis
of tones in quiet vs. tones in noise was conducted only on the inten-
sity levels from 70 to 100 dB SPL (SNR = �20 to +10 dB). A separate
ANOVA over the entire intensity range (40–100 dB SPL) was per-
formed for tones in quiet conditions to evaluate latency and ampli-
tude effects.Behavioral measures of accuracy and reaction time
were analyzed using analysis of variance (ANOVA) procedures for
repeated measures. Factors included gender, condition (tones in
quiet, in noise), and intensity level (dB SPL). Accuracy was assessed
as the percentage of correctly detected tones (in quiet and in noise)
over the 40–100 dB SPL intensity range. Reaction time measures to
correct button presses were computed at each intensity level. In
noise, a no response was scored as missing and accuracy as zero.
2.6.2. AN subjects
Each of the AN subjects performed the tones in quiet and tones

in noise in the passive conditions but because of time limitations
and availability, only four of the eight subjects were able to com-
plete all four conditions (passive and active). We will present here
only the evoked potential results from the passive conditions with
the single exception of the behavioral results (accuracy and reac-
tion time) from the normal hearing subjects in quiet and noise.
The order of the conditions was random whether two or four con-
ditions were tested. Group comparisons between AN (n = 8) and
normal hearing group (n = 12) to tones in quiet and tones in noise
(passive conditions) were evaluated using independent t-tests (for
unequal n) at separate intensity levels, and dependent t-tests for
measures within the AN group. False discovery rate (FDR) proce-
dures (Curran-Everett, 2000) were used in the evaluation of the
multiple comparisons based on t-values; the FDR was set at 0.05.
At least five AN subjects were required for group comparisons with
the normal hearing subjects. Group tests in noise resulted in com-
paring only the intensities at 80, 90, and 100 dB SPL. Linear fit pro-
cedures were used to evaluate slope measures of mean latency and
amplitude as a function of intensity. Correlation procedures were
used to examine the relationship in AN between psychoacoustic
measures of gap detection, speech, PTA for lower frequencies
(0.5, 1.0, and 2.0 kHz), PTA for higher frequencies (4.0, 6.0, and
8.0 kHz), threshold at 1.0 kHz, and N100 latency and amplitude
(Table 1). N100 latency and amplitude to thresholds at 1.0 kHz
tones were adjusted for audibility differences between subjects.
Recordings from the Cz electrode site are shown in the figures
and graphs involving evoked potentials.
3. Results

3.1. Grand averages

The overlayed grand averages in quiet and in noise for normal
hearing (left panel) and AN groups (right panel) are shown in
Fig. 2 for the passive conditions. In addition to N100, other recorded
cortical components included a P200 followed by a late negative
wave at approximately 300 ms. Additionally, a late positive poten-
tial appeared in active conditions (not shown) sharing properties
common to P300 (see review by Polich, 2007). Measures of latency
and amplitude of these latter components are not presented here.

3.1.1. Normal hearing subjects
In quiet, distinct N100 potentials to tones were identifiable for

all subjects extending from 100 dB down to 40 dB SPL with only
a slight increase in N100 latency starting approximately at 60 dB
SPL. The N100 component was of broad duration (>200 ms) at 40



Fig. 2. Grand averages are shown for the normal hearing (left panel) and AN subjects (right panel) to tones in quiet and in noise. For the normal group, N100 latencies were
relatively constant in quiet from 100 to 70 dB SPL but lengthened accompanied by reduced amplitudes to lower signal levels; in noise, N100 latencies were noticeably delayed
at 90 dB SL (SNR = 0) and reduced in amplitude compared to quiet. AN subjects followed a similar pattern of latency and amplitude effects in quiet and noise as the normal
hearing group. Note, however, that AN potentials were delayed and reduced in amplitude starting from 100 dB SPL (SNR = +10) compared to the normal group.
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and 50 dB SPL. In the presence of noise, N100 potentials to tones
were progressively delayed and amplitudes reduced compared to
tones in quiet starting at 90 dB SPL (SNR = 0). By 70 dB SPL
(SNR = �20), N100 was identified in nine of the 12 subjects, and
by 60 dB SPL (SNR = �30) in none of the subjects. The rapid disap-
pearance of N100 with reduced levels was attributed to the rela-
tively high level of the continuous noise.

3.1.2. AN subjects
The general waveform morphology of the AN group was similar

to the normal hearing subjects but with noticeable differences.
N100 latencies starting at 100 dB SPL were prolonged and addi-
tionally delayed at lower intensities. N100 amplitudes were re-
duced in amplitude from 100 dB SPL and deceased with lower
intensities. In the presence of noise, N100 latency to tones length-
ened compared to tones in quiet and the magnitude of the delay
increased as SNR was reduced.

3.2. N100 measures in quiet and noise

N100 latency and amplitude means for the normal hearing and
AN groups in quiet and noise are shown for comparison in Fig. 3.

3.2.1. N100 latencies: Normal hearing
The upper panel of Fig. 3 shows the mean N100 latencies in quiet

were relatively stable at higher intensities (70–100 dB SPL) and



Fig. 3. Mean N100 latencies and amplitudes for the normal hearing and AN groups
to tones in quiet (dB SPL) and tones in noise as a function of intensity level. Note in
the upper panel that N100 latencies are prolonged for the AN group in quiet and
noise relative to the normal hearing subjects. N100 amplitudes (lower panel) were
reduced in AN in quiet and noise compared to the normal group. ±1.0 SE is indicated
(increasing N100 potentials are plotted downwards shown by the sample
potentials).
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became delayed at lower intensities. In noise, N100 latency was
progressively delayed as the SNR decreased from +10 to �20.

ANOVA over the 70–100 dB range confirmed significant N100 la-
tency delays resulting from the presence of noise (quiet vs. noise;
F = 203, p < 0.001), tone intensity (F = 18.6, p < 0.001), and an inter-
action of these factors (F = 161.6, p < 0.001). Active and passive con-
ditions were not statistically different (F < 1, ns). We detail below
the interaction between quiet and noise and intensity level for the
passive conditions. The remaining ANOVA factors of gender (F < 1,
ns) and electrodes (F = 1.2, ns) did not attain significant levels.
Mean N100 latencies in quiet ranged between 102.5 ms and
104.6 ms for intensities between 70 and 100 dB SPL, respectively.
In quiet, post-hoc tests indicated no latency differences between
levels from 70 dB to 100 dB SPL. A linear fit of the means (70–
100 dB SPL) indicated that the slope was not different from zero
(slope: 0.06 ms/dB SPL, r = 0.31, F < 1, ns). In contrast, N100 laten-
cies in noise were delayed compared to quiet and ranged from
113.8 ms at 100 dB to 166.6 ms at 70 dB SPL. Post-hoc tests showed
that the mean N100 latencies in noise increased at each intensity
level from 100 dB down to 70 dB SPL. The slope (linear fit) in noise
was significantly different from zero (slope: �1.75 ms/dB, r = 0.96,
F = 21.6, p < 0.04). The potentials in noise were significantly longer
than in quiet at each level between 100 and 70 dB SPL.

The separate in quiet ANOVA over the range between 40 and
100 dB SPL (intensity level, F = 28.4, p < 0.001) found only that
the latencies at 40 dB and 50 dB SPL were significantly delayed
compared to the higher intensity levels (70 dB SPL and above) in
post-hoc tests.

3.2.2. N100 latencies: AN subjects
Overall, N100 latencies in AN subjects were longer than normal

hearing in quiet and were further prolonged in noise (upper panel,
Fig. 3).

In quiet, N100 latencies in AN were significantly prolonged
compared to normal hearing at 80 dB SPL (t = 4.2, p < 0.003),
90 dB SPL (t = 5.7, p < 0.001), and 100 dB SPL (t = 3.8, p < 0.001).
In noise, AN latency delays were also significantly longer than nor-
mal hearing in noise at 80 dB SPL (SNR �10), 90 dB SPL (SNR = 0),
and 100 dB SPL (SNR = +10) (t = 2.2, p < 0.03; t = 4.6 p < 0.002, and
t = 3.0, p < 0.02, respectively).

The above results show that the AN group displayed N100 la-
tency functions in quiet that were similar to the normal hearing
group in noise. Moreover, N100 latency in noise was additionally
delayed in AN consistent with further disruption of auditory nerve
activity that may contribute to the difficulty with noise experi-
enced in AN than normal hearing subjects (Rance et al., 2008).
For the AN group, the slope functions in quiet and in noise were
not different from each other over the range of 80–100 dB SPL
(F = 6.6, p = 0.12, ns). AN slopes (quiet and noise) were not different
from the slope of the normal hearing group in noise (AN in quiet vs.
normal hearing in noise, F < 1, p = 0.6, ns; AN in noise vs. normal
hearing in noise F = 1.5, p = 0.3, ns). Inspection of the latencies of
the normal hearing subjects in noise were remarkably similar to
the latencies of the AN group in quiet (upper panel, Fig. 3). Statis-
tical tests revealed that there were no differences between the
groups (100 dB SPL: t = �1.6, p = 0.12, ns; 90 dB SPL: t = �1.9,
p = 0.07, ns; 80 dB SPL: t = 1.1, p = 0.30, ns) suggesting that noise
in normal hearing subjects may simulate perceptual conditions
similar to what AN experience in quiet.

3.2.3. N100 amplitudes: Normal hearing
The bottom panel of Fig. 3 shows the mean N100 amplitudes

the normal hearing and AN group tested in quiet and in noise. Note
that larger amplitude N100 potentials are plotted downwards to
correspond to the negative-going direction portrayed in the aver-
aged waveforms. In the normal hearing group, N100 amplitudes
were reduced to low- compared to high-intensities both in quiet
and in noise, as well as being reduced overall in noise compared
to quiet. Linear slope functions fitted to means in quiet (slope:
�0.20 lV/dB) and in noise (slope: �0.27 lV/dB) were not different
(F = 3.7, p = 0.13, ns) over the 70 to 100 dB SPL range. ANOVA
amplitude differences were found between tones in quiet and
tones in noise (F = 16.8, p < 0.002), intensity level (F = 90.0,
p < 0.001), and electrode (F = 45.3, p < 0.001). In quiet, amplitudes
were significantly reduced at each level from 100 to 80 dB SPL;
in noise, amplitudes were reduced significantly at each level



Fig. 4. Mean N100 latencies and amplitudes of the AN group to tones as a function
of intensity adjusted for audibility (SL); measures for dB SPL are included for
comparison. N100 latencies shown (upper panel) are prolonged in AN relative to the
normal hearing group as a function of audibility (SL). In contrast, N100 amplitudes
(bottom panel) for the AN group did not differ from the normal hearing group as a
function of audibility (SL). ±1.0 SE is indicated.
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between 100 and 70 dB SPL. The electrode effect indicated N100
potentials were larger over the Fz and Cz sites than for Pz, with
no differences between Fz and Cz. Further, a sex effect (F = 5.4,
p < 0.04) showed that amplitudes for females were overall larger,
by approximately 1.7 lV, than for males. Amplitude differences be-
tween passive and active conditions (not shown) were without sig-
nificant effect (F = 1.5, ns).

For the separate in quiet ANOVA, N100 amplitudes (intensity le-
vel, F = 36.1, p < 0.001) between 40 and 60 dB SPL were signifi-
cantly smaller than at the higher 90 and 100 dB SPL intensity
levels in post-hoc tests.

3.2.4. N100 amplitudes: AN subjects
Overall the AN group had smaller N100 amplitudes in quiet

than the normal hearing subjects which were further reduced in
amplitude in the presence of noise (bottom panel, Fig. 3). In quiet,
the AN group had smaller potentials than normal hearing but only
the difference at 90 dB SPL (SNR = 0) attained significance (t = 2.4,
p = 0.03). In noise, N100 amplitudes were smaller in AN than nor-
mal hearing subjects with significant differences at 100 dB SPL
(SNR = +10) and 90 dB SPL (SNR = 0) intensity levels (t = 3.6,
p < 0.002; t = 3.2, p < 0.004, respectively).

The slopes in quiet and noise were not different for either the
AN group (all F-values < 1, ns; 80–100 dB SPL), or the normal hear-
ing group (all F-values < 1, ns; 70–100 dB SPL). There were also no
differences in slopes comparing the AN group to the normal hear-
ing group in quiet, or in noise (all F-values < 1, ns, over the 80–
100 dB SPL range).

3.3. Audibility in the AN subjects

Fig. 4 shows mean N100 latencies and amplitudes in quiet ad-
justed for audibility or sensation level (SL). Hearing thresholds
were measured in dB nHL and converted to SL relative to the signal
levels dB SPL. The normal hearing group was included for compar-
ison. The delayed latencies of the AN group measured as SPL (upper
panel, Fig. 4) still showed significant delays of N100 latency after
adjustment for audibility at 10, 20, and 30 dB SL (t = 2.7,
p < 0.015; t = �3.5, p < 0.003; t = �3.8, p < 0.001, respectively).
However, when amplitudes were adjusted for audibility (bottom
panel, Fig. 4) no group differences were evident.

3.4. Influence of threshold elevation in individual AN subjects

3.4.1. N100 latency
We examined how differences in individual AN hearing thresh-

olds at 1.0 kHz contributed to the abnormality of N100 latency.
Fig. 5 shows the mean N100 latency for each AN subject as a func-
tion of both absolute tone intensity (40–100 dB SPL) and sensation
level (10–70 dB SL) in quiet. The upper ±2.0 SD limit for the normal
hearing subjects in quiet is indicated by the dashed line for each
AN subject.

N100 latency for each AN subject was considered as ‘‘abnormal”
if the latency was at, or beyond, the normal upper ±2.0 SD limit in
50% or more of the intensities tested. We found N100 latency to be
‘‘abnormal” as a function of SPL in seven AN subjects (#1–#7) and
normal in one, #8. When N100 latency was defined as a function of
audibility or sensation level (SL), the findings of abnormality were
reduced to four AN subjects (#1, #3, #4, and #6). AN subject #2
was not included in this analysis since N100 potentials were pres-
ent to tones that were 30 dB below behavioral threshold. For both
normal hearing and the other AN subjects, N100 potentials to
1.0 kHz tones were identified within 10 dB of their audiometric
thresholds to 1.0 kHz. AN subject #2, the exception, showed
N100 potentials to 1.0 kHz from 10 to 70 dB nHL. Audiometric
thresholds were 50 dB nHL, an intensity 40 dB higher than that
evoking N100. AN subject #2 has a steep up-sloping audiogram
(Fig. 1) with approximately a 45 dB threshold difference between
1.0 and 3.0 kHz. In this subject, we also tested cortical potentials
to 3.0 kHz tones and found N100 to intensities within 5 dB of the
normal audiometric threshold in keeping with results from the
other AN and control subjects tested at 1.0 kHz. For this subject,
the effects of noise masking on threshold for low (1.0 kHz) and
high (4.0 kHz) tone frequencies also differed. There was relatively
little change of threshold at 1.0 kHz as noise intensity increased
whereas, at 4.0 kHz, the expected 1/1 ratio of threshold shift in
noise was observed (see AN #7 in Figs. 7 and 8 in Zeng et al.,
2005). These results indicate that cortical and behavioral measures
of threshold can differ in AN. In our prior study of AN cortical
potentials to temporal gaps in noise (Michalewski et al., 2005), four
of twelve AN subjects did not show an N100 in a passive condition
but did so when engaged in an active button pressing condition
whenever they ‘‘heard” the gap. The engagement of auditory cortex
in processing acoustic stimuli in certain AN subjects appears to be



Fig. 5. Individual N100 latencies to tones in quiet for each auditory neuropathy
subject as a function of intensity (SPL) and audibility (SL). The normal mean (solid
line) and upper ±2.0 SD limit of normal (dashed line) are shown. For absolute signal
intensity (dB SPL), seven of the eight subjects (#8 is the exception) had abnormally
delayed N100 latencies defined as 50% or more of the intensities tested falling
beyond the upper limit of normal. When the data were adjusted for audibility, four
of the seven subjects (#1, #3, #4, and #6) maintained abnormal N100 latencies.
Subject #2 was not included as N100 thresholds were 30 dB lower than behavioral
thresholds.

Fig. 6. Individual mean amplitudes for each auditory neuropathy subject for tones
in quiet as a function of intensity (SPL) and audibility (SL). The normal mean (solid
line) and upper ±2.0 SD limit of normal (dashed line) are shown. All but one AN
subject had amplitudes that were within the normal range. The exception, #4, had
amplitudes that exceeded normal limits as a function of audibility (SL); upper and
lower ±2.0 SD limits are included for this subject.
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more variable than normal hearing subjects in both passive and ac-
tive test conditions.

3.4.2. N100 amplitude
Mean N100 amplitudes for individual AN subjects in quiet as a

function of both absolute tone intensity (40–100 dB SPL) and sen-
sation level (threshold to 70 dB SL) are shown in Fig. 6. The upper
±2.0 SD limit for the normal group in quiet is indicated by the
dashed lines for each AN subject. N100 amplitudes were within
normal ranges for seven of the eight subjects as a function of either
SPL or SL. AN subject #4 showed abnormally elevated amplitudes
of N100 considered as a function of audibility but not absolute
intensity.
3.5. Relation of N100 latencies and amplitudes to psychoacoustic
measures of gap thresholds, and speech perception

The three AN subjects (#5, #7, and #8) with normal N100 laten-
cies had gap thresholds (5.0, 5.4, and 5.8 ms, respectively) at the
upper end of the normal range (±2.0 SD limits for normal subjects
are 1.6 and 5.2 ms). Their speech recognition scores in quiet were
also normal (#5 = 76%, #7 = 95%, and #8 = 98%). The four AN sub-
jects with abnormally delayed N100 latencies (#1, #3, #4, and
#6) had abnormal gap detection thresholds (11.0, 15.0, 12.0, and
7.1 ms, respectively) and impaired speech scores (60%, 19%, 16%,
and 21%, respectively). Subject #2, the individual with N100 poten-
tials below audiometric threshold, had abnormal gap detection
thresholds of 7.7 ms and impaired speech recognition scores of
85%.

The relationship of N100 latency at 30 dB SL to measures of gap
threshold, speech recognition in quiet, and PTA (low and high) for
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AN in quiet were tested. Significant correlations between N100 la-
tency and measures of gaps (r = 0.83, p < 0.01) and speech in quiet
(r = �0.84, p < 0.01) were found and are shown in Fig. 7. In contrast,
correlations between N100 latency and measures of PTA (low
r = 0.57; high r = 0.41) and 1.0 kHz threshold (r = 0.13) were low
and not significant. The relation between amplitude measures of
N100 at 30 dB SL and these same psychoacoustic tests were not
significantly related to gap detection (r = 0.09), speech recognition
(r = 0.32), PTA (low r = 0.07; high r = 0.08), or 1.0 kHz threshold
(r = 0.60).

N100 latencies in the group of AN subjects in this report were
sensitive to psychoacoustic measures of temporal cues but not
audibility and suggest a strong correspondence of the latency of
N100 to temporally related perceptions.
Fig. 7. Correlations between N100 latency (at 30 dB SL) and gap detection (upper
panel) and between N100 latency and speech scores (bottom panel) for the eight AN
subjects are shown. Gap and speech correlations were significant suggesting that
measures of N100 latency are sensitive to temporal processes. The linear regression
line (dashed) is indicated.
3.6. Behavioral results: Normal hearing subjects

Accuracy (upper panel, Fig. 8) for the detection of tones in quiet
was high (>93%) to tones from 40 to 100 dB SPL and remained at
these levels in the presence of noise with SNRs of +10, 0, and
�10. Performance in noise declined rapidly when the SNR was
�20 or below. Analysis confirmed the effects for condition (quiet
vs. noise, F = 118.4, p < 0.001), tone intensity (F = 159.0,
p < 0.001), and the interaction between quiet and noise and tone
intensity (F = 146.1, p < 0.001).

Reaction times (lower panel, Fig. 8) in quiet were relatively sta-
ble (300 ms) and increased slightly at the lowest intensities (40 dB
SPL). In noise, RTs increased rapidly only when tones were 70 dB
SPL (SNR = 20) or below. Significant factor effects for condition
(quiet vs. noise, F = 6.12, p < 0.04), intensity level (F = 12.3,
p < 0.001), and a quiet and noise by tone intensity level interaction
(F = 11.2, p < 0.001) were evident. In quiet, only RTs at 40 dB SPL
were significantly prolonged compared to the 70, 80, and 100 dB
SPL levels. In 90 dB SPL noise, RTs for SNRs of �50, �40, and �30
were significantly longer than at SNR 0 or +10 dB; the larger stan-
dard errors among SNRs for �50, �40, and �30 dB most likely
Fig. 8. Mean accuracy (upper panel) and mean RT (lower panel) for the normal
hearing subjects in quiet and continuous noise. Note the drop in accuracy in noise
compared to quiet. Reaction times in quiet were stable across intensity but
increased in noise at approximately the same level (80 dB SPL, SNR = �10) where
accuracy decreased. ±1.0 SE is indicated.
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reflect, with only 10% accuracy, guesses. Sex was not a significant
factor for any of the behavioral measures of accuracy or RT.
4. Discussion

The results of the present study demonstrate that auditory cor-
tical N100 potentials to 1.0 kHz tones are prolonged in latency and
reduced in amplitude in AN compared to normal hearing subjects.
The latency but not amplitude changes in AN were related to their
psychoacoustic measures of auditory temporal processing (thresh-
old for silent gaps in noise, speech recognition). Comparable N100
changes develop in normal hearing subjects when tones were pre-
sented with background noise or when tones were of low intensity
presented in quiet. We consider below the roles of neural syn-
chrony and magnitude of auditory nerve responses to the latency
and amplitude of auditory cortical N100 in normal hearing and AN.
4.1. N100 latency and auditory temporal processes in normal hearing

Onishi and Davis (1968) in an early study on human auditory
cortical potentials showed N100 latency in normal hearing to be
sensitive to temporal cues of the acoustic stimulus. N100 latency
was shortest with fast stimulus rise times and lengthened as rise
times were extended. Further, these latency effects were enhanced
at low stimulus intensities. In contrast, when rise time was held
constant, changing stimulus intensity had little influence on
N100 latency except to intensities near threshold (Onishi and Da-
vis, 1968; Rapin et al., 1966). In the present study, N100 latency
in normal hearing subjects was relatively constant (100–120 ms)
over a wide range of intensity (50–100 dB SPL) and lengthened to
140–160 ms only when tones were of low intensity (40 dB SPL,
or 10 dB SL). N100 latencies approaching 180 ms have been re-
ported for normal hearing subjects to intensities close to behav-
ioral threshold (Lütkenhöener and Klein, 2007).

Psychoacoustic measures of auditory temporal processes such
as gap detection threshold and language comprehension show a
similar sensitivity to signal intensity. The threshold for detecting
gaps is typically 3–5 ms at ‘‘comfortable” loudness levels (e.g.,
30–40 dB SL) but increases to approximately 30 ms when intensi-
ties are reduced to 10 dB SL (see Zeng et al., 2005). Similarly,
speech recognition scores in normal hearing that are >90% when
tested at comfortable loudness levels (circa 40–60 dB SL) then de-
crease when intensities are reduced to levels at which the spoken
words are first identified as ‘‘speech.”

The diminished temporal-perceptual acuity to low- compared
to high-signal intensities may be related to effects of signal inten-
sity on both the synchrony of auditory nerve discharges, and the
rate and numbers of neural units activated. The experiments of
Rose and his colleagues (Rose et al., 1967, 1971) of auditory nerve
activity in monkey demonstrated that the timing of auditory nerve
fiber discharges to low-frequency tones is synchronous with the
phase of the corresponding individual acoustic pressure waves.
Neural synchrony is evident at signal intensities lower than those
causing changes of discharge rates. We suggest that in AN, auditory
nerve synchrony is disrupted to provide the basis for changes of
both auditory cortical activity (N100 latency) and auditory tempo-
ral perceptions (e.g., gap thresholds, speech). These same physio-
logical and psychoacoustic changes relating to the processing of
temporal cues may develop in normal subjects when signals are
presented at low intensity or at high intensities in the presence
of noise. At the level of the brainstem, neural synchrony is reflected
by the frequency following responses (Warden and Marsh, 1968),
or FFR, recorded from scalp electrodes that reproduce the wave-
form of low-frequency acoustic stimuli. The FFR was absent in
one of the first AN subjects published (Starr et al., 1991). Temporal
synchrony at cortical levels appears to be represented by the la-
tency of initial discharge of cortical neurons to changes in signal
rise time or envelope (Biermann and Heil, 2000). Phase locking at
the cortex appears to be restricted to rates of stimulus change be-
low approximately 50 Hz (Middlebrooks, 2008).

4.1.1. N100 latency and auditory temporal processes: Individual AN
subjects

The latency of N100 in AN subjects was compared to two behav-
ioral measures of auditory temporal processing: (1) threshold for
detecting brief silence gaps in noise and (2) speech recognition
scores. Gap thresholds in the AN group ranged from 5 to 15 ms
(mean = 8.6 ms) and were above the 5 ms upper range found in
normal hearing subjects to ‘‘comfortably loud” test signals (Zeng
et al., 2005). Those AN subjects with normal N100 latencies had
normal gap thresholds, and normal speech recognition scores.
Those AN subjects with abnormally delayed N100 latencies had
abnormal gap thresholds and abnormal speech recognition scores.
Correlations between N100 latency and both gap thresholds and
speech scores were significant. In contrast, correlations between
N100 latency and audiometric threshold (high- and low-frequency
pure tone averages as well as threshold at 1.0 kHz) were not signif-
icant. N100 latencies in the present study were delayed and gap
thresholds are increased in normal hearing subjects when signal
intensities were lowered close to threshold (<20 dB SL) (Zeng
et al., 2005). The results from the present study are consistent with
earlier observations that psychoacoustic measures of temporal
processes (e.g., gap thresholds, temporal modulation transfer func-
tions) are significantly correlated with speech perception (Rance
et al., 2004; Zeng et al., 1999). These results suggest that N100 la-
tency may serve as a reliable objective measure of auditory tempo-
ral processing.

4.2. N100 amplitude in normal hearing and AN

N100 amplitude in AN was lower than in normal hearing sub-
jects over a range of signal intensities (dB SPL). However, when
AN amplitudes were adjusted relative to audibility or sensation le-
vel, there were no significant group amplitude differences between
AN and the normal subjects. Only one subject, #4, was identified
with amplitudes that were increased beyond the normal 95% con-
fidence limits as a function of audibility. The finding of ‘‘normal” or
increased N100 amplitudes in AN subjects is unexpected since the
number of auditory nerve fibers is reduced in the temporal bones
of AN subjects that have come to autopsy. Auditory nerve activity
could also be reduced in pre-synaptic disorders involving neuro-
transmitter release. These normal or heightened cortical N100
amplitudes may represent central auditory pathway compensation
to disrupted auditory nerve functions as has been described in
experimental animals with lesions of the auditory nerve (Salvi
et al., 2000). AN subject #3 is of particular interest in support of
this hypothesis as the temporal bone of the affected mother
showed profound loss of auditory nerve fibers (Starr et al., 2003).

4.3. Noise masking in normal hearing and AN

Continuous noise masking in normal hearing subjects led to sig-
nificant latency delays and reduction of amplitudes of auditory
N100 resembling N100 changes in AN subjects tested in quiet.
Noise masking in normal hearing subjects affects auditory tempo-
ral processes involved in speech recognition and thresholds for gap
detection resembling the impairments experienced by AN tested in
quiet (see Whiting et al., 1998).

One of the peripheral mechanisms involved in noise masking is
its effect in activating auditory nerve fibers to interfere with syn-
chronous responses to other signals, a phenomenon commonly
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referred to as ‘‘the line-busy effect.” The interference has been
shown to be enhanced for auditory nerve fibers with ‘‘best” fre-
quencies distant from the stimulus tone’s frequency resulting in
an overall decrease in the numbers of auditory nerve fibers that re-
spond synchronously (Miller et al., 1987).

Auditory neuropathy subjects tested in quiet behave as if they
were in a ‘‘noisy” environment. Compared to normal hearing sub-
jects, AN thresholds for 1.0 kHz tones are elevated by approxi-
mately 20 dB over a wide range of background noise levels (Zeng
et al., 2005). Moreover, identification of spondees in noise for AN
subjects requires a higher SNR (approximately 10 dB) compared
to normal hearing subjects (Rance et al., 2007). The masking func-
tions in both of these studies showed marked individual variability
between AN subjects and may account for clinical reports that the
ability of AN subjects to understand speech both in quiet and in
noise vary widely (Sininger and Oba, 2001).

The concept of ‘‘noise” as a factor relating auditory temporal
processing disorders in AN to those accompanying noise masking
in normal hearing is superficially attractive but difficult to substan-
tiate. We suggest that the desynchronous auditory nerve activity in
AN is a likely source of ‘‘neural noise” that, in effect, competes with
activity from those nerves that still respond somewhat synchro-
nously. This model suggests that for AN subjects, acoustic signals
presented in quiet, would be represented centrally similarly to that
found in normal hearing subjects to acoustic signals presented in
noise. The finding that the latency delays of N100 in AN to signals
presented in quiet were similar to N100 delays recorded from nor-
mal hearing subjects in noise lends support to this possibility.
Moreover, for AN, the addition of environmental noise is accompa-
nied by further N100 delays and increasing difficulty to discrimi-
nate temporal cues compared to normal hearing subjects
presented with the same degree of noise masking.

5. Translational implications

The results from the present study provide evidence that audi-
tory nerve synchrony may be reflected by the latency of auditory
cortical N100. The latency of auditory N100 in AN was related to
perceptual measures of impaired auditory temporal processes
including speech perception and threshold for detecting silent gaps
in noise but not to audibility measures. We suggest that the defini-
tion of N100 latency could provide objective measures of disrupted
auditory nerve activity in infants, children, and those adults whose
auditory temporal processing abilities may be difficult to assess by
behavioral measures.
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