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� Cortical auditory evoked responses are sensitive to the encoding complex acoustic cues important for
pitch perception.

� Combined approach using behavioural and electrophysiological tests are useful to measure pitch pro-
cessing in individuals with normal hearing and sensorineural hearing loss.

� Individuals with sensorineural hearing loss have reduced sensitivity to complex acoustic cues com-
pared to controls.

a b s t r a c t

Objectives: To examine behavioural and neural processing of pitch cues in adults with normal hearing
(NH) and adults with sensorineural hearing loss (SNHL).
Methods: All participants completed a test of behavioural sensitivity to pitch cues using the TFS1 test
(Moore and Sek, 2009a). Cortical potentials (N1, P2 and acoustic change complex) were recorded in
response to frequency shifted (deltaF) tone complexes in an ‘ABA’ pattern.
Results: The SNHL group performed more poorly than the NH group for the TFS1 test. P2 was more reflec-
tive of pitch differences between the complexes than N1. The presence of acoustic change complex in
response to the TFS transitions in the ABA stimulus varied with deltaF. Acoustic change complex ampli-
tudes were reduced for the group with SNHL compared to controls.
Conclusion: Behavioural performance and cortical responses reflect pitch processing depending on the
salience of pitch cues.
Significance: These data support the use of cortical potentials and behavioural sensitivity tests to measure
processing of complex acoustic cues in people with hearing loss. This approach has potential for evalu-
ation of benefit from auditory training and hearing instrument digital signal processing strategies.
� 2015 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

The impact of sensorineural hearing loss (SNHL) is particularly
noticeable while listening to speech in noisy backgrounds (Festen
and Plomp, 1990; Gordon-Salant, 1985). Even when amplification
is provided, a persistent complaint of hearing aid users is difficulty
understanding speech in noise (Kochkin, 2007). A listener’s ability
to extract cues for pitch perception is an important factor for suc-
cessful communication in background noise. The main acoustic
cues contributing to the streaming of signals in noise are the
(2015),

http://dx.doi.org/10.1016/j.clinph.2015.04.002
mailto:amat527@aucklanduni.ac.nz
http://dx.doi.org/10.1016/j.clinph.2015.04.002
http://www.sciencedirect.com/science/journal/13882457
http://www.elsevier.com/locate/clinph
http://dx.doi.org/10.1016/j.clinph.2015.04.002


Table 1
Audiometric thresholds measured for the right ear for each SNHL participant.

Listener Frequency (kHz)

0.25 0.5 1 2 4 8

SNHL1 15 10 10 35 55 65
SNHL2 5 5 10 10 30 35
SNHL3 10 15 15 20 60 80
SNHL4 10 15 10 25 35 45
SNHL5 15 15 15 15 35 30
SNHL6 20 30 10 10 5 5
SNHL7 10 15 5 25 25 25
SNHL8 10 10 30 10 5 5
SNHL9 30 30 35 45 35 55
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slowly varying temporal envelope (ENV) and the rapidly varying
temporal fine structure (TFS) (Moore, 2014). While ENV cues are
primarily important for speech perception in quiet, TFS cues are
important for speech perception in noise, sound localisation, music
perception, and pitch perception (Moore, 2008). Recent studies
using psychophysical measures have shown that listeners with
SNHL have reduced ability to benefit from TFS information while
the perception of ENV information is well preserved (Hopkins
et al., 2008; Lorenzi et al., 2006, 2009; Moore et al., 2006b). It is
thought that this lack of TFS sensitivity might account for poor
speech understanding in noise and music perception in individuals
with SNHL. Although most studies report group differences in the
ability to make use of TFS cues between people with normal hear-
ing (NH) and those with SNHL, performance varies greatly within
each group, despite similar audiometric configurations (Hopkins
et al., 2008; Hopkins and Moore, 2010; Strelcyk and Dau, 2009).

The processing of pitch-related acoustic cues can be investi-
gated using objective cortical auditory evoked potentials (CAEPs)
that reflect differential neural encoding of stimulus acoustic cues.
CAEPs elicited using brief stimuli (clicks, tone bursts) consist of
three peaks (P1–N1–P2) that occur within 300 ms (ms) after stim-
ulus onset (Martin et al., 2008). N1 is a transient response evoked
by short-term envelope change (Onishi and Davis, 1968). P2 is sen-
sitive to attention and stimulus parameters such as intensity and
pitch (Crowley and Colrain, 2004), as well as musical experience
(Seppänen et al., 2012). CAEPs elicited using complex long-dura-
tion stimuli with acoustic changes within the stimulus have multi-
ple N1–P2 complexes evoked by the stimulus onset, the acoustic
change, and the stimulus offset (Digeser et al., 2009; Martin
et al., 2008; Ostroff et al., 1998; Sharma et al., 2000). Cortical
responses encoding the change in an ongoing stimulus have been
described as the acoustic change complex (Martin and
Boothroyd, 1999). Acoustic change complexes have been recorded
in response to both speech and non-speech sounds (Martin and
Boothroyd, 1999; Ostroff et al., 1998), as well as to acoustic
changes within a speech sound such as formant frequency transi-
tion within a vowel (Martin and Boothroyd, 2000). The acoustic
change complex shows distinct neural patterns in response to
changing speech syllables in adults using hearing aids and cochlear
implants (Friesen and Tremblay, 2006; Tremblay et al., 2006). The
acoustic change complex was used in the current study to show
differential neural encoding of complex acoustic cues important
for pitch processing. Establishing a link between electrophysiolog-
ical and behavioural TFS measures may help future research deter-
mine optimal hearing aid settings for robust speech perception in
noise. Moreover, it would be useful to determine pitch-related
enhancements in cortical responses corresponding to specific stim-
ulus acoustic cues.

Sensitivity to changes in pitch cues has been extensively stud-
ied using complex tones (Hopkins and Moore, 2007; Moore and
Moore, 2003; Schouten et al., 1962). Complex tones resemble the
sounds of vowels in normal speech and sounds produced by many
musical instruments. Pitch extraction of a complex tone primarily
depends on the harmonic resolvability and this in turn depends on
the number in the harmonic sequence, N, rather than the absolute
F0 (Houtsma and Smurzynski, 1990; Plack et al., 2005). Pitch dis-
crimination is usually good when filtered complex tones contain
only low-numbered harmonics, which may be resolved at the level
of the cochlea, i.e. N < 8, due to access to both place (spectral) and
TFS (temporal) cues. Complexes with only high-numbered har-
monics (partially resolved), with N between 8 and 12 harmonics
produce a weaker pitch percept which might be conveyed solely
based on TFS information (Bernstein and Oxenham, 2003; Moore
et al., 2006a). Hence, pitch perception depends on the salience of
pitch cues. Most cochlear implants have only a small number of
channels and thus TFS cues important for pitch perception are
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typically not successfully encoded by these instruments (Wilson
and Dorman, 2008). On the other hand, although hearing aids
restore audibility (ENV cues) and convey TFS cues, SNHL listeners
cannot utilise TFS cues for pitch and music perception (Chasin
and Russo, 2004). The current study aimed to increase understand-
ing of behavioural pitch discrimination abilities in NH adults and
adults with either mild or high frequency SNHL, using low- and
high-numbered harmonic complex tones. Behavioural results were
compared to the neural encoding of pitch cues measured using the
acoustic change complex. This combined approach using beha-
vioural and electrophysiological measures will help determine
stimulus acoustic cues dominant for pitch processing at the level
of cortex.
2. Materials and methods

2.1. Participants

Ten young adults with NH aged 21–36 years (mean: 29 years,
SD 4.6) and 9 adults with either mild or high frequency SNHL aged
20–55 years (mean: 37 years, SD 11.8) were recruited. Although
there is a considerable variation in the age of participants, age
effects on CAEPs are commonly reported when results are com-
pared between young adults and people aged 60+ (Harris et al.,
2009; Kim et al., 2012; Tremblay et al., 2004). Picton et al. (1984)
who studied CAEPs across a broad age range from 20 to 79 years
found no age effects for P1, N1, and P2 latencies and amplitudes.
All NH adults were right handed, English speakers, with normal
Type A tympanograms with present acoustic reflexes.
Audiometric thresholds of the listeners with SNHL are shown in
Table 1. All participants in the SNHL group were right handed,
English speakers and had air-bone gaps of less than 15 dB and nor-
mal tympanograms. Audiograms for the NH and SNHL participants
are shown in Fig. 1. Written informed consent was obtained from
all participants before testing. The study was approved by the
University of Auckland Human Participants Ethics Committee.

2.2. Stimulus conditions

Processing of pitch differences were tested for two stimulus
conditions with strong (N6) and weak pitch salience (N12).
Stimuli consisted of bandpass filtered harmonic and frequency
shifted (deltaF) complex tones. Pitch processing was separately
investigated using both spectral excitation and TFS cues (N6 condi-
tion) and TFS cues alone (N12 condition). Here N is used to refer to
the harmonic number corresponding to the centre of the bandpass
filter through which all tones were passed. Spectrograms of the
stimuli are shown in Fig. 2. Values of the fundamental frequency
(F0) and number of components in the passbands were 200 Hz
and 3 for the N6 stimulus condition and 100 Hz and 5 for the
N12 stimulus condition, respectively. The filter centre frequency
ehavioural processing of complex acoustic cues. Clin Neurophysiol (2015),
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Fig. 1. Audiogram for the right ears of the 10 NH and nine SNHL participants. The
thin and thick black lines represent the individual and mean audiograms of the
SNHL participants. The thick white line and associated light-grey shaded area
represent the mean audiometric thresholds and range for the NH participants,
respectively. The dashed grey line indicates the audiometric inclusion criteria used
in the present study.
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was 1200 Hz for all stimuli. The lowest harmonic component
within the passbands for the two conditions tested here was
1000 Hz. These stimulus parameters resulted in tone complexes
with resolved (N6) and mostly unresolved (N12) components.

2.3. Behavioural sensitivity to pitch cues

Pitch discrimination was assessed behaviourally using the TFS1
test downloaded from http://hearing.psychol.cam.ac.uk (Moore
and Sek, 2009a). This test involves discrimination of a harmonic
complex tone (A) from an inharmonic complex tone (B) in which
the harmonics are shifted upwards by the same amount in Hz,
deltaF. The TFS1 test was a two-interval forced-choice task with
feedback. Each interval contained four bursts of sound in either
AAAA or ABAB sequences. On each trial, two consecutive intervals
were presented, separated by 300 ms. Each interval contained four
consecutive 200 ms tones, separated by 100 ms. Both ‘A’ and ‘B’
tone complexes had an envelope repetition rate with equal F0,
but differed in their TFS due to the deltaF. The starting phases of
the components in each and every tone were random and a new
random selection was used for every presentation. This prevented
Fig. 2. Spectrograms of the presented stimuli. Top portion shows the deltaF values for t
stimulus condition.
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envelope shape from being used as a discrimination cue. A back-
ground threshold-equalising-noise (TEN), extending from 200 to
16,000 Hz, was used to mask combination tones (Moore et al.,
2000). DeltaF was the manipulated variable, initially set to 0.5F0.
DeltaF varied from trial to trial according to a 2-down 1-up proce-
dure, to estimate the value of deltaF producing 70.7% correct
responses (Levitt, 1971). The value of deltaF was changed by a fac-
tor of 1.953 until the first reversal, then by a factor of 1.5625 until
the second reversal, and by a factor of 1.25 thereafter (Moore and
Sek, 2009a). After eight reversals, the run was terminated and the
threshold was estimated as the geometric mean of deltaF values at
the last six reversals. The maximum possible shift is 0.5F0 and if
this was reached three times during a run, the shift was fixed at
0.5F0 and 40 more trials were presented; in this case the procedure
changed to a non-adaptive procedure and a score was given as the
proportion correct. A score of 25 or below was regarded as chance
(Sek and Moore, 2012). The TFS1 test was installed on a DELL
Latitude 6420 laptop and stimuli were presented via Sennheiser
HD 25 1-ii headphones in a double-walled sound-attenuating
booth. The stimulus was presented monaurally to the right ear at
65 dB SPL for the NH listeners. For listeners with SNHL the presen-
tation level was 65 dB SPL or greater to ensure that the level was at
least 30 dB SL (sensation level re: 1000 Hz pure tone threshold).
The developers of the TFS1 test note that results do not depend
critically on level, provided that the SL is at least 30 dB, at the cen-
tre frequency being tested (Moore and Sek, 2009a). The back-
ground TEN was presented at +15 dB SNR, started 300 ms before
the first tone in the interval and ended 300 ms after the last tone
in the second interval. All participants completed a practice run
to ensure they understood the task. This involved discrimination
of simple sine waves in a two-interval forced-choice task, with
each interval containing four bursts of sound. Following the prac-
tice run, one run was completed for each stimulus condition, with
the N6 condition completed first.
2.4. Electrophysiology

2.4.1. Stimuli
N6 and N12 evoked potential stimuli were generated using

MATLAB 2012b (Mathworks, Inc.) replicating the stimulus param-
eters described in Section 2.2. In order to elicit an acoustic change
he N12 stimulus condition and bottom portion shows the deltaF values for the N6

ehavioural processing of complex acoustic cues. Clin Neurophysiol (2015),
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complex an ‘ABA’ stimulus sequence was used in contrast to the
AAAA/ABAB sequences used in the behavioural TFS1 test. As shown
in Fig. 3, stimuli generated for evoked potential recordings were a
sequence of three bandpass filtered complex tones (‘ABA’ stimulus
triplets). A total of six stimulus triplets, consisting of three deltaF
values (0, 30, and 50 Hz), for each stimulus condition (N6, N12),
were generated. Within each stimulus condition, the A-tone com-
plex was always harmonic and the B-tone complex varied depend-
ing on the deltaF value. The ABA sequence with deltaF = 0 Hz
served as a control stimulus with no pitch-based acoustic change.
Both ‘A’ and ‘B’ tone complexes had an envelope repetition rate
with equal F0, but they differed in their TFS due to the deltaF.
Onset phases of the components in each tone were randomised
from 0� to 360�. A new randomization was selected for every stim-
ulus presentation. Each stimulus triplet was 600 ms long with no
gaps between the A–B–A stimuli. A Hanning window of 2 ms was
used to shape the onset and offset of each complex tone to ensure
a smooth transition and avoid audible clicks at A–B–A transitions.
There were phase discontinuities and a small amount of spectral
splatter at the transitions within the stimulus triplets and hence
the deltaF = 0 Hz condition was used as a comparison condition
to control for these effects. The magnitude of the splatter was com-
puted in Praat software (www.praat.org), using a 10 ms Gaussian
window. The splatter at the transition of each stimulus triplet
was 6 dBV (0 Hz), 8 dBV (30 Hz), and 13 dBV (50 Hz) for the N6
stimulus condition and 10 dBV (0 Hz), 15 dBV (30 Hz), and
16 dBV (50 Hz) for the N12 stimulus condition. TEN was used to
mask combination tones. All sound stimuli were presented to the
right ear using an ER-3A 10 O insert earphone. Stimulus triplets
were presented at 65 dB SPL for the NH participants and at a level
that was at least 30 dB SL for the SNHL participants, with back-
ground noise at +15 dB SNR. Calibration was based on overall
RMS level. Two blocks of 150 trials for each stimulus triplet were
presented to the participant. The sequence of the six stimulus tri-
plets was randomized across each block and participants.
Interstimulus interval (ISI) was set to 1150 ms.

2.4.2. Recording and pre-processing of electrophysiological data
All testing was performed in a double-walled sound-attenuat-

ing booth. Participants were seated comfortably on a reclining
chair while watching a close captioned DVD of their choice
(Lavoie et al., 2008). The Neuroscan SCAN™ (version 4.5) software
Fig. 3. Time waveforms of the 600 ms ABA stimulus triplets for the two stimulus
conditions are shown: N12 and its deltaF values (left), and N6 and its deltaF values
(right).
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and Synamps2 was used for recording electrophysiological data.
Cortical responses elicited by the stimuli were obtained using three
EEG channels with 10 mm silver–silver chloride disc electrodes
placed at Cz and Fz, referenced to the ipsilateral mastoid (M2).
These electrode sites were selected because of the robust nature
of auditory evoked potentials at the midline location. The ground
electrode was located on the forehead and eye blink activity was
monitored using electrodes placed above and below the right
eye. Electrode impedances were kept under 3 kO. EEG was ampli-
fied with a gain of 1000 and sampled at the rate of 1000 Hz. EEG
data were pre-processed using Neuroscan’s built-in functions.
Trials with eye blink artefacts were corrected offline using the ocu-
lar artefact rejection function in Neuroscan software (Neuroscan
Inc., 2007): the vertical electro-oculogram (VEOG) channel was
scanned for the maximum eye movement potential. EOG devia-
tions of more than 10% from the maximum were used as indicators
of blinks. A minimum of 20 blinks was required to estimate an
average blink. The procedure discarded artefacts starting <400 ms
before a previous artefact, to avoid double detection. From the
average VEOG ocular artefact, transmission coefficients were com-
puted for each EEG channel by estimating the covariance of the
averaged potentials of the VEOG channel with the EEG channels.
The contribution of the average blink from the VEOG channel
was then subtracted from all other channels on a point-by-point
basis. EEG epochs with �100 ms pre-stimulus to 1500 ms post-
stimulus time windows were extracted post hoc from the continu-
ous file. Before averaging, responses were digitally filtered at
0.1–30 Hz. All recordings were baseline corrected (�100 to 0 ms)
before averaging. Trials containing artefacts exceeding ±75 lV
were rejected from averaging. The remaining sweeps were aver-
aged for each stimulus triplet.
2.5. Data analysis and interpretation

Waves N1, P2, and acoustic change complexes were analysed at
electrode sites Cz and Fz. N1 and P2 peak latencies were computed
relative to the stimulus onset (0 ms) and peak amplitude relative to
the baseline. Acceptable latency ranges were between 90 and
150 ms, and between 180 and 250 ms post stimulus onset for N1
and P2, respectively. Peak amplitudes were computed by locating
the largest amplitude that is surrounded on both sides by smaller
amplitudes within the latency window. Unlike the CAEPs which
had robust amplitudes, the acoustic change complex was small rel-
ative to the noise floor in the recordings and hence window-based
mean amplitudes were computed to improve SNR (Luck, 2005). For
each stimulus triplet, the peak of the acoustic change complex was
identified from the grand-averaged waveform and a time window
was selected that included voltage points within +/� 25 ms sur-
rounding this peak. Using this time window each participant’s
mean acoustic change complex voltage was calculated and used
for statistical analysis. Separate statistical analyses were per-
formed for the obligatory components (N1, P2) and acoustic
change complex amplitudes. Two (group: NH vs. SNHL) � 2
(stimulus conditions: N6, N12) � 3 (stimulus triplets: deltaF) � 2
(electrode: Cz, Fz) mixed-model ANOVAs were used to find
statistical differences for the evoked potentials.

Thresholds obtained from the behavioural TFS1 test for both
groups were subjected to a 2 (group: NH vs. SNHL) � 2 (stimulus
conditions: N6, N12) mixed-model ANOVA. Interaction effects
were explored using one-way ANOVAs to examine each of the
effects separately. Tests of simple effects were conducted using
paired- and independent-samples t-tests. A significance level of
0.05 was used for statistical analyses. Greenhouse–Geisser correc-
tions (Greenhouse and Geisser, 1959) were used when the assump-
tion of sphericity was not met.
ehavioural processing of complex acoustic cues. Clin Neurophysiol (2015),
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Fig. 4. Mean TFS1 thresholds of each subject group for the N6 and N12 stimulus
conditions. Error bars show the 95% confidence interval of the mean. * = p < .05.
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3. Results

3.1. Behavioural sensitivity to pitch cues

Table 2 shows the mean and individual thresholds of each sub-
ject group for the N6 and N12 stimulus conditions. Two of the NH
participants and all nine of the SNHL participants were not able to
discriminate the maximum deltaF (50 Hz) for the N12 stimulus
condition. Moore and Sek (2009a) described a procedure to esti-
mate deltaF values based on the detectability index, d0, calculation
in conditions where the participants were unable to reach a thresh-
old less than deltaF = 50 Hz in the adaptive task. Only two partici-
pants (NH9 and SNHL2, Table 2) who failed the adaptive task had a
score of >26 correct responses out of 40 trials for the fixed
deltaF = 50 Hz value, indicating some ability to use TFS cues. The
other participants failing the adaptive task performed at chance
levels and hence, rather than estimating the deltaF using the d-
prime procedure for the statistical analysis, a fixed deltaF level of
55 Hz was assigned to all participants failing the adaptive task.
The mixed-model ANOVA showed significant main effects for sub-
ject group [F(1,17) = 30.8, p < 0.001] and stimulus condition
[F(1,17) = 56.5, p < 0.001]. Fig. 4 shows that the N12 condition
was more difficult for both groups; however for the SNHL group
the difference in performance was much greater. There was also
a significant interaction between subject group and stimulus con-
dition [F(1,17) = 11.8, p = 0.003].

Post hoc t-tests were used to determine whether the mean
thresholds differed between subject groups within each stimulus
condition. For the N6 stimulus condition, the NH listeners typically
performed somewhat better than the SNHL listeners and the differ-
ence in mean scores was statistically significant (t(17) = �2.47,
p = 0.024). For the N12 stimulus condition, all of the participants
in the SNHL group failed to do the task and hence overall perfor-
mance was poorer than that of the NH group (Fig. 4).

3.2. Electrophysiology

Electrophysiological recordings were used to investigate differ-
ences in neural encoding of pitch cues between the NH and SNHL
groups and to explore pitch-related effects on the auditory evoked
potentials. We hypothesised that group differences (NH vs. SNHL)
would mainly be seen in the acoustic change complexes as the
stimuli were all very detectable and hence should have generated
robust CAEPs in both groups. We anticipated that pitch-related
stimulus acoustic differences would primarily affect the P2
(Crowley and Colrain, 2004) component of the CAEPs and the
amplitudes of the acoustic change complex (Martin and
Boothroyd, 1999). Results of the mixed-model ANOVA, conducted
Table 2
Individual and mean TFS1 thresholds (deltaF, Hz) for the N6 and N12 stimulus
conditions, for the NH and SNHL participants.

Participants NH SNHL

N6 N12 N6 N12*

1 5.2 9.7 9.7 19/40 (0.47)
2 6.5 5.8 12.0 30/40 (0.75)
3 10.5 17.0 9.4 19/40 (0.47)
4 8.3 22.9 29.3 20/40 (0.50)
5 8.3 5.8 24.7 23/40 (0.57)
6 6.9 14.1 13.0 19/40 (0.47)
7 5.7 13.6 8.1 25/40 (0.62)
8 11.6 23.6 12.9 25/40 (0.62)
9 17.1 28/40* 41.0 15/40 (0.37)
10 3.7 17/40*

Mean 8.38 (Hz)
(3.8)

22.25 (Hz)
(18.3)

17.7 (Hz)
(11.3)

0.54
(11.2)(SD)

* Number of correct responses out of 40.
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separately for the obligatory CAEPs and the acoustic change com-
plexes are shown in Table 3.

3.2.1. Obligatory CAEPs
Though no main effect of group was found for any of the CAEP

components, there was a significant interaction between stimulus
condition and group for N1 latency (Table 3). Overall N1 latency
increased for the NH group for the N12 (144.5 ms) compared to
the N6 (137.8 ms) condition but was essentially unchanged for
the SNHL group (138.7 vs. 137.7 ms). To further explore the inter-
action between stimulus condition and group, response latencies
were averaged across deltaF and electrodes and post hoc indepen-
dent t-tests were conducted to comparing N1 latencies between
NH and SNHL groups for the N6 and N12 stimulus conditions.
These comparisons revealed no significant differences between
groups for the N6 (t(17) = �0.1, p = 0.868) or N12 (t(17) = 1.1,
p = 0.252) stimulus conditions.

The main effect of stimulus condition was significant only for P2
latency and amplitude (p < 0.05; see Table 3). P2 responses aver-
aged across electrodes and groups were earlier and larger for the
stimulus condition N6 [234 ms (SE: 4.1), 1.0 lV (SE: 0.28)] com-
pared to N12 [243 ms (SE: 4.6), .04 lV (SE: 0.23)] (Fig. 5).
Overall, stimulus condition effects on CAEPs were mainly seen
for P2.

With regards to differences across electrodes, although there
were no significant main effects, a significant two-way interaction
was found for P2 latency, between stimulus condition and elec-
trode (Table 3). Post hoc comparisons indicated that differences
between stimulus conditions (N6 vs. N12) were evident at both
Cz [t(18) = 4.0, p = 0.001] and Fz [t(18) = 2.9, p = 0.010], but the
N6 vs. N12 difference was greater at Cz. There was also a three-
way interaction between stimulus condition, electrode, and group
for P2 amplitude (Table 3). In order to explore the effects of elec-
trode site on differences across stimulus conditions, a 2 � 2
ANOVA was conducted separately for each group. This analysis
revealed that only Cz showed significant differences across stimu-
lus conditions and this was present only for the NH group
(F(1,19) = 4.7, p = 0.042). Overall, recordings at Cz were more
affected by changes in stimulus condition than Fz.

3.2.2. Acoustic change complex
Fig. 6 shows the average amplitudes of the acoustic change

complexes to the various deltaF values for the two stimulus condi-
tions in the NH and SNHL groups. As was observed for P2, stimulus
conditions also had a significant effect on the acoustic change
ehavioural processing of complex acoustic cues. Clin Neurophysiol (2015),
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Table 3
Results of mixed-model ANOVA of N1, P2, and acoustic change complex for all conditions.

N1 Latency N1 Amplitude

F(df) p F(df) p

Group 0.298(1,17) 0.592 0.012(1,17) 0.915
Stimulus condition 2.794(1,17) 0.113 2.659(1,17) 0.121
Stimulus condition * group 4.866(1,17) 0.041 2.226(1,17) 0.154
deltaF 1.031(2,34) 0.368 2.905(2,34) 0.068
deltaF * group 0.639(2,34) 0.534 0.555(2,34) 0.579
Electrode 2.608(1,17) 0.125 0.019(1,17) 0.891
Electrode * group 0.033(1,17) 0.858 0.966(1,17) 0.339
Stimulus condition * deltaF 0.664(2,34) 0.521 0.559(2,34) 0.577
Stimulus condition * deltaF * group 2.358(2,34) 0.110 1.191(2,34) 0.316
Stimulus condition * electrode 0.287(1,17) 0.599 2.802(1,17) 0.112
Stimulus condition * electrode * group 2.095(1,17) 0.166 0.333(1,17) 0.571
deltaF * electrode 1.649(2,34) 0.207 1.698(2,34) 0.198
deltaF * electrode * group 3.055(2,34) 0.060 0.496(2,34) 0.613
Stimulus condition * deltaF * electrode .375(2,34) 0.690 0.890(2,34) 0.420
Stimulus condition * deltaF * electrode * group .143(2,34) 0.867 0.901(2,34) 0.416

P2 Latency P2 Amplitude

F(df) p F(df) p

Group .430(1,17) 0.521 0.137(1,17) 0.716
Stimulus condition 11.871(1,17) 0.003 34.138(1,17) 0.001
Stimulus condition * group 0.404(1,17) 0.534 0.020(1,17) 0.890
deltaF 0.006(2,34) 0.994 0.738(2,34) 0.486
deltaF * group 1.212(2,34) 0.310 0.089(2,34) 915
Electrode 0.263(1,17) 0.615 0.059(1,17) 0.811
Electrode * group 2.498(1,17) 0.132 1.194(1,17) 0.290
Stimulus condition * deltaF 2.004(2,34) 0.150 0.634(2,34) 0.537
Stimulus condition * deltaF * group 1.609(2,34) 0.215 1.830(2,34) 0.176
Stimulus condition * electrode 5.360(1,17) 0.033 0.101(1,17) 0.755
Stimulus condition * electrode * group .426(1,17) 0.523 7.026(1,17) 0.017
deltaF * electrode .369(2,34) 0.694 0.635(2,34) 0.536
deltaF * electrode * group .721(2,34) 0.494 1.174(2,34) 0.321
Stimulus condition * deltaF * electrode 1.506(2,34) 0.690 2.106(2,34) 0.137
Stimulus condition * deltaF * electrode * group .545(2,34) 0.585 0.879(2,34) 0.421

ACC amplitude

F(df) p

Group 0.869(1,17) 0.364
Stimulus condition 9.966(1,17) 0.006
Stimulus condition * group 0.046(1,17) 0.834
deltaF 1.588(2,34) 0.219
deltaF * group 2.821(2,34) 0.074
Electrode 17.057(1,17) 0.001
Electrode * group 1.029(1,17) 0.057
Stimulus condition * deltaF 0.102(2,34) 0.903
Stimulus condition * deltaF * group 5.329(2,34) 0.010
Stimulus condition * electrode 0.512(1,17) 0.484
Stimulus condition * electrode * group 2.024(1,17) 0.173
deltaF * electrode 0.547(2,34) 0.584
deltaF * electrode * group 0.432(2,34) 0.653
Stimulus condition * deltaF * electrode 6.731(2,34) 0.003
Stimulus condition * deltaF * electrode * group 4.712(2,34) 0.016
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complex (see Table 3). The acoustic change complex evoked by the
stimulus condition N6 was more robust [�1.5 lV (SE: 0.17)] than
that evoked by N12 [�1.8 lV (SE: 0.17)]. Although there were no
significant main effects of group and deltaF, an interaction effect
was found between stimulus condition, deltaF, and group
(Table 3). Fig. 7 illustrates the interaction between stimulus condi-
tion and deltaF values separately for the NH and SNHL groups.
From this figure it is evident that for the N6 stimulus condition,
the NH group showed a monotonic increase in acoustic change
complex amplitude with increase in deltaF from 0 to 50 Hz
(0 < 30 < 50 Hz). Mean acoustic change complex amplitudes for
each stimulus triplet for the NH group were 0 Hz: �1.8 lV (SE:
0.27), 30 Hz: �1.6 lV (SE: 0.31), and 50 Hz: �0.7 lV (SE: 0.31).
Thus, as expected robustness of the acoustic change complex
increased with increasing pitch shift in the NH group. This pattern
was not observed for the N12 condition for the NH group and was
not evident for either condition for the SNHL group. To further
Please cite this article in press as: Mathew AK et al. Electrophysiological and b
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explore the three-way interaction between stimulus condition,
deltaF, and group, a 3 � 2 ANOVA was conducted separately for
each stimulus condition. This analysis showed that a group differ-
ence was present with significantly higher acoustic change com-
plex amplitude only for the 50 Hz deltaF, N6 condition
(F(1,18) = 7.7, p = 0.013). No other significant differences were
observed between subject groups.

A main effect of recording electrode on acoustic change com-
plex amplitudes was also found (Table 3). Mean acoustic change
complex amplitude at Cz, averaged across stimuli was more posi-
tive [�1.6 lV, SE: 0.17] than at Fz [�1.8 lV (SE: 0.17)]. The analysis
also revealed a four-way interaction between stimulus condition,
deltaF, group, and electrode (Table 3). Fig. 7 illustrates this four-
way interaction. The pattern of ACC amplitudes differed, as already
noted, between groups for one combination of stimulus condition
and deltaF (N6, deltaF = 50 Hz), however, the effect of deltaF and
stimulus condition varied across electrode and group. For the
ehavioural processing of complex acoustic cues. Clin Neurophysiol (2015),
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Fig. 5. Grand mean Cz waveforms for the adults with NH (n = 10) and SNHL (n = 9) elicited in response to the N6 (solid line) and N12 (dashed line) stimulus conditions,
averaged across the three stimulus triplets. Arrow marks approximate N1, P2 peaks corresponding to the stimulus onset, and acoustic change complex. Overlaid time
waveform of the stimulus demonstrates the correspondence to the ERP waveform.

Fig. 6. Grand mean Cz waveforms are displayed as a function of deltaF stimulus triplets (N6 stimulus condition), for the participants with NH and SNHL. The acoustic change
complex is indicated by the grey inset box.
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SNHL group the effect of deltaF differed between electrodes for the
N6 but not the N12 condition. For the NH group results were con-
sistent across electrode.
4. Discussion

The current study showed differences in pitch discrimination
abilities for bandpass-filtered harmonic (A) and inharmonic (B)
tone complexes, containing resolved (N6) and mostly unresolved
Please cite this article in press as: Mathew AK et al. Electrophysiological and b
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(N12) components, for NH and SNHL participants. Overall results
indicate that listeners in the SNHL group showed poorer pitch pro-
cessing abilities than the NH group for all stimulus conditions.
Furthermore, perceptual processing abilities and neural encoding
of pitch information depended on the stimulus condition (pitch
salience). There was a strong association between the P2 compo-
nent of the CAEPs and pitch salience; across both groups P2 was
smaller and later for the weak pitch (N12) stimulus condition.
Acoustic change complexes were equally sensitive to the stimulus
conditions and to the frequency shift in the stimulus triplets
ehavioural processing of complex acoustic cues. Clin Neurophysiol (2015),
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Fig. 7. Mean acoustic change complex amplitudes (Cz and Fz) for the N6 and N12 stimulus conditions plotted across stimulus triplets are shown for the NH and SNHL groups.
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(deltaF 30 and 50 Hz) for the N6 stimulus condition only, for NH
participants. For the SNHL group the frequency shift in the stimu-
lus triplets did not produce a consistent acoustic change complex
response.

4.1. Behavioural sensitivity to pitch cues

Discrimination thresholds for the stimulus condition N6 were
significantly better than for N12 for both subject groups. Thus
the ability to extract pitch using shifts in excitation pattern and
TFS cues are better for stimuli containing resolved components
(N6). This is in agreement with previous reports describing TFS
sensitivity (Bernstein and Oxenham, 2003; Houtsma and
Smurzynski, 1990; Moore and Moore, 2003). Peripheral pitch
encoding of complex tones containing low-numbered harmonic
components (e.g. N6 stimulus condition) involves two processes
(Moore and Gockel, 2011). Firstly, it is presumed that the harmonic
components are spatially resolved on the basilar membrane, and
secondly neural firing patterns phase lock to the TFS peaks at the
envelope maxima. This results in a clear pitch percept and changes
in deltaF are easier to discriminate (Houtsma and Smurzynski,
1990; Shackleton and Carlyon, 1994). In contrast, tones with
high-numbered harmonics (e.g. N12 stimulus condition) produce
a weaker pitch percept and poorer deltaF detection thresholds
(Brenstein and Oxenham, 2003; Houtsma and Smurzynski, 1990;
Moore et al., 2009b), consistent with the results of the current
study for both NH and SNHL participants.

The NH group performed significantly better than the SNHL
group for all stimulus conditions. For the N6 condition, the listen-
ers with NH had an average discrimination threshold of 8.3 Hz
(0.7% of centre frequency). This is consistent with the literature
(1% or less) for tone complexes containing resolved harmonics
(Moore et al., 2006a). This discrimination threshold was much
lower than that obtained by listeners with SNHL (17.7 Hz, 1.5%).
Poorer discrimination thresholds for the SNHL group, with only a
Please cite this article in press as: Mathew AK et al. Electrophysiological and b
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slight hearing loss in the mid frequencies (0.5, 1, 2 kHz), could be
explained by broader auditory filters and/or decrease in phase
locking in the auditory nerve compared with listeners who have
NH (Moore, 2008). While most listeners in the NH group were able
to perform the TFS1 task for the N12 stimulus condition, most lis-
teners in the SNHL group scored no better than chance (Table 2).
Poor discrimination scores suggest that participants with SNHL
could not perceive differences in TFS cues between A and B tone
complexes. These results corroborate findings of previous studies
showing lack of sensitivity to TFS cues in adults with SNHL com-
pared to NH controls (Ardoint et al., 2010; Hopkins and Moore,
2007, 2010; Hopkins et al., 2008; Lorenzi et al., 2006). These earlier
studies showed reduced TFS sensitivity in adults with mild to mod-
erate SNHL; the current study showed similar effects in adults with
lesser degrees of hearing loss.

Previous studies have reported that TFS information is indepen-
dent of the audiometric configuration (Hopkins and Moore, 2007;
Strelcyk and Dau, 2009). Two of the participants aged 24 and
36 years with normal hearing thresholds (PTA < 15 dB HL) were
not able to do the behavioural discrimination task for the N12 stim-
ulus condition. The comparison of TFS1 thresholds for the N12 stim-
ulus condition with audiometric thresholds assessed by means of
Pearson correlations also showed no significant association between
these variables (r = 0.040, n = 10, p = 0.913). Poor TFS1 performance
could be indicative of a subclinical hearing loss that was not detected
using conventional audiometry. To further explore this, we mea-
sured distortion-product otoacoustic emission (DPOAE) for all par-
ticipants in the NH group. Interestingly, the two participants in the
NH group who could not do the N12 task showed lower-amplitude
and/or absent DPOAEs at higher frequencies compared to other
NH participants (Fig. 8). Within the NH group, there was greater
variation in DPOAE strength (Fig. 8) and audiometric thresholds
(Fig. 1) at the higher frequencies. Moore (2007) proposed that lim-
ited ability to use TFS information for SNHL listeners relates to
lower-amplitude OAEs. In the two NH participants described here,
ehavioural processing of complex acoustic cues. Clin Neurophysiol (2015),
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a sub-clinical hearing loss as indicated by the DPOAEs, may account
for their poor performance on the N12 task. Thus adults with audio-
metrically-normal hearing can still experience TFS deficits.
Füllgrabe (2013) similarly showed evidence of reduced sensitivity
to TFS cues in young adults with clinically normal hearing. The
TFS1 test may be a good screening tool for either mild or sub-clinical
hearing impairment (Hietkamp et al., 2010).

4.2. Obligatory CAEPs

Obligatory CAEPs are sensory responses that depend on the
physical characteristics of the stimulus (Martin et al., 2008). The
presence of CAEPs indicated that the stimulus was detected at
the auditory cortex (Hyde, 1997). In the current study CAEPs were
present for each individual in each subject group and there were no
substantive morphological differences in P1–N1–P2 across subject
groups. This confirmed that stimuli were presented at a
suprathreshold level, making them audible and equally detectable
for all participants.

CAEPs have been used to show differential neural encoding of
stimulus onset characteristics (Agung et al., 2006; Beukes et al.,
2009; Digeser et al., 2009; Purdy et al., 2005; Whiting et al.,
1998). N1–P2 CAEPs recorded using signal triplets (ABA) showed
some onset-dependent changes when compared across stimulus
conditions (N6 vs. N12). Previous studies have shown that N1 mor-
phology mainly reflects changes in stimulus envelope/rise time
(Kodera et al., 1979; Onishi and Davis, 1968), but we gated stimuli
on (and off) using a constant rise time, and onset phases of the
components were selected randomly for every complex which
could account for the lack of stimulus effects on N1.

Previous investigations have associated P2 with pitch process-
ing and musical training (Istók et al., 2013; Tong et al., 2009); con-
sistent with our finding that P2 differed between clear (N6) and
weak (N12) pitch stimuli (see Fig. 3). The N6 and N12 conditions
tested here had the same centre frequency and fixed bandwidth
but differed in their absolute F0 and harmonic components, result-
ing in pitch differences (Fig. 2). P2 sources have been identified in
the planum temporale and the lateral part of Heschl’s gyrus
(Crowley and Colrain, 2004; Ross and Tremblay, 2009), and func-
tional magnetic resonance imaging (fMRI) has shown enhanced
activity in in these sites response to stimulus pitch differences
(Barker et al., 2011; Schadwinkel and Gutschalk, 2010).

We found P2 to be significantly earlier and larger for the N6
stimulus condition than N12, which could be due to the better
Fig. 8. Distortion-product otoacoustic emission signal-to-noise ratio (DPOAE SNR)
values for the right ear in the NH group (n = 10). The dashed lines show the results
of the two participants with lower DPOAE SNR values who had difficulty with the
N12 behavioural discrimination task.
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resolution of the components on N6 producing a clearer pitch per-
cept, and inducing faster neural processing and stronger neural
activation. Penagos et al. (2004) has also showed evidence of lower
cortical activation for complex tones with unresolved than
resolved components. Alternatively, P2 differences between N6
and N12 conditions could have also occurred because F0 differed
across stimulus conditions. Although differences in P2 arising from
contrasts in pitch salience (N6 vs. N12) and F0 were not separately
studied here, the results suggest that P2 is reflective of pitch
processing.

4.3. Acoustic change complex

Acoustic change complexes were recorded to examine the pro-
cessing of pitch differences in two stimulus conditions with vary-
ing pitch shifts (deltaF), comparing adults with NH and SNHL.
Overall results indicated that responses were larger and more dis-
criminable at Cz than at Fz. This is consistent with previous studies
showing larger ACC amplitudes near the vertex; at or lateral to Cz
and FCz (Martin et al., 2010; Tremblay et al., 2006). However,
amplitude differences seen across electrodes may result from the
underlying volume conduction and inverse problems. As was seen
for P2 amplitude and latency, acoustic change complexes were
dependent on the salience of the pitch-evoking stimuli. Acoustic
change complexes evoked using N6 stimuli were significantly
more robust and produced clearer waveforms than those evoked
by N12 stimuli (Fig. 3). This suggests that neural encoding of pitch
information at the auditory cortex is predominantly driven by the
presence of resolved harmonic components. This is supported by a
recent fMRI study that showed stronger activation of cortical pitch-
sensitive regions in response to spectrally resolved harmonic tones
than to frequency-matched noise and unresolved harmonic tones
(Norman-Haignere et al., 2013).

4.3.1. Acoustic change complexes evoked using deltaF = 0 Hz control
stimulus

From Fig. 9 it can be seen that acoustic change complexes were
recorded even with the control stimulus (AAA) for both subject
groups. This could reflect the phase discontinuities, the brief tem-
poral gap due to ramping off and on of the stimuli at the transition
points, and/or spectral splatter at the transition points within the
stimulus triplets. However, this would not have led to artifactual
results because the phase randomisation at each stimulus triplet
transition meant that the amplitude discontinuity varied
Fig. 9. Grand mean Cz waveforms are displayed as a function of deltaF stimulus
triplets (N6 stimulus condition), are overlaid for the participants with NH and SNHL.
The acoustic change complex is indicated by the grey inset box.

ehavioural processing of complex acoustic cues. Clin Neurophysiol (2015),
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randomly, independent of the frequency shift size and was thus
evenly distributed across groups and conditions. Thus the group
difference observed only for the deltaF = 50 Hz condition are likely
to reflect differences in processing of pitch cues.
4.3.2. Acoustic change complexes evoked by increasing deltaF
Acoustic change complexes demonstrated cortical sensitivity to

pitch change only for the N6 stimulus condition with strong pitch
salience. As expected, the NH group showed a monotonic increase
in acoustic change complex amplitude with increasing pitch
change (0 < 30 < 50 Hz). The 50 Hz change was perceptually dis-
criminable but did not elicit an acoustic change complex for the
N12 condition for the NH participants. Results for the N12 stimulus
condition are supported by the findings of neuroimaging studies
showing weak and distributed pitch responses in the auditory cor-
tex when using unresolved pitch-stimuli (Barker et al., 2011;
Norman-Haignere et al., 2013). Unlike the NH group, the SNHL
group didn’t show an increase in amplitude with increasing pitch
shifts for either condition.

The finding of significantly larger acoustic change complex
amplitudes in the NH group compared to the SNHL group (N6 stim-
ulus condition, deltaF = 50 Hz) provides objective evidence for
differences in the processing of complex acoustic cues between
subject groups (see Fig. 9). Although the acoustic change complexes
were evoked using a stimulus condition that produced a clear pitch
percept (N6 stimulus condition), the response amplitude differed
between NH and SNHL participants. This aligns with the results
from the behavioural measures in the current study. These findings
suggest that pitch processing can be affected in frequencies
where the absolute audiometric thresholds are only slightly
affected.

Overall, the acoustic change complexes measured here did not
show significant differences consistently for all perceptually dis-
criminable pitch shifts in the NH (N12) and SNHL (N6 and N12)
groups. Although the behavioural and electrophysiological
measure did not produce parallel results, the absence of a signifi-
cant difference does not indicate a lack of discriminability.
Rather, discriminability is more likely for the deltaF shift that
shows differential neural encoding which is essentially a prerequi-
site for successful perception. For example, on comparing the
responses evoked using the largest shift (deltaF = 50 Hz, N6 stimu-
lus condition), the NH group showed significantly larger amplitude
responses and better behavioural thresholds than the SNHL group.
Additionally, evoked potentials were recorded using a passive
listening paradigm as we were interested in obligatory encoding
of pitch cues. It may be easier to demonstrate differential neural
encoding to pitch change with an active oddball paradigm, in
which participants are required to focus attention on the stimulus
change.
5. Conclusion

The current study utilised behavioural and electrophysiologi-
cal measures to show processing of complex acoustic cues
important for pitch perception. Both behavioural performance
and neural representation depended on stimulus pitch salience.
Overall the study showed that sensitivity to TFS cues is
adversely affected in individuals with hearing loss. This is the
first time a relationship between stimulus triplets of varying
deltaF and amplitude of acoustic change complexes has been
described, and hence further research is required to clarify these
findings. The combined electrophysiological and behavioural
approach may be a useful for evaluating the benefit of training
and amplification in individuals who experience difficulties
understanding speech in noise.
Please cite this article in press as: Mathew AK et al. Electrophysiological and b
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