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Abstract

Nowadays, many people use portable players to enrich their daily life with enjoyable music. However, in noisy
environments, the player volume is often set to extremely high levels in order to drown out the intense ambient noise and
satisfy the appetite for music. Extensive and inappropriate usage of portable music players might cause subtle damages in
the auditory system, which are not behaviorally detectable in an early stage of the hearing impairment progress. Here, by
means of magnetoencephalography, we objectively examined detrimental effects of portable music player misusage on the
population-level frequency tuning in the human auditory cortex. We compared two groups of young people: one group
had listened to music with portable music players intensively for a long period of time, while the other group had not. Both
groups performed equally and normally in standard audiological examinations (pure tone audiogram, speech test, and
hearing-in-noise test). However, the objective magnetoencephalographic data demonstrated that the population-level
frequency tuning in the auditory cortex of the portable music player users was significantly broadened compared to the
non-users, when attention was distracted from the auditory modality; this group difference vanished when attention was
directed to the auditory modality. Our conclusion is that extensive and inadequate usage of portable music players could
cause subtle damages, which standard behavioral audiometric measures fail to detect in an early stage. However, these
damages could lead to future irreversible hearing disorders, which would have a huge negative impact on the quality of life
of those affected, and the society as a whole.
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Introduction

It is well-established that exposure to loud noise can cause
hearing impairment, hyperacusis, and tinnitus [1,2,3,4,5,6,7]. The
detrimental effects of noise exposure have so far mainly been
discussed with respect to occupational environments [8]; however,
the research focus of neuroscience has recently shifted towards the
role of recreational sounds like music, which have a continuously
increasing impact on human life [9,10]. Currently, so-called
portable music players (PMP) with insert earphones are regularly
used by numerous people [11], particularly by adolescents and
young adults, and very often in noisy environments like trains or
busses. In such environments, many users tend to listen at very
high volumes to overcome the intense surrounding noise [12].
Even though it appears likely that exposure to very loud music via
PMPs would lead to damage in the hearing system, this matter is
still debated [13,14]. There are studies [15,16,17,18], however,
that demonstrated that daily PMP usage can lead to hearing
impairment and tinnitus, both of which are among the most
common diseases in industrialized countries [3,19].

In most studies on PMP usage, the detrimental effects on the
hearing system have been evaluated in terms of behavioral and
subjective outcome measures (e.g. hearing threshold, speech test,
etc.). However, PMP misusage may subtly damage the hearing
system already after a few years of malpractice, and conventional
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behavioral measures may not be sensitive enough to detect these
subtle damages, because it might take some time until they impair
performance or become noticeably disabling. Non-invasive
electrophysiological methods like magnetoencephalography
(MEG) are useful alternatives, because they can objectively
measure auditory brain activity even in distracted listening and
might be capable of detecting sound exposure-related malfunc-
tions of the brain before these become behaviorally measurable.
Previous studies [20,21,22,23,24] have established a method to
objectively measure population-level frequency tuning in human
auditory cortex by using tonal test stimuli (TS), which are
presented either in isolation or embedded in band eliminated noise
(BEN)(c.f. Figure 1). The neurons of the auditory cortex activated
by TS or BEN overlap partially, and the degree of overlap
depends on both the width of the eliminated band of the BEN and
the sharpness of the population-level frequency tuning (Figure 2).
Wide BENs and sharp tuning (in contrast to narrow BENs and
broadened tuning) result in sparse overlap, leading to large neural
activity amplitude elicited by the T'S onset. Moreover, the effect of
sharp tuning on evoked brain activity amplitude is stronger in case
of narrow BENs, which is reflected in a rather small TS-evoked
activity amplitude difference between wide and narrow BEN
conditions [20,22,23]. Here, by means of MEG, we objectively
measured the auditory evoked brain responses of two groups of
young subjects (PMP “‘exposed” group and “control” group) to
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Figure 1. Experimental design. The figure illustrates the time course
(x-axis) of the stimulation, and the frequency spectra (y-axis) of the test
stimuli (TS) and the band-eliminated noises (BEN). Black lines represent
pure tone TS. The target TS contained a temporal gap of 0.01 sec
duration, which subjects were supposed to detect and to indicate via
button press during the focused listening condition. The gray area
represents energy of the noise; white areas represent noise energy
absence due to eliminated bands or lack of BEN stimulation. The width
of the eliminated band in the BEN (white areas) was either 1/4, 1/2, or 1
critical band (CB). The eliminated band was strictly centered at the TS
frequency, which was either 250, 350, 450, 570, 700, 840, 1000, 1170,
1370, 1600, 1850, 2150, 2500, 2900, 3400, or 4000 Hz.
doi:10.1371/journal.pone.0017022.g001

examine the hypothesis that daily and inappropriate PMP usage
could broaden the frequency tuning be¢fore malfunctions become
noticeable and detectable with standard behavioral audiometric
examinations.
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Results

Behavioral Performance

Hearing thresholds for pure tones ranging from 125 Hz to
8000 Hz, speech test, and hearing-in-noise test [25] results did not
significantly differ between the “exposed” and “‘control” groups.
The behavioral responses in each band-eliminated noise (BEN)
condition during the MEG sessions were also similar between the
two groups with regard to reaction time (Table 1) and error rate
(Table 2). Repeated-measures analyses of variance (ANOVA)
resulted in significant main effects for BEN-TYPE (reaction time:
F (3, 72)=17.6, p<<0.001; error rate: F (3, 72)=183.1, p<0.001),
but neither significant main effects for GROUP nor significant
interactions between BEN-TYPE and GROUP were observed.
Therefore, the behavioral results indicate that the participants
performed better in case of wider BEN conditions. However, there
was no significant behavioral difference between the two groups in
the focused listening condition.

Auditory Evoked Fields

The 1so-contour field maps of the N1m responses elicited by the
pure tone test stimuli (T'S) showed clear dipolar patterns over both
hemispheres, confirming that the use of the single dipole approach
was appropriate. The goodness-of-fit of the obtained equivalent
current dipole model was not significantly different between
groups and sessions (mean X SD: exposed - distracted
95.5%3.02%, control - distracted 95.5%£3.07%, exposed - focused
94.1%3.07%, control - focused 95.8%2.96%). The N1m responses
in the distracted listening condition and in the narrow BEN
condition were delayed and reduced in amplitude as compared to
the focused listening condition and the wide BEN condition
(Figure 3). The source strength waveforms were similar between
exposed and control groups in the focused listening condition;
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Figure 2. Models of population-level frequency tuning. Left and right columns represent schematic illustrations of normal and broadened
population-level frequency tuning. The three differently colored areas represent, (i) neural activity elicited merely by band-eliminated noises (BEN:
light gray areas), (ii) neural activity elicited merely by test pure tones (TS: dark gray areas), and (iii) neural activity elicited by both BEN and TS (black
areas). The rows represent wide (top: 1 critical band (CB)), middle (medium: 1/2 CB), and narrow (bottom: 1/4 CB) BEN conditions. The dark gray areas
represent the N1m response amplitude as elicited by the TS-onset; the neural activity represented by the black areas has been masked by the
simultaneously presented (but earlier on-setting) BEN. Notably, the dark gray areas (i.e., NTm amplitudes evoked by the TS) are less influenced by the
eliminated bandwidths in case of normal frequency tuning compared to broadened frequency tuning, especially in the narrow BEN condition.

doi:10.1371/journal.pone.0017022.g002

@ PLoS ONE | www.plosone.org

March 2011 | Volume 6 | Issue 3 | 17022



Table 1. Mean (*=SD) reaction time (sec) for each band-
eliminated noise (BEN) condition.

Reaction Time (sec)

Groups: BEN_1/4CB BEN_1/2CB BEN_1CB No BEN
Exposed 0.417+0.089  0.403*+0.069  0.394*0.074  0.362*0.079
Control 0.459+0.088  0.443+0.092  0.431*0.095 0.393*0.083

doi:10.1371/journal.pone.0017022.t001

however, they were different during distracted listening, especially
in the BEN_1/4CB condition.

Figure 4 represents the mean N1m source strength ratio in each
condition and in each subject group. The repeated-measures
ANOVA in the distracted listening condition resulted in a
significant main effect for BEN-TYPE (F (2, 50)=46.1,
p<0.001), and a significant interaction between GROUP and
BEN-TYPE (I (2, 100) = 3.7, p<<0.03). In general, narrower BENs
caused smaller N1m source strength ratios in both groups;
however, this effect was more obvious in case of the exposed
compared to the control group. In contrast, for the focused
listening condition the repeated-measures ANOVA showed only a
significant main effect for BEN-TYPE (F (2, 50) = 50.7, p<<0.001),
but no significant interaction between GROUP and BEN-TYPE
F (2, 100)=0.7, p=10.48).

Discussion

The present study experimentally confirmed the hypothesis that
the extensive usage of PMPs could have negative impacts on the
hearing system. The objective neurophysiological MEG results
showed a significant interaction between GROUP and BEN-
TYPE during distracted listening, suggesting that the population-
level frequency tuning was significantly broadened in the
“exposed” group compared to the “control” group (c.f. Figure 2)
[20,22,23]. However, there were no significant differences in the
behavioural measures (pure tone audiogram, speech test, hearing-
in-noise test [25], and the button press responses during the MEG
measurements (Tables 1 and 2)), which can only be obtained
under focused listening conditions. Additionally, the MEG results
were similar between groups in the focused listening condition.
Therefore, the obtained results suggest that PMP usage can cause
subtle damages, which at the moment can easily be compensated
by focused attention in the hearing system, and which therefore
cannot be detected by standard behavioral measures.

Sensory neural networks are composed not only of excitatory
neurons, but also of inhibitory neurons, which enable the
suppression of irrelevant neural activity. Both lateral inhibition
[22,26,27,28,29,30] and co-tuned [31,32] neural mechanisms can
sharpen the auditory frequency tuning by suppressing excitatory

Table 2. Mean (+SD) error rate (%) for each band-eliminated
noise (BEN) condition.

Error Rate (%)

Groups: BEN_1/4CB BEN_1/2CB BEN_1CB No BEN
Exposed 17.1£59 12.8*+5.8 6.0+7.2 29+35
Control 17.0x4.7 13743 6.1+4.2 3.5%4.0

doi:10.1371/journal.pone.0017022.t002
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activity of neighboring neurons, leading to improved spectral
contrast, and resulting in improved auditory performance.
Damage to inhibitory neural networks may not worsen the
hearing threshold, but may broaden the usually sharp frequency
tuning of the auditory system. Therefore, the integrity of the
inhibitory system may not mainly influence the threshold of
excitatory neurons and thus the perceptual sensitivity of the
auditory system per se, but it may play an important role for the
quality of auditory perception [26,33]. However, the inhibitory
connections along the auditory pathway have been demonstrated
to be particularly sensitive to damages by noise exposure
[34,35,36,37,38].

The broadened auditory frequency tuning in the exposed
compared to the control group for the distracted listening
condition might reflect beginning damage of the auditory pathway
due to regular exposure to loud music via PMP. For instance,
Calford et al. [34] reported that neurons in cat primary auditory
cortex exhibited expanded response areas following exposure to
intense pure tones. This finding can be explained in terms of the
loss of inhibition [39]; the intense pure tones preferably damage
inhibitory neurons, which contribute to the sharpening of
frequency tuning in auditory cortex [33]. Noteworthy, loss of
inhibition in the auditory pathway has also been argued to be
closely related to the generation and maintenance of tinnitus [40].
Our present results indicated broadened population-level frequen-
cy tuning expressed in the auditory cortex of the exposed subjects
during distracted listening; however, it is not possible to conclude
with certainty from the present results where exactly in the
auditory pathway the broadening of the frequency tuning has its
origin.

One might argue that the “exposed” subjects were better
trained to ignore unwanted auditory signals by their daily PMP
usage, and that they thus could better suppress brain activity
corresponding to the auditory signals during distracted listening
compared to the “control” subjects. If this was the case, the
“exposed” subjects should have exhibited equally reduced N1m
responses in all BEN conditions. However, in the distracted
listening condition there was no significant main effect of
GROUP, but a significant interaction between GROUP and
BEN-TYPE (Figures 3 and 4). Therefore, it appears unlikely that
the “exposed” subjects could better filter out sound signals
compared to the “control” ones.

The MEG results of the attentive listening session are in line
with the behavioral data, which did not indicate performance
differences between groups. We interpret this finding as indication
that the detrimental effects of the PMP misuse, even though
already objectively measurable in the auditory cortex during
passive listening, were not yet noticeable and behaviorally
relevant, probably because they still could be compensated by
focusing attention. This interpretation is supported by the finding
that focused attention can sharpen population-level frequency
tuning [20,22,23]. However, the broadened frequency tuning
observed in the PMP exposed subjects could already compromise
everyday performance under certain distracted conditions — in the
worst case, a distracted person with broadened frequency tuning
might miss another person’s warning call regarding an approach-
ing car in a noisy traffic situation. Moreover, the broadened
frequency tuning might be a precursor to forthcoming symptoms.
Even though millions of PMP exposed people might not yet have
observable symptoms, the attentional compensation mechanisms
will likely break down in the medium or long term. Continuous
PMP misuse can cumulatively damage the hearing system and
lead to permanent hearing impairment and tinnitus.
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Figure 3. Source strength waveforms. Grand averaged source strength waveforms for each experimental condition. Left and right panels
represent the distracted and focused listening conditions, respectively. Thin and thick lines represent the portable music player (PMP) exposed and

the control groups. Color codes band-eliminated noise (BEN) condition (blue = 1 critical band (CB), green =

1/2 CB, red = 1/4 CB). All source

strength waveforms depicted clear N1m responses, which are further magnified in the ellipsoids. N1m source strengths were overall larger in the

focused listening than in the distracted listening condition.
doi:10.1371/journal.pone.0017022.g003

Conclusions

Here, we suggested that the population-level frequency tuning
was broadened in young subjects who had regularly and
extensively used portable music players. The present findings
indicate the necessity of thorough education regarding appropriate
portable music player usage for adolescents and young adults. It is
a major health policy issue to prevent permanent hearing
impairment and chronic tinnitus in increasingly larger numbers
of portable music player users.

Materials and Methods

Subjects

We compared two experimental groups. The “exposed” group
consisted of 13 young subjects who had listened to music via PMP
regularly (mean * SD: 1.86%0.79 hours per day) for at least the
last two years. Their average comfortable volume setting for pop
music (as measured in an acoustically shielded room) was 80.9
(£10.2) dBA sound pressure level. Thus, it appears very likely that
they would listen with even larger and closer to harmful volumes in
noisy environments. The “control” group consisted of 13 young
subjects who had not yet used PMPs regularly. The two groups
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were matched with regard to age (exposed: 23.0x4.4 years;
control: 24.8%3.3 years) and gender (10 females, 3 males). All
subjects gave written informed consent for their participation. The
study was performed in accordance with the Declaration of
Helsinki, and the ethics committee of the Medical Faculty,
University of Muenster approved the study.

Experimental Design

We measured the auditory evoked fields elicited by tonal test
stimuli (T'S), which are presented either in isolation or embedded
in band eliminated noise (BEN) (Figure 1). The TS (0.6 sec
duration with 0.01 sec on- and off-set ramps) were pure tones with
frequencies of either 250, 350, 450, 570, 700, 840, 1000, 1170,
1370, 1600, 1850, 2150, 2500, 2900, 3400, or 4000 Hz (one
critical band (CB) steps [41]). The TS frequencies were presented
in a pseudo-randomized manner in order to avoid involuntary
bottom-up driven sequencing effects on the auditory evoked fields
[21]. The simultaneously presented BENs were broadband noises
containing eliminated bands with widths of either 1/4, 1/2, or 1
CB centered at the embedded TS frequency (Figure 1). The width
of the CB is closely related to the width of the auditory filter [41].
Masking effects of noise on pure tones are mainly caused by
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Figure 4. Normalized N1m source strength. The graphs display the group means (N=13) of the normalized N1m source strengths for each
band-eliminated noise (BEN) condition during distracted (left panel) and focused (right panel) listening. Open and filled circles represent the exposed
and control groups with the error bars denoting the 95% confidence limits.

doi:10.1371/journal.pone.0017022.g004

spectral components of the noise invading the critical bands of the
tones. Therefore, BENs with narrower eliminated bands can cause
larger masking effects and result in smaller auditory evoked
responses elicited by the test pure tones than BENs with wider
eliminated bands. The behavioural and MEG data were analyzed
after pooling across all TS frequencies, resulting in 192 epochs for
each BEN condition. Half of the TS contained a silent gap of
0.01 sec duration (with 0.01 sec rise and fall times) in the middle of
the TS, and the other half did not. All TS and BENs were
presented binaurally. The hearing threshold for the 1000 Hz TS
was determined for each ear individually before the MEG
measurement. The 1000 Hz TS was presented with intensity of
38 dB above individual sensation threshold. The other TS were
presented with identical power as the 1000 Hz TS. The BENs
were presented with 12 dB larger total power than the TS.
Given the evidence that auditory focused attention can improve
the population-level frequency tuning in human auditory cortex
[20,22,23], we measured auditory evoked fields under two
attentional conditions (distracted vs. focused listening). In the first
MEG session, the participants were measured under distracted
listening conditions — here, they were instructed to attend to a
silent movie and to memorize its content. Compliance was
assessed afterwards by asking the subjects content-related
questions. The second MEG session was performed under focused
listening conditions. In this case, the participants were instructed
to press a response button as quickly as possible with their right
index finger when they detected a temporal gap within the
auditory TS. Auditory evoked fields were measured with a whole-
head gradiometer system (275 channels, Omega; C'TF Systems,
Coquitlam, British Columbia, Canada) in a silent magnetically
shielded room. The auditory evoked fields elicited by the TS
(irrespectively of both TS frequency and presence of a temporal

@ PLoS ONE | www.plosone.org

gap) were selectively averaged for each BEN condition (BEN_1/
4CB, BEN_1/2CB, BEN_ICB and no BEN) after rejection of
artefact epochs containing large field changes (>3 pT). For the
analysis of the N1m response [42], the averaged magnetic fields
were low-pass filtered at 30 Hz, and baseline was corrected
relative to the 0.3 sec interval prior to the TS-onset. We used two
single equivalent current dipoles (one for each hemisphere) to
estimate the NIm source locations and orientations. Since
previous MEG studies [22,23,24] reported that simultaneously
presented BENs did not systematically influence the N1m source
estimation, the MEG waveforms in the no-BEN condition,
exhibiting the highest signal-to-noise ratio, were used for source
estimation. The no-BEN condition was solely used for the
determination of the N1m dipole source locations and orienta-
tions, in order to avoid circular data analysis [43]. A 0.01 sec time
window around the N1m peak latency was used for dipole source
estimation. The estimated source for each hemisphere of each
subject was fixed in its location and orientation as a spatial filter
[44], and the corresponding source strength waveforms were
calculated for each BEN condition (BEN_1/4CB, BEN_1/2CB
and BEN_1CB) and each session (distracted listening and focused
listening).

Statistical Analysis

In order to minimize the inter-individual and inter-session
differences (i.e., head position, brain anatomy, head size, etc.), the
NIm source strengths were normalized with respect to the NIm
source strength averaged across the BEN_1/4CB, BEN_1/2CB
and BEN_ICB conditions for each subject and hemisphere
separately for each session. Thereafter, the NIm source strength
ratios in the distracted and focused listening conditions were
separately analyzed via repeated-measures ANOVA using the two
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factors BEN-TYPE (BEN_1/4CB, BEN_1/2CB, BEN_1CB) and
GROUP (exposed, control). The behavioral responses (reaction
time and error rate) in each BEN condition in focused listening
were evaluated by repeated-measures ANOVA using BEN-TYPE
(BEN_1/4CB, BEN_1/2CB, BEN_1CB, no BEN) and GROUP

(exposed, control) as factors.

References

1.

2.

22.

23.

. Kamke MR, Brown M,

Rosler G (1994) Progression of hearing-loss caused by occupational noise. Scand
Audiol 23: 13-37.

Clark WW, Bohne BA (1999) Effects of noise on hearing. JAMA 281:
1658-1659.

. Eggermont J, Roberts L (2004) The neuroscience of tinnitus. Trends Neurosci

27: 676-682.

. Izquierdo MA, Gutierrez-Conde PM, Merchan MA, Malmierca MS (2008)

Non-plastic reorganization of frequency coding in the inferior colliculus of the
rat following noise-induced hearing loss. Neuroscience 154: 355-369.

. Irvine DRF, Rajan R, Smith S (2003) Effects of restricted cochlear lesions in

adult cats on the frequency organization of the inferior colliculus. J Comp
Neurol 467: 354-374.

. Rajan R, Irvine DRF, Wise LZ, Heil P (1993) Effect of unilateral partial

cochlear lesions in adult cats on the representation of lesioned and unlesioned
cochleas in primary auditory-cortex. ] Comp Neurol 338: 17-49.

Irvine DRF (2003) Plasticity in the tonotopic
organization of the medial geniculate body in adult cats following restricted
unilateral cochlear lesions. ] Comp Neurol 459: 355-367.

. Morata TC, Dunn DE, Kretschmer LW, Lemasters GK, Keith RW (1993)

Effects of occupational exposure to organic-solvents and noise on hearing.
Scand J] Work Environ Health 19: 245-254.

. Morata TC (2007) Young people: Their noise and music exposures and the risk

of hearing loss. Int J Audiol 46: 111-112.

. Rabinowitz PM (2000) Noise-induced hearing loss. Am Fam Physician 61:

2749-2756.

. Danhauer JL, Johnson CE, Byrd A, DeGood L, Meuel C, et al. (2009) Survey of

College Students on iPod Use and Hearing Health. ] Am Acad Audiol 20: 5-27.

. Tligor BJ, Cox LC (2004) Output levels of commercially available portable

compact disc players and the potential risk to hearing. Ear Hear 25: 513-527.

. Zhao F, Manchaiah VK, French D, Price SM (2010) Music exposure and

hearing disorders: an overview. Int J Audiol 49: 54-64.

. Axelsson A, Rosenhall U, Zachau G (1994) Hearing in 18-year-old swedish

males. Scand Audiol 23: 129-134.

. Biassoni EC, Serra MR, Richter U, Joekes S, Yacci MR, et al. (2005)

Recreational noise exposure and its effects on the hearing of adolescents. Part IT:
Development of hearing disorders. Int J Audiol 44: 74-85.

. Peng JH, Tao ZZ, Huang ZW (2007) Risk of damage to hearing from personal

listening devices in young adults. J Otolaryngol 36: 181-185.

. MeyerBisch C (1996) Epidemiological evaluation of hearing damage related to

strongly amplified music (personal cassette players, discotheques, rock concerts) -
High-definition audiometric survey on 1364 subjects. Audiology 35: 121-142.
Serra MR, Biassoni EC, Richter U, Minoldo G, Franco G, et al. (2005)
Recreational noise exposure and its effects on the hearing of adolescents. Part I:
An interdisciplinary long-term study. Int J Audiol 44: 65-73.

. Tucci D, Merson MH, Wilson BS (2010) A summary of the literature on global

hearing impairment: current status and priorities for action. Otol Neurotol 31:
31-41.

. Kauramaiki J, Jaaskeldinen IP, Sams M (2007) Selective attention increases both

gain and feature selectivity of the human auditory cortex. PLoS ONE 2: €909.

. Okamoto H, Stracke H, Lagemann L, Pantev C (2010) Bottom-Up Driven

Involuntary Auditory Evoked Field Change: Constant Sound Sequencing
Amplifies But Does Not Sharpen Neural Activity. ] Neurophysiol 103: 244-249.
Okamoto H, Stracke H, Wolters CH, Schmael F, Pantev C (2007) Attention
improves population-level frequency tuning in human auditory cortex. J Neurosci
27: 10383-10390.

Okamoto H, Stracke H, Zwitserlood P, Roberts LE, Pantev C (2009) Frequency-
specific modulation of population-level frequency tuning in human auditory
cortex. BMC Neurosci 10: 1.

@ PLoS ONE | www.plosone.org

A Dark Side of Portable Music Players

Acknowledgments

We thank L. Lagemann and A. T. Herdman for their thoughtful and
informative suggestions; A. Wollbrink for technical assistance; and K.
Berning, H. Deitermann, and U. Trompeter for data acquisition.

Author Contributions

Conceived and designed the experiments: HO. Performed the experi-
ments: HO HT. Analyzed the data: HO HT. Contributed reagents/
materials/analysis tools: HO. Wrote the paper: HO HT RK CP.

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Sams M, Salmelin R (1994) Evidence of sharp frequency tuning in the human
auditory cortex. Hear Res 75: 67-74.

5. Nilsson M, Soli SD, Sullivan JA (1994) Development of the hearing in noise test

for the measurement of speech reception thresholds in quiet and in noise.
J Acoust Soc Am 95: 1085-1099.
Pantev C, Okamoto H, Ross B, Stoll W, Ciurlia-Guy E, et al. (2004) Lateral
inhibition and habituation of the human auditory cortex. Eur J Neurosci 19:
2337-2344.
Von Békésy G (1967) Sensory inhibition. Princeton, N J.: Princeton University
Press. 265 p.
LeBeau FEN, Malmierca MS, Rees A (2001) Iontophoresis in vivo demonstrates
a key role for GABA(A) and glycinergic inhibition in shaping frequency response
areas in the inferior colliculus of guinea pig. J Neurosci 21: 7303-7312.

Suga N, Zhang YF, Yan J (1997) Sharpening of frequency tuning by inhibition
in the thalamic auditory nucleus of the mustached bat. J Neurophysiol 77:
2098-2114.
LeBeau FEN, Rees A, Malmierca MS (1996) Contribution of GABA- and
glycine-mediated inhibition to the monaural temporal response properties of
neurons in the inferior colliculus. J Neurophysiol 75: 902-919.
Oswald AMM, Schiff ML, Reyes AD (2006) Synaptic mechanisms underlying
auditory processing. Curr Opin Neurobiol 16: 371-376.
Wehr M, Zador AM (2003) Balanced inhibition underlies tuning and sharpens
spike timing in auditory cortex. Nature 426: 442-446.
Wu GK, Arbuckle R, Liu BH, Tao HW, Zhang LI (2008) Lateral sharpening of
cortical frequency tuning by approximately balanced inhibition. Neuron 58:
132-143.

“alford MB, Rajan R, Irvine DRF (1993) Rapid changes in the frequency
tuning of neurons in cat auditory-cortex resulting from pure-tone-induced
temporary threshold shift. Neuroscience 55: 953-964.

. Norena AJ, Tomita M, Eggermont JJ (2003) Neural changes in cat auditory

cortex after a transient pure-tone trauma. J Neurophysiol 90: 2387-2401.
Caspary DM, Ling L, Turner JG, Hughes LF (2008) Inhibitory neurotransmis-
sion, plasticity and aging in the mammalian central auditory system. J Exp Biol
211: 1781-1791.

Milbrandt JC, Holder TM, Wilson MC, Salvi RJ, Caspary DM (2000) GAD
levels and muscimol binding in rat inferior colliculus following acoustic trauma.
Hear Res 147: 251-260.

Mossop JE, Wilson MJ, Caspary DM, Moore DR (2000) Down-regulation of
inhibition following unilateral deafening. Hear Res 147: 183-187.

Rajan R (1998) Receptor organ damage causes loss of cortical surround
inhibition without topographic map plasticity. Nat Neurosci 1: 138-143.
Diesch E, Andermann M, Flor H, Rupp A (2010) Interaction among the
components of multiple auditory steady-state responses: enhancement in tinnitus
patients, inhibition in controls. Neuroscience 167: 540-553.

Zwicker E, Fastl H (1999) Psychoacoustics: facts and models. Berlin; New York:
Springer. 416 p.

Naatanen R, Picton T (1987) The N1 wave of the human electric and magnetic
response to sound: a review and an analysis of the component structure.
Psychophysiology 24: 375-425.

Kriegeskorte N, Simmons WK, Bellgowan PSF, Baker CI (2009) Circular
analysis in systems neuroscience: the dangers of double dipping. Nat Neurosci
12: 535-540.

Tesche CD, Uusitalo MA, Ilmoniemi RJ, Huotilainen M, Kajola M, et al. (1995)
Signal-space projections of meg data characterize both distributed and well-
localized neuronal sources. Electroencephalogr Clin Neurophysiol(Suppl 95):

189-200.

March 2011 | Volume 6 | Issue 3 | 17022



