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 Background: The goal of the fMRI experiment was to explore the involvement of central auditory structures in pathomech-
anisms of a behaviorally manifested auditory temporary threshold shift in humans.

 Material/Methods: The material included 18 healthy volunteers with normal hearing. Subjects in the exposure group were present-
ed with 15 min of binaural acoustic overstimulation of narrowband noise (3 kHz central frequency) at 95 dB(A). 
The control group was not exposed to noise but instead relaxed in silence. Auditory fMRI was performed in 1 
session before and 3 sessions after acoustic overstimulation and involved 3.5–4.5 kHz sweeps.

 Results: The outcomes of the study indicate a possible effect of acoustic overstimulation on central processing, with de-
creased brain responses to auditory stimulation up to 20 min after exposure to noise. The effect can be seen al-
ready in the primary auditory cortex. Decreased BOLD signal change can be due to increased excitation thresh-
olds and/or increased spontaneous activity of auditory neurons throughout the auditory system.

 Conclusions: The trial shows that fMRI can be a valuable tool in acoustic overstimulation studies but has to be used with 
caution and considered complimentary to audiological measures. Further methodological improvements are 
needed to distinguish the effects of TTS and neuronal habituation to repetitive stimulation.
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Background

Temporary threshold shift (TTS) is a reversible impairment of 
hearing acuity following noise exposure (or chemical/mechan-
ical manipulation) [1]. It is most frequently manifested with 
an increase of pure tone audiometric thresholds (PTA) [2–4]. 
If the measured TTS is above 40-50dB, hearing deterioration 
can become permanent (permanent threshold shift, PTS) and, 
therefore, this effect has been studied as a predictor of the 
ever more prevalent occupational hearing loss [5]. Other au-
thors have indicated TTS as a correlate of tinnitus and hyper-
acousics, both in animals [3,6] and in humans (see Knipper 
group’s work for a review [7]). Both animal and scarce human 
models show that exposure to a sufficient duration and in-
tensity of noise leads to structural and functional changes in 
the peripheral and central auditory system. Preclinical studies 
have demonstrated that structural effects involve mechanical 
damage of hair cells, accompanied by decreased basal den-
dritic length and spine density [8,9]. Considering functional 
changes in the peripheral system, temporally decreased dis-
tortion product otoacoustic emission levels (DPOAEs), reflect-
ing summed activity of outer hair cells (OHCs), have been re-
ported after acoustic overstimulation. It has been shown that 
noise preferentially damages OHCs [10,11]. In case of tempo-
ral hearing loses, DPOAEs decrease linearly as a function of du-
ration of exposure, with permanent effects developing expo-
nentially [12]. Furthermore, noise exposure leads to enhanced 
spontaneous neural responses, as measured with single-cell 
recording, in both the peripheral (the cochlear nucleus, CN), 
and the central auditory system, in the cochlear nucleus (CN), 
the inferior colliculus (IC), the medial geniculate body (MGB), 
and the primary auditory cortex (PAC) [2,13–18]. In addition, 
numerous findings have been provided concerning the effect 
of noise exposure on induced central auditory responses in an-
imals. After various durations (hours-days) of high-frequen-
cy noise (2–12 kHz) at frequencies exceeding the frequency 
of noise used for overstimulation, authors showed elevated 
hearing thresholds [9,16,18], increased [18] or decreased [16] 
responses in the auditory cortex, and disorganized tonotopy 
of the primary auditory cortex [9]. Animal studies measuring 
auditory brainstem responses (ABR) have shown temporary 
elevated thresholds, as well as decreased amplitudes of wave 
I and wave IV following suprathreshold auditory stimulation 
[2,4,19–21]. In one of the very few functional magnetic res-
onance (fMRI) studies in animals, Lau and colleagues found 
that a 2-month presentation of 30-kHz broadband noise (65 
dB SPL) induced a decrease of BOLD signal amplitude in the 
contralateral medial geniculate body (MGB), the thalamic part 
of the central auditory pathway, and in bilateral primary au-
ditory cortices (PAC) after a presentation of sound pulsed at 
10 Hz [22]. These results show involvement of these neuro-
nal structures in adaptation to long-term moderate noise ex-
posures and possibly some damage to the peripheral auditory 

system. The authors reported that the outcomes were account-
ed for in terms of a compensatory central mechanism of synap-
tic gain reduction. In scarce human studies, the extent of TTS 
has been evaluated by comparing auditory thresholds (pure 
tone audiometry, PTA) before and either immediately or 1–2 
min after acoustic overstimulation, with final measurements 
performed after 30–120 min [23–25]. The largest TTS effect 
has been reported for continuous sounds at 4 kHz ±½ octave 
(audiometric notch at 3–6 kHz) and intensity exceeding 70–
80 dB SPL [5,26–30]. OAEs have been used to study audito-
ry function after an acute acoustic trauma, as well as chronic 
noise exposure in humans. This despite some authors dem-
onstrating insufficient sensitivity of the method as regards 
exposure to loud music [31]. Interestingly, reduction in TTS 
following noise exposure has been usually manifested with 
suppressed otoacoustic emissions elicited by stimulation of 
the contralateral ear, which suggests involvement of the de-
scending olivocochlear bundle in protection and susceptibil-
ity to noise [32,33]. In addition, low-level distortion product 
and transiently-evoked OAEs decreases, especially in high-
frequency ranges, have been reported in patients with chron-
ic tinnitus with or without hearing loss [34]. As is the case of 
PTA and for OAEs level shifts, the most significant effects have 
been found for high frequencies and in the range from half to 
an octave above the exposure noise band [35]. The involve-
ment of central auditory structures following acoustic over-
stimulation has not yet been systematically examined in hu-
man. Nevertheless, some evidence has been provided in ABR 
studies. Kochanek et al. reported a shift of latency (and a de-
crease in amplitude) of wave V in response to 4 kHz present-
ed at high levels following overstimulation with noise centered 
at 3 kHz (1/8 band) [36]. The latency effect for quiet supra-
threshold stimulation was apparent up to 50 min after over-
stimulation, although TTS was no longer detectable with pure 
tone audiometry. This lack of a linear relationship between PTA 
and ABR measurements has been reported in other similar in-
vestigations [28,37–39]. A recent ABR study by Stamper et al. 
has revealed an unaltered suprathreshold amplitude of wave 
V and reduced amplitude of wave 1 in participants with high-
er levels of noise exposure background [28]. Interestingly, 
Harkrider and Tampas found larger amplitudes of ABR wave 
V in people with higher noise acceptance scores, which they 
explained as either enhanced excitation in afferent auditory 
pathways or limited inhibition in the efferent nerve fibers fol-
lowing differentiation [40]. In line with animal studies, there 
appears to be interplay between peripheral and central audi-
tory structures following acoustic overstimulation in human. 
Nevertheless, to the best of our knowledge there have been 
no studies published investigating the effects of exposure to 
acoustic overstimulation in the human auditory cortex direct-
ly, except for 1 preliminary fMRI trial. Activation in bilateral 
auditory cortices has shown various temporal dynamics at 4 
measurement intervals after noise exposure [41]. The goal of 
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the present study was to further examine the involvement of 
central auditory structures in pathomechanisms of behavior-
ally manifested auditory TTS in humans. We hypothesized that 
post-overstimulation auditory fMRI sessions would reveal de-
creased BOLD (blood oxygen level-dependent) signal change 
in the auditory cortex, converging with the reported increased 
thresholds in TTS studies using PTA and ABR.

Material and Methods

Participants

There were 18 subjects recruited for the study. Ten volunteers, 
aged 22–39 (M=27.2±5.5) years, were enrolled to the exposure 
group. Eight subjects (22–41, M=29.0±5.9) participated as the 
control group. All subjects were included in the study only af-
ter a comprehensive assessment by an ENT specialist. All were 
right-handed, had normal hearing (HL<15 dB for 0.125–8 kHz), 
and no history of neurological, psychiatric, and/or auditory con-
ditions. Participants signed an informed consent form to take 
part in the experiment and were paid for participation. They 
were informed that in certain individuals the TTS effect (and 
the potentially accompanying tinnitus) might be present for 
longer than in others. Should the effect remain longer than 24 
hours, treatment would be provided (e.g., cardiovascular med-
ications). The study was approved by the Ethics Committee of 
the Institute of Physiology and Pathology of Hearing and con-
formed to the Declaration of Helsinki.

Pure tone audiometry

Pure tone audiometry (PTA) measurements in all subjects 
(N=18) were performed before the fMRI study (24 hours and 
immediately before), in a sound-proof booth, with the use of 
a Madsen Itera audiometer (URL:http://www.otometrics.com) 
and ER3A earphones by Etymotic (URL:http://www.etymot-
ic.com/). PTA (0.125–8 kHz) with 5-dB increments and a pre-
sentation rate of 2.5 Hz (descending). In addition, the day be-
fore fMRI, auditory thresholds were measured for 4 kHz with 
1 dB increments before and after a single binaural exposure 
to a continuous narrowband noise with a central frequency 
of 3 kHz (bandwidth at half-maximum=2.5–3.3 kHz), 15 min 
in duration, at 95 dB(A) (hereafter: acoustic overstimulation). 
The exact parameters were in accordance with internation-
al reference levels of narrowband masking noise (ISO 389–4: 
1994). A narrowband noise was selected, among other factors, 
because a broadband noise would comprise frequency ranges 
below 2 kHz, which have been shown to induce the acoustic 
reflex limiting the effect of acoustic overstimulation [25]. The 
measurement time points were: 1 min post-overstimulation, 
2 min post-overstimulation, 10 min post-overstimulation, 20 
min post-overstimulation, and 30 min post-overstimulation. 

Auditory thresholds were determined for 1 pseudo-random-
ly selected ear (number of left and right ears was equal) [23] 
and were found to return to normal after noise exposure. At 
2 time points after the f/MRI study (immediately after and 24 
hours later), all participants had standard tonal audiometry 
measurements repeated for 0.125–8 kHz (with no acoustic 
overstimulation). Their hearing acuity was equal to that mea-
sured before their participation in the study.

f/MRI

Data acquisition

The f/MRI study was performed at the Bioimaging Research 
Center of the World Hearing Center of the Institute of Physiology 
and Pathology of Hearing in Kajetany, Warsaw, Poland, on a 3T 
Siemens Trio TIM scanner, equipped with a 12-channel matrix 
head coil. Nordic Neuro Lab (NNL) MRI-compatible electrostatic 
headphones (URL:www.nordicneurolab.com) were used to de-
liver the acoustic stimulation. Whole-brain functional imag-
ing was performed with a T2* SingleShot EPI, with the follow-
ing parameters: 46 axial slices with isotropic resolution 3×3×3 
mm, TR=10000 ms (sparse paradigm with 2.5s data acquisi-
tion), TE=30ms, FA=90°, FOV=192×192mm, matrix=64×64, pixel 
bandwidth=2232 Hz/pix, iPAT=2, 60 volumes in a series, TA=10 
min 32 s (including 3 non-registered dummy scans required 
for magnetization stabilization). A 3D high-resolution T1 MPR 
sequence was used for anatomical reference. The parameters 
of the sequence were: 208 sagittal slices with isotropic reso-
lution 0.9×0.9×0.9 mm, TR=1900 ms, TE=2.21 ms, TI=900 ms, 
FA=9, FOV=26×28.8 cm, matrix=290×320, pixel bandwidth= 
200 Hz/pix, iPAT=2, TA=5 min. Standard T1 and T2 MR se-
quences were applied to exclude subjects with brain pathology.

fMRI paradigm

Although sustained increases in spontaneous activity of corti-
cal neurons have been most consistently documented in ani-
mal TTS studies, fMRI cannot be used to evaluate this directly 
[42,43]. Therefore, to test central correlates of TTS, auditory 
stimulation before and after acoustic stimulation was applied 
and the outcomes compared. FMRI data were collected in 4×10 
min runs: a) prior to acoustic overstimulation/silence (Before), 
b) starting immediately after overstimulation/silence was com-
pleted (at T0; After 1), c) starting 10 mins later (at T0+10 mins; 
After 2), d) starting next 10 mins later (at T0+20 mins; After 3). 
A standard box-car paradigm was used with blocks of sound 
(30 s) intertwined with blocks of silence (30 s). Within 1 sound 
block, 15×1s 3.5–4.5 kHz sweeps (hereafter: ‘4 kHz’) with a 
50 ms rising and falling time were presented at 85 dB(A), al-
ternated with 15×1s silent gaps (Figure 1). Sound parameters 
were based on the existing findings in animals and humans 
demonstrating largest TTS effects for frequencies exceeding 
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the frequency of the overstimulation by half an octave [26]. 
During one sound block, 3 brain volumes were collected. During 
each time of repetition (TR), which was 10s, a 2.5-s image ac-
quisition was preceded by 7.5 s of scanner silence (sparse data 
acquisition) (Figure 1). This long TR was selected to limit the 
influence of the scanner noise on the obtained signal of inter-
est. The acoustic overstimulation involved 15 min of narrow-
band noise with a central frequency of 3 kHz (the same sound 
as for audiometric assessments), presented binaurally at 95 
dB(A) via NNL electrostatic headphones while in the scanner. 
The control group had no acoustic overstimulation presented 
in the MR scanner and instead relaxed in silence. Figure 1 de-
picts the timeline of the fMRI experiment. During study prep-
arations, an artificial ear simulator by Bruel & Kjaer was con-
nected to a Madsen Itera audiometer by ER3a earphones to 
estimate the parameters of the noise used for acoustic over-
stimulation in behavioral audiometric assessments. The same 
was done for the MRI-compatible NNL headphones. The pa-
rameters of the narrowband noise transmitted via the NNL 
headphones were adjusted, so that was most similar to the 
noise provided by audiometric earphones. Before each indi-
vidual fMRI session, NNL headphones were calibrated and, if 
needed, the amplitude and spectrum of the noise were correct-
ed. Background noise in the scanner room (without scanning) 
was attenuated with headphones to an approximate level of 
50 dB SPL. During fMRI scanning, participants were requested 
to stay vigilant. Subjects were also kept attentive by the ex-
perimenter, who talked to them between functional MR runs.

fMRI data processing

Initial data analysis and preprocessing were done using SPM12 
(Wellcome Department of Imaging Neuroscience, London, 
UK; URL:www.fil.ion.ucl.ac.uk/spm) implemented in MATLAB 

(Mathworks Inc., Sherborn, MA). Single-subject preprocess-
ing was performed using standard procedures. Functional 
scans were realigned to the first image of the time series. 
Subjects’ moving patterns (translation and rotation) were be-
low 1 mm in all fMRI sessions. Next, images were resampled 
to 2×2×2 mm. Normalization to a standard brain atlas (SPM 
MNI space) was performed on segmented T1 volumetric im-
ages (voxel size 1×1×1 mm) co-registered with EPI images. 
Images were smoothed with an 8mm FWHM Gaussian kernel. 
A general linear model (GLM) and a canonical hemodynamic 
response function (HRF) were fitted to the data. A time series 
for each voxel was high-pass filtered (1/128 Hz cut-off) to re-
move low-frequency noise and signal drifts.

In the whole-brain statistical analysis in SPM, 12 contrasts ‘4 
kHz vs. silence’ were calculated for sessions Before and After 
1–3 in each participant (first level analysis). Outcomes of these 
contrasts were compared using ANOVA full factorial analysis 
(factors: 2 independent groups with unequal variance and 4 
dependent sessions with equal variance). Next, group results 
in each session were compared with one another (interactions 
between groups and between sessions). Outcome  post-hoc 
SPM t-maps were FWE-corrected at p<0.05. Anatomical brain 
regions were localized using the AAL atlas implemented in 
MRICRON (URL:http://www.mccauslandcenter.sc.edu/mricro/
mricron/). In an additional analysis, the size of the activated 
region (no. of voxels) was normalized between sessions, us-
ing session Before as a reference (the obtained region size in 
each session After was divided by the region size obtained in 
session Before). This was done to present a trend in which the 
size of the active region was changing.

In addition, a region-of-interest (ROI) analysis was performed 
to test whether there was evidence of significant BOLD signal 

STIMULATION
15×1 s stimuli alternated with 1 s gaps

fMRI
(10 mins)

before acoustic
overstimulation

(before)

fMRI
(10 mins)

after acoustic
overstimulation

(after 1)

fMRI
(10 mins)

after acoustic
overstimulation

(after 2)

fMRI
(10 mins)

after acoustic
overstimulation

(after 3)
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overstimulation
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(15 min)
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30 s 30 s30 s30 s 30 s 30 s30 s30 s 30 s 30 s30 s30 s 30 s 30 s30 s30 s 30 s 30 s30 s30 s
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T
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Figure 1. Timeline of the fMRI experiment.
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change in the primary auditory cortex [44]. Anatomical ROIs 
representing bilateral primary auditory cortex (PAC) (Te 1.0, 1.1, 
and 1.2) were defined, as provided in the Juelich Histological 
Atlas (thresholded at 25%) (Figure 2) [45,46]. Next, using the 
MarsBar toolbox for SPM (URL:http://marsbar.sourceforge.
net/), mean BOLD signal change was calculated within ROIs for 
each subject and each fMRI session, independently. The val-
ues were then averaged across subjects in the exposure and 
the control groups [47].

Results

Audiometric measurements – temporary threshold shift

Average TTS values are presented in Figure 3. The largest TTS 
was found at 1 min after exposure and decreased gradually 
down to the measurement time-point 30 min after overstim-
ulation was completed. Differences between auditory thresh-
olds before and after acoustic overstimulation (TTS values) 
were statistically significant for measurements at 1, 2, 10, 
20, and 30 min post-overstimulation (p<0.001). Differences 
between TTS values at post-overstimulation measurements 
were statistically significant for contrasts 10 min vs. 2 min 
and 20 min vs. 10 min.
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Figure 2.  Results of the ROI analysis in the exposure group and the control group in bilateral anatomical ROIs in subsequent fMRI 
sessions, before acoustic overstimulation/period of silence (Before) and after acoustic overstimulation/period of silence 
(After 1, After 2, After 3) for contrast 4 kHz vs. silence. The mean percentage BOLD signal change is depicted (b values); 
asterisk * indicates statistical significance (paired t-tests, p<0.05) and bars represent standard deviations.
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fMRI results

Whole-brain analysis

Exposure group (exposed to acoustic overstimulation)

In the exposure group before overstimulation, brain responses 
to auditory stimulation were identified in bilateral auditory corti-
ces, i.e., superior temporal lobes and Heschl gyri (contrast ‘4 kHz 
vs. silence’). Cluster sizes in 2 first post-overstimulation sessions 
in bilateral auditory cortices were of a lesser size, especially in 
session After 2. In session After 3, the signal recorded in bilat-
eral auditory cortices seemed to recover. The outcomes in the 
auditory cortex were thresholded at p<0.05 (FWE-corrected) and 
are presented in Table 1 and Figure 4A. ANOVA t-tests directly 
comparing 4 fMRI sessions with one another showed signifi-
cantly more restricted activation in session After 2, when com-
pared to Before (AlphaSim-corrected for multiple comparisons 
at cluster level p<0.05 after passing an uncorrected threshold 

12

10

8

6

4

2

0
1 min 2 min 10 min

TTS [dB]

20 min 30 min

Figure 3.  Group average TTS values in subsequent measurement 
time points; bars indicate standard deviations.

Session Hem.
Main 

Anatomical 
region (AAL)

Exposure group Control group

Region 
size (vox.)

Peak 
t-value

MNI coord.

Total 
cluster 

size 
(vox.)

Region 
size (vox.)

Peak 
t-value

MNI coord.

Total 
cluster 

size 
(vox.)

Before R T1 510 9.52 48–27 7 680 868 9.15 48–29 9 976

HES 83 8.79 42–22 6 52 7.63 42–22 6

L T1 375 9.43 –40–29 7 617 495 8.73 –46–39 15 758

HES 77 9.11 –38–29 9 45 7.91 –34–31 13

After 1 R T1 194 8.04 44–19 1 285 362 7.91 48–29 9 406

HES 54 7.74 42–22 6 34 6.85 44–20 6

L T1 144 7.73 –40–29 7 326 215 7.72 –48–41 17 376

HES 65 7.63 –38–29 9 26 7.08 –35–32 11

After 2 R T1 51 6.20 44–19 1 64 624 10.00 46–19 1 758

HES 2 5.77 42–22 6 66 7.52 42–22 6

L T1 20 6.15 –40–29 5 61 263 7.60 –40–27 5 482

HES 11 5.96 –37–29 8 53 7.25 –37–24 5

After 3 R T1 482 9.06 46–29 9 651 889 9.33 48–29 9 1003

HES 80 8.11 40–27 9 69 7.34 46–22 8

L T1 356 8.81 –42–33 7 659 452 8.29 –40–37 13 779

HES 74 8.72 –36–31 11 56 8.25 –34–31 13

Table 1.  Results of the fMRI ANOVA post-hoc analysis in the exposure group and the control group in bilateral superior temporal 
lobes and Heschl gyri; before acoustic overstimulation/period of silence (Before) and three fMRI sessions after acoustic 
overstimulation/period of silence (After 1, After 2, After 3) for contrast 4 kHz vs. silence; FWE-corrected (p<0.05), threshold 
t-stat 5.26.

Hem. – brain hemisphere; R – right hemisphere; L – left hemisphere; AAL – Automatic Anatomical Labeling brain atlas; T1 – superior 
temporal lobe, HES – Heschl gyrus; vox. – number of voxels; MNI – Montreal Neurological Institute brain atlas; coord. – coordinates.
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Exposure group
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After 3

A

B

Figure 4.  Results of the fMRI ANOVA post hoc analysis: (A) in the exposure group and (B) in the control group, in bilateral superior 
temporal lobes and Heschl gyri; before acoustic overstimulation (Before) and 3 fMRI sessions after acoustic overstimulation 
(After 1, After 2, After 3) for contrast 4 kHz vs. silence; FWE-corrected (p<0.05, threshold t-stat 5.26); L – left hemisphere, 
R – right hemisphere.
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at p=0.001). The activation was detected in the right superi-
or temporal lobe (cluster size 159 voxels, peak t-value=4.08) 
(Figure 5A). There were no other between-session differences 
revealed. Some of the presented data has been used in a PhD 
dissertation by Piotr Skarżyński, Assessment of auditory fatigue 
using fMRI, Medical University of Warsaw, 2012.

Control group (not exposed to acoustic overstimulation)

The control group revealed auditory brain responses in bilater-
al superior temporal lobes and Heschl gyri following auditory 
stimulation before and after the 15-min period of silence. As 
shown in Table 1 and Figure 4B (contrast ‘4 kHz vs. silence’), 
activation cluster sizes were more restricted immediately after 
the period of silence and then seemed to recover to the original 
state in sessions After 2 and After 3. ANOVA post hoc t-tests 
comparing the outcomes of 4 fMRI sessions with one anoth-
er showed no effects with statistical significance (AlphaSim-
corrected for multiple comparisons at cluster level p<0.05 af-
ter passing an uncorrected threshold at p=0.001).

Figure 6 depicts the active cluster size in bilateral STL and 
Heschl gyri changing across sessions in the exposure and the 
control group (outcomes of ANOVA post hoc). Both groups 
showed the size decreasing in session After 1 (by approxi-
mately 40% in Heschl gyri and approximately 60% in STLs, 
when compared with the reference Before session). In session 
After 2, in the control group the size of the active regions in 

auditory cortices starts to recover, whereas in the exposure 
group it continues to decrease to 10% of the size revealed in 
session Before. In session After 3, active regions are of compa-
rable size to session Before in both study groups (in the con-
trol group the size of the HG cluster was even 20% larger).

Between-group comparisons revealed no statistically signif-
icant outcomes, with AlphaSim corrected for multiple com-
parisons at cluster level p<0.05 after passing an uncorrected 
threshold at p=0.001. Nevertheless, the exposure group had 
a slightly larger active region in session After 2 in the right 
superior temporal gyrus (cluster size 62, peak t-value 4.17), 
and left superior temporal gyrus (cluster size 38, peak t-val-
ue 3.79) at p<0.001 unc. As shown in Figure 5B, the cluster on 
the right was similar to the one differentiating sessions Before 
and After 2 in the exposure group (Figure 5A).

Region-of-interest analysis

The anatomical region-of-interest (ROI) analysis in the expo-
sure group (exposed to acoustic overstimulation) revealed de-
creased BOLD signal change (b values) for contrast ‘4 kHz vs. 
silence’ after acoustic overstimulation in sessions After 1 and 
After 2 in all selected ROIs in bilateral primary auditory corti-
ces. In the exposure group, as shown with paired t-tests, the 
decrease in session After 2, compared to session Before, was 
statistically significant (p<0.05) in all PAC subregions in the 
right hemisphere and in region Te 1.0 in the left hemisphere. 

Exposure group – contrast before vs. after 2

Control vs. exposure group – after 2

t-stat
1 3.22 5

15 12 9 6 3 –30

R L

15 12 9 6 3 –30

R L

A

B

Figure 5.  Results of the fMRI ANOVA post hoc analysis: (A) in the exposure group in bilateral superior temporal lobes and Heschl gyri; 
contrast between sessions Before > After 2; AlphaSim-corrected (involving cluster-level correction for multiple comparisons 
at p<0.05 after passing an uncorrected threshold of p=0.001, threshold t-stat 3.22, voxel cluster threshold > 80); (B) contrast 
between Control group > Exposure group; in session After 2; in bilateral superior temporal lobes and Heschl gyri; uncorrected 
(p=0.001); L – left hemisphere, R – right hemisphere.
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Furthermore, there was a significant increase detected in the 
right ROI from session After 2 to After 3 in PAC subdivisions Te 
1.0 and Te 1.2. No statistically significant changes were dem-
onstrated in control individuals. The produced ROIs and group 
outcomes are presented in Figure 2.

Discussion

In the present sparse fMRI study, we undertook to examine 
brain correlates accompanying behaviorally detected TTS by 
looking at induced central auditory responses at different time 
intervals following a period of acoustic overstimulation. Two 
complementary approaches to data analysis provided similar 
outcomes. Bilateral cortical auditory responses revealed in the 
exposure group decreased gradually up to 20 min after com-
pletion of acoustic overstimulation. The effect was more vis-
ible and statistically significant in the right hemisphere and 
in the time period between the fMRI session before noise ex-
posure and the second session after (Table 1, Figures 2, 4–6). 
The control group that was not exposed to any acoustic over-
stimulation while in the scanner also demonstrated respons-
es in bilateral auditory cortices induced with auditory stimu-
lation, whose extent was relatively more constant across all 
4 fMRI sessions, apart from a decrease of hemodynamic re-
sponse, which was not statistically significant in the right 
hemisphere in ROI analysis just after the 15-minute period 
of silence (Table 1, Figures 2, 4, 6). In both study groups, the 

hemodynamic response seemed to have “returned” to the 
initial state (before the period of acoustic overstimulation/si-
lence) in the third fMRI session (20 to 30 min after acoustic 
overstimulation/silence) (Table 1, Figures 2, 4, 6).

Habituation due to repetitive auditory stimulation?

Although weak, there was a decrease in the extent of the he-
modynamic response and BOLD signal change in both study 
groups up to 10 min after the period of overstimulation/silence 
(session After 1). In the exposure group the decrease was in 
addition present in session After 2. At the first attempt, this 
outcome can be discussed in reference to habituation (a type 
of per-stimulus adaptation), which has been demonstrated 
to exist at different time scales depending on changing envi-
ronmental requirements and is attributed to different levels 
of the auditory system, including the auditory cortex [48–50]. 
Due to this progressive suppression of neuronal responses, 
the amount of high-probability stimuli being directed to the 
encoding system is limited, which facilitates abrupt detec-
tion of novel events [51,52]. It has been widely demonstrat-
ed in behavioral and fMRI research (both in awake and anes-
thetized states) that after recurrent sensory stimulation the 
brain would recognize it and habituate towards it [51,53,54] 
(‘cf. fast learning theory’ with the brain gradually selecting op-
timal sensory information to represent the features of sound 
in a form of a specific population of synchronically firing cells 
in Jäncke’s group work [55]).
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Figure 6.  Size of active regions changing across sessions in both study groups in bilateral superior temporal lobes and Heschl gyri; the 
size of active regions in sessions After 1–After 3 was normalized to session Before.
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In the current study, it cannot be excluded that the same mo-
notonous and non-informative stimulation presented to the 
participants in fMRI sessions Before and After 1 induced neu-
ronal habituation. The objectively unspectacular effect of ha-
bituation could be due to the sparse nature of the fMRI audito-
ry stimuli (sparse fMRI data acquisition). Temporal features of 
auditory stimulation have been shown to affect the parameters 
of the hemodynamic response, with more frequently-probed 
stimuli inducing more profound cortical representations [56]. 
In the control group, these identical sessions were separated 
with a period of silence, but in the exposure group the intro-
duced novel noise of different acoustic parameters might have 
interfered with habituation mechanisms and shifted the main 
habituation effect to session After 2 [57].

The suggested habituation theory implies that no TTS effect 
has been detected, and the overstimulation sound only acted 
as a novelty. This is possible but probably not fully true. The 
main concern is the recovery of the signal in the auditory cor-
tex seen in the study group with no noise exposure. It seems 
that due to prolonged exposure to monotonous auditory stim-
ulation, the habituation effect in the control group should be 
more visible in the more delayed sessions. This should espe-
cially be so since time intervals between subsequent post-si-
lence fMRI sessions were all shorter that the 15-min period of 
silence. Although recovery of the auditory cortex has already 
been reported in previous studies using repetitive sensory stim-
ulation, it has also been emphasized that the time constant for 
adaptation build up is faster than for recovery [58,59]. An alter-
native explanation for the statistically significant drop of the 
recorded signal in session After 1 in the non-exposure group 
would be that the participants remaining in the scanner for 
15 min in silence simply felt drowsy. Attention has been con-
sistently shown to increase central auditory responses [60,61]. 
It might well be that otherwise the signal would remain rela-
tively stable across sessions.

Central mechanisms accompanying TTS?

The most visible difference between the two study groups was 
demonstrated during the fMRI assessment 10 to 20 min after 
the period of overstimulation/silence (session After 2). In the 
exposure group there was reduced BOLD signal change in bilat-
eral ROIs in the auditory cortex. Therefore, it cannot be exclud-
ed that the applied fMRI procedure managed to reflect some 
central mechanisms accompanying acoustic overstimulation.

The authors cannot, however, indisputably infer a direct rela-
tionship between the behaviorally measured TTS effect and 
auditory BOLD response changes, particularly when the dis-
tinct temporal dynamics of the two observed effects are con-
sidered. Although several authors indicated there is lack of a 
linear relationship between audiometric thresholds and central 

processing measurements (ABR) following noise exposure, the 
largest effect has always been found in the immediate ABR 
measurement [28,36–39]. TTS values in individuals participating 
in the current experiment were most significant immediately 
after acoustic overstimulation (i.e., after 1- and 2-min delays, 
with the psychoacoustic effect fading with time); although the 
differences between auditory thresholds were significant until 
30 min after noise exposure, their absolute values were clini-
cally negligible. It cannot be excluded that cortical responses 
to suprathreshold auditory stimulation accompanying the de-
tected increase of peripheral auditory thresholds are dimin-
ished but with a time lag. Some studies have shown central 
auditory effects of overstimulation remaining for longer dura-
tions than the effects seen with pure tone audiometry [4,28,36].

Furthermore, in terms of timing of the potential TTS-related 
central correlates, these could have been hampered by the ef-
fect novelty exerts on cortical activation. If it is assumed that 
the temporal threshold shift decreases auditory-induced BOLD 
signal effects, novelty does the opposite [62]. Therefore, it is 
possible that by introducing the overstimulation noise before 
stimulation fMRI session After 1, the latter was perceived as 
novel, which restricted the effect of the detected TTS and shift-
ed it to session After 2 [57].

The reduced auditory cortical responses following noise ex-
posure could be due to efferent neuroprotective mechanisms 
steered by the medial olivo-cochlear bundle involving inhibi-
tion of outer hair cell electromotility (suppressed gain of the 
cochlea amplifier) and stiffening of the basilar membrane, 
which both reduce afferent transduction of severely intensive 
sounds [63–66]. Moreover, involvement of type I efferent neu-
rons originating in the lateral superior olive has been specu-
lated, which inhibit firing by releasing inhibitory neurotrans-
mitters at synapses with the afferent VIII nerve. Thereby, the 
effect of the excitatory neurotransmitter produced at the near-
by inner hair cells is reduced [67]. Furthermore, temporary ‘de-
afferentation’ of high-threshold auditory nerve fibers, respond-
ing to high sound intensities, might potentially occur in human 
exposed to acoustic overstimulation, although in the current 
study no physical damage was induced to the ear structures. 
As a result, the stimulation reaching the auditory cortex is re-
stricted and it may well be that the sound is received as less 
intensive [68,69].

Furthermore, in animals, physical deafferentation has been 
found to cause not only reduced feedback to the cochlea [4,70] 
but also increased spontaneous activity in central audito-
ry pathways (potentially underlying hyperacusis and tinni-
tus) [2,13–18,20,39]. With an increased baseline activity of 
cortical neurons, the fMRI statistical contrast comparing brain 
responses to auditory simulation with relative silence could re-
veal a lesser BOLD signal change (in sessions After). Although 
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still not fully understood, a direct relationship of the fMRI sig-
nal and spontaneous firing rates of single auditory cells has al-
ready been suggested [71–73]. Alternatively, it has been spec-
ulated in animal models that acoustic overstimulation results 
in spontaneous over-excitation of the auditory cortical neu-
rons, which can mask out any further sound stimulation [74]. 
This mechanism could also be considered as a possible expla-
nation of the findings in the current study, as it would also re-
sult in the observed reduced BOLD signal change in response 
to auditory stimulation. Certainly, it may well be that both de-
scribed TTS-related mechanisms coexist. Unfortunately, fMRI 
cannot be used to measure increased baseline activity directly.

In the third fMRI session after acoustic overstimulation, the 
activation cluster size and the BOLD signal change seem to re-
turn to the state before noise exposure. We can only hypoth-
esize that the central effects accompanying the behaviorally 
detected TTS are only detectable with auditory fMRI up to 20 
min after acoustic overstimulation.

Where does the effect occur?

It has been shown in the present study that the allegedly TTS-
related central effects might already be detectable at the lev-
el of early-stage auditory areas. This result comes as no sur-
prise, since the primary auditory cortex can be considered a 
buffer between the peripheral auditory system and higher 
cortical areas. Furthermore, the applied acoustic stimulation 
involved very simple non-informative sounds normally pro-
cessed in the primary auditory cortex. This is also the region 
most sensitive to alternations of sound parameters, such as 
intensity and loudness [75]. By showing the effect already in 
the primary auditory cortex, the outcomes of the current fMRI 
experiment are in line with those reported in TTS animal tri-
als [17,18]. Moreover, the decreased extent of the hemodynam-
ic response in the exposure group was generally more visible 
in the right primary auditory cortex. This region has been in-
dicated as having greater spectral sensitivity, optimal for glob-
al frequency processing, as opposed to the left hemisphere, 
which specializes in the analysis of fine-structure temporal as-
pects of sound (such as speech) [75,76]. In terms of the de-
crease of the BOLD signal change just after the period of si-
lence in the control group, attention has been shown to affect 
the amount of activation in the primary auditory cortex [77].

Short summary and the hypothesized TTS mechanism

We hypothesize that the central correlate of the temporal 
threshold shift is in fact a type of temporal habituation, in 
that excitation thresholds of auditory neurons throughout 
the whole auditory system become temporarily increased. 
This effect might be related to or accompanied with increased 
spontaneous activity of auditory neurons. This 2-part masking 

mechanism temporarily protects the central nervous system 
from further overstimulation. The result of noise exposure is 
thus decreased hemodynamic response to sound presented 
afterwards, observed already in the primary auditory cortex. 
The central effect is either intrinsically delayed by several min 
with respect to the psychoacoustically measurable outcomes, 
or the effect is impeded in this particular fMRI study by nov-
elty. The TTS-related cortical response reduction is only visi-
ble in fMRI up to approximately 20 min after overstimulation 
is completed.

Methodological remarks

First, it must be emphasized that although preclinical studies 
provide clear evidence of central short-term plasticity follow-
ing exposure to acoustic overstimulation, they cannot be easi-
ly translated into human neuroscience. In humans, an acoustic 
trauma cannot involve intentional physical damage to cochle-
ar/neuronal structures and can only be limited to temporary 
functional changes. The less pronounced effects seen in the 
current study with the non-invasive technique of fMRI might 
thus be related to the restricted duration and intensity of the 
acoustic overstimulation. Moreover, the auditory stimulation 
had to be presented at high levels, similar to acoustic over-
stimulation, in order to obtain robust auditory cortical respons-
es [78]. The latter might have reduced the effect of noise ap-
plied between fMRI sessions. Furthermore, the fact that fMRI 
is a non-direct measure of neuronal responses and has limit-
ed spatial and temporal resolution can account for the limited 
extent of the observed brain functional changes [79]. To min-
imize the effect of the ever-present noise during fMRI scan-
ning, the authors implemented a sparse paradigm, with the 
loud MR data acquisition comprising only 25% of the whole-
brain volume collection [80–83]. At the same time, however, 
the background noise of the scanner room (at an estimated 
level of 50dB SPL) could not be counteracted and could have 
affected the fMRI measurement sensitivity to the subtle cen-
tral mechanisms accompanying TTS. This influence, although 
probably equal in both study groups, cannot be disentangled 
from the outcomes.

Study limitations

As to the limitations of the current experiment, the authors 
believe that further investigation is required involving more 
sizable study groups to validate the current findings. To the 
best of our knowledge, this fMRI trial is the first such study in 
humans and aimed in particular at testing the viability of this 
neuroimaging method in the assessment of the central mech-
anism accompanying TTS. Furthermore, a more detailed anal-
ysis of inter-subject variability would be necessary due to the 
individual susceptibility to acoustic overstimulation using au-
diological techniques, including acoustic stapedius reflex and 
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auditory brainstem responses [28,40,84]. We believe that ABRs 
measured with suprathreshold sounds could better correspond 
to fMRI outcomes in individual subjects, as compared to PTA, 
which only evaluates the effect of acoustic overstimulation on 
threshold auditory responses [36]. Vigilance should also be bet-
ter monitored during similar examinations, such as by use of 
an eye-tracker while in the scanner, as it has been found to di-
rectly affect the extent of auditory neuronal responses [61, 75].

Conclusions

The present study shows that the fMRI technique holds promise 
for the investigation of central auditory mechanisms accompa-
nying temporary threshold shift following acoustic overstimu-
lation. It is possible that noise exposure can result in reduced 

BOLD signal change to auditory stimulation presented after-
wards. Since it seems reasonable to closely investigate the ex-
tent and the dynamics of the TTS sequelae in central auditory 
structures, further studies should focus on optimization of fMRI 
procedures that can be applied to provide this information.
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