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with some previous studies in animal models and corrobo-
rates a previous study of human tinnitus. Thus these find-
ings contribute to accumulating evidence that gross corti-
cal tonotopic map reorganization is not a causal factor of 
tinnitus.

Keywords Tinnitus · fMRI · Primary auditory cortex · 
Neural plasticity

Introduction

Tinnitus, or ‘ringing in the ear’, is a common and poten-
tially debilitating hearing disorder for which treatment 
options are lacking. Tinnitus is estimated to affect at least 
10% of adults, and approximately 2% of adults to the 
degree that it negatively impacts quality of life, potentially 
contributing to stress, anxiety, and insomnia (Axelsson and 
Ringdahl 1989). In the vast majority of cases, tinnitus is not 
generated in the ear itself, but rather stems from pathologi-
cal activity in auditory centers of the brain (Roberts et al. 
2010; Schaette and McAlpine 2011a; Eggermont 2015; 
Elgoyhen et  al. 2015). Peripheral hearing loss triggers 
downstream central neural activity that generates a “phan-
tom” sound perception, ranging from tonal to broadband, 
of which the center frequency tends to occur in the hearing 
loss range (Norena et al. 2002; Schecklmann et al. 2012). 
Treatment options are currently limited and a better under-
standing of central auditory changes is needed to guide 
treatment strategies.

In animal models of tinnitus, induced cochlear damage 
is associated with behavioral evidence of tinnitus symp-
toms. These studies consistently report numerous down-
stream neurophysiological changes in the central auditory 
system (midbrain, thalamic, and cortical areas) including 

Abstract Animal models of hearing loss and tinnitus 
observe pathological neural activity in the tonotopic fre-
quency maps of the primary auditory cortex. Here, we 
applied ultra high-field fMRI at 7 T to test whether human 
patients with unilateral hearing loss and tinnitus also show 
altered functional activity in the primary auditory cor-
tex. The high spatial resolution afforded by 7  T imaging 
allowed tonotopic mapping of primary auditory cortex on 
an individual subject basis. Eleven patients with unilateral 
hearing loss and tinnitus were compared to normal-hearing 
controls. Patients showed an over-representation and hyper-
activity in a region of the cortical map corresponding to 
low frequencies sounds, irrespective of the hearing loss and 
tinnitus range, which in most cases affected higher frequen-
cies. This finding of hyperactivity in low frequency map 
regions, irrespective of hearing loss range, is consistent 
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increased spontaneous and driven neural activity, increased 
neural synchrony, and reduced inhibitory synaptic activ-
ity. However, it remains inherently difficult to disentan-
gle changes related to tinnitus from other co-occurring 
effects of peripheral hearing loss, including hyperacusis 
(decreased sound tolerance) (Sheldrake et al. 2015).

In the primary auditory cortex, animal studies have 
shown distortions in the normal mapping of sound fre-
quency preference, known as the tonotopic map. Some 
studies describe an overrepresentation of the hearing loss 
or hearing-loss edge frequencies (Eggermont and Komiya 
2000; Seki and Eggermont 2003; Noreña and Eggermont 
2003, 2005), and this finding has been taken to support a 
hypothesis that map distortion causes tinnitus (maladaptive 
reorganization hypothesis). Other studies, quite differently, 
describe a broader pattern of distortions that favors hyper-
activity in low frequency areas, notably away from the 
hearing-loss and presumed tinnitus range (Engineer et  al. 
2011; Yang et al. 2011).

Based on animal models, it is likely that hearing loss 
and tinnitus in humans is associated with altered activity 
in the tonotopic maps of primary auditory cortex, although 
the exact pattern of changes to expect is unclear. We have 
tested for such changes by applying high spatial resolution 
fMRI at ultra-high field (7  T) to measure tonotopic maps 
of the primary auditory cortex in human patients suffering 
from unilateral hearing loss and tinnitus. 7 T imaging offers 
distinct advantages for imaging small functional subunits 
in the cortex and facilitates fine-scale tonotopic mapping at 
the individual subject level, as we have previously shown in 
normal hearing adults. The increased signal-to-noise ratio 
and available BOLD signal associated with ultra-high mag-
netic field imaging at 7 T allows the use of smaller voxel 
sizes. Additionally, the BOLD signal is better restricted to 
cortical gray matter because the signal strength of blood in 
draining veins is reduced due to shortened  T2* relaxation 
time at higher fields, thus improving spatial localization 
(van der Zwaag et al. 2009, 2015).

In this clinical investigation, we studied patients with 
unilateral sensorineural hearing loss and tinnitus of at least 
6-months duration (n = 11) compared to normal hearing 
controls (n = 7). The inclusion of patients with only unilat-
eral hearing loss allowed the presentation of sound stimuli 
via the normal hearing ear, thus side-stepping the problem 
of unequal peripheral stimulation between hearing-loss and 
control groups. High-resolution 7 T fMRI imaging (1.5 mm 
isotropic voxels) was acquired over the auditory cortex to 
assess the organization of the primary tonotopic maps bilat-
erally. Notably, we observed map distortion and hyperac-
tivity in a region of primary auditory cortex corresponding 
to relatively low frequency sounds, peaking at 250–354 Hz, 
irrespective of the patient’s hearing loss and tinnitus fre-
quency range. These results do not support the hypothesis 

that tinnitus is caused by the overrepresentation of hearing 
loss (or near) frequencies, but do corroborate recent find-
ings from animal models (Engineer et al. 2011; Yang et al. 
2011) and a previous human neuroimaging study of tinnitus 
(Langers and Kleine 2012).

Materials and Methods

Patients

All subjects gave written, informed consent. Experimen-
tal procedures were approved by the Ethics Committee of 
the Faculty of Biology and Medicine of the University of 
Lausanne.

Patients (n = 11, age 37.5 ± 12  years, age range 
26–49  years, 6 male, 5 female) were recruited from the 
outpatient clinic of Otolaryngology of the Lausanne Uni-
versity Hospital and underwent a complete ear, nose, and 
throat (ENT) assessment including standard pure tone audi-
ometry (PTA) and evaluation of tinnitus characteristics. 
Selected patients had chronic subjective non-pulsatile tin-
nitus associated with moderate to severe unilateral sensori-
neural hearing loss (SHL) in one ear only with a decrease 
in hearing thresholds of at least 40dB on three consecutive 
frequencies between 1 and 4 kHz, duration >6 months; and 
normal age-adjusted hearing thresholds in the unaffected 
ear. Age-matched control subjects (n = 7, 39.2 ± 10  years, 
age range 29–50 years, 3 male, 4 female) (Newman et al. 
1996) had normal bilateral hearing. Exclusion criteria for 
all subjects included a history of neurological or psychi-
atric illness and standard MRI contraindications. Hear-
ing loss originated from acoustic neuroma (noncancerous 
tumor of the auditory nerve), Meniere’s disease (disorder 
of the inner ear typically affecting one side only), or uni-
lateral cochlear damage caused by head trauma, infection, 
or blood clot. Some patients subjectively reported hyper-
acusis—a decreased tolerance to sounds—which often 
co-occurs with tinnitus. Table  1 provides an overview of 
patient characteristics.

Tinnitus pitch was assessed by matching external tones 
presented to the unaffected ear from 125 Hz to 12 kHz in 
half-octave steps. Tinnitus loudness was subsequently 
assessed by matching the selected tinnitus pitch to sound 
levels starting at 15  dB above auditory threshold and 
increasing by 5  dB increments. Tinnitus discomfort was 
assessed by the French version the Tinnitus Handicap 
Inventory (Newman et  al. 1996). Patients reported THI 
rankings from 2 to 5 indicating mild to severe tinnitus dis-
comfort (Table 1).

The recruitment of patients with unilateral hearing loss 
allowed for the unimpaired delivery of sound stimuli via 
the unaffected ear. As such, both patient and control groups 
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(both stimulated unilaterally) received the equivalent stim-
ulation and any eventual differences in the measured fMRI 
response could be attributed to altered cortical rather than 
to altered peripheral processing. Note that a different effect 
of background scanner noise may remain between groups 
(See Discussion). Stimulation of either ear activates audi-
tory cortex bilaterally (van der Zwaag et al. 2011) allowing 
measurement of tonotopic maps in both brain hemispheres 
(See Discussion).

MRI Data Acquisition

Blood oxygenation level dependent (BOLD) functional 
imaging was performed with an actively shielded 7  T 
Siemens MAGNETOM scanner (Siemens Medical Solu-
tions) at the Centre d’Imagerie BioMedicale in Laus-
anne, Switzerland. fMRI data were acquired with an 
8-channel head volume RF-coil (RAPID Biomedical 
GmbH) (Salomon et  al. 2014) large enough to comfort-
ably fit the headphones used for auditory stimulation, and 
a continuous EPI pulse sequence with sinusoidal read-out 
(1.5 × 1.5 mm in-plane resolution, slice thickness = 1.5 mm, 
TR = 2000  ms, TE = 25  ms, flip angle = 47  deg, slice 
gap = 0.07  mm (5%), matrix size = 148 × 148, field of 
view 222 × 222, 30 oblique slices covering the superior 
temporal plane). A  T1-weighted high-resolution 3D ana-
tomical image (resolution = 1 × 1 × 1  mm, TR = 5500  ms, 
TE = 2.84  ms, slice gap = 1  mm, matrix size = 256 × 240, 
field of view = 256 × 240) was acquired for each subject 
using the MP2RAGE pulse sequence optimized for 7  T 
MRI (Marques et  al. 2010). Susceptibility induced distor-
tions are small in the area of the brain covered by our imag-
ing slab (van der Zwaag et al. 2009) and were further lim-
ited by the use of a limited matrix size in combination with 
parallel imaging to keep the read-out duration short. As a 

result co-registration between the functional images and the 
MP2RAGE was successful for all subjects, as verified by 
visual inspection.

fMRI data preprocessing steps were performed with 
BrainVoyager QX software including linear trend removal, 
temporal high-pass filtering (2 cycles), and motion correc-
tion. Spatial smoothing and slice-timing correction were 
not applied. Functional time-series data were interpolated 
into a 1 × 1 × 1 mm volumetric space and registered to each 
subject’s own 3D Talairach normalized anatomical dataset. 
Cortical surface meshes were generated from each subject’s 
anatomical dataset using automated segmentation tools in 
BrainVoyager QX.

Sound Stimulation (General Parameters)

Sound stimuli were generated on a laptop computer using 
Matlab and The Psychophysics Toolbox (www. Psych-
toolbox.org) with a sampling rate of 44.1  kHz, and were 
delivered via MRI-compatible optical headphones (Audio-
System, Nordic NeuroLab). Sound level intensities were 
between 82 and 97 dB SPL, and were adjusted per fre-
quency to approximate equal perceived-loudness of 85 
phon according to standard equal-loudness curves (ISO 
226). Stimulus intensities were further attenuated approx-
imately 24 dB by the required use of protective earplugs. 
Earplugs inevitably attenuate sound spectrum unevenly, 
affecting high frequencies more than low. All subjects 
reported hearing all tone frequencies at a clear and com-
fortable level, and were instructed to listen passively with 
eyes closed. Patients were stimulated in the unaffected ear 
only (Table 1) and control subjects were equivalently stim-
ulated in one ear only, randomly selected. Overall time in 
the scanner including set-up, two fMRI tonotopy runs, and 

Table 1  Tinnitus patients’ characteristics

ID Sex Age Hearing 
loss side

Hearing loss degree 
and frequency range

Tinnitus center frequency THi 
grade 
(1–5)

Tinnitus duration Hyper-acusis Hearing loss origin

P1 F 54 L >40 dB, >1000 Hz Noise 8000 Hz 3 >1 year Yes Cochear
P2 M 35 R >90 dB, full spectrum Noise 8000 Hz 3 >2 year No Cochlear
P3 M 44 R >60 dB, full spectrum Noise 1000 Hz 2 >2 year No Acoustic neuroma
P4 M 46 L >60 dB, full spectrum Noise 2000 Hz 4 >1 year Yes Cochlear
P5 F 46 L >40 dB, full spectrum Noise 1000 Hz

Tone 6000 Hz
3 >5 year Yes Meniere’s disease

P6 M 48 R >50 dB, full spectrum Noise 6000 Hz 3 >7 year No Meniere’s disease
P7 F 20 L >40 dB, <1000 Hz Noise 1000 Hz 2 >3 year No Acoustic neuroma
P8 M 46 R >50 dB, >2000 Hz Tone 6000 Hz 5 >6 month Yes Cochlear
P9 F 26 L >50 dB, >2000 Hz Noise 1000 Hz 4 >5 year Yes Acoustic neuroma
P10 M 27 L >90 dB, full spectrum Tone 8000 Hz 2 >10 year No Cochlear
P11 F 20 R >90 dB, full spectrum Noise 1000 Hz 3 >2 year No Cochlear
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an anatomical scan was approximately 45 min, sufficiently 
brief for patient comfort.

Tonotopic Mapping Paradigm and Analysis

Tonotopy refers to the spatial layout of auditory neurons in 
gradients of sound frequency preference. Tonotopy origi-
nates on the basilar membrane of the cochlea which due 
to mechanical properties resonates best to high-frequency 
sound waves on the basal end and to progressively lower 
sound frequencies towards the apical end, hence creating 
a spatial gradient of sound frequency selectivity along its 
length. Tonotopic organization of auditory neurons is main-
tained in the auditory nerve, mid-brain, thalamus, and cor-
tex. In human primary auditory cortex, two tonotopic gra-
dients with mirror-symmetry (‘high-to-low’ followed by 
‘low-to-high’ preferences) are found running across Hes-
chl’s gyrus in each brain hemisphere, along an overall pos-
terior-to-anterior axis. Figure 1 illustrates the primary audi-
tory cortex tonotopic gradients with a color spectrum: red 
shows where neurons respond best to low frequency tones, 
and blue to high frequency tones.

These two mirror-symmetric gradients appear to cor-
respond to primary auditory cortex fields A1 and R, (Da 
Costa et  al. 2011; Langers and Dijk 2012b; Saenz and 
Langers 2014). In monkeys, both of these fields are con-
sidered part of the core koniocortical cortex along with a 
third smaller field RT which has not yet been reliably con-
firmed in humans (Hackett 2011; Baumann et al. 2013). In 
humans, visualizing the two tonotopic gradients with fMRI 
allows localization of primary auditory cortex in individual 
human subjects (Saenz and Langers 2014), although the 
exact lateral border remains difficult to define (See Discus-
sion). No difference in function is known between fields A1 
and R and they are treated together here as primary audi-
tory cortex.

To map tonotopy in the cortex, we employed a “phase-
encoded” mapping paradigm, a technique commonly used 
in the visual system for retinotopic mapping (Engel 2012), 
as well as in the somatosensory cortex for somatotopic 
mapping (Sanchez-Panchuelo et al. 2010). Briefly, the map-
ping stimulus is designed to sweep the parameter space of 
the map (in this case, low to high sound frequencies), thus 
generating a wave of response across the cortical surface. 
Recorded activity peaks earliest at the low frequency map 
endpoint and progressively later in parts of the map prefer-
ring higher frequencies. The phase of the response reveals 
the preferred frequency of each responsive voxel.

The mapping stimulus (Fig.  1a) cycled through tones 
of 15 different sound frequencies (88, 125, 177, 250, 354, 
500, 707, 1000, 1414, 2000, 2828, 4000, 5657, 8000, 
and 11,312 Hz, half-octave spacing), as in our previously 
described methods (Da Costa et  al. 2011). During each 

cycle, pure tone bursts of the first frequency were pre-
sented during a 2  s block before stepping to the next fre-
quency until all 15 frequencies were presented, followed 
by a 4 s silent pause (Fig. 1a). During each 2 s block, pure 
tone bursts of the given frequency had variable onset times 
(50 and 250 ms duration randomly interspersed with 50 ms 
inter-stimulus intervals) to avoid a fixed periodicity. Each 
34 s cycle (sounds plus silent pause) was repeated 14 times 
for a scan run duration of 7 min and 56 s. Each subject par-
ticipated in two scan runs (one with stimulus sweeps from 
low-to-high, and one in reverse order) since tonotopic pref-
erences should be independent of stimulus order, and the 
resulting maps of the two runs were averaged. Linear cross-
correlation analysis was used to determine the response 
phase that best fit the measured fMRI time course of each 

Fig. 1  Tonotopic mapping in auditory cortex with 7  T fMRI. a 
Sound stimuli were pure tone bursts ranging from 88 to 11,312 Hz. 
As illustrated, tones were presented in slow cyclical sweeps from low 
frequencies to high (or in reverse order). These frequency sweeps are 
designed to induce a traveling wave of response across the tonotopic 
maps of primary auditory cortex. The time-to-peak, or phase, of the 
response in the measured fMRI time series of each voxel reveals 
its preferred frequency. Color-coded maps (red = low, blue = high) 
of preferred frequency are shown (b, left) in volumetric anatomical 
space and (b, right) on a cortical surface mesh of one sample control 
subject. A close-up of the temporal plane shows the outlined mirror-
symmetric frequency gradients from high to low and back to high (c, 
left). The same maps are relabeled (c, right) to show how the two gra-
dients correspond to anatomical fields A1 and R which together com-
prise the primary auditory cortex in each brain hemisphere. (Color 
figure online)



689Brain Topogr (2017) 30:685–697 

1 3

responsive voxel. The assigned frequency preferences are 
color-coded from red-to-blue to indicate low-to-high.

Data analysis was performed in 3-D volumetric space 
in each subject individually (Fig.  1b, left). Resulting 
maps were projected onto cortical surface meshes to 
facilitate viewing (Figure b, right). On the cortical sur-
face, contiguous areas containing the two primary gra-
dients of auditory cortex (high-to-low followed by low-
to-high) were manually selected using drawing tools 
within BrainVoyager QX, as illustrated with dotted lines 
(Fig.  1c). Anterior and posterior borders were drawn 
along the outer edges of the high-frequency zones. Lat-
eral and medial borders were conservatively drawn to 
include approximately the medial two-thirds of Heschl’s 
gyrus, in accordance with human architectonics (Rivier 
and Clarke 1997; Hackett 2011) (See “Discussion”) and 
as in our previous studies (Da Costa et  al. 2011, 2013). 
The exact borders did not depend upon the particular 

correlation threshold used for display since the overall 
pattern was observable across a large range of display 
thresholds. Figure 2 displays the selected surface regions 
for all subjects. Next, the selected regions were projected 
into each subjects 1 × 1 × 1  mm volumetric space width 
of 2  mm (−1  mm to +1  mm from the white/gray mat-
ter boundary). Our relatively thin gray matter projection 
was effectuated in order to avoid contamination by voxels 
from abutting cortical folds.

The data analysis of Fig.  3 included all volumetric 
fMRI voxels (1 × 1 × 1  mm interpolated) falling within 
this 2  mm thick region-of-interest (ROI) in each sub-
ject’s hemisphere. Relative frequency histograms show 
the percentage of the total number of voxels in the volu-
metric ROI assigned to each sound frequency (%voxels). 
Response amplitudes were measured as the maximal 
signal change in the average fMRI signal of all voxels 
assigned to each sound frequency within the volumetric 
ROI, as in (Da Costa et al. 2015).

Fig. 2  All individual subject tonotopic maps from the cortical sur-
face meshes are shown for patients with unilateral heaing loss and tin-
nitus (P1-P11) and normal hearing control subjects (C1–C7) in left 
and right hemispheres. The upper-left inset is provided as a reference 

of the anatomical orientation of all the plots (HG = Heschl’s gyrus). 
At a macroscopic level, patient maps were normal in terms of loca-
tion and orientation, running along a posterior-to-anterior axis across 
Heschl’s gyrus
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Results

Tonotopic maps of the primary auditory cortex, consisting 
of two mirror-symmetric frequency gradients (high-to-low 
followed by low-to-high) running across Heschl’s gyrus, 
could be identified in both hemispheres of all patients and 
controls (Fig. 2). At a macroscopic level, the mappings in 
patients were normal in terms of location and orientation, 
running along a posterior-to-anterior axis across Heschl’s 
gyrus on the temporal plane in both left and right brain 
hemispheres, and were consistent with the maps of control 
subjects and with expectations based on our previous stud-
ies in normal hearing subjects (Da Costa et  al. 2011; Da 
Costa et al. 2013; Da Costa et al. 2015).

Quantitative differences between patients and controls 
were observed. Figure 3a compares the distribution of pre-
ferred-frequencies across the maps in both groups. Patients 

showed a higher proportions of voxels preferring a range 
of low frequencies peaking at 250–354  Hz (Mann–Whit-
ney U test uncorrected: p < 0.05 at 250 and 354  Hz; fol-
lowing FDR correction for multiple comparisons: p < 0.05 
at 354 Hz), indicating an enlarged representation of those 
sound frequencies. Next, Fig. 3b compares response ampli-
tudes at each frequency in both groups. Patients showed 
higher response amplitudes peaking in the same low-fre-
quency range (Mann–Whitney U test uncorrected: p < 0.05 
at 117, 250, 354 and 500 Hz; following FDR correction for 
multiple comparisons: p < 0.05 at 250 Hz and 354 Hz) indi-
cating a hyperactivity in that part of the map. These pat-
terns were observed in both hemispheres, ipsilateral and 
contralateral to the hearing ear, and both sides are com-
bined in Fig. 3a, b. In Fig. 4, map frequency distributions 
and response amplitudes are re-plotted separately for both 
hemispheres, ipsilateral and contralateral to the normal 
hearing ear (i.e. the side of sound presentation). As can be 
seen, the low-frequency over-representation and hyperac-
tivity are common to both hemispheres.

The low-frequency area of over-representation and 
hyperactivity in patients did not correspond with the ranges 
of hearing loss, which were either across the full spectrum 
or limited to higher-frequencies (Table 1); nor did they cor-
respond with tinnitus pitch judgments which ranged form 
1000–8000  Hz (Table  1). No significant correlation was 
found between response amplitudes at 250 Hz and tinnitus 
center frequency (R=−0.49, p > 0.05), THI score (R=-0.36, 
p > 0.05), years of tinnitus duration (R=−0.03, p > 0.05), 
or patient age (R=−0.01, p > 0.05), nor was there an asso-
ciation with hearing loss side, or presence of hyperacusis 
(p > 0.05). The occurrence of Heschl’s gyrus duplications 
(See Discussion) was similar across both groups: 10 par-
tial duplications out of 22 hemispheres in patients: 6 partial 
and 1 complete duplication out of 14 hemispheres in nor-
mal hearing controls.

Discussion

We applied high-resolution fMRI at 7 T to image the tono-
topic sound frequency maps of primary auditory cortex 
in individual patients with unilateral hearing loss and tin-
nitus, and in normal hearing controls. Evidence of cor-
tical map distortion in patients was two-fold: increased 
representation and increased response amplitudes of low 
frequency sites in primary auditory cortex. These changes 
peaked at 250–354 Hz, considerably lower than the tinni-
tus frequency ranges of the patients. Given this mismatch, 
we do not interpret these map distortions as a causal fac-
tor of tinnitus, and consider them more likely to be a co-
occurring effect of hearing loss. As discussed below, the 
finding of low-frequency hyperactivity, irrespective of the 

Fig. 3  Quantitative comparison of maps reveals differences between 
tinnitus patients and healthy control subjects. a Distribution of pre-
ferred-frequencies. Patients had a higher proportion of voxels prefer-
ring low frequencies peaking at 250–354  Hz indicating an enlarged 
representation of those sound frequencies. b Response amplitudes at 
each frequency. Patients had higher response amplitudes also peaking 
in the low-frequency range indicating hyperactivity in that part of the 
map. (*p < 0.05 Mann–Whitney U test uncorrected, **p < 0.05 fol-
lowing FDR correction for multiple comparisons, error bars = SEM 
across subjects and hemispheres)
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hearing loss or tinnitus range, is consistent with recent 
studies in animal models (Engineer et al. 2011; Yang et al. 
2011) and corroborates a previous human fMRI study in 

tinnitus patients with normal hearing thresholds (Lang-
ers and Kleine 2012a). Our results do not rule out the 
possibility, and indeed likelihood, of other changes in the 

Fig. 4  Distribution of preferred frequencies re-plotted separately 
for both hemispheres a ipsilateral and b contralateral to the normal 
hearing ear (the side of sound presentation). Response amplitudes at 
each frequency re-plotted separately for both hemispheres, c ipsilat-
eral and d contralateral to the normal hearing ear. As can be seen, the 

patterns of low-frequency map over-representation and hyperactivity 
are common to both hemispheres. (*p < 0.05 Mann–Whitney U test 
uncorrected, **p < 0.05 following FDR correction for multiple com-
parisons, error bars = SEM across subjects)
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functional properties of neurons within the hearing loss and 
tinnitus range, which may not have been detected by our 
methodology.

Neurophysiological Mechanisms

The pathological mechanisms underlying tinnitus have not 
been resolved, however many clues have emerged from 
research in humans and in animal models. A key obser-
vation is that tinnitus perception typically corresponds to 
the side and frequency range of maximum hearing loss 
(Norena et al. 2002; Schecklmann et al. 2012), an associa-
tion that implicates neurons within the hearing loss range 
are responsible for tinnitus generation (Roberts et al. 2010). 
Although some tinnitus patients present with a normal 
audiogram, these cases may be accompanied by “hidden” 
hearing loss, occurring at high intensity levels not detected 
by standard audiometry (Schaette and McAlpine 2011b). 
Other consequences of hearing loss, namely hyperacusis, 
are not necessarily limited to the hearing loss range and 
thus might stem different from mechanisms than tinnitus 
(Sheldrake et al. 2015).

Animal studies associate cochlear damage (induced by 
noise exposure or drug induction) with increases in spon-
taneous activity, driven activity, neural synchrony, and 
excitatory glutamatergic neurotransmission, with cortical 
tonotopic map distortions, and with reductions in inhibi-
tory GABAergcic and glycinergic neurotransmission across 
auditory midbrain (Brozoski et al. 2002; Kaltenbach et al. 
2004), collicular (Ma et  al. 2006), thalamic, and cortical 
sites (Seki and Eggermont 2003; Noreña and Eggermont 
2003, 2005; Engineer et al. 2011; Yang et al. 2011). Over-
all, these physiological effects of cochlear damage gener-
ally implicate the involvement of homeostatic plasticity 
mechanisms (Turrigiano and Nelson 2004) and are in some 
cases correlated with behavioral evidence of tinnitus in the 
hearing loss range (Brozoski et al. 2002; Kaltenbach et al. 
2004; Middleton et  al. 2011). Notably, increased neural 
synchrony appears to localize well with the hearing loss 
and presumed tinnitus range (Noreña and Eggermont 2003; 
Eggermont and Roberts 2012). It has been recently demon-
strated, however, that the gap-detection behavioral test for 
tinnitus commonly used in animal studies can confounded 
by hearing loss and hyperacusis, evoking the difficulty in 
disentangling the effects specifically related to tinnitus 
(Salloum et al. 2016).

Regarding cortical tonotopic maps, some studies 
describe an overrepresentation of sound frequencies within 
or at the edge of the hearing loss range (Eggermont and 
Komiya 2000; Seki and Eggermont 2003; Noreña and Egg-
ermont 2003, 2005), leading to the hypothesis that cortical 
map reorganization is a causal factor of tinnitus (maladap-
tive plasticity hypothesis). That hypothesis predicts that an 

overrepresentation of hearing loss or hearing loss-edge fre-
quencies coupled with spontaneous activity would lead to a 
frequency-specific tinnitus percept. However, other studies 
describe a broader pattern of neural activity changes, with 
map distortions occurring in relatively low frequency areas 
away from hearing loss and presumed tinnitus range (Engi-
neer et al. 2011; Yang et al. 2011). These latter results do 
not support the idea that map reorganization is the cause of 
tinnitus.

In Yang et  al. hearing-lesioned animals displayed evi-
dence of high-frequency hearing-loss and tinnitus, and 
these were associated with distinct changes in different 
zones of the cortical map: (1) decreased inhibitory neuro-
transmission in the hearing-loss zone, and (2) increased 
inhibitory and excitatory neurotransmission in the low fre-
quency normal-hearing zone (Yang et  al. 2011). In these 
animals, there was an enlarged cortical representation of 
low-frequency sound that was, at least partly, a result of 
enhanced cortical responses to low-frequency tones. While, 
the receptive fields of high-frequency neurons tended to be 
discontinuous, rendering the corresponding cortical area 
less tonotopic. Interestingly, pharmaceutical manipula-
tions that enhanced inhibition, and not those that reduced 
excitation, appeared to alleviate the tinnitus percept, thus 
implicating the neurons in the hearing-loss zone as having 
a causal role in tinnitus. In Engineer et  al. 2011, the data 
also suggested over-representation at lower frequencies, 
with lower neuronal thresholds and higher amplitudes, in 
the noise-exposed animals (Engineer et al. 2011).

We compare these results in animal models to our find-
ings in human patients, keeping in mind the important dif-
ferences in species, etiology, and methodology. Of the mul-
tiple cortical pathologies seen in animal models, the low 
frequency hyper-excitability was relatively prominent in 
magnitude and thus perhaps the most likely to be detect-
able by non-invasive BOLD fMRI. We do not provide evi-
dence nor claim that tonotopic map distortions are causal 
of tinnitus perception. Hyper-excitability could be related 
to hyperacusis, which commonly occurs with tinnitus and 
might be due to a generalized increase in auditory gain 
(Sheldrake et al. 2015). Some patients reported subjective 
complaints of hyperacusis which, in our study, did not cor-
relate with response amplitudes. Future studies could uti-
lize quantitative measures of loudness discomfort levels 
to more directly test this possibility (Knudson et al. 2016). 
Tonotopic distortions and tinnitus perception may be par-
allel consequences of a common underlying cause, namely 
neural deafferentation due to hearing loss.

It is important to note the difference in how tonotopic 
maps are measured in animal compared to human neuroim-
aging studies. In animal research, tonotopic maps are based 
on the spatial mapping of characteristic frequencies (CF), 
which are the best frequency response at threshold sound 
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levels (Rajan et  al. 1993). In human neuroimaging, high 
intensity sounds are required to evoke measurable BOLD 
responses and tuning is thus based on the best frequency 
response at highly suprathreshold sound levels. In the nor-
mal brain, these two maps (threshold and suprathreshold 
tuning) appear to correspond well (Joly et al. 2014). How-
ever, in cases of hearing loss, which are likely associated 
with neural gain changes, differences could arise, thus 
imposing limitations in the comparison of human and ani-
mal mapping data.

Our findings contribute to increasing evidence against 
the idea that tinnitus is caused by maladaptive reorganiza-
tion of hearing loss edge frequencies in tonotopic maps. 
Observational studies indicate that tinnitus tends to occur 
at the peak rather than the edge of the hearing loss range 
(Schecklmann et  al. 2012), and studies of map reorgani-
zation have found either a lack of it (Langers and Kleine 
2012, 2014), or that it occurs mostly in non-hearing loss 
regions (Yang et al. 2011; Engineer et al. 2011). Maladap-
tive map plasticity has also been much discussed in the 
context of phantom limb pain, and interestingly, its role 
there is also currently under question (Makin et  al. 2013, 
2015). It is unknown to what extent these two phenomena, 
tinnitus and phantom pain, share common neurophysiologi-
cal origins.

More generally, auditory map plasticity has been studied 
in a broad context of behavioral and environmental manip-
ulations (Schreiner and Polley 2014) and there are differ-
ent mechanisms by which auditory maps could reorganize. 
Changes in neurophysiological properties of auditory neu-
rons that could contribute to map plasticity include changes 
in: spectral tuning, response magnitudes, and dependence 
on sound intensity, tuning to sound location, response tim-
ing and neural synchrony. Inhibitory synapses have been 
indicated as ‘critical gatekeepers’ of plasticity and have 
also been implicated in tinnitus pathology (Middleton et al. 
2011; Yang et al. 2011).

Human Studies

Human neuroimaging findings emphasize a broad ana-
tomical network of tinnitus related pathology (Elgoyhen 
et al. 2015). Studies have shown altered responses in the 
auditory thalamus and cortex (Gu et  al. 2010; Leaver 
et  al. 2011; Langers and Kleine 2012; Melcher et  al. 
2000), and also implicate limbic and other non-auditory 
brain areas in modulating tinnitus perception and dis-
tress (Leaver et al. 2011; Seydell-Greenwald et al. 2012; 
Emmert et  al. 2014; Lanting et  al. 2014; Boyen et  al. 
2014). Alterations in functional connectivity patterns 
between auditory cortex and other brain regions empha-
size increased interaction with attentional and limbic 
networks and possible impairments in thalamocortical 

gating (Maudoux et al. 2012; Schmidt et al. 2013; Lant-
ing et al. 2014; Boyen et al. 2014). In contrast, a recent 
neuroimaging study of patient with a rare, high-inten-
sity, tonal objective tinnitus (stemming from a physical 
sound generated in the ear) found a lack of changes in 
brain activity, underscoring the difference from centrally 
generated tinnitus (Guinchard et al. 2016). In Weisz et al. 
2007, tinnitus patients showed a marked increase in audi-
tory cortex gamma-band oscillations, thought to reflect 
underlying neural synchrony (Weisz et  al. 2007). This 
evidence is compelling in that the oscillatory activity 
correlated with the laterality of the tinnitus percept and 
may relate to neural synchrony findings in animals, how-
ever see Sedley et al. 2012 for an alternate interpretation 
(Sedley et al. 2012).

Our results corroborate previous fMRI findings from a 
cohort of tinnitus patients with normal hearing thresholds 
(Langers and Kleine 2012a). That study used high-resolu-
tion 3 T fMRI to assess the integrity of the primary tono-
topic maps and reported an overall lack of macroscopic 
changes in tinnitus sufferers (thus not supporting the mal-
adaptive plasticity hypothesis). Additionally, using a con-
ventional linear regression model, they reported increased 
activation in patients in the region of the low-frequency 
part of the tonotopic map in left lateral Heschl’s gyrus. The 
authors note that this low-frequency response did not agree 
with the typical high-pitched tinnitus of their patients. It is 
encouraging that our studies converge upon coherent find-
ings in two, rather different, patient groups. The bilateral-
ity of the effect in our study could be related to the more 
extensive hearing loss in our patients, and also potentially 
to methodological differences.

It should be noted that the boundaries of primary audi-
tory cortex are not fully discernable with human neuro-
imaging. The anterior and posterior borders are revealed 
by frequency reversals, but the lateral and medial borders 
cannot be distinguished by tonotopy alone (Da Costa et al. 
2011). In monkeys, isofrequency bands of the primary 
(core) gradients extend continuously into lateral and medial 
non-primary (belt) auditory fields (Hackett 2011). As in our 
previous work (Da Costa et  al. 2013), medial and lateral 
borders were manually drawn to include the medial-two-
thirds of Heschl’s gyrus in accordance with expectations 
from human architectonics (Rivier and Clarke 1997; Hack-
ett 2011). We thus cannot rule out the inclusion of voxels 
belonging to non-primary auditory cortex in some subjects, 
particularly on the lateral end of Heschl’s gyrus. The search 
for complementary measures to parcellate human auditory 
cortex such as myelin density (Dick et  al. 2012; Martino 
et  al. 2015) and tuning width or other spectral properties 
(Moerel et al. 2012; Thomas et al. 2015) is an active area of 
research. However, as yet no other solution has emerged as 
a gold standard.
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Tonotopic maps were measured bilaterally based on 
ipsilateral stimulation, in both patients and controls. Uni-
lateral stimulation induces clear bilateral activation of 
BOLD responses in the auditory cortex (van der Zwaag 
et  al. 2011), although more strongly in contralateral cor-
tex (Scheffler et  al. 1998). In our study the same pattern 
of response was observed on contralateral and ipsilateral 
sides, and so both sides were combined in the analysis. 
The extent to which map accuracy differs given contralat-
eral vs. ipsilateral stimulation is unknown, and this could 
be assessed by future studies, for example, designed to esti-
mate population receptive fields (Thomas et al. 2015).

We included patients with unilateral hearing loss so 
that sound stimuli could be presented to unaffected ear, 
equivalently to control subjects. However, there remains 
an unequal effect of scanner noise since controls are more 
exposed to it in both ears. The effect of scanner noise 
on the mapping aren’t known, but the most likely conse-
quence would be sound masking which could lower BOLD 
response amplitudes in controls relative to patients. The 
acoustic resonance of the scanning protocol peaks strongly 
at approximately 1700  Hz (corresponding to the pulse 
sequence bandwidth) and does not have substantial energy 
in the 250–500  Hz range. We suspect that this may con-
tribute to the dip in response amplitudes that we see here 
in both groups in the 1000–2000 Hz range, and in our pre-
vious studies with the same 7 T protocol (Da Costa et al. 
2011; Da Costa et al. 2015). However, it is not obvious that 
this could account for the difference in patients and con-
trols that peaks at 250–354 Hz range. Another approach to 
equating sound stimuli is to study the subgroup of tinnitus 
sufferers with normal hearing thresholds; however these 
patients are likely to suffer from ‘hidden’, high-intensity 
hearing-loss not assessed by standard audiograms (Schaette 
and McAlpine 2011b). Adequate sound delivery and, 
indeed, the broader problem of dissociating the effects of 
hearing loss and tinnitus are among the main challenges 
of human tinnitus studies. Utilizing sparse fMRI protocols 
and including tinnitus patients without hearing loss are 
among the methods that have been used to address these 
issues (Langers et al. 2012a).

Previous anatomical MRI studies have associated tin-
nitus with structural brain changes in the auditory cortex 
(Schneider et  al. 2009; Boyen et  al. 2013) and non-audi-
tory areas (Mühlau et  al. 2006). Heschl’s gyrus is known 
for high anatomical variability in the normal population 
(Da Costa et  al. 2011; Marie et  al. 2013). The variability 
in the presence of an intermediate sulcus along its length 
that can divide the gyrus and make partially or complete 
duplications. Here, the rate of Heschl’s gyrus divisons was 
similar in patients and controls, and within the previously 
reported range (Leonard et al. 1998; Da Costa et al. 2011; 
Marie et  al. 2013). Thus, gross anatomical changes are 

not an obvious explanation for the functional changes we 
observed.

Comparing Findings from Humans and Animal Models

Tinnitus is an inherently subjective phenomenon and it is 
difficult to assess whether animal models (primarily rodent) 
have the same perceptual experience as human tinnitus suf-
ferers. Hence there is a clear need to assess tinnitus-related 
pathology in humans. Our findings indicate a potential 
parallel in neurophysiological changes across human and 
animal models of tinnitus. In light of the observed hyper-
excitability, treatments which aim to reinstate the balance 
between neuronal excitation and inhibition in auditory 
brain centers may help to alleviate tinnitus (Richardson 
et  al. 2012). Experimental sound exposure therapies, and 
also neurofeedback, based on restoring normal activity 
levels in auditory cortex have shown potential in human 
patients (Haller et al. 2009; Okamoto et al. 2010; Tass et al. 
2012) and may also induce changes in large-scale networks 
(Van De Ville et al. 2012; Haller et al. 2013).

Caution needs to be taken however in comparing find-
ings from animal models and humans as there are many 
differences. Our patients had different etiologies and none 
of the patients presented hearing loss due to acoustic 
trauma or to sound exposure as in the majority of animal 
models. Indeed, investigations of tinnitus many challenges 
because the disorder is heterogeneous in terms of multi-
ple factors including: etiology, loudness and quality of the 
percept, degree of hearing loss, level of associated distress, 
co-occurrence of hyperacusis, and potential interaction 
with age-related brain changes. Hearing loss is not always 
accompanied by tinnitus and the discriminating factors 
are not known (Schecklmann et  al. 2012). Approximately 
15% of tinnitus cases present without detectable changes 
in hearing thresholds but these cases may present hearing 
loss which is not detected by standard audiometry (Weisz 
et  al. 2007; Schaette and McAlpine 2011a). Tinnitus risk 
factors may interact with age-related factors such as down-
regulation of neural inhibition in the cortex (Caspary et al. 
2008; Llano et al. 2012). Additionally human studies must 
consider differences in neuroimaging and data analysis 
methods.

Clinical Applications at 7T

Ultra-high field fMRI imaging offers a bridge between 
clinical and basic neuroscience research. Mapping of small 
functional subunits such as ocular dominance columns in 
the human visual cortex (Yacoub et  al. 2007), tonotopic 
organization in human auditory cortex (Da Costa et  al. 
2011; Da Costa et al. 2013) and inferior colliculus (De Mar-
tino et  al. 2013), or finger somatotopy in somatosensory 
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cortex (Martuzzi et  al. 2012) and cerebellum (van der 
Zwaag et  al. 2013) requires high-spatial resolution which 
is more easily achieved with ultra high field fMRI (van der 
Zwaag et al. 2009, 2015; Da Costa et al. 2015). Our study 
demonstrates the applicability of high-resolution mapping 
methods to clinical groups with auditory neurological dis-
orders. We further illustrate the applicability of individual 
subject assessments, as opposed to group brain-averaged 
based analysis, in order to take full advantage of the spatial 
resolution achievable at ultra high field and to facilitate the 
relation of results to neurophysiological studies in animal 
models.

Conclusions

Here, we successfully employed high spatial resolution 
ultra-high field fMRI to demonstrate functional changes in 
primary auditory cortex related to hearing loss and tinnitus. 
In future studies, high-resolution imaging could be applied 
to track potential renormalization of auditory cortex during 
the testing of tinnitus treatments.
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