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Abstract

BACKGROUND: Despite rapid developments in fMRI, there is still ongoing debate on the optimal paradigm for evaluating the level of au-
ditory cortex activation.

MATERIAL AND METHODS: A number of modern neuroimaging methods can be used to assess brain responses to acoustic stimulation,
but new paradigms are still needed. Here the sparse fMRI approach is used to examine frequency-specific activation in auditory cortex in 12
normal hearing individuals.

RESULTS: The size of activation expanded with increasing sound intensity and decreasing sound frequency. At the same time, the main site
of frequency-specific activation remained the same across intensities, indicating fixed tonotopic organization. The findings of the study are
explained in terms of basilar membrane phenomena such as the travelling wave pattern and spread of activation.

CONCLUSIONS: Stimulation levels of at least 60 dB are necessary in order to obtain robust maps of group activation in auditory cortex.

KEY WORDS: functional magnetic resonance imaging, auditory cortex, sound intensity

IMPACTO DE LA INTENSIDAD SONORA SOBRE LA ACTIVACION EN LA CORTEZA
AUDITIVA

Resumen

INTRODUCCION: Pese al rapido desarrollo de la disciplina, sigue debatiéndose el tema de la optimizacion del paradigma utilizado en la va-
loracion de la activacion de la corteza auditiva mediante el método de la resonancia magnética funcional.

MATERIALES Y METODOS: Se habia elaborado un paradigma a utilizar en la exploracion de la activacion de la corteza auditiva por el mé-
todo sparse fMRI. En el estudio participaron 12 personas con audicién normal.

RESULTADOS: Se demostré que la zona activa aumenta conforme se disminuye la frecuencia y se aumenta la intensidad sonora. Por otra
parte, la localizacion principal de la activacion relacionada con el rango de frecuencias dado no varia seguin la intensidad aplicada. Este efec-
to indica la preservacion de la organizacion tonotdpica. Los resultados del estudio han de entenderse en relacién a los fendmenos que se de-
sarrollan en la membrana basal, es decir el paso de la onda viajera y la distribucion de la activacion.

CONCLUSIONES: Para obtener mapas fiables de activacion dentro de la corteza auditiva a nivel grupal se sugiere utilizar sonidos de 60 de-
cibelios como minimo.

PALABRAS CLAVE: resonancia magnética funcional, corteza auditiva, intensidad sonora.

BIIMAHUE MHTEHCUBHOCTHU 3BYKA HA AKTUBAIIMIO B CIYXOBOM KOPE
A6cTpaxkT

BBEOEHME: HecMOTps Ha MHTEHCHMBHOE pa3BUTHE 0OIACTH MPOJO/DKAETCSA FUCKYCCHs 06 ONTUMM3ALINI MCCIEOBATENbCKOI Tapa-
IVTMBI /11 OLIEHKM aKTUBAI[UU CTyXOBO KOPBI METOOM (PYHKI[MOHAIbHO MarHUTHO-PE30HAHCHOI TOMOrpaduim.

MATEPVUAJI I METOJ: CoBpeMeHHbIe METObI HePOBM3YaMN3aLMy MOTYT OBITh MCIIO/NIb30BaHBI [/ OLEHKM PeaKLNU MO3-
Ia Ha aKyCTMYECKYI0 CTUMY/ALMIO, ¥ BCe ellle CyLIeCTByeT He0OXOMMMOCTDb B PaspaboTKe HOBBIX NMAPAINIM UCCIeROBaHMA. 31eCh
6bU1 IpUMeHeH penkuit nopxon K GMPT i nsydeHns 4acTOTHO-crenuMIecKoil akTUBALMM B CTyXOBOJ Kope y 12 yuiy ¢ HOp-
Ma/TbHBIM CITyXOM.
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PE3YJIBTATBI: ViccnenoBaHus MoKasaiy, YTO aKTUMBHAA 00/IACTb YBEMMYMBAETCA C YBeNMYEHNEM MHTEHCUBHOCTH 3BYKa M yMEHb-
LIeHMeM YaCTOTHI 3ByKa. IIpu 3TOM 0CHOBHAA 06/1aCTb BO30OYK/eHMA, CBA3AHHAA C ONPe/Ie/IEHHBIM MAINa30HOM YacTOT, OCTaBaIach
TOJI Ke, BHE 3aBUCYMOCTH OT MCIIO/Ib30BAHHOI MHTEHCHMBHOCTH. JJaHHBIN 9 deKT yKasbIBaeT Ha COXpaHeH)e TOHOTOIMYECKOIT opra-
Husanuu. PesynbTaThl NCCIefOBaHNA ClefyeT OODBACHATD 110 OTHOIIEHMIO K ABICHMAM, IPOMCXOAAIMM Ha 6asuiapHoi MeMOpaHe,
TaKMM KaK KapTuHa Geryiieil BOTHBI ¥ pacIpoCTpaHeHye BO30YXK/IeHN.

BBIBOJIDI: [Ina momy4yeHns HaZe)XHBIX KapT aKTMBAIMM B CIYXOBOJ KOPe Ha TPYIIIOBOM YPOBHE PEKOMEHJYeTCs VCIONb30BaHNe
3BYKOBOJ CTUMY/IALIMY Ha YpOBHe He MeHee 60 nb.

KiroueBrbie cioBa: q)yHKLU/IOHa}IbHaH MarHmMTHO-p€3OHaHCHasA TOMOI‘paq)I/IH, Cl1yXoBas KOpa, MHTEHCMBHOCTD 3BYKa

WPEYW INTENSYWNOSCI DZWIEKU NA AKTYWACJE W KORZE SLUCHOWE]
ABSTRAKT

WSTEP: Mimo szybkiego rozwoju dziedziny, nadal trwa dyskusja na temat optymalizacji paradygmatu badawczego do oceny aktywacji kory
stuchowej metoda czynnosciowego rezonansu magnetycznego.

MATERIAL I METODA: W celu zbadania aktywacji w korze stuchowej, opracowano paradygmat do badania metodg sparse fMRI. W bada-
niu uczestniczylo 12 0séb ze stuchem prawidtowym.

WYNIKI: Wykazano, ze obszar aktywny jest tym wiekszy, im nizsza czestotliwos$¢ oraz wyzsza intensywno$¢ dzwigku sie zastosuje. Jednocze-
$nie gléwna lokalizacja pobudzenia zwigzana z okre§lonym zakresem czestotliwosci pozostawata ta sama niezaleznie od zastosowanej inten-
sywnosci. Efekt ten wskazuje na zachowanie organizacji tonotopowej. Wyniki badania nalezy rozumie¢ w odniesieniu do zjawisk zachodza-
cych na blonie podstawnej, tj. przechodzenie fali wedrujacej oraz rozchodzenie si¢ pobudzenia.

WNIOSKI: W celu uzyskania wiarygodnych map aktywacji w korze stuchowej na poziomie grupowym sugeruje si¢ stosowanie dzwigkow na

poziomie minimum 60 dB.

SEOWA KLUCZOWE: czynnosciowy rezonans magnetyczny, kora stuchowa, intensywnos¢ dzwieku

BACKGROUND

Functional magnetic resonance imaging (fMRI) has prov-
en a valuable tool for studying central mechanisms of au-
ditory perception. A number of works have been pub-
lished which use this method to examine the relationship
between sound parameters, including frequency and in-
tensity, and activation patterns in the auditory cortex [1-
3]. Notably, it has been shown that tonotopic organisation
is preserved throughout the whole auditory system. This
means that the systematic tuning of the basilar membrane
in the inner ear, with filters tuned sequentially in frequen-
cy, is also reflected in the auditory cortex. The area most
evidently organised tonotopically is the primary auditory
cortex, lying on and around the Heschl gyri (HG) in the
superior temporal lobes. Recent fMRI studies in human
have indicated a dominant low-frequency field represent-
ed laterally on the HG, with high-frequency regions lo-
cated posteriorally and anteriorally around it [3]. Howev-
er, the effect of sound intensity has been studied in only
a few fMRI works, all showing that higher intensity in-
creases the extent of active regions detected in the audi-
tory cortex (and/or a local BOLD signal change) [2,4-9].

To assess the tonotopic organisation of auditory cortex
with high frequency selectivity, quiet stimulation is pre-
ferred. Therefore, threshold acoustic stimulation has been
applied in animal studies using invasive techniques, such
as single-cell recording of auditory neurons [10,11]. How-
ever, the fMRI method, which can be safely used in hu-
man participants, suffers from high background noise and
low signal-to-noise ratio. High-field MR scanners generate
acoustic noise at levels of up to 100 dB SPL during gradi-
ent switching, together with sound from air conditioning
and helium pumps which can produce noise at 65-80 dB
SPL [12]. Due to these limitations, tonotopic fMRI stud-
ies need to employ sounds of 50-90 dB SPL [3,10,13,14].

Another strategy is to use special sparse paradigms which
present sounds to the participant during the quieter peri-
ods between times of loud data acquisition [15-20].

Although the fMRI field is rapidly developing, there is
still ongoing debate on the optimal paradigm for evalu-
ating auditory cortex activation. The current study seeks
to evaluate the volume and distribution of activated corti-
cal clusters in response to complex tones presented at five
central frequencies and three intensities. A unique study
paradigm is used, inspired by the work of Humphries and
collaborators (2010) [19]. The sound parameters are cho-
sen to reflect the particular peripheral physiological effects
of sound intensity, while corresponding to the wide range
of frequencies coded on the basilar membrane. A certain
trade-off is suggested between elucidating the pattern of
frequency processing in auditory cortex and the intrinsic
limitations of the fMRI technique.

MATERIAL AND METHODS

Material

Twelve right-handed volunteers (3M, 9F, 36 £11 years)
with normal hearing (<20 dB HL for 0.25-8 kHz) par-
ticipated in an fMRI study. All subjects provided writ-
ten informed consent. The trial was approved by the
Bioethical Committee of the Institute of Physiology
and Pathology of Hearing and conformed to the Dec-
laration of Helsinki.

MR imaging

The study was performed at the Bioimaging Research
Center at the World Hearing Center of the Institute of
Physiology and Pathology of Hearing in Warsaw. Func-
tional and anatomical scans were collected on a Siemens
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Table 1. Results obtained for contrasts of signal (400 Hz . — 6400 Hz_) vs silence for three sound intensities; FWE p <0.01

40 dB(A) 60 dB(A) 80 dB(A)
main
contrast hem. AAL region .. cx:ﬂi- cft?:taér region 3 MNI cllcl(::;t:‘elr region ox. MNI cﬁ::?t:r
region SIZ€  \alue nates size size 4 alue ©00rdi- e size 4 value ©00Tdi- e
VOX.) X.Y,2) (vox) (vox.) nates (vox,) (vox.) nates (vox,)
STL 147 584 52 -155 580 739 50 -19 5 1239 1225 48 -17 3
HG 60 525 52 -13 5 122 698 52 -23 5 235 1177 48 -16 6
R 236 796 2017
0.4 kHz MTL - } } ; ; ; 108 633 66 33 5
Vs sTp - - } } } ; 93 67 5145
silence STL 209 553 -46 -29 7 730 878 -50 -17 3 967 11.47 -38 -31 11
L  HG 34 43 47 ‘146 252 86 624 -38 30 10 890 | 173 1147 -37 -30 11 1615
MTL - - - ; - - 249 747 -46 29 3
STL 207 635 58 -7 3 615 825 58 75 1103 1093 56 -9 3
HG 78 574 52 95 170 796 54 7 5 214 939 48 -15 5
R 326 954 1727
0.8 kHz sTp - ; } ; ; } 78 666 523 -7
Vs MTL - ; ; ; ; ; 36 498 60 33 1
silence STL 182 6.17 -50 -11 3 732 891 -44 -25 7 1070 12.56 -46 -23 5
L HG - - } 217 | 116 7.18 -38 -30 10 994 | 151 10.27 -37 -30 11 1599
MTL - } } } } ; 142 763 -46 23 1
STL 207 6.88 50 -5 -5 255 791 54 -9 3 843 1234 54 9 3
R HG 48 531 54-95 303 89 76 54-95 396 | 232 1157 54 75 1427
1.6 kHz sTP - i - - - i 39 874 503 7
silence STL 182 632 -50 -25 7 246 601 58 21 9 808 1031 -46 21 1
L 206 326 1207
HG - ; ; 42 549 34 31 13 177 926 -37 30 11
STL 44 67 501 -7 243 7.58 64 26 -41 755 1020 52 -11 3
32kHz R HG - - - 73 79 62 38 2511 376 | 206 835 50 -13 5 1237
VS
Gl sTp - ; } ; ; } 39 634 514 -5
STL 53 548 .48 -11 -1 167 7.54 -58 -23 9 684 777 -44 -17 1
L 62 302 1029
HG - - - 87 758 -36 27 11 143 773 -34 -29 11
ST - ; } 99 588 48 -13 -3 712 998 46 -15 -1
cakh: R ; 123 1123
4K HG - ; ; ; ; ; 200 893 37 -26 11
silence ST - } } 75 651 -40 -24 4 577 83 -42 -35 13
Ste ) a4 466 362511 F 864
- - - ' - 121 716 -34-279

Hem. — brain hemisphere; R — right, L — left; AAL — Automatic Anatomical Labelling brain atlas; STL — superior temporal
lobe; HG — Heschl gyrus; STP — superior temporal pole; MTL — medial temporal lobe; MNI — Montreal Neurological Institute

brain atlas

3T Magnetom Trio scanner using a 12-channel head ma-
trix coil.

The scanner produced noise of up to about 98 dB SPL
during gradient switching, and the air conditioning sys-
tem, helium pumps, and radio-frequency pulses were
present permanently and reached levels of up to 65-80
dB SPL. Special headphones attenuated the noise by 15-
20 dB. Because the current study focused on auditory re-
sponses, a sparse paradigm was employed for functional
imaging. During 10 seconds of Time of Repetition (TR),
sounds were presented for 8 seconds in relative silence;
the remaining 2 seconds were for data acquisition. A sin-
gle-shot GE-EPI technique was applied with the follow-
ing parameters: TR = 10 s, time of echo (TE) = 30 ms,
time of acquisition (TA) = 8:09 min, matrix = 96 x 96,
field of view (FOV) = 192 x 192 mm, no of slices = 28,
voxel size = 2 x 2 x 2 mm, pixel bandwidth = 1447 Hz/
pix, iPAT = 2. In one fMRI session (3 runs), 144 brain
volumes were collected (24 for each of 5 complex tones
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and silence). Acquisition of one volume (28 slices) took 2
seconds. fMRI data was obtained in the temporal plane in
an axial direction; the imaged slab was 6 cm thick (3 cm
up and 3 cm down from the individually localised supe-
rior temporal gyrus).

After fMRI, anatomical brain structures were assessed
with several high-resolution MRI sequences. The main
sequence, T1-MPR, was registered isometrically in the
sagittal plane with the following parameters: TR = 1900
ms, TE = 2.26 ms, inversion time = 900 ms, flip angle
(FA) = 9°, FOV= 28.8 x 27.0 cm, matrix = 320 x 300,
slice thickness = 0.9 mm, voxel size = 0.9 x 0.9 x 0.9
mm, pixel bandwidth = 200 Hz/pix, no of slices = 208,
TA = 5:11 min.

Auditory stimulation

Complex tones with five central frequencies were used:
400 Hz_,, 800 Hz_, 1600 Hz_,, 3200 Hz_,, and 6400 Hz,,,
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0246810121

[19]. Each tone was 8 seconds long and included 80 peri-
ods of sound lasting 100 ms (10 ms rise time, 80 ms flat,
10 ms fall time). These 8-s periods were randomly alter-
nated with 8-s periods of silence. Complex tones were
used instead of constant and monotonous stimuli which
cause faster decline of neuronal responses [19, 21- 25].
One fMRI run was 8:33 min in duration in which each
tone and silence were presented 8 times. The order of
stimuli presentation was optimised using a Genetic Al-
gorithm (OptimizeDesign, Tor Wager, URL: http://wa-
gerlab.colorado.edu/tools). Each subject participated in
three fMRI runs for each sound pressure level, 40 dB(A),
60 dB(A), and 80 dB(A) (nine runs in total). Each single
sound intensity was tested on a different day and the or-
der was randomised across subjects.

Sounds were delivered via electrodynamic headphones
which attenuated the scanner noise by approximately 20 dB
(Confon GmbH). Sound intensity and harmonic distor-
tion were regularly monitored with a GRAS calibration
system (Audiometer Calibration Analyzer HW1001). All
tones were stored as 16-bit 44.1 kHz digital waveforms.
Participants were required to stay still in the bore and lis-
ten to the tones. For eye fixation a cross was presented in
MRI-compatible goggles.

fMRI data analysis

fMRI data analysis was performed with Matlab and the
Statistical Parametrical Mapping package (SPM 12, Well-
come Department of Cognitive Neurology, London, UK).

Pre-processing involved quality assurance and removal of
images with spike artefacts or field distortions, estimation

3200Hz,,

®
®
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6400Hz,,

contrasts of signal
(400 Hz - 6400 Hz ) vs si-
lence for three sound inten-
sity levels; FWE p<0.05

Figure 1la. Results obtained
for

of temporal SNR and image intensity correction, slice-tim-
ing (adjustment of time series for each slice to the first
slice), re-alignment (e.g. head movement correction us-
ing three 3D rigid body translations and rotations), scrub-
bing (additional head movement correction when move-
ment exceeded 0.5 mm between volumes), co-registration
of structural images to functional images, segmentation of
the T1 structural image into tissue types, normalisation
of individual MR T1 images to the Montreal Neurologi-
cal Institute (MNI) stereotaxic space, smoothing using a
4 mm FWHM Gaussian filter, global intensity normalisa-
tion across sessions, and high-pass filtering to remove low-
frequency physiological noise and signal drift.

Statistical analysis of individual data (Ist-level analysis)
was performed using general linear modelling (GLM).
A GLM model was computed for each person and each
fMRI session separately, using pre-processed function-
al images. For each person onset times of the present-
ed complex tones and silent periods were implemented
to the model, followed by model estimation (i.e. a cor-
relation analysis between the time series of neuronal re-
sponses, the model series, and the canonical hemody-
namic response function in each brain voxel separately).
For each intensity level the results were averaged across
three sessions. The last step of the individual analysis
was designing contrast images (one-sample t-tests) com-
paring experimental conditions with one another, i.e.
400 Hz , vs silence; 800 Hz ., vs silence; 1600 Hz , vs
silence; 3200 Hz ., vs silence; 6400 Hz ., vs silence. The
subsequent group data analysis (2nd-level analysis) was
performed for the same contrast conditions. All proce-
dures were identical for all three intensity levels, 40, 60,
and 80 dB SPL.
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400Kz, 800Hz, 1600Hz,,

I s0d8

B odB 40dB

RESULTS

Group outcomes of the study are depicted in Figures 1 and
2, as well as in Table 1. The statistical threshold of p <0.05
was assumed with familywise-error (FWE) correction for
multiple comparisons unless indicated otherwise [26].

Figures la and 1b show group outcomes (one-sample t-
tests) for the five complex tones presented on various days
at three intensity levels. Figure 2 plots the relationship
between the intensity level and the size of active clusters
revealed in auditory cortex. Table 1 includes data com-
plementing Figures 1 and 2. In the table, the anatomical
location and size of each active cluster have been listed, to-
gether with their maximum ¢-values and MNI coordinates.

All outcomes indicate that for each sound level and for
all frequency ranges, activation was demonstrated in

3200Hz,

6400Hz,,

Figure 1b. Results obtained
for contrasts of signal
(400 Hz, - 6400 Hz,) vs
silence for three sound in-
tensity levels overlaid; FWE
p <0.05

bilateral superior temporal lobes (except for 6400 Hz .,
presented at 40 dB which produced no activation above
threshold). The cluster of activation corresponding to
low-frequency sounds was centered on the lateral surface
of the HG. Gradients of high-frequencies broke into small
regions along the posterior and anterior side of medial
HG. For the 80 dB intensity, and to a limited extent for
60 dB, 3200 Hz, and 6400 Hz_, frequency gradients bi-
furcated around HG in a V-shape. The revealed regions
included bilateral HG for 400 Hz_, for all three intensi-
ties, for 400-1600 Hz_, for 40 dB, for 800-3200 Hz_, for
60 dB and 80 dB, and 6400 Hz, for 80 dB. In addition,
activity in right STP was present for 400-3200 Hz_, when
sounds were presented at 80 dB, as well as bilateral MTL
for 400-800 Hz_ presented at 80dB. With increasing in-
tensity, the area spread laterally, as well as in the inferi-
or and superior directions in temporal lobes. As shown
in Figure 2, the effect was most evident when moving

2000

1800

Figure 2. Relationship between sound

1400 /

intensity level (40-80 dB) and active

1600 //
/
1200

1000 7

volume size in the auditory cortex. The

a0 v L

— 400Hz

number of revealed voxels was aver-
— 800Hz .
— 1600Hz aged for both hemispheres across all

3200Hz participants (FDRc, 0.001)

600 / /

— 6400Hz

Size o activation cluster (no of voxels)

400 4

200 —— —
0
40 60 80
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from 60 to 80 dB SPL - here the slope of the function is
steepest. As can be seen in Figure 1b, however, regions
showing up for low-intensity sounds were surrounded
by regions responsive to high-intensity sounds. Never-
theless, voxels with the most statistically significant ac-
tivity were localized in similar locations in the superi-
or temporal lobes (see Table 1). There was, furthermore,
an overall tendency for the area to diminish as the cen-
tral frequency of the presented tone increased. This ef-
fect was evident for all three sound levels.

DISCUSSION

The study shows that preference of certain regions in the
auditory cortex for sounds of low or high frequency is pre-
served regardless of intensity level. There are two tono-
topic progressions shown on the rostral and caudal banks
of the HG and for louder stimulation activation is only
more extensive and spatially less specific. The location
of peak activation is preserved across all intensity lev-
els. Similar outcomes have been presented in fMRI stud-
ies by Hart and collaborators (2002) [6] and Sigalovsky
and Melcher (2006) [9] who showed the same location
of activity for a given frequency range at increased in-
tensity levels with simultaneous spatial expansion of ac-
tive regions. The high-frequency gradient forming a V-
shape around the HG, revealed here for intensities 60 dB
and 80 dB, has been reported in numerous papers using
the fMRI technique to study auditory cortical responses
[1,2,14,18,19,24,25,27-31].

There are several peripheral mechanisms responsible for
the central effects of increasing intensity of the perceived
sound. Intensity is mainly reflected in the number of im-
pulses per second travelling via the auditory nerve, i.e.
the firing rate. For low-level stimulation, i.e. below 40
dB SPL, the responses of the basilar membrane are rel-
atively selective and only low-threshold neurons are in-
volved in afferent sound transmission. In that case syn-
chronous neuronal responses occur only every several
sound presentations. With increased sound levels, the
travelling wave induces deflection of broader regions of
the basilar membrane (spread of excitation). Then larg-
er populations of neurons are recruited and more inner
hair cell stereocilia shear, including those beyond the pre-
ferred frequency range. Therefore the quantity of pro-
duced and transmitted neurotransmitters is higher. Also,
at some point (around 40-60 dB HL), low-threshold neu-
rons become saturated. When higher sound intensities are
reached, high-threshold neurons also start to participate
and increase their firing rates [4,14,25,32-34]. Although
the exact relationship is still under debate, proportion-
ality has been suggested between the average firing rate
of cortical neurons and the BOLD signal measured with
fMRI [35, 36]. Furthermore, it seems that cortical blood
flow only becomes saturated at sound levels above 90-
100 dB SPL [4-6], which is not the case here. In the cur-
rent study, significant differences were noted for sound
levels of 40 dB and 80 dB SPL, as has also been noted
in the literature [6,7,9]. Furthermore, since the effects
of increasing sound intensity are also shown within the
area of the HG, this would mean that they also involve
primary auditory cortex (see the review by Woods and
Alain 2009) [8].

Wolak T. et al. — Sound intensity and level of activation...

The fact that larger areas of activation were revealed for
low frequencies, as compared to high frequencies, can
also be explained in terms of physiological mechanisms
occurring at the basilar membrane. The travelling wave
in the cochlea commences at the base and terminates at
the apex. Due to the mechanical features of the basilar
membrane, a loud tone of low frequency will in addition
stimulate nerve endings at the base of the cochlea, spe-
cific for high-frequency sounds. Furthermore, the ex-
citation pattern of the basilar membrane is asymmetri-
cal and spreads more to the high-frequency side which
is determined by responses of the low-frequency side of
auditory filters with central frequencies exceeding the
applied signal frequency [34]. Also, auditory filters are
broader for low-frequency sounds [38]. With the pre-
ferred frequency still inducing largest local deflections
on the basilar membrane, these effects are mostly seen
for high-intensity sound levels [33,39-44]. A number of
fMRI studies employing sound stimulation have revealed
larger and/or stronger activations for lower, as compared
to higher frequency ranges [8,14,19,27-31].

In addition, the very limited extent of activity found for
40 dB SPL sounds might be related to the fact that fMRI
studies are never silent. The sounds of the helium pump
and air conditioning system are approximately 70 dB SPL
and external headphones can only attenuate the noise by
20 dB. Although the noise of the scanner during data ac-
quisition has been cancelled by using a sparse imaging
paradigm, some masking of the experimental stimula-
tion cannot be excluded [5,16,37].

The outcomes of the study indicate that fMRI studies of
tonotopic organisation of auditory cortex require sound
levels of 60-80 dB [4,8,13,18,19,24,25,27,30]. A sound in-
tensity of 60 dB SPL can only be used, however, if a rel-
atively large number of subjects participate in the study.
Some authors have already suggested that if sounds be-
low 50 dB SPL are used, statistically significant outcomes
are difficult, especially if a stable group effect is to be
achieved. The relatively small regions activated by high-
frequency sounds, as well as considerable inter-subject
location variability, yield a small group effect [4,14]. This
has been shown in the current study when sounds were
played at 40 dB.

In the presented study, intensity has been used as the
sound parameter [19,29,30]. This is the approach used
in most tonotopic fMRI studies, as intensity is relative-
ly easy to control. Some authors do not even use any
intensity normalisation [13,18,24,25,45,46]. However,
it should be noted that, depending on sound parame-
ters such as frequency and time pattern, the hearing lev-
el and the perceived loudness can differ among individ-
uals, which in turn can affect the outcomes of an fMRI
study. Several procedures have been suggested to bal-
ance study conditions across all participants. One way
is to normalise all sounds (frequency bands) to one lev-
el, using the individual hearing level (SL, sensation lev-
el) [14,47]. Alternatively, perceived loudness is estimat-
ed with respect to a pattern sound (such as e.g. 1000 Hz,
and then sounds are presented at normalised sound lev-
els (EL, equal loudness) [5,31,48]. Such an approach will
be applied in future studies.
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In conclusion, we propose an in-house fMRI paradigm
that can be successfully applied to elucidate activation
of the auditory cortex in response to a range of fre-
quency bands and intensity levels. The findings con-
firm the existing literature reports and expand them
in that the outcomes are briefly discussed in the frame
of psychoacoustic mechanisms. Further recruitment of
study participants has been undertaken, including pa-
tients with various kinds of sensorineural hearing loss
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(see Skarzynski et al. (2013) for initial findings in par-
tial deafness) [49]. This will permit the central patho-
physiological phenomena occurring in the inner ear to
be seen and compared with those from normal hear-
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