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Abstract: Sparse temporal acquisition schemes have been adopted to investigate the neural correlates of
human audition using blood-oxygen-level dependent (BOLD) based functional magnetic resonance imag-
ing (fMRI) devoid of ambient confounding acoustic scanner noise. These schemes have previously been
extended to clustered-sparse temporal acquisition designs which record several subsequent BOLD contrast
images in rapid succession in order to enhance temporal sampling efficiency. In the present study we dem-
onstrate that an event-related task design can effectively be combined with a clustered temporal acquisition
technique in an auditory language comprehension task. The same fifteen volunteers performed two sepa-
rate auditory runs which either applied customary fMRI acquisition (CA) composed of continuous scanner
noise or “silent” fMRI built on a clustered temporal acquisition (CTA) protocol. In accord with our hypoth-
esis, the CTA scheme relative to the CA protocol is accompanied by significantly stronger functional
responses along the entire superior temporal plane. By contrast, the bilateral insulae engage more strongly
during continuous scanning. A post-hoc region-of-interest analysis reveals cortical activation in subportions
of the supratemporal plane which varies as a function of acquisition protocol. The middle part of the
supratemporal plane shows a rightward asymmetry only for the CTA scheme while the posterior supra-
temporal plane exposes a significantly stronger leftward asymmetry during the CTA. Our findings impli-
cate that silent fMRI is advantageous when it comes to the exploration of auditory and speech functions
residing in the supratemporal plane. Hum Brain Mapp 29:46-56, 2008.  ©2007 Wiley-Liss, Inc.
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INTRODUCTION

Since the advent of neuroimaging techniques approxi-
mately twenty years ago, our understanding of the cere-
bral organization of speech functions has substantially
changed and improved. However, customary functional
magnetic resonance imaging (fMRI) is hampered by acous-
tic noise produced during operation of the MR system,
which affects the experimental integrity of auditory fMRI
studies [Amaro et al., 2002; Haller et al., 2005; McJury and
Shellock, 2000; Moelker and Pattynama, 2003]. In particu-
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lar, the MR acquisition inevitably produces bursts of
acoustic noise up to 120 dB SPL, which obscure the quality
of auditory stimulus presentation. At the perceptional
level, recognition of spoken utterances is distorted by
acoustic masking of the stimulus when its spectral compo-
nents overlap with the scanner acoustic noise as well as by
psycho-acoustic effects, such as a stapedius muscle reflex
that alters the perceived sound level and spectral charac-
teristics of the presented stimulus.' At the physiological
level, the ambient scanner noise is tied to a saturation of
the neuronal population residing in auditory cortices in
the supratemporal plane. At the cognitive level the extrac-
tion of an auditory stimulus in an obscuring acoustic back-
ground is affected by foreground—background decomposi-
tion processes and attentional effort which may provoke
additional functional responses in extra-auditory frontal
areas. This slew of deleterious issues imperatively required
the development of new devices and strategies to over-
come the drawback of noisy fMRI, especially in the realm
of auditory cognition. Hardware-based attempts to allevi-
ate acoustic scanner noise at its very source, for example,
engineering of Lorentz force-balanced gradient coils, selec-
tion of gradient coil material with high stiffness in order to
minimise mechanical vibration, implementation of acousti-
cally damped mounting systems as well as special sound
insulation have been successfully applied [Edelstein et al.,
2002; Katsunuma et al., 2002; Mechefske et al., 2002]. More-
over, the acoustic features of the scanner noise could be
changed so that they are less disruptive [Hennel et al,,
1999; Seifritz et al.,, 2006]. However, neither of these
approaches can be considered as an optimal solution since
both fail to reduce acoustic noise sufficiently nor do they
eliminate it. In addition, recent evaluation of one experi-
mental design to reduce scanner noise, the sparse temporal
acquisition technique (STA) demonstrates the advantages
of this approach in auditory experiments [Amaro et al.,
2002; Edmister et al., 1999; Gaab et al., in press, a,b; Hall
et al., 1999, 2001; Talavage and Edmister, 2004; Talavage
et al., 1999]. Using this technique, the interval between sin-
gle volume scans is enhanced and the physiological delay
between the onset of the stimulation and the succeeding
hemodynamic response is used to separate the functional
responses evoked by the scanner acoustic noise and the
auditory stimulus at issue. Thus, the STA scheme allows
insertion of relatively long silent intervals between func-
tion image acquisitions during which auditory stimuli are
presented. Hence the aforementioned detriments affecting
the perceptual, physiological, and cognitive level are
reduced.

To investigate the cerebral substrates of auditory speech
perception, it has become convenient to use scanning pro-

'The stapedius reflex is a reflexive contraction of the stapedius
muscle in response to loud sound. The reflex threshold varies
across individuals between 70-100 dB sound pressure level in nor-
mal hearing subjects, and hence is relevant for fMRI experiments
[Olsen, 1999].

tocols that are reliant on the sparse sampling technique to
avoid interference with ambient scanner noise. Evidently,
the functional response to an auditory stimulus as meas-
ured with a STA was magnified in terms of amplitude of
the response and spatial extent of significant clusters of
activation. Moreover, it has been shown that functional
activation was localised with enhanced spatial and func-
tional specificity [Yang et al., 2000]. However, compared
with continuous scanning, these acquisition schemes
require longer total imaging time in order to collect suffi-
cient data for powerful statistical analyses. Hence, “silent”
event-related sparse temporal acquisition designs have
been further elaborated upon to produce clustered-sparse
temporal acquisitions (CTA).> In this acquisition design,
multiple volume scans are acquired in rapid succession after
each trial (therefore “clustered”), in order to combine advan-
tages of “silent” scanning with time-efficient data collection.
Incorporating long acquisition intervals, such schemes have
been employed in a variety of studies, such as investigation
of functional activation evoked by scanner noise itself [Ban-
dettini et al., 1998], motor activation [Bandettini et al., 1998;
Eden et al., 1999], and in the context of short sine wave
tone perception [Di Salle et al., 2001] as well as in fMRI-
studies on syllable processing [Zaehle et al., 2004], auditory
imagery [Bunzeck et al., 2005], and short sentence stimuli
[Schwarzbauer et al., 2006].

The Present Study

The current study investigates the effects of ambient
scanner noise bound to continuous fMRI on hemodynamic
responses to spoken sentences. For this purpose, we com-
pare data collected from two differential scanning proto-
cols that systematically vary the emission of acoustic scan-
ner noise while the total amount of scanning time and au-
ditory stimulation is kept constant. As outlined above,
scanner noise affects auditory processing at the perceptual,
physiological, and cognitive level. In terms of the percep-
tual level, noise is meant to acoustically mask stimulus rec-
ognition. Hence we hypothesise that behavioural perform-
ance is slower and less accurate during “noisy” CA rela-
tive to “silent” CTA. As for the physiological level,
persistent acoustic scanner noise comes along with a
steady saturation of neural ensembles in the auditory cor-
tex and hence reduces the functional modulation range
with which the cortex can respond to an auditory stimu-
lus. Thus, we hypothesise that in the presence of continu-
ous scanner noise, the functional response to an auditory

“Importantly, we would like to emphasise that in the context of
our study, we relate the term “clustered temporal acquisition” to
clustered acquisitions of scans, as opposed to the clustered volume
acquisition (CVA), which is the clustered acquisition of slices
within one volume scan [Edmister et al., 1999]. The clustered tem-
poral acquisition and the continuous acquisition techniques are
referred to as CTA and CA techniques, respectively, through the
remainder of the article.
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stimulus is reduced in primary and secondary auditory
areas whereas cortical association areas supporting higher
linguistic processing are not affected. Furthermore, the
presence of acoustic scanner noise demands additional
cognitive processing. Thence, we predict a stronger in-
volvement of extra-auditory, in particular frontal brain
regions when participants undergo the experimental task
in the noisy environment.

MATERIALS AND METHODS

Subjects

Fifteen healthy volunteers (eight males, seven females,
age 26 £ SD 5 years), all consistently right-handed as
determined by the Annett-Handedness Questionnaire
[Annett, 1992; Jancke, 1996], participated in the study. All
participants were native speakers of German and had not
been familiar with the stimuli prior to scanning. They had
no neurological or psychiatric history, nor did they have
any hearing disorder. Written informed consent was
obtained prior to the examination. The study was in ac-
cordance with Zurich Medical Faculty Ethical guidelines.

Stimuli and Design

Stimulus material consisted of normal and pseudo sentences
of 3.4 = 0.4 s duration. In the normal speech condition, partici-
pants heard normal German sentences while the pseudo
speech condition was composed of grammatically correct non-
sense sentences with all content words having been replaced
by pseudo-words adhering to the phonotactical rules of the
German language (for details see Friederici et al., [2000]). We
decided to include normal and pseudo-sentences to offer par-
ticipants a larger variability of controlled speech material.

For example, a sentence from the normal speech condi-
tion was:

Die besorgte Mutter sucht das weinende Kind.
The anxious mother searches for the crying child.

Likewise, an example sentence from the pseudo speech
condition was:

Das mumpfige Folofel hongert das apoldige Trekon.
The mumpfy folofel hongers the apoldish trekon.

In both normal and pseudo speech condition, half the
stimuli were active voice sentences and half were passive
voice sentences. We controlled all normal and pseudo sen-
tences for syntax, mean duration, and mean amplitude. All
sound files were digitised at a 16 bit/44.1 kHz sampling
rate and were volume balanced using Volume Balancer
software (Version 1.3, www.delback.co.uk/volbal/).

Task

Throughout the experiment, participants were asked to
indicate whether each sentence had an active or passive

syntactic structure and gave their response by button press
(only using the right hand) as soon as they identified the
sentence structure. Prior to scanning, participants under-
went brief training during which they were presented with
spoken normal and pseudo sentences specifically recorded
for practice purposes.

Procedure

During scanning the room lights were dimmed and a
fixation cross was projected via a forward projection sys-
tem onto a translucent screen placed at the end of the
magnet’s gurney. Subjects viewed the screen through a
double mirror attached to the head coil. Stimuli were con-
trolled using Presentation™ software (Version 0.70,
www.neurobs.com). Stimulus presentation was synchron-
ised with the data acquisition by a 5 V TTL trigger pulse.
We used an MR-compatible piezoelectric auditory stimula-
tion system incorporated into standard Philips headphones
for binaural stimulus delivery.

Each volunteer performed two experimental runs (CA
and CTA). We balanced the order of acquisition scheme
across the subjects. A total of 60 auditory events and 20
empty trials (silence) was presented in each experimental
run in an event-related pseudo-randomised order. Each
trial lasted 15 s, leading to a total duration of 20 min for
both the CA and the CTA scheme. Therefore, the total
amount of scanning time was kept constant between the
two acquisition paradigms. Each sentence was only pre-
sented once during either CA or CTA. In the CA, we var-
ied the inter-stimulus-interval systematically by moving
the onset of the stimulation in three steps of 0.5 s (cf.
Fig. 1) [Dale, 1999]. In the CTA, the stimulus was pre-
sented 4.0 or 4.5 s prior to the data acquisition. Each trial
was initialised visually by a 2 s fixation cross, which
directly preceded the auditory stimulus or empty trial. The
sound level of the acoustic noise produced by the MR
scanner during the CA scheme was ~97.1 dB. Considering
the level of attenuation provided by the combination of
headphones (Phillips Standard SHC headset, attenuation
of ~15-17 dB) and earplugs (attenuation of ~30-40 dB),
participants were exposed to a noise level of ~40-52 dB
during the CA scheme.

Data Acquisition

Measurements were performed on a Philips Achieva 3 T
whole body MR unit (Philips Medical Systems, Best, The
Netherlands) equipped with an 8-channel Philips SENSE
head coil. Functional data were obtained from 14 trans-
verse slices covering the entire perisylvian cortex parallel
to the AC-PC plane with high spatial resolution of 1.7 x
1.7 x 3 mm® using a Sensitivity Encoded (SENSE, [Pruess-
mann et al, 1999]) single-shot gradient-echo planar
sequence (acquisition matrix 128 x 128, SENSE acceleration
factor R = 2.7, FOV = 220 mm, inter-slice gap 0.3 mm, TE
= 35 ms). With the CTA scheme, three subsequent volumes
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Figure I.

Clustered temporal and continuous acquisition (CTA and CA).
With the CTA, the auditory stimulus was presented during
silence, followed by three volume scans (each with a TR = | s).
Trial duration was |15 s with a 12 s inter-cluster-interval (ICI).
Stimulus presentation started 4.0 s or 45 s. The stimulus
induced functional signal (thin black line) was sampled at the pre-

were acquired per trial with a TR = 1 s, flip angle 90°
(decay sampling), and a 12 s inter-cluster-interval (ICI)
resulting in 240 dynamic scan volumes.

With the CA scheme, a total of 800 dynamic scan vol-
umes were continuously acquired with a TR = 1.5 s (flip
angle 72°). Three dummy scans preceded the experiment
to allow the magnetization to reach a steady state.

We additionally collected a standard 3D T1-weighted
scan for anatomical reference with 1 x 1 x 0.8 mm? spatial
resolution (acquisition matrix 224 x 224, TE = 2.30 ms,
TR = 20 ms, flip angle 20°).

Data Analysis

Artifact elimination and image analysis was performed
using MATLAB 6.5 (Mathworks, Natick, MA), the SPM99

sumed amplitude of the response and was separated from the
scanner-noise induced functional response (thick grey line). Dur-
ing continuous data acquisition volume scans were acquired with
a TR = 1.5 s. The stimulus presentation was jittered by 0 s, 0.5
s, and | s respectively, forming a 0.5 jitter interval.

software package (Institute of Neurology, London, UK;
http:/ /www fil.ion.ucl.ac.uk) and the MarsBar toolbox for
SPM (http://marsbar.sourceforge.net/) [Brett et al., 2002].
All volumes were realigned to the first volume to account
for movement artifacts, normalised into standard stereotac-
tic space (voxel size 2 x 2 x 2 mm?®, template provided by
the Montreal Neurological Institute), and smoothed using
a Gaussian kernel with 8 mm full-width-at-half-maximum.
Condition and subject effects were estimated using the
General Linear Model (GLM) [Friston et al., 1995a,b]. For
CA scheme, condition of interest corresponding to the
verbal condition was modeled using the appropriate stim-
ulus function (box-car) convolved with a canonical hemo-
dynamic response function (HRF). Low-frequency drifts
were removed using a temporal high-pass filter (cut-off of
210 s). Additionally, the time series was temporally
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smoothed with a moving Gaussian kernel (FWHM = 4 s).
Similar, for the CTA scheme, condition of interest corre-
sponding to the verbal conditions were modeled using a
box-car function without convolving with the canonical
haemodynamic response function as reference waveform.
Low-frequency drifts were removed using a temporal
high-pass filter (cut-off of 42 s). Because of the very low
sampling frequency in this sparse temporal sampling
design, low-pass filter was not applied. One characteristic
of the CTA design is that the longitudinal magnetization
does not reach its steady state within the acquisition of
one cluster. Thus, each of the three scans collected for one
trial is influenced by different T1 saturation effects. To
account for T1-decay related changes in the MR-signal, we
included two additional regressors of no interest into the
single subject analyses. These regressors model the means
of different MR signal intensities at the three time points
of acquisition along the Tl-decay curve. Considering a
constant amount of noise within the signal of these images
and no Tl-effects on BOLD-induced signal changes, we
can assume a constant Contrast-to-Noise-Ratio (CNR) over
the three consecutive images. Thus, the use of regressors
should be considered an appropriate device to partial out
the influence of T1-decay related signal changes. After esti-
mation of model parameters for each subject, an analysis of
variance was calculated for the whole group using the indi-
vidual contrast images for the main effects. To test hypothe-
ses about regionally specific condition effects, linear con-
trasts were employed in the context of a random effects
procedure [Friston et al., 1999]. In a first step, we calculated
the effects of auditory stimulation separately for the CA
and CTA scheme. In a next step, we directly compared the
data of the CA and CTA schemes. Results of all analyses
were thresholded at T = 5.52 (P = 0.05, corrected for multi-
ple comparisons) and a spatial extent of k = 20 voxels.

Region of Interest Analysis

In order to quantify functional hemispheric differences
of local brain activity in auditory fields stretching along
the entire supratemporal plane (STP) as a function of the
acquisition technique, a set of six distinct regions of inter-
est (ROI) was placed for each subject in Heschl’s gyrus
(HG, middle STP), the planum polare (PP, anterior STP)
and planum temporale (PT, posterior STP) of each hemi-
sphere. Regions of interest were anatomically defined
based on macroanatomical landmarks [Rademacher et al.,
2001; Steinmetz et al.,, 1990].> The left and right HG ROI
were centred at MNI coordinates x = =49, y = —15,z = 5,
size 4.16 cm?, the left and right PP ROI at x = *46, y =
—4, 7z = —7, size 3.22 cm® and the PT ROI comprised 3.22
cm? at x = =54, y = =30, z = 12. Mean beta-values were

*The supplementary materials include an illustration of size and
position of ROIs (www.psychologie.unizh.ch/neuropsy/home_
mmeyer/HBM-06-0027/).

collected for each subject from each ROI (HG, PP, PT), and
acquisition technique (CTA and CA), and were subjected
to a repeated-measure within-subjects (2 x 3 x 2) ANOVA
with factors acquisition scheme (CTA, CA), ROI (HG, PP,
PT), and hemisphere (left, right). All main effects or interac-
tions with two or more degrees of freedom in the numera-
tor were adjusted due to the Greenhouse-Geiser correction.
Subsequently, we computed a (2 x 2) ANOVA with the
factors design and hemisphere for each ROI The threshold
for significance was set at P < 0.05.

RESULTS
Behavioural Data

The mean accuracies with which the subjects identified
active and passive sentence structures in the presented au-
ditory sentence material were 98% and did not differ
between CTA and CA. As for the reaction times, a paired
sampled t-test uncovered that mean reaction times were
significantly faster during “silent” clustered (RT = 2.98 =
SE 0.73 s) than during continuous scanning (RT = 3.22 =
SE 0.73 s; t(14) = —3.74, P < 0.005).

+

Imaging Data

Akin to former studies using the same stimulus corpus
[Friederici et al., 2000; Heinke et al.,, 2004; Meyer et al,,
2002] we collected significant functional activation in
response to auditory speech stimuli* as compared to
silence from bilateral perisylvian regions, in particular
along the supratemporal plane, including Heschl’s gyrus
(HG), the plana temporale (PT) and polare (PP), from the
lateral and deep fronto-opercular region (FOR), and from
the insula regardless of the selected design. Furthermore,
we also observed activation in extrasylvian brain sites,
namely the middle temporal gyrus, the cuneus, and sub-
cortical structures (basal ganglia, thalamus).

To exemplify the individual acquisition main effects Fig-
ure 2 shows data of 6 out of 15 volunteers.” In terms of the
CTA scheme, hearing sentences compared to empty trials
evoked considerably stronger responses in bilateral supe-
rior temporal and inferior frontal regions relative to the
CA scheme.

As shown in Figure 3 and listed in Table I, the direct
comparison of the CTA and CA scheme showed that the
former corresponds to more significant activation bilater-

“We did not look at the contrast “normal” with “pseudosentences”
(or vice-versa) as it is beyond the scope of this study. This contrast
and its related neural and psycholinguistic implications have been
extensively addressed by former publications of the corresponding
author ([Friederici et al., 2000; Heinke et al., 2004; Meyer et al.,
2002, 2003]) or others [Mazoyer et al., 1993; Roder et al., 2002]. We
simply included pseudo sentences for reasons of a highly desira-

ble variability of speech input.
*The supplementary materials include an illustration of SPMs of

all subjects (www.psychologie.unizh.ch/neuropsy/home_mmeyer/
HBM-06-0027/).
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CTA

Ss14

Figure 2.

Individual acquisition main effects. lllustration of main effect (CA
vs. CTA) in six individuals. Stronger responses to CTA are col-
our-coded at a red-yellow scale. Starker responses to CA are
colour-coded at a blue-petrol scale. Individual functional results

ally in superior temporal cortex and in the left lateral con-
vexity of inferior frontal gyrus. For the complementary
comparison of CA scheme with the CTA scheme we did
not find significant activation with the given threshold. By
applying a lower threshold (T = 3.30, P = 0.001, uncor-
rected for multiple comparisons, extent threshold k = 20
voxels), the analysis exposed an involvement of the left
and right insula and the superior occipital cortex for the
CA in comparison to CTA scheme.

are superimposed onto a horizontal section (z = 8) of a stand-
ard anatomical template and are thresholded at T = 5.03 (P =
0.05, corrected for multiple comparisons). Data is plotted in
neurological convention.

ROI Analysis

We computed an additional ROI analysis to reveal local
differences and interaction effects between acquisition
scheme, ROI, and hemisphere in the supratemporal
response pattern.

A global 2 x 3 x 2 ANOVA with factors acquisition scheme
(CTA, CA), ROI (HG, PP, PT), and hemisphere (left, right)
revealed a significant main effect of acquisition scheme

* 5] o
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Figure 3.
Group acquisition main effects (CA vs. CTA). Stronger responses to CTA are colour-coded at a
red-yellow scale. Starker responses to CA are colour-coded at a blue-petrol scale. Results are
superimposed onto horizontal sections of a standard anatomical template. Data is plotted in neu-

rological convention.

plonurm terrporale (PT)

Figure 4.
Analysis of three bilateral superior temporal plane regions for the main effects of acquisition
scheme (CA vs. CTA) and hemisphere. Mean beta-values were averaged across all subjects within
bilateral planum polare (PP), Heschl’s gyrus (HG), and planum temporale (PT). Error bars indi-
cate the standard deviation.

(F(1,14) = 153.16, P < 0.000) reflecting stronger responses for
the CTA scheme in all regions; hemisphere (F(1,14) = 8.59,
P < 0.01) indicating a general leftward asymmetry, and ROI
(F(2,28) = 13.59, P < 0.001). Furthermore, we identified an
interaction between ROI and hemisphere (F(2,28) = 15.02,
P < 0.000), that reflects differential functional asymmetries
within the ROISs, a significant interaction between acquisition
scheme and ROI (F(2,28) = 17.64, P < 0.000), and an interac-
tion of acquisition scheme by ROI by hemisphere (F(2,28) =
14.39, P < 0.000).

To test the statistical significance of regional difference
in functional lateralization, we performed a 2 x 2 ANOVA
with factors acquisition technique (CA, CTA) and hemisphere
(left, right) for each ROI separately. The pattern of results
for PP, HG, and PT turns out differently: The 2 x 2
ANOVA for the PP revealed a main effect of acquisition
technique (F(1,14) = 56.85, P < 0.000), but no main effect
of hemisphere, and no interaction between acquisition
type and hemisphere. The 2 x 2 ANOVA for the HG
uncovered a main effect of acquisition technique (F(1,14) =
152.66, P < 0.000), no main effect of hemisphere, and a

trend for the interaction of acquisition type with hemi-
sphere (F(1,14) = 451, P = 0.052) indicating a rightward
functional superiority for the CTA exclusively. The 2 x 2
ANOVA for the PT unveiled a main effect of acquisition
technique (F(1,14) = 59.61, P < 0.000), a main effect of
hemisphere (F(1,14) = 35.07, P < 0.000), and an interaction
between acquisition type and hemisphere (F(1,14) = 28.68,
P < 0.000) that demonstrates a stronger leftward asymme-
try for CTA relative to CA.

Generally, as apparent from Figure 4 we noted consis-
tently larger responses in all ROIs for the CTA as for the
CA scheme regardless of hemisphere. More specifically, for
the PT the leftward asymmetry was larger for the CTA rela-
tive to CA scheme while for the mid STP (HG) we observed
a rightward asymmetry for the CTA only.

Taken together, the fMRI results indicate that auditory
sentence processing during “silent” CTA generally corre-
sponded to more salient functional responses in auditory
fields and inferior frontal sites. The CA, however, appears
to lead to stronger brain responses in bilateral insula
regions.
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TABLE I. Activations observed for the comparison
of CTA vs. CA?

Condition and anatomical labelling L/R T-value x y oz

CTA vs. CAP
Superior temporal gyrus R 14.35 4 -18 2
R 13.98 38 —24 10
Superior temporal gyrus L 1333 -36 —28 10
L 1312 -38 -36 8
Lingual gyrus R 8.91 12 =72 4
R 8.54 18 —66 4
Inferior frontal gyrus L 884 52 24 4
L 797 —48 34 10

CA vs. CTA®
Insula L 541 -36 2 12
L 501 —42 6 0
Superior occipital gyrus L 521 -38 —-86 18
Superior occipital gyrus R 5.21 48 —-78 14
Insula R 4.16 40 6 0

@ T-scores and coordinates of clusters according to the MNI stereo-
tactic space are indicated.

PTo assess the significance of an activation focus, results were
thresholded with T = 5.52 (P = 0.05 corrected for multiple com-
parisons) and an extent threshold of k = 20 voxels.

“To assess the significance of an activation focus, results were
thresholded with T = 3.30 (P = 0.001 uncorrected) for multiple
comparisons) and an extent threshold: k = 20 voxels).

DISCUSSION

In this study, we compared a clustered “silent” acquisi-
tion with a continuous fMRI acquisition in order to test
the potential advantage of fMRI in a “silent” environment
in the context of an auditory speech experiment. We
observed that activation in perisylvian regions correspond-
ing to speech perception varied as a function of either the
“noisy” CA or the “silent” CTA approach. While auditory
sentence processing in a silent fMRI paradigm brought on
stronger functional responses of the bilateral supratempo-
ral plane accommodating the entire auditory cortex, the
presentation of the identical auditory stimulus material in
the context of a traditional continuous acquisition more
strongly recruited the bilateral insulae. We also noted that
the participants’” behavioural performance significantly
slowed down once they were tested in a noisy scanning
environment.

Generally, our results are consistent with previous stud-
ies having demonstrated the adverse effects of acoustic
scanner noise, most strikingly in auditory fields [Bandettini
et al., 1998; Bilecen et al., 1998; Gaab et al., in press, a,b;
Loenneker et al.,, 2001; Shah et al., 1999; Talavage et al.,
1999]. Basically, the essence of these observations suggests
that at the physiological level signal detection in the con-
text of fMRI of auditory research is harmed especially in
primary and secondary auditory cortices as continuous
gradient noise itself constitutes a persistent acoustic stimu-
lus which evokes a saturation of the neuronal population
residing in the supratemporal plane. Furthermore, noisy

continuous fMRI increases the BOLD baseline activation in
auditory regions which yields smaller BOLD responses to
sound stimuli. As we hypothesised, our present study
demonstrates that this reduced functional modulation
range determines a decreased hemodynamic response to
spoken sentences in the entire auditory cortex. Addition-
ally, our analysis yields that scanner noise modulates the
functional hemisphere asymmetry in the mid and posterior
STP differentially.

Electrophysiological studies provided evidence for the
view that a noisy environment asymmetrically affects neu-
ronal functions in the context of auditory and speech proc-
essing. An MEG study on sentence perception reported
that noise presented with 75 dB sound intensity disrupted
early auditory processing only in the right hemisphere
[Herrmann et al., 2000]. Our results underline these find-
ings in that we noticed stronger functional activation in
the right relative to the left mid portion of the auditory
cortex for the “silent” as opposed to the “noisy” fMRI.
However, it should be outlined that right auditory cortex
functioning appears to be more complex. According to a
combined fMRI and MEG study using scanner noise as au-
ditory stimulus, the right auditory cortex shows higher
sensitivity to environmental noise relative to its contralat-
eral homolog [Mathiak et al., 2002]. In other words, a noisy
environment more strongly interferes with proper func-
tioning of the right auditory cortex. In addition, in terms
of speech perception, it has been shown that in the pres-
ence of background scanner noise syllables and speech
stimuli are typically perceived as relatively flat sounds due
to spectral overlap of typical MR gradient noise and spo-
ken language [Giraud et al., 2000]. This effect might alter
the perceived spectral characteristics of the stimulus [Hall
et al., 2001] and therefore affects the functioning of the
core auditory cortex.

By contrast, the present study further shows that the
most posterior compartment of the STP, the planum tem-
porale, displayed a general functional leftward asymmetry
for speech perception. More importantly, this leftward
asymmetry was significantly stronger when speech was
processed under the silent scanning condition. As apparent
from recent imaging studies, the left PT appears to be pref-
erentially driven by brief phonological cues which are con-
sidered the acoustic foundation of speech [Jancke et al.,
2002; Meyer et al., 2005a; Zaehle et al., 2004]. Generally,
speech processing corresponds to a functional leftward
asymmetry in the human brain [Hickok and Poeppel, 2004;
Meyer et al., 2005b; Price et al., 2005; Scott and Johnsrude,
2003; Vigneau et al., 2006], in particular in the PT [Josse
et al., 2003]. Here we show that this leftward asymmetry
of the posterior supratemporal plane is significantly mag-
nified if “silent” fMRI is applied.

Finally, the contrast of CTA versus CA also revealed
stronger activation in the left lateral inferior frontal gyrus
(pars triangularis and pars opercularis) for the former ac-
quisition (cf. Fig. 3). Certainly, this finding comes as no
surprise as these particular brain regions have long been
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considered part of the perisylvian “core language system”
[MacSweeney et al., 2002] and have often been reported in
the context of sentence comprehension regardless of mo-
dality [Friederici et al., 2006a,b]. Because some researchers
proposed a preference of these regions for linguistic infor-
mation [Embick et al., 2000; Suzuki and Sakai, 2003], it is
plausible to find the left lateral inferior frontal gyrus
involved when subjects are able to process auditory sen-
tences properly in the absence of acoustic scanner noise.
However, based on the present experiment we are not able
to determine whether responses of left pars triangularis
and pars opercularis to auditory sentences reflect the com-
prehension of grammatical information or represents less
specific principles of cognitive processing that are also rel-
evant in linguistic contexts [Bornkessel et al., 2005; Grewe
et al., 2005, 2006].

Our comparison between the two acquisition techniques
further revealed stronger responses to continuous scan-
ning, particularly in the bilateral insula. A number of
recent imaging studies have observed the anterior insula
and the adjacent deep frontal operculum as supporting au-
ditory perception, mainly in the context of demanding top-
down processing [Binder et al., 2004; Halpern et al., 2004;
Jancke and Shah, 2002; Lewis et al.,, 2004; Wong et al.,
2004; Zatorre et al., 1994]. Additionally it has been shown
that bilateral damage to the anterior insulae may result in
total auditory agnosia [Habib et al., 1995] or in deficient
processing of temporal auditory cues [Bamiou et al., 2006].
The authors of the latter study suggest that this region is
an integral component of the central auditory pathway.
Even though it is widely accepted that this region is
(partly) essential for auditory integration and complex
sound modulation, its specific functional role still remains
elusive [Bamiou et al., 2003]. The present study reports
stronger responses of the insula in the context of noisy
fMRI. Hence we conjecture that the insular activation par-
ticularly observed in the CA mode indicates effortful audi-
tory perception hampered by persistent acoustic scanner
noise. Similar observation has been published by Wong
et al. [2004; p. 9159], who argued that “the addition of
noise introduced an extra cognitive-perception demand
(i.e., signal-to-noise extraction)”, which accounts for insular
activation. Furthermore, a recent fMRI study demonstrated
insula activity in more distractive conventional fMRI rela-
tive to a less disruptive scanning protocol [Haller et al.,
2005]. A similar scenario can be found in the context of
our study: since enhanced effort was necessary in the
noisy scanning environment to retrieve intelligible infor-
mation from the auditory stimuli, it is plausible that this
particular region was significantly more engaged during
continuous scanning. This observation is additionally sup-
ported by the behavioural data, which showed a signifi-
cantly faster response in “silent” CTA than during continu-
ous scanning.

Summing up, the present study shows that the CTA
scheme can successfully be applied to map the functional
response to auditory sentence stimuli in a silent environment.

At the perceptual level, faster response times during
CTA can be taken as evidence for facilitated auditory sen-
tence processing. Notably, participants performed almost
faultless under the two conditions. Evidently, a ceiling
effect can be considered the reason we could not find a
difference in mean accuracy between the two acquisition
schemes. At the physiological level we show that the CTA
is generally associated with stronger functional activation
in the auditory cortices as this approach is not limited by
saturation of the neuronal population evoked by persistent
scanner noise. Additionally, we noticed noise dependent
modulations of functional hemisphere asymmetry in the
mid and posterior STP.

Furthermore, insular regions more strongly responding
during CA acquisition may reflect unspecific effort due to
compromised perception of inflowing auditory input addi-
tionally in a noisy environment.

CONCLUSION

The current study explores an fMRI acquisition scheme
that offers the feasibility to deliver auditory stimuli in a
silent environment while it allows the acquisition of multi-
ple images to collect sufficient samples in order to effi-
ciently measure the hemodynamic response and thus, lim-
its the total duration of the scanning session to a reasona-
ble duration. Hence, the CTA scheme we have evaluated
combines fMRI scanning devoid of interference with scan-
ner acoustic noise and time-efficient data collection.
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