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Bilateral Speech Comprehension Reflects Differential
Sensitivity to Spectral and Temporal Features

Jonas Obleser,' Frank Eisner,? and Sonja A. Kotz'
"Max Planck Institute for Human Cognitive and Brain Sciences, 04103 Leipzig, Germany, and 2Institute of Cognitive Neuroscience, University College
London, London WCIN 3AR, United Kingdom

Speech comprehension has been shown to be a strikingly bilateral process, but the differential contributions of the subfields of left and
right auditory cortices have remained elusive. The hypothesis that left auditory areas engage predominantly in decoding fast temporal
perturbations of a signal whereas the right areas are relatively more driven by changes of the frequency spectrum has not been directly
tested in speech or music. This brain-imaging study independently manipulated the speech signal itself along the spectral and the
temporal domain using noise-band vocoding. In a parametric design with five temporal and five spectral degradation levels in word
comprehension, a functional distinction of the left and right auditory association cortices emerged: increases in the temporal detail of the
signal were most effective in driving brain activation of the left anterolateral superior temporal sulcus (STS), whereas the right homolog
areas exhibited stronger sensitivity to the variations in spectral detail. In accordance with behavioral measures of speech comprehension
acquired in parallel, change of spectral detail exhibited a stronger coupling with the STS BOLD signal. The relative pattern of lateralization
(quantified usinglateralization quotients) proved reliable in a jack-knifed iterative reanalysis of the group functional magnetic resonance
imaging model. This study supplies direct evidence to the often implied functional distinction of the two cerebral hemispheres in speech
processing. Applying direct manipulations to the speech signal rather than to low-level surrogates, the results lend plausibility to the
notion of complementary roles for the left and right superior temporal sulci in comprehending the speech signal.
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Introduction
One hundred and fifty years after Broca’s and Wernicke’s en-
deavors and 20 years into noninvasive neuroimaging of the neu-
ral basis of language (Petersen et al., 1988), the interactive pro-
cesses of the left and right cerebrum in speech comprehension
remain opaque. The underlying central auditory processes are
increasingly understood (Binder et al., 2000; Scott et al., 2000;
Davis and Johnsrude, 2003) (for review, see Hickok and Poeppel,
2007; Zatorre and Gandour, 2008), and the often observed bilat-
eral activations likely reflect complementary analysis steps in left
and right auditory cortex, contributing differently to a unified
percept of speech [for evidence from right- and left-hemispheric
lesion patients, see Robin et al. (1990) and Van Lancker and Sidtis
(1992)].

Zatorre generalized the idea of a left-hemispheric preference
for fast temporal changes (Schwartz and Tallal, 1980) toward a
trade-off in hemispheric specialization, with the right and left

Received March 26, 2008; revised June 24, 2008; accepted June 26, 2008.

We are grateful to Stuart Rosen (University College London, London, UK) for supplying us with the noise-
vocoding code and for his help in discovering the subtleties of the algorithm. Ulrike Barth, Mandy Naumann, Annett
Wiedemann, and Simone Wipper helped to acquire the behavioral and functional brain-imaging data. We are
grateful to two anonymous reviewers who helped toimprove this manuscript considerably with insightful questions
and suggestions.

Correspondence should be addressed to Jonas Obleser, Max Planck Institute for Human Cognitive and Brain
Sciences, Stephanstrasse Ta, 04103 Leipzig, Germany. E-mail: obleser@cbs.mpg.de.

DOI:10.1523/JNEUR0SCI.1290-08.2008
Copyright © 2008 Society for Neuroscience  0270-6474/08/288116-08%15.00/0

auditory areas being primarily suited to process spectral and tem-
poral changes, respectively (Zatorre et al., 1992, 2002; Zatorre
and Belin, 2001; Schonwiesner et al., 2005). Also, the suggestion
of different temporal integration windows on which speech is
processed (Poeppel, 2003) predicts a left-hemispheric preference
for fast temporal changes at the cost of fine spectral resolution,
and fast and slow FM modulations drive the left and right audi-
tory cortices differentially (Boemio et al., 2005).

Generally, previous studies on auditory lateralization do not
allow direct conclusions on speech. Comparably low-level acous-
tic stimuli and tasks, without intrinsic behavioral relevance, had
to be devised to control for the trade-off between spectral and
temporal characteristics as far as possible (Giraud et al., 2000,
2007; Zatorre and Belin, 2001; Hall et al., 2002; Zaehle et al., 2004;
Boemio et al., 2005; Schonwiesner et al., 2005). The assumption
upheld, though, was that low-level effects bear direct relevance to
meaningful material, especially speech and music. Related re-
search in nonhuman species (Rauschecker et al., 1995; Wang et
al., 1995; Read et al., 2002; Fitch and Fritz, 2006; Petkov et al.,
2006; Pandya et al., 2008) has limitations in generalizing to hu-
man speech processing. This gap between meaningless stimuli
and a proclaimed role in the decoding of speech or music has not
been closed yet (with the notable exception of intelligibility-
modulating speech chimeras with varied temporal detail) (Luo
and Poeppel, 2007).

It appears timely to study temporal and spectral detail in
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Spectral degradation

lllustration of spectral and temporal manipulations applied. 4, Using an exemplary speech signal, the temporal carrier of the signal as typically derived in noise-band vocoding is filtered,

either retaining all natural temporal perturbations in the speech signal (e.g., using a 128 Hz low-pass cutoff, bottom waveform) or in increasing extents of low-pass filtering, which smoothes the
temporal carrier and removes typical temporal detail of the speech signal. B, These various filter cutoffs can be combined with the typical spectral degradation by using more or less spectral bands
in which the signal is noise vocoded, yielding an orthogonal manipulation of spectral detail (number of bands for vocoding, horizontal) and temporal detail (filter cutoff by which these bands are
low-pass filtered, vertical). This combination of temporal smoothing as shown in A and spectral division in varying number of bands allows for a large degree of orthogonality in degrading temporal

and spectral detail, as can be observed in the various panels in B. a.u., Arbitrary units.

speech comprehension directly. Using variations of noise vocod-
ing (Shannon et al., 1995), we degraded the speech signal along
two stimulus dimensions. One dimension gradually removes
temporal fluctuations, whereas another removes detail of the fre-
quency spectrum (see Materials and Methods). Applying these
manipulations parametrically with multiple degradation levels of
each, the listener is confronted with a highly natural task (listen to
words and try to understand). Simultaneously, we tested for dif-
ferential sensitivities in brain activation to changes in the tempo-
ral or the spectral detail of the speech signal. Thus, this approach
can provide direct evidence for a dichotomy of pathways in the
auditory analysis of speech and their supporting role in language
comprehension.

Materials and Methods

Participants

Sixteen participants (8 females, age range 20-32 years) took part in the
functional magnetic resonance imaging (fMRI) experiment. All were
monolingual speakers of German, had normal hearing, and had no his-
tory of neurological or language-related problems. They were naive to-
ward noise-vocoded speech and had not taken part in the pilot study.
Participants were reimbursed €15. The procedure was approved of by the
local ethics committee and in accordance with the declaration of
Helsinki.

In the behavioral pilot study (see Fig. 2A), 16 different participants (8
females, age range 1829 years) took part. They were also naive toward
noise-vocoded speech and had not taken part in any previous experi-
ments on degraded speech. They were reimbursed €7.

Stimulus material
Stimuli were randomly drawn from a 560 item pool of recordings of
spoken German mono-, bi-, and tri-syllabic nouns (Kotz et al., 2002).
Words were recorded in a soundproof chamber by a trained female
speaker and digitized at a 44.1 kHz sampling rate. Off-line editing in-
cluded down-sampling to 22.05 kHz, cutting at zero-crossings before and
after each word, and root mean square normalization of amplitude. The
large pool of word stimuli allowed us to avoid repetition of word items
both in the behavioral pilot study and in the fMRI experiment.

From each word’s final audio file, various degraded versions were

created using a Matlab-based noise-band-vocoding algorithm. Noise
vocoding is an effective technique to manipulate the spectral detail while
preserving the temporal envelope of the speech signal (Shannon et al.,
1995) and render it more or less intelligible in a graded and controlled
manner, depending on the number of bands used and more bands yield-
ing a more intelligible speech signal. The technique has been used widely
in behavioral and brain-imaging studies (Scott et al., 2000, 2006;
Faulkner et al., 2001; Davis and Johnsrude, 2003; Obleser et al., 2007a).
Usually, in noise vocoding the spectral degradation is varied by specify-
ing the number of spectral bands to be extracted, and the extracted filter
envelopes in each band are carefully smoothed (low-pass filtered) by a
value that does not affect intelligibility whatsoever (e.g., 400 Hz, because
the relevant temporal perturbations that contribute to intelligibility in
speech seem to lie <20 Hz) (Xu et al., 2005).

For this study, however, we also systematically varied the temporal
smoothing of the amplitude envelopes (Fig. 1A) over a range previously
identified to have a distinct influence on intelligibility. It is noteworthy
that noise vocoding allows an orthogonal manipulation of the spectral
and temporal variations in any given signal that cannot be achieved with
other techniques because it allows the signal to split into an arbitrary
number of frequency bands and to then smooth the excitatory envelopes
of each band with an arbitrary low-pass filter cutoff. For example, simply
low-pass filtering a speech signal (as it has been used previously in studies
of speech intelligibility) would remove fast perturbations from the enve-
lope; but, of course, it would also affect the overall spectral content avail-
able. As becomes evident from Fig. 1 B, this is not the case in the orthog-
onal manipulation approach devised here.

For the fMRI experiment, we also devised an additional baseline con-
dition of very unintelligible stimuli (from the two-band/1 Hz condition)
that were presented monaurally to the right ear. The purpose of this
additional condition was twofold: first, monaural stimulation to the right
ear as a strong exogenous (stimulation-dependent) lateralization factor
should yield a strong contralateral effect (to the left) that can be used to
put possible manipulation-dependent lateralization effects of the spec-
tral versus temporal variations into perspective. Second, because this
condition consists of highly unintelligible sounds (very low both in spec-
tral and temporal detail), the activation it elicits serves as a functional and
anatomical landmark for comprehension-independent processing, ex-
pected to activate more posterior parts of the left superior temporal
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cortex [whereas the main modulations through A
changing intelligibility, along either the spectral
or the temporal dimension, should activate
mainly anterolateral superior temporal sulcus
(STS) regions] (Davis and Johnsrude, 2003;
Obleser et al., 2007a).

Design and data acquisition

Pilot study. The pilot experiment consisted of
250 words, each trial randomly drawing from
the pool of word stimuli (see above, i.e., each
word item in each participant and each condi-
tion repetition was unique) and from the range
of spectral and temporal degradation levels (2,
4, 8,16, or 32 bands combined with 1, 2, 4, 8, or
16 Hz low-pass filtering). Participants were
seated in front of a liquid crystal display screen
with comfortable font size and keyboard layout.
They wore headphones (HD-202; Sennheiser)
and were instructed to listen to the stimuli and
type in the word they had heard. The first stim-
ulus was always a word drawn from the least
degraded condition, and onscreen written feed-
back of the word was supplied in the first ten
trials. Participants could pause at their own dis-
cretion. Scoring of responses as correct or false was based on a match of
the typed string with the actual word. A mean percentage correct score
was calculated for each participant and condition and submitted toa 5 X
5 repeated measures analysis with factors spectral degradation and tem-
poral degradation. Sixteen participants completed this procedure (Fig.
2A), and results show highly significant main effects of spectral and
temporal degradation (F; ; 46, = 620.8,p <0.001; F, ; 40.5) = 227.5,p <
0.001). Most relevant to the intended orthogonal manipulation of intel-
ligibility, the main effect of spectral degradation was highly significant
within each level of temporal degradation (all p < 0.001 in separate
ANOVAs; Greenhouse—Geiser corrected), as was the main effect of tem-
poral degradation within each level of spectral degradation (two-band
speech, p < 0.045; all other levels, p < 0.001; all Greenhouse—Geiser
corrected). We concluded that the selection of degradation levels worked
sufficiently well to be interpreted as an effective orthogonal manipula-
tion as intended (e.g., within 16-band signals, a quasi linear increase of
intelligibility with less low-pass filtering was observed; conversely, within
8 Hz filtered signals, a comparable increase of intelligibility was found
across the increasing number of vocoding bands). It should be noted,
though, that an interaction was also found to be significant (Fs 5956, =
21.3,p < 0.001), confirming the known different relative contribution of
spectral and temporal cues (Xu et al., 2005). Given very poor spectral
information (e.g., two bands), the monotonic contribution of temporal
detail to comprehension, albeit significant in itself, could not elicit com-
prehension scores >10% correct. In contrast, comprehension at high
spectral detail (e.g., 32 bands) did not fall <20% even at very poor tem-
poral detail.

fMRI study. Scanning was performed using a Siemens 3T scanner (Sie-
mens) with birdcage headcoil. Participants were comfortably positioned
in the bore and wore air-conduction headphones (Resonance Technol-
ogy). After a brief (15 trial) familiarization period, the actual experiment
was started.

Participants were required to listen attentively to the stimuli words
and to indicate by way of a four-way button system how comprehensible
this trial’s word had been. This rating technique shows remarkable con-
sistency with actual recognition scores [see also the study by Davis and
Johnsrude (2003) in which rating and recognition scores within partici-
pants showed a correlation score of 0.98] and was used in-scanner for its
simplicity and efficiency.

Functional scans were acquired every 9 s, with a stimulus being pre-
sented 5.5 s before each scan (sparse temporal sampling) (Edmister et al.,
1999; Hall et al., 1999). Two seconds before each scan (i.e., 3.5 s after
word onset), a question mark appeared on the screen, prompting partic-
ipants to press a button to rate the intelligibility of the heard stimulus.

Mean percent correct +/- 1 SEM

2 4
No. of bands / Spectral degradation

Figure2.

Obleser et al. o Bilaterality and Spectrotemporal Speech Features

[ Hz
wellll o 1g
4 Hz
8 Hz
16 Hz

fairly

poorly

Mean comprehension rating

not

8 16 32 2 4 8 16 32
No. of bands / Spectral degradation

A, B, Results of behavioral pilot sample (4) and in-scanner testing (B). In both graphs, gray shading going from light
to darkindicates increasing (more natural) temporal detail, whereas bar groups indicate increasing (more natural) spectral detail.
In behavioral testing (left), a comprehension (word typing) task was used, whereas for in-scanner testing, a four-way rating of
comprehensibility was applied (right). See Materials and Methods and Results for statistical details.

Digit/hand-to-button assignment was balanced across the participant
sample. For the rarely occurring silent (off) trials, participants were in-
structed to press any button of their choice after the prompt. Figure 2B
shows that the in-scanner task was accomplished well and yielded highly
concordant results to the pilot word recognition study performed by a
different sample.

Each trial’s stimulus was drawn pseudorandomly from 1 of the 25
conditions (5 spectral degradation levels X 5 temporal degradation lev-
els). It should be noted that we conceived of this study as a parametric
variation study, and we therefore planned with a comparably large num-
ber oflevels (5 levels) in each of the two parameters. The 25 experimental
cells of spectral and temporal degradation had 9 trials each (amounting
to 225 trials). With an additional 18 trials of the monaural unintelligible
baseline condition (see above, Stimulus material) and 18 trials of silence
(no stimulus), a total number of 261 trials and MR volume scans were
recorded, lasting ~35 min.

Echoplanar imaging scans were acquired in 26 axial slices covering the
entire brain with an in-plane resolution of 3 X 3 mm? and a 3 mm slice
thickness (repetition time = 9 s; acquisition time = 2000 s; excitation
time = 30 ms; flip angle 90°% field of view 192 mm; matrix size 64;
interleaves slice acquisition and no gap between slices). For each partic-
ipant, the individual high-resolution three-dimensional T1-weighted
MR scan acquired in a previous session was available for normalization,
coregistration, and data visualization.

Data analysis

Functional data were motion-corrected oft-line with the Siemens motion
correction protocol (Siemens). Further analyses were performed using
Statistical Parametric Mapping 5 (SPM5; Wellcome Imaging Depart-
ment, University College London, London, UK). fMRI time series were
resampled to a 2 mm?> voxel size, corrected for field inhomogeneities
(“unwarped”), normalized (by segmenting each participant’s TI-
weighted image according to the SPM5 gray-matter template image and
using the parameters gained for normalizing this participant’s fMRI im-
ages) (Warren et al., 2006; Obleser et al., 2007a), and smoothed using an
isotropic 8 mm? kernel.

In each participant, a general linear model using two regressors of
interest (spectral variation, temporal variation) based on the parametric
variation of these two stimulus dimensions (both coded as ranging from
1to 5) was estimated with a finite impulse response basis function (order
1, window length 1). Estimates of both conditions from all 16 partici-
pants were then submitted to second-level one-tailed  tests.

All reported group SPM statistics were thresholded at p < 0.05 (cor-
rected for familywise errors, that is, multiple comparisons based on the
number of voxels), if not indicated otherwise. To avoid the introduction
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of spurious multicollinearity between the spectral and temporal regres-
sors (which were perfectly noncorrelated) into our model (cf. Petersson
et al., 1999), the occurrence of monaural trials had to be modeled in
separate first- and second-level models after the same principals and
thresholds.

To quantify any extent of lateralization difference between spectrally
and temporally driven brain activations, calculation of a lateralization
quotient (LQ) was planned. After applying the (very strict) statistical
threshold described above, we compared the peak activation strength (Z)
of left- and right-hemispheric activation clusters weighted by their clus-
ter extent (k) (in number of voxels) by calculating the LQ as (Z.¢ X ke
- Zright X kright)/(Zleft X kleft + Zright X kright)'

To obtain a measure of across-sample reliability of the lateralization,
we also applied a jack-knife procedure (Efron and Tibshirani, 1993) in
which the SPM random-effects tests for spectral and temporal variation
were rerun # times (with # being the number of participants, 16) while
omitting one participant at a time. Hence, n measures of LQ were calcu-
lated. The procedure allows estimating the reliability and variability of
any statistical effect (for applications of jack-knifing, see Biswal et al.,
2001; Ulrich and Miller, 2001; Obleser et al., 2006). Yielding n models
with n — 1 participants, it preserved a reasonably good signal-to-noise
ratio and all advantages of second-level modeling because it consisted of
only one participant less and was therefore preferable over estimates of
lateralization in single participants’ models with their vastly reduced
signal-to-noise ratio.

For further region of interest analyses, the MaRsbar (MARSeille Boite
A Région d’Intérét) toolbox (Brett et al., 2002) was used to extract indi-
vidual and condition-specific values of local percentage signal change in
the activation clusters as defined on the basis of the aforementioned
SPM5 group statistics results. These values were then submitted to con-
ventional repeated measures ANOVAs and post hoc paired ¢ tests.

Results

Behavioral data

As the pilot study had indicated (see Materials and Methods), the
in-scanner comprehension rating yielded very strong main ef-
fects of both the spectral and the temporal intelligibility manip-
ulation (F, ;165 = 46.2, p < 0.001; F(y 5,557, = 25.7, p < 0.001)
(Fig. 2). Also, highly comparable with the pilot results from a
different sample, all one-way ANOVAs for main effects of either
spectral or temporal manipulation within a given degradation
level (i.e., of the correspondingly other manipulation domain)
attained significance (within two-band speech, p < 0.01; all other
ANOVAs, p < 0.001).

fMRI results

All participants showed extensive bilateral activation of the tem-
poral cortices in response to sound and were included in the
ensuing group analyses.

At the threshold determined a priori, both the spectral and the
temporal parametric variations appeared to vigorously drive
brain bilateral areas in the anterior superior temporal cortex.
Whereas both parametric variations elicited bilateral peak activa-
tions in the mid to anterolateral STS (Fig. 3, Table 1), the relative
pattern of activations showed a clear-cut dissociation of hemi-
spheric balance and spectral versus temporal variation (Figs. 3,
4). The spectral variation, although overall being the slightly
stronger influence on anterolateral temporal activation with
broader and stronger clusters, exhibited a stronger right- than
left-hemispheric peak activation (right, Z = 6.09; left, Z = 5.98),
whereas the temporal variation exhibited the opposite pattern,
that is, a stronger left-hemispheric peak (right, Z = 5.41; left, Z =
5.61). In both variations, stronger peak activations were accom-
panied by larger cluster sizes (Table 1). Also, the peak voxels of
spectral and temporal sensitivity were 10.2 mm apart in the right
hemisphere (the spectral peak being located more posterior and
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Figure 3.  Display of spectral and temporal variation sensitivity. 4, Group statistical results
from parametric SPM analyses (see Results for details) thresholded at p << 0.05 (familywise-
error correction) are shown for the spectral sensitivity regressor (top) and the temporal sensi-
tivity regressor (bottom). For both conditions, the overlays on sagittal, coronal, and axial (from
left to right) slices of a T1-weighted brain template are shown for the respective peak coordi-
nate. L, Left; A, anterior. B, Bar graph reflecting the significant interaction of spectral-temporal
sensitivity and left-right hemispheric preference, as observed in the regions of interest analysis.

superior) (compare Table 1, Fig. 4A), which amounts to more
than three times the acquired voxel size; in the left hemisphere,
this difference was not as pronounced (5.6 mm).

Region of interest analyses
A series of interesting effects was found when analyzing single
participants’ percentage signal change values of the spectral and
temporal variation regressors extracted from the random-effects
peak sites of spectral and temporal variation in both hemispheres.
Most importantly, the interaction of hemisphere and spectral/
temporal peak activations was confirmed (peak X hemisphere,
F,.5 = 11.0, p = 0.005) (Fig. 3B). Percentage signal change
differences between the spectral and the temporal peak site (as
derived from the spectral and the temporal random-effects test)
(Table 1) were very pronounced in the right hemisphere, where
the spectral peak yielded stronger signal change values than the
more anterior and inferior temporal peak (¢,s5, = 4.25, p <
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0.0001), whereas no difference in the left
hemisphere was observed (Fig. 3B).

Also, as expected from the random-
effects Z values, spectral variation in the
stimulus material generally appeared to
drive the activation in the superior tempo-
ral sulci more effectively: the spectral re-
gressor yielded stronger signal change than
the temporal regressor (F(, ;5) = 13.3,p <
0.005), and signal change values in both
spectral peaks regardless of hemisphere
were stronger than those extracted from
the temporal peaks (F, 5, = 11.6, p <
0.005).

Reliability and extent of lateralization
The LQ for the spectral and the temporal
variation, which take into account both
the peak Z value and the cluster extent
from the random-effects models (see Ma-
terials and Methods) and control for over-
all differences in activation strength, also
reflected the hemispheric imbalance.
Spectral variation in the speech signal re-
vealed a mild lateralization to the right,
LQ = —0.20. In contrast, we observed an
LQ of +0.17 (i.e., lateralization to the left)
for the temporal variation.

The subsequent jack-knife procedure
(see Materials and Methods) was used to
estimate the reliability of these lateraliza-
tion estimates. It confirmed a stable pat-
tern of results indicated by small error bars
(Fig. 4B). Specifically, the observed later-
alization to the left for temporal signal
fluctuations appeared less stable (i.e.,
more dependent on the subset of partici-
pants under consideration in the jack-
knife procedure), whereas the mild
lateralization to the right for spectral intel-
ligibility variations in the signal proved to
be very reliable.

Analysis of the right-ear monaural
stimulation as an estimate for the extent of
exogenous (stimulation-dependent) later-
alization confirmed the sensitivity of our
set up to detect differences in hemispheric
lateralization. By the same rigorous
threshold, it yielded strong lateralization
to the left, with one peak in posterior su-
perior temporal gyrus (STG). This mon-
aural stimulation, which also consisted of
highly unintelligible two-band, 1 Hz low-
pass filtered words, also clearly peaked
more posterior and superior than the STS

Obleser et al. o Bilaterality and Spectrotemporal Speech Features

Table 1. Overview of significant clusters in random-effects analysis (familywise-error corrected, p < 0.05)

Site MNI coordinates 7 Extent (mm”)
Spectral variation
Right middle lateral STG (BA 22) 56 —18 4 6.09 2432
Left middle STG/STS (BA 22) —60 -8 —4 5.98 1664
Temporal variation
Left middle STS (BA 21) —56 -12 —4 5.61 312
Right middle STG/STS (BA 22) 54 -12 —4 5.41 232
Monaural stimulation (right ear, control)
Left posterior STG (BA 42) —58 —34 10 55 376
Correlation with comprehension rating
Right transverse temporal gyrus (BA 42) 62 —12 8 4.99 3632
Left MTG =50 —36 —6 4.75 776
Left IFG (BA9) —48 4 =22 4.57 520
Left STG (BA 22) —62 —16 0 4.57 1688
Specifications refer to peak voxels. IFG, Inferior frontal gyrus; MTG, middle temporal gyrus.
A
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Figure4. Lateralization and functional hierarchy of spectral, temporal, and monaural conditions. A, Four axial slices through a

T1-weighted brain template (left to right slices going from inferior to superior) show overlays of spectral (red) and temporal
(yellow) sensitivity as well as the monaural unintelligible condition (green), all thresholded at p << 0.05 (familywise-error
correction). L, Left. B, Result of the iterative (jack-knife) reanalysis of the group fMRI data’s lateralization quotient (see Materials
and Methods for detail). Single data points indicate results of iterations, with one subject left out at a time (hence, n = 15 for all
analyses). Note that the mild lateralization to the right (for spectral sensitivity; red) is very stable across the sample, whereas the
left lateralization (for temporal sensitivity; yellow) exhibits greater variability depending on the sample configuration. a.u.,
Arbitrary units.

degraded word had been, as a predictor in modeling the fMRI

activation observed for spectral and temporal change sensitivity
(Z = 5.5; MNI coordinates, —58, —34, 10; most likely located in
the left planum temporale) (Westbury et al., 1999) (Fig. 4 A, Ta-
ble 1).

Correlation with comprehension
Last, we used the behavioral data gathered during scanning,
which indicated participants’ rating of how comprehensible a

data. We modeled each participant’s ratings and brain data and
submitted the resulting contrasts to a random-effects test. The
results showed that the rated comprehension predicted the acti-
vation strength in bilateral superior temporal cortex almost as
effectively (Z < 5) as the actual degradation levels, although the
activation peak was observed more superiorly, that is, in Heschl’s
gyrus [Brodmann’s area 42 (BA 42)] rather than in STS. Also,
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Degradation level

Degradation level

Relationship of comprehension ratings and brain activation. 4, Two axial slices approximately through the STS (left) and the middle/inferior temporal gyrus (right) display the maxima

of positive correlation with comprehension scores (see Results for details), thresholded at g(FDR) > 0.01. FDR, False discovery rate; L, left. B, For the peak regions of interest for maximal temporal
(left) and maximal spectral (right) sensitivity, the monotonicincrease in both the percentage signal change estimates (solid lines) and the corresponding comprehension rating scores (dashed lines)
for each of the five (temporal and spectral, respectively) degradation levels is plotted. Note that the steeper response curve in the spectral conditions corroborates the steeper change in

comprehension rating scores. a.u., Arbitrary units.

rating-related activation extended deeply into the medial and
anterior sections of the temporal lobe (Fig. 5); stronger activation
was observed whenever comprehension was likely to succeed.

Discussion

Is the bihemispheric processing rooted in different sensitivities to
temporal and spectral changes in the speech signal? This investi-
gation was devised to answer this question, using independent
manipulations of the temporal and the spectral detail of spoken
words in a listening task and testing for brain regions most sen-
sitive to the trial-to-trial fluctuations along either the temporal or
the spectral dimension.

The main results of our study are the minute differences
in sensitivity of the left and right auditory areas to temporal
and spectral fluctuations and their direct link to speech
comprehension.

This is in line with suggestions by Zatorre et al. (2002) and
Poeppel (2003). It is particularly in agreement with the concept of
spectral fine-tuning of the right auditory cortex and its impor-
tance in tracking and processing pitch contours in speech (Kotz et
al., 2003; Gandour et al., 2004) or the specific role for pitch in
tone languages (for review, see Zatorre and Gandour, 2008).

Both temporal and spectral changes were effective in driving
the hemodynamics of the mid to anterolateral superior temporal
sulci. In both hemispheres, a monotonic increase of the BOLD
response was observed for increasingly intelligible stimuli, that is,
for more of either the natural temporal or the spectral detail
available in the acoustic signal. Pertaining to lateralization, three
points deserve further elaboration as follows.

First, the observed subtle shifts in hemispheric preference
when using a temporal-change predictor (to the left) or a
spectral-change predictor (to the right) point in the expected
direction from theoretical considerations as well as previous,
more low-level (i.e., nonspeech) studies (Giraud et al., 2000;
Zatorre and Belin, 2001; Boemio et al., 2005; Schonwiesner et al.,
2005; see also Giraud et al., 2007). The result of mild lateralization
is also substantiated by the jack-knife reanalysis, which one al-
lows to estimate the across-sample reliability in this moderate
lateralization effect.

Second, our data show a stable coupling of spectral change

with right STS activity. Scott et al. (2000) had noted previously
this sensitivity to spectral changes in the right STS. It was found to
be equally sensitive to (unintelligible) spectrally rotated and un-
manipulated speech (both of which had preserved natural pitch
variation) and to manipulations of the spectral envelope infor-
mation (Warren et al., 2005). Here, the right-hemispheric STS
differentiated robustly between spectral and temporal manipula-
tions. Also, the two different stimulus dimensions showed a to-
pographical shift between their right-hemispheric peak locations
of several voxel sizes (Fig. 4). Right auditory areas might execute
a specialized supportive function, namely a tuning to signal
changes on a somewhat slower time scale and requiring longer
time windows of integration (cf. Luo and Poeppel, 2007). The
relatively higher consistency of the right-hemisphere responses
(Fig. 4B) speaks to a stronger specialization: less variability in
responses most likely indicates less variability in the neuronal
populations and their receptive field properties, also implying a
more constrained computational role of right-hemispheric
auditory areas in speech comprehension. Thus, our data ulti-
mately might be interpreted as a case for a right-hemisphere
specialization.

In contrast, spectral and temporal changes were equally effec-
tive in driving the left STS. One might, therefore, argue that, in
contrast to right auditory areas with their tight coupling to as-
pects of spectral processing, left auditory areas play a more ver-
satile role in speech signal processing, being equally sensitive to
all intelligibility-modulating changes in the speech signal.
Whether such a broader tuning would justify claiming suprem-
acy for the left in speech signal processing, however, is beyond the
scope of this experiment.

Third, our results underline the integrative manner by which
both auditory cortices operate on the speech signal. The overall
bilateral activation is concordant with an entire series of studies
on speech comprehension (i.e., most of the functional neuroim-
aging studies cited above report bilateral STS activations) and is
warranted by current theoretical reflections on the functional
neuroanatomy of speech comprehension (Friederici and Alter,
2004; Hickok and Poeppel, 2007; Zatorre and Gandour, 2008).
Essentially, these models agree that the right hemisphere is in-
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strumental in analyzing paralinguistic information of speech,
such as emotional prosody or talker identity. These aspects, in
turn, are conveyed on suprasegmental time scales and are tied
closely to broad spectral rather than fine temporal detail (as in
our manipulations).

Generally, all our main observations (mild lateralization ef-
fects, predominance of spectral sensitivity, bilaterality) are in line
with the endogenous differences in oscillatory rhythms in left and
right auditory cortices reported recently (Giraud et al., 2007).
This combined EEG and fMRI study explored default (i.e.,
stimulation-independent) auditory networks and demonstrated
a mild difference in “tuning functions” of left and right Heschl’s
gyrus. The right hemisphere leans strongly toward slow oscilla-
tions in the theta (3—6 Hz) range, whereas the left (not as
strongly) leans toward gamma-range oscillations (28—40 Hz),
again in line with the proposed theoretical frameworks (Poeppel,
2003; Zatorre and Gandour, 2008).

Experimental designs such as this, in which two signal dimen-
sions are manipulated independently, show that strong bilateral
activation through intelligible and meaningful signals (as seen
here and in numerous previous neuroimaging studies) does not
necessarily indicate that identical processes are operating in the
left and the right. Both auditory cortices are strongly activated by
speech signals, but their activations can reflect the processing of
different signal dimensions, an observation only possible when
different levels of such dimensions are tested in a parametric and
independent manner.

Our data also speak to functional hierarchies of auditory pro-
cessing. Data from speech comprehension commonly yield peak
activations hierarchically downstream to Heschl’s gyrus (Raus-
checker and Tian, 2000; Kumar et al., 2007; Obleser et al., 2007b).
We see activation in the STS rather than in the superior temporal
plane, unlike studies with less meaningful auditory stimuli
(Zatorre and Belin, 2001; Schénwiesner et al., 2005) (compare
Fig. 3).

After anatomical probability mappings, the activations for
spectral and temporal detail lie inferior and anterior of primary
auditory cortex (Rademacher et al., 2001). Not only did the right-
ear monaural condition show strong lateralization to the left
midposterior STG, but the observed peak for these unintelligible
signals also originated substantially more posterior (planum
temporale). This also corroborates a stream of activation for in-
creasingly comprehensible and meaningful speech signals from
more primary areas in the supratemporal plane into more lateral,
anterior, and inferior areas (anterior STG, STS) (Binder et al.,
2000; Scott et al., 2000; Davis and Johnsrude, 2003; Obleser et al.,
2007a).

As for a related hierarchy of form (in)dependence, note that
our peak activations for (form-dependent) sensitivity to spectral
or temporal detail are, on average, not as inferior as the main
activations reported in studies claiming form independence of
their intelligible variations (Scott et al., 2000) [Davis and
Johnsrude (2003) report their activations in middle temporal
gyrus].

Last, the behavioral responses from pretests (in a different
sample) as well as in the scanner are important in understanding
how spectral and temporal changes impact the perception of the
speech signal. Although comprehension, expectedly, reaches ceil-
ing with 16-band spectral detail (for review, see Shannon et al.,
2004), interesting differences in the gain functions from temporal
and spectral detail occurred (compare Fig. 2), which are in line
with previous behavioral studies (Fu and Shannon, 1999; Xu et
al., 2005) and point to a predominance of spectral cues.
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We can test whether these dimensions affect word compre-
hensibility and brain activation states alike. The closest coupling
of BOLD and comprehensibility changes appeared deep in the
medial and anterior sections of the temporal lobe (Fig. 5A), re-
gions supposedly involved in semantic retrieval processing (Dev-
lin etal., 2002; Halgren et al., 2006). Another striking parallel was
the increased efficacy of frequency spectrum: not only were spec-
tral changes more powerful in driving the measured BOLD
changes, they also yielded steeper changes in participants’ com-
prehension ratings. Although correlation measures cannot quan-
tify this observation (both temporal and spectral changes as well
as both ratings were strictly monotonic functions, i.e., all rank
correlation coefficients amounted to 1), Figure 5B gives an im-
pression of these parallels: the steeper change in the spectral-
related BOLD variation corresponds to the comparably steeper
comprehensibility ratings for this manipulation. In keeping with
previous behavioral studies (Fu and Shannon, 1999; Xu et al.,
2005) and our own pilot study results, the temporal manipula-
tions yield a flatter rating curve, which in turn is paralleled by less
modulation of the BOLD signal change.

Using variations of natural speech, we have demonstrated a
subtle hemispheric asymmetry in the sensitivity to spectral and
temporal detail in speech. Degrading spectral information in the
speech signal affected the hemodynamic response in the right STS
more than aloss of temporal information, whereas a loss of tem-
poral detail most strongly affected the response of the left STS.
This information selectivity was overall more pronounced in the
right hemisphere. Our results directly support an account of
speech processing in which both auditory cortices serve compli-
mentary functions, based on differently weighted temporal inte-
gration windows or spectrotemporal feature sensitivities, and
speak against a simple left hemisphere bias in speech and lan-
guage comprehension.
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