Neural correlates of rhythm processing in speech perception
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Abstract

The present study investigates the neural correlates of speech
rhythm perception. Metric and non-metric German pseudo-
sentences were compared in an auditory fMRI experiment.
One group of subjects was to decide which type of sentence
they had heard (explicit processing). A second group
performed a prosody task on the same stimuli (implicit
processing). As an active baseline condition isochronous
syllables were presented. Group analysis revealed activation
in the supplementary motor area (SMA) for the explicit
processing group. This activation was not present in the
implicit processing group. A direct contrast between the
metric and the non-metric sentences for the implicit
processing group revealed significant activation in the left
planum temporale (PT) for the metric condition. Our results
suggest that rhythm processing relies on neural correlates
different from those related to speech melody processing. The
implicit perception of unexpected speech rhythm relies on
brain areas which have previously been associated with
temporal auditory processing in the left hemisphere.

1. Introduction

In the realm of speech perception rhythm is a phenomenon
that is of significant importance. Many behavioral studies
have shown that attending to rhythmic aspects of speech
facilitates speech perception [1-3] and even infants are
capable of perceiving rhythmic differences in language [4]. To
our knowledge, neural correlates of speech rhythm perception
have not yet been investigated.

This is partially due to the fact that of all prosodic
aspects of speech, rhythm has proved to be the most
problematic to define. Up to now, the phonological or acoustic
correlate of speech rhythm has not yet precisely been
identified, even though researchers have investigated speech
rhythm since the early 19th century [5]. The variability of
speech rhythm in one language as a consequence of inter-
individual and contextual differences account for the
difficulties in experimentally identifying the elements
constituting speech rhythm.

Researchers formerly defined speech rhythm as an
isochronous recurrence of a specific type of speech unit [6;7],
suggesting that phonological speech units, such as syllables,
might be the basis of speech rhythm. Yet, so far, researchers
have failed to identify the correlate of these recurrent speech
units. For speakers of German language, Kohler [8;9] found
that the recurrence of accented syllables in time is at least
modulated proportionally to the number of syllables between
accents in order to keep the speech tempo constant. Ramus et

al. [10] have suggested a promising alternative to classifying
languages in rhythmic categories, proposing measures for
proportions of vocalic intervals (%V), standard deviation of
vocalic intervals (A V) within the sentence, and standard
deviation of consonantal intervals (A C) within the sentence.
They suggest that these measures might be related to intuitive
rhythm types of languages.

However, up to now, neither the acoustic nor the phonological
correlate of the perceived speech rhythm was concordantly
determined.

Currently, the concept of speech rhythm is used in
research areas of language acquisition [11], subsequent
language learning [12], speech segmentation [13] and speech
typologies [10]. The term is commonly used unspecifically for
suprasegmental speech characteristics such as syllable
duration, syllable stress, or pause.

Assuming that the perception of speech rhythm is

based on a conglomerate of suprasegmental speech elements
such as accents, tone pitch, and pauses, the existing
neuropsychological evidence was reviewed. Prosodic aspects
of speech such as accents, intonation or pauses have earlier
been associated with specific EKP components [1;2]. To our
knowledge, no one has investigated the neural correlate of
speech rhythm unfolding over a period of several seconds as is
the case in spoken sentences. Hypothesing, that accents might
specifically be the basis of rhythm in German language [9] we
assume that the perception of speech rhythm has to rely
partially on intensity and pitch processing, and thus on
melodic aspects of speech.
However, evidence from related research fields, e.g. lesion
studies in music research, shows that rhythm perception can be
selectively impaired in perception and performance and thus
seem to rely on a different neural network than music melody
perception [14-17]. Imaging studies have identified
differentially lateralized effects of melody processing and
musical temporal processing in adults [18;19]. Thus, there is
converging evidence that melody and rhythm in music
perception are probably based on different neural correlates.
This observation gives rise to the notion, that both processes in
speech perception might be functionally independent as well.

To summarize, even though the concept of speech
rhythm is considered to be relevant for speech perception and
used in various domains of language research, the acoustic or
phonological correlate of speech rhythm has not yet been
concordantly identified. The rhythmic elements of German
speech rhythm specifically are assumed to rely on prosodic
aspects such as accents, which can acoustically be defined as
changes in pitch and intensity. The goal of our study was to
provide complementary evidence on the nature of speech
rhythm by investigating the perception of rhythm on sentence
level rather than the perception of its constituent elements.



We hypothesized to find anatomically distinct brain areas
related to speech rhythm processing as compared to speech
melody processing.

German pseudo-sentences spoken with different
rhythmic patterns were used. We measured cortical activity
during explicit (task induced) and implicit (stimulus induced)
auditory processing.

2. Methods

2.1. Materials

2.1.1. Subjects

25 paid volunteers (16 male, mean age 28.4 years) participated
in this study. One subject had to be excluded from the analysis
due to a performance rate of about 50 percent correct answers.
Subjects were native speakers of German (Swiss). None of
them had a history of neurological, major medical, psychiatric
or hearing disorders. All participants were right handed
according to the Annett handedness scale [20]. After
information about the fMRI procedure was given, written
informed consent was obtained from all participants.

2.1.2. Stimuli

228 German pseudo-sentences were presented throughout the
experiment.  Experimental conditions were constructed
according to a 2%*2-design including four experimental
conditions (metric vs. non-metric and question vs. statement).
36 stimuli were assigned to each of the 4 experimental
conditions.

The “metric” sentences followed a regular meter (i.e. jambs,
trochees, dactyls) and were spoken in such a way that stressed
syllables followed each other isochronously. “Nonmetric”
sentences followed an irregular meter (i.e. a dactyl interposed
between two jambs or trochees) and were spoken with a
normal conversational speech rhythm.

Examples of a ,,metric“sentence:
“Der Speiter pongt den spiten Galtung”

Example of a ,,non-metric” sentence:
,» Der Jufele knelt den furten Pflaster

Prosody | Statement Question
Rhythm
Metric 36 36
Non-metric 36 36

Figure 1: Experimental conditions

Following the principle of cognitive subtraction, an active
baseline condition consisting of isochronous syllables (e.g. “da
de di do du”) were presented. 36 stimuli were assigned to this
baseline condition. Additionally, 48 empty trials were included
in the experiment. The sentence material was constructed
according to the phonotactical rules of the German language.
Stimuli were spoken by a trained German speaker and
controlled for syntax, stimulus length, and intensity on a root-
mean-square based measure. The stimuli underwent analysis
by means of the PRAAT speech editor [21].

2.1.3. Experimental Groups / Task

Subjects were assigned to two different experimental groups.
The “rhythm group” (n=12) had to decide which rhythmic type
of sentence (metric / non-metric) they had heard. The
“prosody group” (n=12) had to decide which prosodic type of
sentence (statement / question) they heard. Subjects had to
indicate their response by pressing a button with their right
hand. No feedback was given during the experiment.

2.2. Procedure

In a short training session conducted before the experiment,
subjects learned to perform the given task. Stimuli were
presented in pseudorandom order and presented binaurally
through headphones in the scanner. The study employed a
single-trial design [22]. The experiment was conducted in two
sessions of 114 stimuli with a short break in between the
sessions. Before stimulus presentation a fixation cross was
presented for 500 ms.

2.2.1.  fmridesign

We implemented a clustered sparse temporal acquisition
technique that combines the principles of a sparse temporal
acquisition (STA) with a clustered acquisition of three
consecutive volume scans per trial (Schmidt et al., submitted).
The rationale of this acquisition technique is the presentation
of the auditory stimulus in silence on the one hand, and on the
other, the long inter-scan interval (inter stimulus interval of 12
s) allows both the functional response to the auditory stimulus
and the response evoked by the scanner noise to decay prior to
the next trial. Thus, this approach is capable of clearly
separating the task-induced functional response from the
scanner-noise induced functional response.

2.2.2. Data acquisition

Data were collected using a Philips Intera 3T whole body MR
unit (Philips Medical System Best, The Netherlands) equipped
with an eight-channeled Philips SENSE head coil. Functional
time series were acquired in 16 transverse slices covering
auditory cortex with a high spatial resolution of 2.7 x 2.7 x 4
mm using a Sensitivity Encoded (SENSE) [23] single-shot
gradient-echo planar sequence (acquisition matrix 80 x 80,
SENSE acceleration factor R = 2, FOV = 220 mm, TE = 35
ms and inter-slice gap 2 mm). With the CTA schema, three
volumes were acquired per trial with each a Tacq=1000 ms, 0
= 680 (decay sampling) and 12 s inter scan interval (ISI).
Additionally, a standard 3D T1 weighted scan was obtained
for anatomical reference.

2.2.3. Data analysis

The functional imaging data processing was carried out using
MATLAB 6.5 (Mathworks Inc., Natick, MA, USA) and the
software package SPM99 (Wellcome Department of Cognitive
Neurology, London, UK, http://www.fil.ion.ucl.ac.uk/spm/).
Functional data were realigned to the first volume, corrected
for motion artifacts and (mean-adjusted by proportional
scaling) normalized (non-linear spatial transformation with 7 x
8 x 7 basis functions) into standard stereotactic space
(template provided by the Montreal Neurological Institute).
For spatial smoothing we applied an isotropic Gaussian kernel



(8 mm full-width-at-half-maximum). We used a high-pass
filter (default SPM cut-off frequency) to eliminate low-
frequency signal changes.

Statistical evaluation was based on a least-square estimation
using the general linear model for serially autocorrelated
observations, performed separately on each voxel [24]. Single
trials were treated as epochs and modeled by means of a box
car function.

Conditions were compared by calculating direct contrasts
between conditions for each participant and time point of
acquisition (TA). Contrast images were submitted to a second
level group analysis. The group analysis consisted of one-
sampled t-tests across the specific contrast image of all
participants in one experimental group. Group comparison
consisted of a two sampled t-test across the specific contrasts
of both groups. All resulting t-statistical parametrical maps
were thresholded at T = 4.02 (p<001; uncorrected for multiple
statistical comparison). Only clusters of significant size (p <
0.05, corrected for multiple comparisons) were reported [25].
Only activations obtained during the second TA are reported
in this paper (see also [26]).

3. Results and Discussion

3.1.1 Behavioral results

During the experiment the behavioral performance of 20
subjects, reaction times for correctly answered trials and
response accuracy were measured. Due to technical problems,
the performance data of 4 subjects could not be recorded. Data
were corrected for outliers (>2 std above or below mean
value). Behavioral measures were aggregated by participants
and conditions. As a measure for accuracy of discrimination,
the mean percentage of correct answers over all experimental
conditions (without baseline) was calculated. 80.25% were
correct for the rhythm group and 98.6% for the prosody group.
Mean reaction times were 4451 ms for the rhythm group and
3985 ms for the prosody group. An independent sample t-test
performed to identify group differences revealed significant
difference in the response accuracy ( F1=17.490; p = 0.001)
and no significant differences in reaction time (F1 < 0.05;
p=883).

3.1.2.  fmriresults

A comparison of the two sentence types relative to the active
baseline condition in the rhythm task showed an activation in
the supplementary motor area (SMA), in the inferior frontal
gyrus (IFG) extending into the anterior insula bilaterally, and
in the inferior parietal lobe of the right hemisphere. This
activation was not observed in the prosody group (p<0.05, see
Fig 2, Tab. 1). Thus, it seems obvious, that rhythm processing
relies on brain areas different from speech melody processing.
However, SMA is not one of the classic language perception
areas. It has previously been observed in motor preparation,
such as the preparation of rhythmic speech production [27]
and has also been found for encoding as well as retrieval of
motor sequences [28]. Thus it seems possible that auditory
rhythmic categorization might rely on motor representation
and that the activation in the SMA is task induced rather than
stimulus induced. However, another line of research has
attributed SMA to timing-related functions in attentional and
perceptive processes in the visual domain [29]. Thus, our

results suggest complementary, that speech rhythm processing
is based on trans-modal brain areas related to attention.

A direct contrast between metric and non-metric sentences in
the prosody task revealed activation in the anterior part of the
left superior temporal gyrus (STG) and in the posterior part of
the superior temporal gyrus (pSTG), namely the planum
temporale (PT) extending into the Heschl gyrus (HG). The PT
is a secondary auditory region which has been associated with
the performance of various speech perception tasks,
specifically the temporal processing of auditory signals [30].
The metrical condition compared to the non-metrical condition
is assumed to violate the perception of “normal”,
conversational speech with respect to timing. Thus, these
results suggest that processing temporally “deviant” speech
depends on more extensive temporal processing than
conversational speech even in implicit speech perception.
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Figure 2: (4) Comparison between sentences and
active baseline condition in the rhythm group;
different size of effects for SMA [-3, 12, 51] of the
two experimental groups (p< 0.5). (B) Comparison
between metric and non-metric sentences in the
prosody group

4. Conclusion

The present data suggest that the explicit processing of speech
rhythm might rely on brain areas which are functionally
distinct from areas related to speech melody processing, and
furthermore, that implicit perception of speech rhythm relies
on secondary auditory cortex areas of the left hemisphere.
Further investigations are necessary to decide, if these findings
allow a conclusion concerning the acoustic elements of speech
rhythm perception.
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