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Bilabial, alveolar and velar sounds are produced at different
locations around the oral cavity. fMRI was used to localize
cortical representation of articulation in seven healthy subjects
during repetitive lip and vertical tongue movements as well as
repetitive articulation of /pa/ (bilabial), /ta/ (alveolar), /ka/ (velar
consonants) and a combination of all three in /pataka/. Centers
of gravity (COG) analysis of fMRI activation in the primary

motor (M1) and sensory cortex (S1) revealed /pa/- adjacent to
lip representation and /ta/- articulation to tongue representation. The articulation of /pataka/ showed an activation pattern
with a combination of the two M1/S1-components and
additional activation in the supplementary motor area. NeuroReport 11:2985±2989 & 2000 Lippincott Williams & Wilkins.
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INTRODUCTION

De®cits in articulation are commonly tested using plosives
combined with the vowel /a/ in /pa/, /ta/, /ka/ and the
combination of all three sounds in the articulation of
/pataka/. Patients with impairment of the articulation of
/pa/ show mainly bilabial movement problems, in /ta/
dif®culties in moving the front of the tongue and in the
articulation of /ka/ problems with movements of the back
of the tongue (for the systematic ordering of sounds and
writing see: International phonetical alphabet). All these
plosives are voiceless consisting of a forceful closure
followed by an explosure-like release of breath.
Patients with impairment of speech after stroke were
reported to show a lesion in Broca's area, the anterior limb
of the internal capsule or the inferior precentral gyrus [1].
Dysarthria can also emerge after multiple cerebral de®cits,
i.e. after bilateral thalamic infarction [2], in Parkinson's
disease [3], after bilateral lesion of the putamen and the
head of the caudate [4] and after cerebellar damage [5].
The primary motor (M1; Brodmann's area (BA) 4) and
sensory cortex (S1, BA 1, 2 and 3) are only one component
of a functional loop involving different areas. The homunculoid representation [6] is a rather rough description of
representational sites (RS) of movements in M1 [7]:
whereas movements of the lip, the upper and lower limb
show distinct representation intralimb movements overlap
[8]. Proprioceptive feedback during the movement activates the postcentral gyrus usually at homologous RS of
M1 [8].
Although tongue and lip movements have been mapped
extensively using fMRI and PET, no data about the
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somatotopic representation of articulation in M1 and S1 are
available. Electromyographic studies describe different lip
and tongue movements during different lingual±alveolar
tasks [9] including stronger EMG activation of the lip
during silent reading of /p/ and stronger activation of the
tongue during presentation of /t/ [10]. Using articulography, Engelke et al. [11] observed high amplitudes
(. 12 mm) at the tip of the tongue during the articulation
of /t/. Each phoneme is speci®ed by a location and
temporal interaction between adjacent muscular areas.
Articulation of /k/ and /t/ have a closure of a portion of
the tract between the tongue and the palate in common
whereas /p/ consists predominantly of closure of the lips
[12]. MRI studies of the vocal tract contributed substantially to the temporal and spatial description of different
articulation movements [13].
Since fMRI has a poor temporal resolution (maximal 50±
100 ms) [14] and the blood oxygenation dependent (BOLD)
effect is delayed for 3±10 s, this method is not ideal for the
investigation of temporal aspects of cortical representation
during articulation. However, fMRI allows the evaluation
of dynamic changes during word sequencing in a broader
temporal frame [15]. RS in M1 and S1 can be localized with
a high spatial resolution (1±3 mm) but may be distorted by
movement artifacts accompanying articulation. Furthermore the investigation of cerebellar and brain stem sites
are hampered by changing air volumes in the oral cavity
(see also [16]). Therefore fMRI studies investigate speech
and language functions often with inner speech [14]. For
spoken language an event related fMRI is used and only
images within the time window of the BOLD-effect are
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selected [15]. Another possibility is the use of a block
design combined with a selection of measurements for
further analysis showing low movement artifacts. If repetitive articulation in a block design is used a slightly different articulation pattern than during single articulation
movements must be considered [17]. For comparing RS
during lip, tongue and articulation movements we measured repetitive movements in an individually comfortable
velocity using a conventional block design. Our hypothesis
was that different articulation movements may be mirrored
in different topographically ordered positions of the sensorimotor homunculus in M1 and S1.

MATERIALS AND METHODS

Subjects: fMRI recordings of representational maps were
performed in seven healthy subjects (four male; three
female, average age: 28.12 years; range: 19±36 years). All
subjects were exclusive right handers, evaluated by the
Edinburgh inventory of handedness [18]. The study was
approved by the local ethics committee of the medical
school.
Procedure: The subjects were lying supine in the scanner
with their eyes closed. The head were ®xated in order to
minimize involuntary movements. Subjects performed the
following movements: symmetrically lip pursing, vertical
tongue movements (tongue tip to the hard palate behind
the incisor; see Fig. 1b), loud (70 dB), repetitive (1.5
syllables/s) articulation of /pa/, /ta/, /ka/ and /pataka/
recorded by a microphone during scanning. Each task was
trained before the fMRI investigation for the correct frequency and loudness of articulation.
Data acquisition: fMRI was performed with a 1.5 T
scanner (Siemens Vision) using echo planar imaging (EPI,
Matrix 96 3 128, FOV 250 mm, TE 59 ms, scan time 8 s,
repetition time 10 s) of the whole brain with 45 axially
oriented slices of 3 mm slice thickness without gap. Fortyeight measurements (units of six measurements each during movement and rest alternating four times) were performed per condition. Additionally a T1-weighted anatomy
3D dataset containing 128 sagittal slices (effective thickness
1.5 mm; matrix 224 3 256; FOV 250 mm; TR 9.7 ms) was
measured.
Statistical analysis: The fMRI data were evaluated with
the Statistical Parametric Mapping program (SPM96, Wellcome Department of Neurology, London). The scans of
each individual were realigned to each other to correct for
interscan movement artifacts. All sessions which showed
movement artifacts with a translation . 1.5 mm and a
rotation . 1.58 were excluded (nine of 42 sessions). The
echo planar images of each subject were co-registered to
the anatomical data-sets after manually de®ning the anterior comissure as a reference point. We performed group
statistics using non-linear normalization of the individual
data set to the SPM template and smoothing with a
Gaussian ®lter of 6 mm. Statistically signi®cant differences
between movement and rest were assessed with the
delayed box car model using t-statistics which were then
converted to z-scores. Only regional activation signi®cant
at p , 0.05 with a corrected extent threshold of p , 0.05

2986

Vol 11 No 13 11 September 2000

M. LOTZE ET AL.

were considered. Statistical Parametric Images for each
condition were used for further data evaluation in the 2D
projection method.
Location of activation: The RS in the left and the right
hemispheric M1 and S1 were evaluated in a 2D projection
(further explanations are given in [8]). For this purpose the
statistical parametric maps were superimposed on the
anatomical T1 weighted data-sets given as a template in
the SPM96 package. An ellipsoid shell, cutting a 20 mm
section beginning from the surface of the cortex, was ®tted
to the reference brain using the fornix as a center. Since an
evaluation by centers of gravity (COG) showed to be
superior for somatotopic mapping in transcranial magnetic
stimulation experiments [19] we used the COG-method for
the differentiation of somatotopic sites. Centers of activation were evaluated automatically in the manually marked
pre- or postcentral gyrus. Distances from the COG to Cz
(crossing of the interhemispheric ®ssure with the central
sulcus) were evaluated on the cortical surface. Locations
are presented in relation to the total length of the pre- and
postcentral gyrus (for normalization to the gyral length; see
[20]). To test whether some representation sites were more
adjacent than others, distance differences between adjacent
(/pa/ to lip; /ta/ to tongue) were statistically compared to
non adjacent (/pa/ to tongue and /ta/ to lip) representation sites in M1 and S1. This was performed with two
tailed t-tests after controlling for a normal distribution of
data by a Kolmogorov±Smirnov test. Furthermore, the
number of activated pixels in M1 and S1 selectively were
evaluated using the 2D projection method.

RESULTS

During tongue, lip and articulation movements no signi®cant activation in Broca's and Wernickes areas were observed. Signi®cant RS were located in the pre- (M1) and
postcentral (S1) gyrus (Fig. 1). The highest activation was
observed during tongue movements (Table 1). The COG
revealed predominantly two locations: a highly symmetrical during lip movement and /pa/ articulation with an
average distance of 72.31 mm from Cz lateral in M1 and
72.91 mm in S1. A less symmetrical RS during movement
of the tip of the tongue and /ta/ articulation with a
distance of COG to Cz of 77.95 mm (left hemisphere: le),
87.81 mm (right hemisphere: ri) in M1 and 77.67 mm (le)
and 80.70 mm (ri) in S1. The lip movements and /pa/ RS
were precisely circumscribed (Fig. 1a) whereas the tongue
and /ta/ RS showed additional activation in the RS of the
lip. The /ka/ articulation showed large asymmetry centered near the lip RS in the left and near the tongue RS in
the right hemisphere. Articulation of /pataka/ activated a
wider distributed area ranging from the face to the tongue
representation centered near the lip area. Furthermore this
task revealed highest pre-SMA activation (z-value 4.08; 481
voxels).
The COG between lip and /pa/ were extremely close in
M1 (distance difference from Cz: le: 2.86; ri: 0.39 mm; direct
distance difference between COGs: le: 4.96; ri: 2.42 mm)
and S1 (differences from Cz: le: 0.33; ri: 3.80 mm; directly:
le: 1.66; ri: 9.22 mm). COG of tongue and /ta/ were also
close in M1 (from Cz: le: 0.62; ri: 2.43 mm; direct: le: 2.31;
ri: 3.83 mm) and S1 (from Cz: le: 3.33; ri: 0.63 mm; directly:

NEUROREPORT

SPEECH REPRESENTATION IN M1 AND S1

Fig. 1. (a) Representational sites for different movements (movement type is given beneath) in the projection of both hemispheres of normalized
group statistical maps ( p , 0.05; corrected extent threshold: p , 0.05). (b) Examples for lip pursing (top) and tip of tongue movement (bottom) given in
sagittal T1-weighted MRIs of one subject.

le: 6.78; ri: 7.10 mm). Larger distances were observed between /pa/ and tongue COG (M1: from Cz: le: 3.35; ri:
15.64 mm; directly: le: 9.68; ri: 21.79 mm; S1: from Cz: le:
6.00; ri: 3.16 mm; directly: le: 11.75; ri: 13.06 mm;) and /ta/
and lip COG (M1: from Cz: le: 5.59; ri: 17.68 mm; directly:
le: 11.46; ri: 17.69 mm; S1: from Cz: le: 5.44; ri: 7.59 mm;
directly: le: 8.15; ri: 10.68 mm). If the distances between lip
and /pa/, tongue and /ta/ RS were compared to those
between lip and /ta/ and tongue and /pa/ in M1 and S1
signi®cant differences emerged (for COG differences measured from Cz: t(7)  2.89; p , 0.05; from directly measured
COG differences: t(7)  4.25; p , 0.005).
Articulation movements, compared to tongue and lip

movements, did not show lateralization to the dominant
hemisphere; the activated voxels within the pre- and
postcentral gyrus were observed in both hemispheres.

DISCUSSION

Articulation movements did not show activation of Broca's
and Wernicke's area and no lateralization to the left hemisphere, since no language functions (semantic or grammatical) were involved. The representation in M1 and S1
showed different sites during different articulation movements although there is extensive overlap. The different
use of articulators for different consonants, as measured by
EMG [10], articulography [11] and imaging of the vocal
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42
69
286
247
158
204
171
190
194
368
224
267
242
226
310
396
114
339
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a

Distance from CZ to activation site (COG  center of gravity) in the primary motor (M1) and the primary sensory (S1) cortex in the left and right hemisphere.
Activation intensity (given in z-values) and activated voxels in M1/S1 (SPM).
Activated voxels in the projection in M1 and S1 separately.

179
136
577
564
171
448
3.99
3.15
6.48
4.30
4.68
4.91
4.50
3.24
5.32
4.74
5.24
4.25
71.34
70.95
86.59
89.02
86.40
68.90
72.05
74.91
78.26
77.64
72.42
75.78
Lip pursing
/pa/
Tip of tongue
/ta/
/ka/
/pataka/

ÿ52 ÿ16 38
ÿ48 ÿ10 52
ÿ52 2 32
ÿ46 ÿ8 26
ÿ36 ÿ14 36
ÿ44 ÿ8 40

54 ÿ6 38
48 ÿ10 56
66 ÿ2 24
60 ÿ6 24
64 ÿ16 28
54 ÿ8 42

right
left

right

left

104
322
625
755
357
565
73.42
77.22
80.38
81.01
84.75
74.65
70.66
70.33
79.33
76.00
66.07
68.93

135
204
624
624
282
544

left
left
right
left
left
right
left

right

Voxels M1/S1b
COG S1a
COG M1a
M1/S1 SPM

Coordinate
Movement

Table 1. Location, size and intensity of representational sites.

z-value M1/S1b

Voxels M1c

right

Voxels S1c

right
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tract [13] were mirrored in different RS in M1 and S1
during bilabial and alveolar articulation. The somatotopy
of articulation movements showed two main activation
sites which may be classi®ed by a labial and an anterior
lingual component. Calculating COG these RS showed
speci®c locations which were adjacent to that of the lip or
to the tongue RS dependent on the involvement of lip and
tongue movements. RS in M1 during movements of lip
were almost equivalent to those during articulation of
/pa/ and those during movements of the tongue were
almost equivalent to articulation of /ta/.
Articulation of /ka/ is mainly described as a movement
of the dorsal tongue to the velum. This movement was
highly asymmetrically located between the tongue and the
lip RS. This location differed from those reported for
swallowing which was located bilaterally 1 cm below the
maximal activity during tongue representation and in the
insula [21].
M1-activational sites during repetitive articulation of
/pa/ and /ta/ and /ka/ cover a representation area
comparable to the articulation of /pataka/. As it has been
demonstrated previously the activation during a highly
complex task spreads in M1 and S1 and involves SMA
activation [8,22]. This may be due to an increased mobilization of precise temporal coordination during a highly
complex task performed by the SMA [23].
Our data provide representational sites of articulation
movements in healthy subjects. Weiller [24] reviewed
reorganization mechanisms after stroke and described increased activation in the vicinity of the lesioned areas.
Exact localization of articulatory movements therefore may
serve as an objective way of classifying progress during
rehabilitation of dysarthria and training programs. In
addition, the measurement of neuroplastic modi®cation in
those areas during speci®c training procedures may help to
re®ne and adopt them in order to optimize rehabilitative
results.

CONCLUSION

During the performance of articulation movements with
/pa/ and /ta/ the M1/S1-representation, investigated
with fMRI, was observed at the same somatotopic location
as the representation of the mainly involved articulators.
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