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Abstract Stuttering is often viewed as a problem in
coordinating the movements of different muscle systems
involved in speech production. From this perspective, it is
logical that efforts be made to quantify and compare the
strength of neural coupling between muscle systems in
persons who stutter (PS) and those who do not stutter
(NS). This problem was addressed by correlating the
speeds of different orofacial structures with vowel funda-
mental frequency (F0) and intensity as subjects produced
fluent repetitions of a simple nonsense phrase at habitual,
high, and low intensity levels. It is assumed that resulting
correlations indirectly reflect the strength of neural
coupling between particular orofacial structures and the
respiratory-laryngeal system. An electromagnetic system
was employed to record movements of the upper lip, lower
lip, tongue, and jaw in 43 NS and 39 PS. The acoustic
speech signal was recorded and used to obtain measures of
vowel F0 and intensity. For each subject, correlation
measures were obtained relating peak orofacial speeds to
F0 and intensity. Correlations were significantly reduced
in PS compared to NS for the lower lip and tongue,
although the magnitude of these group differences
covaried with the correlation levels relating F0 and
intensity. It is suggested that the group difference in
correlation pattern reflects a reduced strength of neural
coupling of the lower lip and tongue systems to the
respiratory-laryngeal system in PS. Consideration is given
to how this may contribute to temporal discoordination
and stuttering.
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Introduction

Normal human speech production involves precisely
coordinated activation of distinct muscle systems to
control the movements of different orofacial, laryngeal,
and respiratory structures. It can reasonably be argued that
this process involves behavior-specific linkages or cou-
pling between the neural systems involved in controlling
the movements of these structures (Grillner 1982;
Lenneberg 1967; MacNeilage 1998). Empirical support
for this general notion is provided by recent studies
showing significant associations among orofacial, laryn-
geal, and respiratory system output during speech
(Dromey and Ramig 1998; McClean and Tasko 2002;
Watson et al. 2003). These effects were attributed in part to
central neural rather than biomechanical or acoustic
interactions between muscle systems.

McClean and Tasko (2002) attempted to quantify the
strength of speech-related neural coupling between the
orofacial and respiratory-laryngeal motor systems. The
method involved correlating the speeds of the lips, tongue,
and jaw with voice fundamental frequency (F0), intensity,
and speech-breath inspiratory volume across repetitions of
a simple speech utterance produced over a wide range of
rates and intensities. The experimental approach assumes
that orofacial speeds, F0, and intensity are strongly
associated with underlying levels of muscle activity. This
assumption is supported by studies showing strong
associations of muscle activation levels with orofacial
speed (McClean and Tasko 2003), voice F0 (Atkinson
1978; Sapir et al. 1984), and voice intensity (Finnegan et
al. 2000). It is further assumed that variations in F0 are
indicative of laryngeal muscle activity and that intensity
reflects the combined activity of laryngeal and respiratory
muscle systems. Therefore, significant correlations relat-
ing orofacial speeds to F0 and intensity were interpreted as
reflecting the strength of coupling between the neural
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systems controlling motor output of orofacial and respi-
ratory-laryngeal systems. The principal findings of the
McClean and Tasko study were that the speeds of all four
orofacial structures showed significant positive correla-
tions with F0 and intensity, with the jaw showing the
strongest correlations. The present study represents an
extension of the methods and results of this initial
investigation to the problem of stuttering.

Stuttering is often characterized as a problem in
coordinating the movements of different structures
(Caruso et al. 1988; Kent 1984; McClean and Runyan
2000; Zimmermann 1980). For this reason, the issue of
neural coupling between speech motor subsystems is a
logical area to be explored. When considering how the
strength of neural coupling among motor subsystems
might vary between persons who stutter (PS) and those
who do not (NS), at least two areas for hypothesis
formulation present themselves. The first pertains to the
overall strength of coupling between subsystems. The
second concerns the pattern of correlations across
subsystems (e.g., are group differences noted for some
structures and not others?). As to the overall strength of
neural coupling, there is little experimental data on fluent
speech to support either reduced or elevated coupling
strengths in PS relative to NS. There is evidence for high
amplitude coherent tremor across muscle systems in some
PS during speech disfluency (Denny and Smith 1992;
Smith et al. 1993), but the relevance of these findings for
understanding possible group differences in neural cou-
pling during fluent speech is uncertain in light of how little
is known about the neural mechanisms of speech
disfluency. On the basis of computer modeling work,
Kalvarem (1993) has argued that PS are likely to have
elevated strengths of neural coupling between neural
systems controlling speech motor subsystems. He suggests
that this may be a source of inflexibility or reduced
adaptability of the speech motor system, which would be
reflected in reduced inter-trial variability in parameters of
motor output in PS. However, experimental results
pertaining to inter-trial variability do not show strong
group effects in either direction (e.g., McClean et al. 1994;
Smith and Kleinow 2000), and studies in this area provide
little basis to predict overall differences between NS and
PS in the strength of neural coupling across motor
subsystems.

Jaw speeds were previously observed to be more
strongly correlated with respiratory-laryngeal system out-
put compared to lip and tongue speeds (McClean and
Tasko 2002). This result was interpreted in terms of the
frame/content theory on the evolution of speech produc-
tion (MacNeilage 1998; MacNeilage and Davis 2001). The
theory may have relevance for understanding possible
differences between NS and PS in the pattern of
correlations relating orofacial speeds to respiratory-laryn-
geal system output. Frame/content theory posits that
synaptic linkages between the inferior-frontal cortical
system regulating cyclic jaw movement for mastication
and more medial cortical systems involved in vocalization
are phylogenetically older than cortical systems that

couple of the lips and tongue with the vocalization
system. It is suggested that as the requirements for precise
consonant production increased during the human evolu-
tionary process, pressure for more refined coordination of
the lips and tongue with the respiratory-laryngeal system
ensued. This type of sequencing in the evolution of neural
pathways linking the orofacial and vocalization systems
may be paralleled in the speech motor development of
children where jaw motion appears to be the dominant and
most stable contributor to syllable production during the
earliest phases of speech acquisition (Davis and MacNei-
lage 1995; Green et al. 2002). Assuming that the neural
systems controlling the lips and tongue develop relatively
late in terms of phylogeny and ontogeny, and given the
genetic and developmental origins of stuttering (Yairi et al.
1996), stuttering could originate partially from phyloge-
netic and developmental anomalies in the relative
strengths of neural coupling of orofacial structures with
the respiratory-laryngeal system. If such anomalies are
sustained into adulthood, one might expect to see differ-
ences between NS and PS in the relative correlation levels
relating voice acoustic measures to jaw speed versus lower
lip and tongue speed.

The present study was undertaken to explore the
hypothesis that neural coupling between the orofacial
and respiratory-laryngeal systems differs in adult PS and
NS. The methodology was adapted from our prior study of
NS in which speeds of the lips, tongue, and jaw were
correlated with voice acoustic measures assumed to reflect
motor output of the respiratory-laryngeal system
(McClean and Tasko 2002). Given its general relevance
to frame/content theory, a secondary goal of the present
investigation was to replicate and extend the earlier
finding in NS showing higher correlations for the jaw
compared to the lips and tongue when relating orofacial
speeds to voice acoustic measures.

Materials and methods

Subjects

All subjects gave their informed consent prior to participation in the
study. Data acquisition was carried out at the Walter Reed Army
Medical Center, Washington, DC, approved by the Center’s Human
Use Committee, and performed in accordance with the ethical
standards of the 1964 Declaration of Helsinki. Data were acquired
on 82 adult speakers of American English who reported having
normal hearing. Forty-three subjects (42 males and one female;
mean age 23 years) had normal speech production (NS), and 39
subjects (37 males and two females, mean age 26 years) reported a
history of stuttering since childhood (PS). Fourteen of the NS
subjects had participated in the previous study involving analyses
similar to those employed here (McClean and Tasko 2002).
The stuttering severity levels of the PS were determined from

videotape recordings of monologue and reading using the Stuttering
Severity Index or SSI (Riley 1994). Based on the SSI results, 23 PS
were rated as mild, 9 as moderate, and 5 as severe. In the case of two
PS, videotapes required for SSI ratings were not available.
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Data acquisition procedures

Kinematic and audio signal recording was performed while subjects
produced a variety of speech tasks in a series of 30-s recording
blocks. The present analysis focuses exclusively on three of these
tasks. These involved producing the utterance “a bad daba”

at normal, loud, and soft vocal intensities, with
approximately equal stress on the two /æ/ vowels. This represents a
modification of the method employed in the earlier study where
trials involving variations in speech rate were included in correlation
analyses (McClean and Tasko 2002). The procedural change was
motivated by recent EMG data indicating that lip and jaw muscle
activity levels show relatively weak correlations with lip and jaw
speeds across variations in speech rate, while strong linear
associations between orofacial speeds and muscle activity were
observed across variations in vocal intensity (McClean and Tasko
2003). The three intensity conditions studied here were the first,
third, and fifth of 16 speech tasks performed in each experimental
session. The primary purpose in varying vocal intensity was to
obtain a wide output range in kinematic and acoustic measures of
interest in order to facilitate correlation analysis. The test utterance
“a bad daba” was selected primarily because it involves large
amplitude orofacial movements that are amenable to automated
software measurement. Only fluent productions of the test utterance
were included in the analysis. Identification of speech disfluencies
was performed at the time of recording and then verified in
subsequent listening to each utterance during signal processing and
measurement.
Prior to each intensity condition, subjects repeated the test

utterance a number of times at a normal loudness. For the loud
speech condition, they were then briefly trained to produce the test
utterance at intensity levels approximately 6 dB above their normal
intensity, and prior to the soft speech condition approximately 6 dB
below their normal level.
Two-dimensional motions of the upper lip, lower lip, tongue

blade, and jaw within the midsagittal plane were transduced and
recorded with a Carstens AG100 electromagnetic movement
analysis system (Tuller et al. 1990). Sensor coils (3×2×2 mm)
were attached to the bridge of the nose, upper-lip vermilion, and
lower-lip vermilion with biomedical tape and to the tongue blade
(1 cm from the tip) and base of the lower incisors with surgical
adhesive (Isodent). The audio signal was transduced with a Shure
M93 miniature condenser microphone positioned 7.5 cm from the

mouth, and the microphone-amplifier setup was calibrated to permit
measurement of absolute sound pressure levels. The orofacial
movement signals were digitized to computer at 250 Hz per channel
and the audio signal at 16 kHz.

Signal processing and measurement

Stuttering is most likely to occur on the initial stressed syllables of
speech utterances (Brown 1938; Taylor 1966). From this it was
reasoned that fluent productions of the initial stressed syllable in the
test utterance would be most indicative of anomalies in motor output
associated with the fluent speech of PS. Therefore, kinematic and
acoustic measures were restricted to events associated with fluent
productions of the syllable /baed/.
The upper lip, lower lip, jaw, and tongue movement signals were

low-pass filtered at 8 Hz and the nose signal at 3 Hz. Filtering was
performed with a fifth-order Butterworth filter with a correction that
eliminated any phase lags between signals. Head movements during
recording were slight (<1.0 mm), but nose sensor movements were
subtracted from the upper lip, lower lip, tongue, and jaw movement
signals in the X and Y dimensions in order to minimize any head
movement contributions. Methods described by Westbury et al.
(2002), which take into account jaw rotation, were used to decouple
the lower lip and tongue signals from the jaw signal.
A three-point central method was used to differentiate the vertical

and horizontal displacement signals and obtain speed histories for
the upper lip, lower lip, jaw, and tongue blade as indicated in Fig. 1.
These speed histories showed well-defined peaks associated with
upper and lower lip opening (LO, UO), tongue closing (TC), jaw
opening (JO), and jaw closing (JC) in /baed/. Each of these peak
speed measures was employed in correlation analyses on individual
subjects, relating speed to F0 and intensity across trials.
Vowel F0 and intensity for each test utterance was measured by

positioning a cursor at the approximate midpoint of the waveform
display of the first /æ/ vowel. An autocorrelation method was used
to estimate average fundamental frequencies over an 80 ms interval
centered on these cursor placements. In a few cases involving soft
speech, this interval was set to a smaller value but it was never less
than 50 ms. Vowel intensity was calculated as the RMS level over
the same mid-vowel interval used to measure fundamental frequen-
cy and was expressed as absolute sound pressure level.

Fig. 1 Speed histories of the
upper lip, lower lip, jaw, and
tongue associated with a single
production of the test utterance
“a bad daba”. The acoustic
waveform is shown at the top.
The five speed peaks employed
in the correlation analyses are
labeled (see text). Measures of
F0 and sound pressure level
were obtained on the middle
80 ms interval of the first /æ/
vowel
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Correlation analysis

Pearson product moment correlations were performed on the dataset
of each subject to quantify the associations of the five orofacial
speed measures (UO, LO, TC, JO, JC) with F0 and intensity. The
mean and median number of trials used in these correlations was 56,
with a range of 20–79 trials across the 82 subjects. Excluding the
one subject with 20 trials, the minimum number of trials for a
subject was 36. The mean number of trials for individual subjects
was 58 for NS and 55 for PS.
In order to assess the pattern of outliers in the correlation datasets,

linear regression analyses were performed for each of 820 cases (82
subjects × 10 correlations). For each subject the five speed measures
were regressed independently on F0 and intensity. Cases where the
standard residual of the predicted speed exceeded 2.0 were taken as
outliers. The average number of outliers per correlation dataset were
2.4 and 2.5 respectively for NS and PS. All outliers as well as F0
and intensity values were within known ranges for the various
measures and therefore were not excluded from the correlation
analyses.
It is recognized that significant correlations between speed and

intensity might be attributed in part to their common association
with orofacial displacement as it affects the acoustic impedance of
the vocal tract. In the previous study (McClean and Tasko 2002),
partial correlation analysis was employed to address this issue.
Partial correlation was not employed here, since it is unlikely that
NS and PS differ in the physical acoustics of the vocal tract that
contribute the association of displacement and intensity.
In addition to correlations relating orofacial speed to voice

acoustic measures, correlations relating F0 and intensity were
obtained. It is generally known that F0 and intensity tend to be
positively correlated (Titze 1992). This is due in part to respiratory
and laryngeal mechanisms that are common to the control of each
(Finnegan et al. 2000; Titze et al. 1989). Preliminary analysis
indicated that F0-intensity correlations covaried with correlations
relating speed to F0. Hence, the F0-intensity correlation measure
was employed as a covariate in group comparisons of speed-F0 and
speed-intensity correlation levels. It should be emphasized that the
F0-intensity correlations are not interpreted here as reflecting
independent sources of neural drive (as with the speed correlations),
since their control involves extensively shared anatomy and
neurophysiology.
A Fisher z transform was performed in order to normalize the

distribution of correlations for parametric statistical analysis. All
statistical tests comparing the two groups were performed on these
transformed data using the following equation taken from Edwards
(1967).

z ¼ 0:5 loge 1þ rð Þ � loge 1� rð Þ½ �

Results

Group kinematics and voice acoustics associated with
task performance

Before evaluating possible group differences in the
association of orofacial speed and voice acoustic mea-
sures, it was important to determine the extent to which PS
and NS performed the speech tasks in an equivalent
manner as reflected in various output measures. Perfor-
mance of the two groups was evaluated by computing the
mean differences between the loud and normal intensity
conditions, and the soft and normal intensity conditions for
each subject. These two sets of difference measures were
computed for the orofacial speeds, vowel intensity, and F0.
Group comparisons also were made of the standard
deviations of each subject’s pooled data across the three

intensity conditions. The means and standard errors of the
various difference measures and the overall standard
deviations are given in Table 1.

Both NS and PS showed consistent increases in all
measures in the loud speech condition and decreases for
the soft speech condition. t-Test comparisons showed a
significant group difference (p<0.05) in only one instance
where the extent of reduction in tongue speed was less in
PS in the soft speech condition. The overall variability of
the various measures, as reflected in their pooled standard
deviations, was equivalent across the two groups.

It is known that movement durations during fluent
speech tend to be longer in PS (e.g., Max et al. 2003), and
movement speed and duration tend to show a nonlinear
negative association across relatively constant movement
distances (Tasko 1999). Therefore, we evaluated possible
differences in movement durations between the NS and
PS. Combining the three intensity conditions, average
durations associated with the five movements ranged from
163 to 182 ms. Significant differences in movement
duration between the groups were seen only for the lower
lip, where PS showed a mean duration 179 ms compared
to 168 ms for NS (t=2.09, p=0.04). For each orofacial
structure, movement duration differences across the
intensity conditions also were evaluated in the same
manner as described above for speed, F0, and intensity.
The absolute values of the mean differences in movement
duration with increased and decreased intensity never
exceeded 9 ms, and there were no significant differences
between the groups on the duration difference measures.

Group differences in speed-F0 and speed-intensity
correlations

Statistical comparisons, as described below, indicated
significant reductions in PS relative to NS in the
correlation levels relating lower lip and tongue speed to
vowel F0 and intensity. This trend is illustrated on two

Table 1 Mean deviations from the normal intensity condition for
the loud and soft speech conditions for the five speed measures,
vowel intensity, and vowel F0. Standard errors are given in
parentheses. The pooled standard deviations are the means of the
individual subject standard deviations across the three intensity
conditions. Speed measures are in mm/s, intensity in dB, and F0 in
Hz. The asterisk indicates one case of a significant group difference
(p<0.05)

Loud speech Soft speech Pooled
SD

NS PS NS PS NS PS

Upper lip 5.0 (1.0) 4.6 (1.2) −11.6 (2.6) −7.1 (1.1) 10.7 8.1
Lower lip 12.4 (1.6) 8.4 (2.1) −11.2 (2.0) −11.3 (1.9) 15.1 15.1
Tongue 9.2 (1.9) 10.8 (2.8) −10.0 (1.9) −2.9 (2.2)* 16.5 18.1
Jaw open 13.9 (1.8) 15.6 (2.0) −13.8 (1.9) −10.6 (1.9) 15.4 14.9
Jaw close 19.7 (2.2) 21.3 (2.6) −20.5 (2.6) −18.1 (2.3) 19.8 20.3
Intensity 8.1 (0.4) 8.1 (0.3) −7.0 (0.4) −7.2 (0.4) 6.5 6.7
F0 13.7 (8.1) 13.0 (1.3) −6.6 (1.0) −7.5 (1.2) 9.7 10.3

313



subjects in Fig. 2 which shows scatter plots relating lower
lip speed to vowel intensity for an NS (upper plot) and PS
(lower plot). Figure 2 also illustrates a characteristic
feature of the data which is the clustering of points in
relation to the three intensity conditions.

Two classes of response variable were considered when
comparing speed correlation levels of NS and PS, the five
sets of correlations relating orofacial speed to F0 and the
five sets of correlations related orofacial speed to intensity.
Because multiple response variables were involved in each
case, two distinct MANOVA were performed, one for F0
and one for intensity. These MANOVA were employed to
make overall statistical determinations as to whether mean
correlation levels differed between the two groups of
subjects irrespective of orofacial structure. As mentioned
above, preliminary analysis suggested that the speed-F0
correlations might be associated with the correlation levels
relating F0 and intensity. Therefore, the F0-intensity
correlation was included as a covariate in the two
MANOVA. Using Wilks’ lambda, the speed-F0 MANO-
VA was significant with p=0.01 (F=3.2, df=5,75), and the
speed-intensity MANOVA was significant with p=0.03
(F=2.6, df=5,75). The F0-intensity correlation was a

significant covariate in the speed-F0 MANOVA
(p<0.0005, F=18.0, df=5,75) but not the speed-intensity
MANOVA.

In light of the MANOVA results indicating overall
differences between NS and PS in mean correlation levels,
ten ANOVAs were performed in which the statistical
significance of differences between NS and PS in mean
correlation levels were evaluated for each orofacial speed
measure in relation to F0 and intensity. The correlation of
F0 with intensity was included as a covariate for the F0
ANOVA. ANOVA results indicated that correlation levels
for the lower lip and tongue (LO and TC) were
significantly less in PS compared to NS for both the F0
and intensity analyses, while significant group effects were
not obtained for the upper lip or jaw. Overall results are
summarized in Table 2 which shows the mean correlation
levels relating orofacial speed to F0 and intensity for the
NS and PS groups and the results of ANOVA with
stuttering as the factor.

Dependence of speed correlations on F0-intensity
correlations

For the speed-F0 ANOVA, the F0-intensity correlation
was a significant covariate for UO, LO, JO, and JC
(p<0.0005) but not TC (p=0.08). This association of the
speed-F0 and F0-intensity correlations is illustrated in
Fig. 3 for the lower lip (LO). Examination of the scatter
for the two groups in Fig. 3 suggests that the strength of
the group difference in the correlations relating lower-lip
speed to F0 may depend on the level of the F0-intensity
correlation. This has implications for interpretation of the
group results and future application of the methods
employed here.

To evaluate the group differences in speed-F0 and
speed-intensity correlations in relation to the F0-intensity
correlation, the distribution of F0-intensity correlations
was broken into three subgroups representing low, mid,
and high correlation levels. The ranges of these three

Fig. 2 Scatter plots showing the association of lower lip opening
speed (LO) with vowel intensity for an NS (upper plot) and PS
(lower plot) who generally showed strong correlations between
speed and voice acoustic measures, and between intensity and F0

Fig. 3 Scatter plot relating the z-transformed correlations of lower
lip speed to F0 (LO-F0) and F0 to intensity for the two subject
groups
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groups were based on examination of the distribution of
F0-intensity correlations, which had a strong negative
skew. The group with the lowest set of correlations
included 21 cases (23% of NS and 28% of PS) comprising
the negative tail of the distribution (range: 0–0.82). The
remaining 61 cases were split, with the mid group having
30 cases (37% of NS and 36% of PS; range: 0.83–0.92)
and the highest group 31 cases (40% of NS and 36% of
PS; range 0.93–1.0). In Fig. 4, the mean LO speed-F0
correlations of the two subject groups have been plotted
for each of the three F0-intensity subgroups. This figure
shows clear tendencies for overall correlation levels and
group differences to increase with the F0-intensity corre-
lation level. The same trend for increased correlation
levels across the F0-intensity subgroups also was seen for
the other speed measures (UO, TC, JO, and JC), and group
differences in TC-F0 correlation level were most pro-
nounced in group 3.

The dependence of speed-F0 correlation group effects
on F0-intensity correlation level suggests that there may

have been qualitative differences among subjects in terms
of respiratory-laryngeal control processes underlying
changes in vocal intensity. From this one would expect
different patterns of F0 and intensity variation for the F0-
intensity subgroups. This possibility was evaluated by
comparing the means and coefficients of variation (CV) of
F0 and intensity across the three intensity conditions for
the three subgroups. Four two-way repeated measures
ANOVA were performed to test for significant differences
in F0, intensity, and their CVs. CVs were calculated using
the token repetitions within each intensity condition, and
for statistical analysis, CVs were arcsine transformed to
normalize their distributions. F0-intensity subgroup was
the between-group factor, and intensity condition was the
within-group factor.

ANOVA results suggested that there were distinct
differences in the voice control processes of the three
F0-intensity subgroups. This can be seen in Table 3, which
summarizes the ANOVA results for the subgroup main
effects and interactions related to subgroup by condition.
Statistics for condition are not shown, but these were
highly significant and in the expected directions for both
intensity and F0. Significant main effects were seen for F0
and intensity CVs, and significant interactions were noted
for F0 and F0 CV. F0 and intensity CVs were elevated in
the mid-r and low-r correlation groups, with ranges of
0.014–0.026 in the high-r group, 0.016–0.034 in the mid-r
group, and 0.017–0.051 in the low-r group.

The elevated inter-trial variability in the mid-r and low-r
subgroups may be related in part to differences in vocal
intensity range and respiratory-laryngeal control strategy
employed. This is suggested by data presented in Fig. 5,
which shows the mean intensities and F0s for the three
subgroups at the three loudness conditions. There it may
be seen that the low-r group tended to operate closer to the
low end of their intensity range, while showing marked
elevations in F0 particularly in the habitual and soft
conditions. Figure 5 also makes clear the basis for the
strong interaction between subgroup and condition for F0
as indicated in Table 3.

Table 2 Mean correlation values relating orofacial speeds to F0 and
intensity for the NS and PS groups are shown to the left. The
standard errors of these mean correlations ranged from 0.03 to 0.05.
The ANOVA results with group as the single factor are shown to the

right. The degrees of freedom for F0 analyses for group, covariate
and error were 1, 1, and 79, and for intensity analyses the degrees of
freedom for group and error were 1 and 80. Statistically significant
cases (p<0.05) are indicated with asterisks

Correlation variables NS—meanr (N=43) PS—meanr (N=39) F value p Level

UO speed—F0 0.49 0.48 0.0 0.952
LO speed—F0 0.53 0.37 10.7 0.002*
TC speed—F0 0.40 0.22 6.9 0.010*
JO speed—F0 0.59 0.53 0.4 0.538
JC speed—F0 0.68 0.61 1.2 0.278
UO speed—intensity 0.59 0.55 0.6 0.437
LO speed—intensity 0.61 0.48 6.8 0.011*
TC speed—intensity 0.46 0.31 7.3 0.009*
JO speed—intensity 0.69 0.66 0.1 0.743
JC speed—intensity 0.79 0.76 0.7 0.406

Fig. 4 Bar graphs showing the mean LO-F0 correlation levels
(transformed) and standard errors for NS and PS across three F0-
intensity correlation subgroups. From left to right, the numbers of
subjects in the three subgroups were 10 NS and 11 PS, 16 NS and
14 PS, 17 NS and 14 PS

315



Variations in speed correlations across orofacial
structures

As observed in the previous study (McClean and Tasko
2002), correlation levels relating speed to F0 and intensity
for NS were greater for the jaw relative to the lips and
tongue. This can be seen in Table 2 which shows the
means of the various correlation measures. For the NS
group dataset, repeated measures ANOVAwere performed
on the speed-F0 and speed-intensity correlations with
articulatory structure as the single factor. ANOVA results
indicated that orofacial structure was significant for both
the speed-F0 correlations (F=15.7, df=214, p<0.0005) and
the speed-intensity correlations (F=23.2, df=214,
p<0.0005). Post hoc Bonferroni comparisons of mean
correlation levels further showed that for both F0 and

intensity, JO and JC correlations were significantly greater
than that for TC (p<0.0005), the JC correlation was greater
than those for UO and LO (p<0.0005), and the LO
correlation was greater than that for TC (p=0.01).

Discussion

The chief finding of the present study is that correlations
relating lower lip and tongue speeds to F0 and intensity
were reduced in PS compared to NS, while no group
differences were seen for similar correlations obtained on
the jaw and upper lip. Comparisons of the output measures
of the two groups showed equivalent levels of variation in
F0 and intensity across the three intensity conditions.
While there was evidence for slightly less pronounced
changes in tongue speed in the low intensity condition for
PS, the variance of tongue and lower lip speed was
equivalent across groups. Thus, given that the groups
performed the speech tasks in approximately equivalent
manners, we interpret the reduced correlation levels in PS
as reflecting relatively weak connectivity in neural path-
ways linking the tongue and lower lip to those of the
respiratory-laryngeal system. However, this interpretation
is presented with certain precautions. First, it seems likely
that the strength of neural coupling across muscle systems
varies during the time course of speech utterances, and
therefore, the correlation patterns and group differences
obtained here are likely to reflect conditions within a
restricted phase of a dynamic process. Also, it is uncertain
whether the observed group differences in correlation level
would generalize to more diverse and natural speech
samples. The speech sample employed was selected in
order to elicit a wide range of vocal tract excursions in
association with vocal tract opening and closing. It may be
that the type of speech task used here is required to
generate a necessary distribution of output measures for
correlations to be sufficiently strong and sensitive to group
differences.

In agreement with the results of a prior study,
correlations in NS relating jaw speed to F0 and intensity
were significantly greater than similar correlations for the
lips and tongue (McClean and Tasko 2002). This finding
was replicated in the present study with a much larger
group of subjects and more refined statistical methods. In
addition, it was found that the lips tend to show greater
speed correlation levels compared to the tongue, a trend

Fig. 5 Mean intensity (top) and mean F0 (bottom) for three F0-
intensity correlation subgroups (high r, mid r, low r) for the three
intensity conditions (Habitual, Loud, Soft)

Table 3 ANOVA results associated with analysis of F0-intensity
subgroups and subgroup interaction with condition in terms of mean
F0, intensity, and their coefficient of variation (CV). Statistics for

condition are not shown, but these were highly significant for all
response variables

Subgroup Subgroup Subgroup × Condition Subgroup × Condition
F value p level F value p value

F0 1.4 0.241 16.8 <0.0005*
Intensity 2.8 0.066 1.0 0.399
F0CV 5.7 0.005* 3.6 0.007*
Intensity CV 4.5 0.014* 1.2 0.326
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that also was noted in the previous study when comparing
the lower lip and tongue. The differences in correlation
levels are taken to reflect variations in the strength of
neural coupling between orofacial subsystems and the
respiratory-laryngeal system. The principal assumption
underlying this interpretation is that the various output
measures reflect muscle activation levels within the
muscle subsystems considered. New support for this
assumption is provided by a recent study showing strong
linear associations between orofacial speeds and EMG
levels across variations in vocal intensity using the same
test utterance employed here (McClean and Tasko 2003).
It is notable that equivalent correlation levels were
obtained for the lower lip and jaw when relating muscle
activation level and movement speed. This suggests that in
spite of obvious biomechanical and muscle-property
differences between the lower lip and jaw, speed tends
to covary with neural drive in a similar manner for the two
muscle systems.

Group differences in correlations relating orofacial
speeds to F0 were most evident when comparing NS
and PS who showed strong positive correlations between
F0 and intensity. Subjects showing reduced F0-intensity
correlations displayed elevated inter-trial variability in F0
and intensity, lower overall intensity levels, and proportio-
nately less reduction in F0 with decreased intensity across
loudness conditions. This may indicate that the balance of
laryngeal and respiratory muscle forces varied across
subjects showing different F0-intensity correlation levels,
and that F0 and intensity were less indicative of level of
muscle activation as the F0-intensity correlation was
reduced. The basis for the association of F0 and intensity
generally is attributed to a complex array of interacting
factors. Relevant acoustic variables that contribute to the
association include the characteristics of mouth radiation,
vowel spectral shape, laryngeal-source spectral slope and
harmonic density (Titze 1992). Additionally, F0 and
intensity both tend to covary with tracheal pressure and
related variations in respiratory and laryngeal muscle
activity (Atkinson 1978; Finnegan et al. 2000; Shipp 1982;
Titze et al. 1989; Titze 1991).

The above interpretation assumes that the observed
variation in correlations relating F0 and intensity is related
to peripheral mechanical and acoustic factors. While there
is considerable interaction between peripheral physiologic
systems underlying F0 and intensity control, it is possible
that some portion of their covariation is related to central
neural control. Thus, the reduced F0-intensity correlations
seen in some subjects may reflect reduced neural coupling
between these independent control systems. There is
evidence for substantial intersubject variability in the
peripheral physiologic adjustments underlying covariation
of F0 and intensity (Plant and Younger 2000). Further
study is needed in order to develop more controlled
methods for evoking variations in F0 and intensity. This
could contribute to greater precision in efforts to quantify
strength of neural coupling between orofacial muscle
subsystems and the respiratory-laryngeal system as they
are engaged in speech production.

Accepting the assumption that correlation levels relating
orofacial speeds to F0 and intensity reflect the strength of
neural coupling between the orofacial and respiratory-
laryngeal systems, the elevated speed correlations ob-
served for the jaw are consistent with the frame/content
theory on the evolution and development of speech
production (MacNeilage 1998). Because frame/content
theory emphasizes the differences in the evolution and
development of the neuromotor systems of the jaw relative
to the lower lip and tongue, it may be relevant to the
reduced correlation levels observed here for the lower lip
and tongue in PS. Given the common neural innervation of
the upper and lower lips, the lack of strong group
differences in speed correlations obtained for the upper lip
is not consistent with this perspective. This finding may be
related to a reduced sensitivity of upper lip speed
measures, which tend to have reduced magnitudes
compared to the lower lip and tongue. Another possibility
is that the evolution and ontogeny of the upper and lower
lip neuromotor systems are relatively distinct. An
ecological argument could be made for this given that
the lower lip has a stronger mechanical linkage with the
jaw, distinct reflex properties (McClean 1989; Wohlert
1996), and more extensive involvement in the phonetic
repertoire of different languages (e.g., labiodental frica-
tives in English).

From the above interpretations, it is reasonable to
suggest that for some PS the neural mechanisms of speech
disfluency are related in part to reduced strengths of neural
coupling of the lower lip and tongue with the respiratory-
laryngeal system. A specific mechanism through which
such reduced connectivity might operate to contribute to
disfluency pertains to the temporal coordination of
different orofacial structures with the respiratory-laryngeal
system. General theory on the behavior of neural systems
(e.g., Abeles 1991) suggest that reduced strength of
connectivity between neural populations (i.e., lower
synaptic gains or more intervening synapses) is likely to
be associated with response delays and increased variabil-
ity in the relative timing of system output. Hence, from the
pattern of speed correlation results one would expect
greater variability in the timing of lower lip and tongue
movements relative to respiratory-laryngeal system output
in PS compared to NS, with equivalent variability between
the two groups in the timing of jaw movements relative to
respiratory-laryngeal output. When viewed in terms of
developmental sequencing of oromotor behaviors for
speech acquisition in children, increased delays and
excessive variability in the timing of lower lip and tongue
output might naturally lead to hesitations in output and
discoordination across muscle systems.
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