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Abstract

Purpose—The goal of this exploratory study was to investigate longitudinally the changes in
facial kinematics, vowel formant frequencies, and speech intelligibility in individuals diagnosed
with bulbar amyotrophic lateral sclerosis (ALS). This study was motivated by the need to
understand articulatory and acoustic changes with disease progression and their subsequent effect
on deterioration of speech in ALS.

Method—L.ip and jaw movements and vowel acoustics were obtained for four individuals with
bulbar ALS during four consecutive recording sessions with an average interval of three months
between recordings. Participants read target words embedded into sentences at a comfortable
speaking rate. Maximum vertical and horizontal mouth opening and maximum jaw displacements
were obtained during corner vowels. First and second formant frequencies were measured for each
vowel. Speech intelligibility and speaking rate score were obtained for each session as well.

Results—Transient, non-vowel-specific changes in kinematics of the jaw and lips were
observed. Kinematic changes often preceded changes in vowel acoustics and speech intelligibility.

Conclusions—Nonlinear changes in speech kinematics should be considered in evaluation of
the disease effects on jaw and lip musculature. Kinematic measures might be most suitable for
early detection of changes associated with bulbar ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a motor neuron disease known to affect speech
musculature and result in dysarthria and, eventually, loss of intelligible speech. The
pathophysiology of ALS includes progressive voluntary muscle weakness and atrophy, as
well as spasticity and loss of reflexes. The speech bulbar system is complex and composed
of a large number and variety of muscles and muscle groups (e.g., facial, lingual, laryngeal,
velopharyngeal). The presentation of bulbar ALS may vary substantially between
individuals depending on disease severity and which muscles are affected (Brooks et al.,
1991).

This study explores changes in vowel-related facial movements, vowel acoustics, and speech
intelligibility over the course of one year in four persons diagnosed with ALS. Vowels are
important to study because they contribute significantly to speech intelligibility in healthy
talkers and individuals with dysarthria (Kent et al., 1989; Kewley-Port, Burkle, & Lee,
2007). Changes in vowel acoustics have been consistently linked to deterioration of speech
intelligibility in ALS (Kent et al., 1992; Mulligan et al., 1994; Turner, Tjaden, & Weismer,
1995; Weismer, Jeng, Laures, Kent, & Kent, 2001; Weismer, Kent, Hodge, & Martin, 1988;
Weismer, Martin, Kent, & Kent, 1992). Research, however, is needed to understand the
movement bases for speech intelligibility loss in ALS. This information may have broad
implications for understanding the mechanisms that degrade speech intelligibility across
neurogenic speech impairments and for identifying efficacious articulatory-based treatments
in these populations.

Changes in the acoustic characteristics of vowels observed in ALS have been attributed to
the reduction in the range and speed of articulatory movements (see Weismer, 2008). The
few existing kinematic case studies suggest that over the course of the disease lip and tongue
movements become smaller and slower whereas, at least in some individuals, jaw
movements become exaggerated (DePaul & Abbs, 1987; DePaul, Abbs, Caligiuri, Gracco, &
Brooks, 1988; Hirose, Kiritani, & Sawashima, 1982; Kent, Netsell, & Bauer, 1975). In
contrast, a recent study of articulatory kinematics of the lower lip, jaw, and tongue reported
data for eight talkers with ALS during vowels and showed that the movement deficits exist
across articulators (Yunusova, Weismer, Westbury, & Lindstrom, 2008). Although the tongue
was the most affected organ among oral articulators in this study, the jaw showed consistent
vowel-specific movement changes such as reduction in movement size in some words and
increases in other words as compared to a group of healthy controls. Only a small number of
investigations have examined the effect of ALS on lip and jaw movements during speech.

Knowledge about the effects of aberrant jaw and lip movements on vowel formant
frequencies is currently very limited but essential for understanding the articulatory basis of
speech impairment. Jaw and lip movements affect both acoustic vowel quality (Fant, 1960)
and contribute to the phonetic identity of a vowel (Fromkin, 1964; Montgomery & Jackson,
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1983). For example, the height of the jaw plays a prominent role in determining the height of
the tongue in the oral cavity, which is closely associated with the frequency of the first vocal
tract resonance, F1 (Lindblom & Sundberg, 1971). An additional motivation for
investigating the jaw and lips is the critical need for objective, but clinic-friendly measures
of bulbar involvement. Unlike the tongue, facial movements are relatively easy to quantify
non-invasively using modern optical motion technologies that are becoming affordable and
relatively easy to use (Green, Wilson, Wang, & Moore, 2007).

To examine the longitudinal changes in vowel kinematics, vowel acoustics, and speech
intelligibility with ALS progression we asked the following questions: (1) What is the time
course of lip and jaw performance decline over the course of disease progression? Gradual
changes in articulatory movements might be expected due to the progressive nature of the
disease, which in the past has been modeled using linear functions (Gordon et al., 2007;
Pradas et al., 1993); (2) Are the changes in kinematic performance similar across vowels or
vowel specific? If the changes are similar across vowels, then they are most likely due to the
effects of the disease on speech musculature as opposed to vowel-specific compensations
produced to preserve speech quality (see Maeda, 1990; Perkell, Matthies, Svirsky, & Jordan,
1993); and (3) Do changes in vowel acoustics parallel or precede changes in articulatory
kinematics in relation to the time of intelligibility loss? A better understanding of the time
course of articulatory and acoustic changes will elucidate the articulatory basis of speech
decline in ALS and may have value for predicting the loss of speech intelligibility. If, for
example, changes in orofacial movements predate changes in vowel acoustics, these
measures might be useful for early detection of disease onset in the speech (bulbar) system
and for predicting impending losses of speech intelligibility.

Methods

Participants

From a larger pool of participants, one female and three male talkers with multiple recording
sessions were included in the study. All participants were diagnosed with ALS by a clinical
neurologist using the revised El Escorial criteria (Brooks, Miller, Swash, & Munsat, 2000).
Prior to the onset of ALS, none of the participants had significant histories of speech,
language, hearing, vision, or neurological problems. All participants were taking low doses
(30-60 mg) of an experimental compound R(+) pramipexole, as well as riluzole, vitamins,
and various health supplements. R(+) pramipexole did not show a significant effect on rate
of decline in ALS (Wang et al., 2008). Riluzole showed small beneficial effect on bulbar and
limb function but not muscle strength (Miller, Mitchell, Lyon, & Moore, 2007).

Participants were seen nearly every three months for a longitudinal study of speech
deterioration in ALS. Talker characteristics such as time course of disease, ALS-FRS scores
(Cedarbaum et al., 1999) and speech related changes are summarized in Table 1. Speech
intelligibility and speaking rate scores were obtained following procedures for the Sentence
Intelligibility Test (SIT; Beukelman, Yorkston, Hakel, & Dorsey, 2007). Sentences of
variable length were transcribed by a single judge, an unfamiliar listener. The listener was a
35-year-old female with negative history of speech, language, or hearing disorders. She was
employed as a research assistant at the speech production laboratory and had no formal
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training in motor speech disorders or experience with dysarthria. The severity of the
intelligibility deficit varied between participants. All participants had perceptible dysarthria
at the time of study initiation as determined by a perceptual evaluation by an experienced
speech-language pathologist.

Speech Sample

During the experiment, the participants read the words BEET, BOOT, BAT, and BOBBY
embedded in a reading passage (see Green, Nip, Mefferd, Wilson, & Yunusova, 2010).
These words were used because they contained the phonetically distinctive corner vowels /i,
u, ae, a/. The sentences were read at a comfortable reading rate and loudness. The average
number of repetitions per word and session was seven. Missing data occurred because some
participants were unable to complete the recording session due to fatigue and because of
occasional technical difficulties during data acquisition. These occurrences appeared to be
random.

Recording Procedures and Data Postprocessing

Talkers were positioned in a comfortable chair with their head supported. A 3-D motion
capture system (Motion Analysis Corporation—Eagle Cameras) was used to track
movements of 15 small (approximately 3—-4 mm) sphere-shaped reflective markers attached
to each talker's head and face at specific anatomic landmarks with double-sided tape. Four
markers were attached to the head, two—to the eyebrows, two—on the nose, four—around
the lips, and three—on the chin (Figure 1). Movements of these markers were recorded with
eight infrared video cameras at a sampling rate of 120 Hz. Markers used in this study are
identified on Figure 1. They included two markers attached to the vermilion borders of the
upper and lower lips at midline (UL and LL), two markers attached at the corners of the
mouth (RC and LC), a single marker on the right side of the chin (JR), located
approximately 2 cm from the chin midline, and a single head marker (RTH), located on the
forehead. During postprocessing, movements of the markers were checked for tracking
errors and low-pass filtered at 10 Hz using a zero-phase digital filter (8-pole Butterworth).

Acoustic signals were recorded simultaneously with kinematic signals directly onto a hard
drive of a computer at the sampling rate of 32 kHz and 16 bit resolution. A high quality lapel
microphone (Audio-Technica AT831R) was mounted on a head marker array, which was
positioned on the forehead, approximately 15 cm from the mouth during the recordings.

For each CVC word, the jaw and lips moved from a high position for a consonant to a low
position for the vowel. The intervals at which the measures were obtained during this
movement were defined based on the lip aperture time history; the measurement interval was
identified between the points of minimum UL to LL distance during the initial (/b/) and final
consonants. Three derived signals were calculated for each word: (1) the distance between
the stationary head marker (RTH) and JR represented head-corrected jaw movement; (2) the
vertical lip aperture was defined as the distance between UL and LL; (3) the horizontal lip
aperture was defined as the distance between RC and LC. The vertical lip opening and the
distance between the RTH and JR for participant A1 producing BOBBY are plotted on
Figure 2.
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Measures

Kinematic measures were taken from the three derived signals described above. They
included:

1 J displacement (see Figure 2), defined as the straight-line distance between
minimum and maximum in JR positions in the RTH-JR movement
trajectory. The measure was used to represent the size of jaw movements
during vowels.

2. Vertical mouth opening (lip separation), defined as the maximum inter-lip
distance between UL and LL achieved during the vowel interval (see
Figure 2), was calculated based on the vertical lip aperture trajectory. This
measure represented the mouth opening in the vertical dimension. When
viewed simultaneously with J displacement, this measure allowed for an
indirect evaluation of the lip contribution to the vertical mouth aperture.

3. Horizontal mouth opening (lip spread), defined as the maximum interlip
distance between RC and LC in the measured interval, was calculated
based on the horizontal lip aperture trajectory. This measure represented
the measure of lip spread during vowels and thus, the mouth shape in the
horizontal dimension.

These kinematic measures were selected because they describe the change in the extent of
jaw opening (measure 1) and lip shapes (measures 2 & 3) associated with each vowel. Each
of these parameters contributes to the acoustic quality of the vowels (Lindblom & Sundberg,
1971) and vowel identification (Fromkin, 1964; Montgomery & Jackson, 1983; Plant, 1980).
Because the exact position of the lip markers varied somewhat from session to session, the
lip shape measures were expressed relative to their rest position by subtracting the distance
between lip markers at rest from the distance during vowels. The rest position was defined as
the position in which each participant maintained a still posture with their jaw in a normal
bite and their lips closed.

Acoustic measures included first and second formants of each vowel (F1 and F2, Hz). F1
was used as it has been said to directly relate to the jaw motion as a determinant of tongue
height (Lindblom & Sundberg, 1971). A derived measure of F2 difference was calculated
between the pair of high vowels (F2 /i/ — F2 /u/) and low vowels (F2 /ae/ — F2 /a/)/. This
measure was used as an indirect measure of tongue mobility in the anterio-posterior
dimension (Stevens & House, 1955), which is affected in bulbar ALS. The mobility of the
tongue over time was examined in parallel to changes in lip and jaw kinematics.

Acoustic measures were performed with TF32 (Milenkovic, 2001), using the wide-band
(300 Hz; number of coefficients = 26) spectogram display as well as the LPC spectrum
calculated for a 30-ms window centered at the temporal midpoint of the vowels. F1 and F2
tracks were hand-edited interactively as needed. The measurements were performed by a
single measurer. Approximately 10% of the randomly chosen vowels were re-measured to
obtain intrajudge reliability. The average error was 18.04 (SD = 27.8) Hz for F1 and 18.3
(SD = 25.09) Hz for F2 values.
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Statistical Analysis

Results

Because each subject showed a unique pattern of decline in our measures, we evaluated
changes in vowel-related movements and acoustics for each subject's data separately. To
study the pattern of change over time, pairwise differences between visits were calculated
for each vowel and measured within a subject. There was a maximum of four visits and thus
six possible pairwise differences/ contrasts. For each subject, we used #tests to test whether
each of the pairwise differences between visits were significantly different from zero. A
significant result indicated a change for that subject between the two time points involved.
Because the paired differences were correlated as were the measures, we adjusted the
resulting p-values using the Bonferroni method. p-values were adjusted so that the reported .
05 represents the reference value for statistically significant results.

Jaw and Lips During Corner Vowels in the Course of Disease

Because a large number of comparisons were performed in this study, only significant
results are displayed in tables and figures. Figure 3 shows significant changes in movement
parameters over time relative to the values obtained at session 1. Results of the statistical
analyses (fand adjusted p-values) are summarized in Table 2.

The data revealed that movements during vowel /a/ were consistently affected for all four
individuals, when other vowels changed only for two talkers A2 and A6 (see Figure 3). The
plots displayed in Figure 3 show that among measures, vertical and horizontal mouth
openings, which reflect the combined motions of the jaw and lips, tended to be affected
more often than the measures associated with jaw movements alone (J displacement). Within
talker, the kinematic measures tended to change similarly across vowels. For example, the
direction of change in the vertical mouth opening was similar across all vowels for A2. The
same tendency was observed for mouth opening measures in A6 with an exception of J
displacement and vertical mouth opening in /a/.

Vowel Acoustics: F1

Only a few of the F1 contrasts showed significant differences between session pairs with
disease progression (Table 3). The #statistic and p-values for these contrasts are reported in
Table 4.

Vowel Acoustics: F2 and F2dif

Statistically significant changes in F2 were observed in 5 out of 96 comparisons across
talkers. They were detected for vowels /i, a, ae/ produced by Al and vowel /u/ produced by
A2, with significant changes occurring mostly at session 4 with £values ranging between
—-12.92 and 4.19 and p-values < 0.03.

Figure 4 shows F2 difference (in Hz) computed by subtracting the average F2 of /u/ and /a/

from the average F2 in /i/ and /ae/, respectively. Note that during session 1, three of the four
participants (i.e., Al, A6, and A7) showed relatively large contrasts for each pair. They were
approximately 500 to 600 Hz for low vowels and between 900 and 1200 Hz for high vowels.
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The high vowel contrast decreased gradually over time for A6 and precipitously between the
last two sessions for Al. For low vowels, the F2 contrast dropped gradually across all
sessions, but only for Al. Both of the contrasts were notably reduced in A2 (200 and 400
Hz, respectively) at session 1, indicating significant tongue impairment (i.e., advancement/
retraction) from the beginning of the study.

Movement, Acoustics, and Speech Intelligibility with Disease Progression

Figure 5 shows changes in all of the parameters that showed significant changes in F1 and
kinematic measures for the vowel (/a/) for each talker. Speech intelligibility and speaking
rate scores are also given together with the F2 /ae/ — /a/ contrast. The data are expressed in
percent change relative to the first session. Positive values show an increase in these
measures relative to its value for session 1; negative values show a decrease in each measure
relative to its value in session 1. The results show that intelligibility decreased precipitously
at session 4 for talkers A1, A2, and A6. For these talkers, speaking rate showed a much more
gradual decline (but see A2). F1 in /a/ declined significantly in Al and A2 only. For A1, the
decline was gradual and occurred prior to the intelligibility drop between sessions 1 and 3.
This decline was followed by an increase in F1 at session 4. For A2, the decline was
precipitous and occurred at session 4, together with an intelligibility drop. F1 did not change
for A6 or A7.

F2 difference between a pair of the low vowels (/ae/ — /a/) changed substantially for A1 only,
showing a gradual reduction of this vowel contrast over time. F2 of vowel /ae/ contributed
most to the change (about 400 Hz decline between sessions 1 and 4). For the other three
talkers, the F2 difference did not change to the same degree with disease progression as for
Al (see Figure 4).

Among kinematic measures horizontal lip opening changed to a greatest degree. Note that
the horizontal opening is shown as negative when the horizontal component decreased (i.e.,
movement toward lip protrusion) and shown as positive when it increased (i.e., movement
toward lip spreading). The data revealed a tendency across talkers for the lip corners to move
somewhat forward during /a/ as disease progressed. The jaw displacement tended to
fluctuate over time, increasing for specific sessions for Al, A2, and A6 and all sessions for
A7. Changes in the vertical mouth opening were relatively small and subject-specific.

Discussion

This investigation was designed to determine how vowel-related movements of the jaw and
lip were affected by ALS longitudinally, and when these changes occurred relative to
changes in vowel formant frequencies and speech intelligibility. All of the participants in
this study demonstrated changes in lip and jaw kinematics over time. The most consistent
kinematic finding across participants was with an increase in jaw displacement with disease
progression. Changes in lip and jaw movements were similar across different vowels and
often did not result in commensurate changes in vowel acoustic or speech intelligibility but
preceded them in time. In contrast, acoustic changes paralleled changes in speech
intelligibility.
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Jaw Displacement Increased over time

Gradual reductions in the amplitude of speech movements over time might be expected with
ALS due to progressive losses in articulatory muscle strength and/ or increased muscle tone.
Our findings, however, show a more complicated course of motor change with all four
talkers demonstrating an increase in jaw displacements rather than a decrease. In some
participants, this change was transient (see A2 session 2, vowels /a/ and /i/ and A6 session 3,
vowel /a/), but in others more gradual (i.e., A7).

Similar to the jaw displacement, changes in the variables related to mouth opening in talkers
A6 and A2 appeared to be transient. Data for talkers A2 and A7 showed similarities in the
direction and extent of change over time in jaw displacement and vertical mouth opening,
suggesting a significant contribution of jaw to mouth opening throughout the disease for
these talkers. In contrast, the data obtained from A6 and Al showed some disassociation
between the jaw and lip movements, suggesting a greater contribution of the lips to mouth
opening over time than jaw for these two talkers. Although healthy talkers vary considerably
in how they use their lips and jaw during speech (Kent et al., 1975), the observed changes
across time in our participants suggest a differential expression or response to the disease.

Changes in tongue performance were inferred from examining the associated between
acoustic and orofacial kinematic changes. The acoustic measure of F2 was used because of
its sensitivity to potential reductions in the acoustic distinction particularly between low
vowels (i.e., /ae/ — /a/). Two of the talkers (Al and A2) showed this contrast to be
substantially different from what might be expected in healthy talkers (Hillenbrand, Getty,
Clark, & Wheeler, 1995); specifically, vowel distinction was poor for participant A2 across
all sessions and vowel distinction decreased significantly over time for participant Al. In
contrast, the other two talkers (A6 and A7) showed only small changes in this measure
between sessions (e.g., drop at session 2 for A6 followed by a return to the initial values). As
displayed in Figure 5, reductions in this acoustic measure did not coincide with the
decreases in jaw or lip displacements in participants Al between sessions 1 and 4, A2
between sessions 1 and 2, A6 between sessions 1 and 3, and A7 between sessions 1 and 2.
This articulatory and acoustic disassociation is possibly due to significant changes in tongue
performance. Tongue movement data will be required, in the future, to determine how
tongue movement change longitudinally with disease progression and if the acoustic
measure of F2 difference is an effective metric of tongue performance.

Kinematic Changes Are not Vowel-Specific

The observed increase in jaw displacement could be either due to the loss of the ability to
efficiently scale oral movements because of motor neuron loss (Weismer et al., 1992), or
compensatory responses to a weakening tongue, as previously suggested by other
investigators (DePaul & Abbs, 1987; Hirose et al., 1982). Determining if the observed
changes in articulatory performance are compensatory, however, is a difficult empirical
problem and, consequently, highly speculative. We reasoned that if preserving acoustic
vowel quality is the primary goal of speech production (see Guenther et al., 1999; Maeda,
1990; Perkell et al., 1993), then compensatory articulatory adjustments are expected to be
vowel specific. For example, the adjustments necessary to preserve the quality of /i/ would
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be expected to be different from those for /u/ and/ or /a/. In our study, however, articulatory
changes were similar across all vowels for two out of the four participants (i.e., see A2 and
AB6). These findings suggest that the increase in the extent of jaw movement that was
observed in these subjects are not compensatory but due to the pathological changes
occurring in motor neurons or physiologic responses to the disease such as muscle
reinnervation via axonal sprouting, motor unit enlargement, and fiber type grouping (Brown,
1973). The resulting loss of fine motor control might lead to the changes in relatively small,
precise movement of the jaw and lips during speech.

Kinematic Change Predates Changes in Vowel Acoustics and Intelligibility

One of the primary goals of this work is to identify measures of bulbar performance that are
highly sensitive to the onset of intelligibility decline. The results of this analysis revealed
that changes in orofacial movements tended to predate changes in both vowel acoustics and
speech intelligibility. We reported similar findings for articulatory speed (Yunusova et al.,
2010). In contrast to articulatory movements, format frequencies and speech intelligibility
showed a relatively steady rate of decline with the greatest change in both types of variables
occurring at session 4, the time when speech became severely impaired in three of the
talkers. Our longitudinal observations agree with prior research showing a moderate
association between formant frequency values and speech intelligibility (Turner et al., 1995;
Weismer et al., 2001). It is notable, however, that changes in formant frequencies were
detected relatively rarely in this study, considering the degree of impairment in speech
intelligibility in three of the talkers. Perceptual studies of vowels showing that vowels might
contribute a relatively small component to intelligibility impairment in ALS (Klasner,
Yorkston, & Strand, 1999; Weismer & Martin, 1992). Consonants, prosody, and
paralinguistic factors might be significant contributors to speech deficit in ALS and should
be accounted for when modeling speech intelligibility decline.

Conclusions

The data presented in this study showed longitudinal changes in kinematic, acoustic and
intelligibility measures with disease progression in ALS. The time course of these changes
revealed that orofacial movements followed an early and, sometimes transient course,
suggesting that these measures might be more suitable than measure of vowel acoustics or
speech intelligibility for early detection of disease onset in the speech (bulbar) system. The
reasons for the changes in the jaw/ lip musculature remain unclear, however. The differences
in the effect of the disesase on various speech organs needs to be further investigated, in
order to determine if the observed changes in jaw/ lip kinematics are the consequence of
neuromuscular deficit or is due to compensatory adjustments.
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UL

Figurel.
Marker array used to record facial kinematics with markers reported in the current study

identified by letter-based code (RTH = right top head; UL = upper lip; LL = lower lip; RC =
right mouth corner, LC = left mouth corner; JR = jaw right).
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Figure 2.

Vertical lip opening and jaw displacement traces in BOBBY produced by talker Al during
session 1.

J Med Speech Lang Pathol. Author manuscript; available in PMC 2016 July 21.

198

197

196

195

194

193

192

191

190

189

188

Jaw Displacement (mm)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Yunusova et al.

Page 14

=—@— 3, MaxHor

1 =0 a, MaxVert
- 4@~ -a, Jdisp
-1
-3
sl 52 s3 s4
A7
5
3
1 —@— a, MaxHor
E —0—a, MaxVert
2 - @~ a,ldisp
-3

sl 52 s3 54 s1 s2 s3 54

Figure 3.
Changes in kinematic parameters with disease progression for each participant. Only

statistically measures that changed significantly over time are plotted. The acronyms
include: MaxHor = Maximum horizontal opening; MaxVert = maximum vertical opening;
and Jdisp = Jaw displacement.
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Changes in the F2 dif measure obtained for the high and low vowel contrast for each

participant.
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MaxVert Jdisp

MaxVert Idisp

Each participant's percent (%) change (vertical axes) in each significant measure computed
between session 1 and each subsequent session. Except for the overall SITi and SITr (= SIT
intelligibility and rate) scores and low, F2diff = second formant difference between low
vowels, all other measures are reported for vowel /a/ only (F1 = first formant; MaxHor =
Maximum horizontal opening; MaxVert = maximum vertical opening; and Jdisp = Jaw

displacement.
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Statistical Resultsfor the Significant F1 Contrasts Reported in Table 3

Table 4

ID Vowel Session t p
Al fil 4-1 18.4  0.0105
lal 2-1 -4.95 0.0102
3-1 -5.81 0.0025
4-3 512 0.0076
A2 lal 4-1 -7.72  0.0117
4-2 -6.94 0.0453
4-3 -2.59 0.0488
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