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Abstract

Objective: The relations between acoustic measures and their articulatory bases have rarely been tested in
dysarthria but are important for diagnostic and treatment purposes. We tested the association between
acoustic measures of F2 range and F2 slope with kinematic measures of tongue movement displacement
and speed in individuals with amyotrophic lateral sclerosis (ALS) and healthy controls speaking at normal
and slow rates. Relations between acoustic and kinematic measures and speech intelligibility were examined.

Results: As healthy controls reduced their speaking rate, their F2 slopes and movement speeds decreased. In
talkers with ALS, acoustic and kinematic variables were associated with changes in speaking rate, charac-
teristic of disease progression. Participants with slow rate had shallower F2 slopes and slower movement
speeds than those with normal rate. Relations between F2 range and tongue displacement were weaker. F2
slope, displacement, and duration were correlated with speech intelligibility most consistently.

Conclusion: Findings suggested that F2 slope is a useful marker for tracking disease progression in ALS. F2
slope reflects changes in tongue function with disease progression and is linked to speech intelligibility.
Changes in movement speed, however, might be the earliest sign of disease in the tongue.

Keywords: Amyotrophic lateral sclerosis, tongue kinematics, speech acoustics, F2 slope, speech intelligibility,
speaking rate

Introduction clinically meaningful, however, if they are linked to ar-
ticulatory events. Therapy interventions that target these
The literature on motor speech disorders is primarily de-  articulatory events would be expected to lead to changes

voted to understanding the acoustic correlates of speech  in the acoustic signal and, subsequently, improvements
intelligibility. The acoustic measures are particularly  in speech intelligibility. Establishing direct links be-
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tween acoustic and articulatory events is not simple.
The movements of the articulators (i.e., tongue, lips,
jaw) during speech are continuous and multiple articu-
latory events underlie a single acoustic event [1]. Fur-
thermore, non-linearities exist in the acoustic response
of the vocal tract to changes in articulatory positions of
speech organs [2].

Despite these challenges, specific articulatory actions
are known to generate specific acoustic results. The clas-
sic example is the strong link between vowel formant
frequencies and tongue positions [3]. Recent studies
examining the relationship between the kinematic and
acoustic measures associated with variations in speak-
ing rate, intensity, and/or speaking style (i.e., clarity) re-
vealed parallel changes in acoustic and kinematic sig-
nals in healthy talkers [4, 5].

A number of neurologic diseases affect speech at
the kinematic and acoustic levels. The findings of kine-
matic studies have suggested that neurologic damage re-
sults in the reduction in size and speed of speech-related
movements [6—8]. Parallel findings have been reported
in acoustic studies, showing changes in vowel formant
frequencies and F2 slopes, reductions in F2 transitions,
and increases in segment durations [9-13]. Although
changes in speech kinematics are presumed to under-
lie changes in speech acoustics, studies that link the two
in clinical populations have not, to our knowledge, been
completed. This investigation focuses primarily on the
slope of the second formant (F2) transition and move-
ment speed as its potential kinematic correlate. F2 slope
has been used to represent the rate of change in the vocal
tract configuration during a vocalic event (i.e., a vowel
or diphthong) and has been viewed as an important cor-
relate of speech intelligibility and speaking rate decline
across the severity continuum [11, 14, 15]. Shallow F2
slopes, which are characteristic of dysarthria, have been
attributed to reduction in the speed of articulatory move-
ments [14, 16, 17]. In addition, we examined F2 range
and displacement as another set of measures that might
change in parallel as speech declines due to amyotrophic
lateral sclerosis (ALS).

In this study, we aimed to examine changes in kine-
matic and acoustic measures in a group of talkers with
ALS who ranged in severity of dysarthria. We compared
their performance to that of healthy controls, speaking at
normal and slow rates. Slow speaking rate is a hallmark
characteristic of dysarthria in ALS [18, 19]. We hypoth-
esized that slow speech would be associated with de-
creased average movement speed and F2 slopes as well
as reduced F2 range and displacement in talkers with
ALS and healthy controls. We also hypothesized that

the nature and strength of the relationship between ki-
nematic and acoustic variables across talkers with ALS
would be similar to that of the control group due to the
fundamental similarity in the mechanism by which in-
dividuals slow their speaking rate. Furthermore, we ex-
pected that kinematic and acoustic variables would be
associated with the decline in both speaking rate and in-
telligibility across talkers with ALS with varying sever-
ity of dysarthria.

Method

Participants

Thirty-one talkers (13 females and 18 males) diagnosed with
ALS participated in the study. The mean age of the female group
was 57 years (SD = 9.61); the mean age of the male group was 61
years (SD = 11.03). Three talkers presented with predominantly
bulbar type ALS at diagnosis; 22 patients were diagnosed with
spinal-onset ALS. The ALS classification at the onset was un-
specified for the remaining 6 talkers. At the time of the recording,
all patients showed signs of bulbar involvement in at least one re-
gion of the speech system (e.g., voice, soft palate, tongue, and/
or face). The patients exhibited a wide range of severity scores
on the ALS Functional Rating Scale-Revised (ALSFRS-R) [20]
at the time of recording (26—44, mean = 34.90; SD = 5.38). The
bulbar function scores on the ALSFRS-R were between 5 and 12
(mean = 10.36; SD = 1.81), with a possible range of 0—12. The
control group was comprised of 3 males (mean age = 37; SD =
18.50) and 9 females (mean age = 39; SD = 15.54).

Talkers in the ALS group exhibited a range of speech intel-
ligibility and speaking rate scores as measured by the Sentence
Intelligibility Test [21]. Eighteen talkers showed intact intelligi-
bility with transcription scores of 99-100%. The remaining 13
talkers with ALS had intelligibility scores ranging between 62.6
and 98.2% (median of 94.5%). Speaking rate varied in the patient
sample between 71.6 and 225 words per minute (WPM). The
normal speaking rate for the Sentence Intelligibility Test is ap-
proximately 200 WPM, with a range of 160-230 WPM [22]. The
speaking rate of 16 patients was within the normal range. The re-
maining 15 patients showed a median rate of 108 WPM, with a
range between 72 and 147 WPM. Given that speaking rate typi-
cally declines much earlier than speech intelligibility and is con-
sidered to be the primary sign of onset of bulbar ALS [19] , we
divided the ALS group into two subgroups: ALS speaking at nor-
mal rate (AN) and ALS speaking at slow rate (AS).

Procedures

Two sentences, “Say doily again” and “I love Seattle in the
spring,” were repeated 5 times by each talker. Tongue movements
and formant frequencies were analyzed during the opening ges-
ture in /dol/ and /j&/ as well as the closing gesture in /ol/. Talkers
with ALS produced these sentences at their normal speaking rate,
while talkers in the control group read them at their normal (CN)
and slow (CS, “half of their normal”) speaking rates [22].

Tongue movements were collected using JT-3D. This electro-
magnetic system is designed to track movements of a small mag-
net attached to the tongue, relative to the coordinate space de-
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fined by the frame of the helmet [23, 24]. During the experiment,
the magnet was attached to the tongue blade, an average of 20.18
mm from the tongue tip (SD = 2.36). The system acquires posi-
tional data in three dimensions (vertical, anteroposterior, and lat-
eral) at a sampling rate of 1,000 Hz. During acquisition, the sig-
nals were expressed relative to the positions at the first collection
frame, low-pass-filtered at 50 Hz, and then oversampled at 1,000
Hz. Because the system is only able to record a single magnet,
the jaw was stabilized with a 5-mm bite block placed between the
molars. Thus tongue movements were obtained independent from
jaw movements. Acoustic signals were recorded simultaneously
with movements directly onto a computer at the sampling rate of
22 kHz and 16 bit resolution. A head-mounted, professional qual-
ity microphone (Countryman B3P4FF05B) was positioned at ap-
proximately 5 cm from the mouth during the recordings.

Measurements

A typical acoustic and kinematic record with measurements
is shown in figure 1 for the word “doily.” The typical course of
the F2 in this word is characterized by a decreasing transition be-
tween the consonant and the first vowel followed by the rapidly
rising transition that is more typically associated with the /ol/
diphthong. These transitions were identified on hand-edited, F2
LPC tracks on a wide-band spectrogram (300 Hz analysis band-
width; number of coefficients = 26) [25]. The 20 x 20 rule, which
specified the change in frequencies of 20 Hz in 20 ms at the on-
set and offset of the transition, was applied [11]. F2 slopes (F2
range/time), ranges (F2 max — F2 min), and durations were mea-
sured for each transition. The three-dimensional kinematic time
series were reduced into a single Euclidean distance time series.
Euclidian speed (i.e., the absolute value of the derivative of the
Euclidean distance) and displacement were computed using cus-
tom-made algorithms. Average movement speed and three-di-
mensional displacement were calculated for each acoustically de-
fined transition interval. All acoustic measures were conducted
by a single measurer. Approximately 10% of the F2 transitions
were re-tracked and transition durations as well as F2 slopes were
re-measured to obtain intra-judge reliability. The average er-
ror was 9.83 ms (SD = 16.68) for duration and 23.60 Hz (SD =
39.95) for F2 slope.

Statistical Analyses

Prior to the analyses, the shape of the distribution was eval-
uated for each variable. A number of variables appeared to have
positively skewed distributions. To normalize these distributions,
displacement (all), F2 range (for /ol/ and /j&/), F2 slope (/j&/),
and average speed (/do/) were square-root transformed. Group
comparisons were conducted using linear mixed model (LMM)
procedures in SPSS. The analyses involved comparing the data
from four sets: talkers with ALS with normal speaking rate (AN),
talkers with ALS with slower than normal speaking rate (AS),
and control talkers speaking at a normal rate (CN) and slow rate
(CS). The group variable was treated as a fixed effect in this anal-
ysis. Although the study was designed in such a way that the con-
trol group was used in two different conditions (normal and slow
rate), the analytical technique selected for the analyses accounted
for the interdependencies and repeated nature of the data by treat
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Figure 1. “Doily” in “Say doily again” produced by a control
talker at a comfortable speaking rate and loudness. The interval
initiated by the release of “d” and terminated by the end of the
downward F2 transition is identified as t1; the interval enclosing
a rising transition during the diphthong /ol/ is identified as t2. F2
slope and F2 range were measured for each transition. Path dis-
tance and average speed functions associated with these intervals
were measured as well.

ing individuals as a random effect. LMM pairwise comparisons
were performed between groups using t tests, accounting for data
interdependencies and adjusting for multiple comparisons using
the Bonferroni method.

LMM analysis was also used to predict acoustic variables
from their kinematic counterparts. Average speed was used as a
predictor of F2 slope, and displacement was used as a predictor
of F2 range. Because duration was highly correlated with all of
the variables, it was added to each of these models as a covari-
ate. A procedure described in Roberts and Monaco [26] was used
to calculate fit statistics. A separate R? statistic was computed to
show the fit relative to the null model as measured by R? on each
level of partitioned variance (within and between individuals).
The relationships between speech intelligibility and speaking rate
and the dependent variables, computed only across ALS talkers,
were examined using Pearson correlations.



TONGUE MOVEMENTS AND THEIR AcousTiC CONSEQUENCES IN AMYOTROPHIC LATERAL SCLEROSIS

Table 1. Raw means + SD of each dependent variable computed for four groups of participants

Transition ~ Group F2 slope, Hz/ms F2 range, Hz Duration, ms SPD, mm/s DISP, mm

/do/ CN 8.44 £ 1.40 613.03 +£92.50 72.74 £ 9.20 81.75+£25.40 3.03+1.39
CS 6.69+1.20 756.18 £ 160.00 114.73 £17.90 67.23+16.33 4.63+£2.01
AN 7.14 £ 1.60 568.19 £171.70 86.35+19.10 99.06 £ 22.40 5.15£2.40
AS 498 +£2.10 605.09 + 156.00 119.60 + 43.60 68.03 +£29.80 4.08 +£2.25

/ol/ CN 6.01 =£1.30 613.13 £131.70 102.78 £ 13.80 80.59 £22.49 4.84 £2.90
CS 5.03+1.30 1,127.59 £273.30 237.94 +70.60 51.94 £12.62 5.35£2.50
AN 4.89 +1.30 491.05 £ 143.70 101.91 +20.40 83.78 £ 16.70 4.54 +3.00
AS 3.63+1.50 511.56 £218.10 146.36 £ 5.80 60.00 +32.24 444 +2.70

ljee/ CN 6.86 +2.20 873.07 £101.50 172.67 £50.80 99.88 £ 16.50 10.35+3.90
CS 2.84 +1.40 953.83 £ 119.70 567.32+314.2 45.76 + 12.50 10.01 +3.40
AN 6.01 £2.30 707.02 + 194.60 117.60 £ 85.60 76.28 £17.70 831 +£2.80
AS 4.10+2.40 731.88 +£219.20 279.33 £124.80 61.94 +27.20 7.05£4.30

SPD = Average speed; DISP = displacement.

Table 2. p values for each pairwise comparison between specified groups for each dependent variable
F2 slope F2 range Duration SPD DISP

/da/  Jol/ fjel/  /do/ /ol fjel  /do/

/ol/ fjel/  /do/  Jol/ fjel  /do/  /ol/ i/

CN-CS  0.001 0.001 0.001 0.001 0.001 0.001 0.001
CN-AN

CN-AS  0.001 0.001 0.008 0.001
CS-AN 0.001 0.001 0.008 0.014
CS-AS 0.028 0.002 0.001 0.014
AN-AS  0.008 0.041 0.03

0.001 0.001 0.001 0.001 0.001

0.048
0.001
0.011

0.001  0.002
0.023
0.001
0.001
0.007

0.001
0.048
0.030

0.017 0.008

0.005 0.046

Only p values <0.05 (statistically significant) are indicated. SPD = Average speed; DISP = displacement.

Results
Acoustic and Kinematic Measures: Group Comparisons

Group means and standard deviations for each depen-
dent variable are presented in Table 1. The results of
the LMM analysis revealed significant main effects of
group on F2 slope for /do/, /ol/, and /jee/ transitions [F(3,
53)=30.58, p <0.001; F(3, 52) = 17.51, p < 0.001; and
F(3,50)=121.14, p <0.001, respectively]. The pairwise
comparisons between groups showed that F2 slope was
significantly shallower in both the volitionally slowed
speech of the control participants and the disease-related
slowed speech of participants with ALS across all three

transitions (see p values in table 2 ). Control talkers who
spoke slowly differed from the less impaired ALS talk-
ers in /j&/ and the slow ALS talkers in /ol/.

The main effect of group was significant for all of
the remaining four variables as well. For F2 range, the
results were F(3, 52) = 24.48, p < 0.001; F(3, 50) =
165.46, p < 0.001; and F(3, 47) = 8.32, p < 0.001 for
/da/, /ol/ and /jee/, respectively. Pairwise comparisons
showed an expanded F2 range in the CS as compared
to CN condition across contexts, when F2 range in talk-
ers with ALS was most consistently reduced relative to
the CS performance. For duration, the main effects of
group showed F(3, 54) = 104.12, p < 0.001; F(3, 55) =
221.23, p <0.001; and F(3, 51) = 190.39, p < 0.001 for
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/da/, /ol/ and /j®/, respectively. The CS data was con-
sistently slower than CN, AN and AS productions, when
AS was significantly slower than AN. For the average
speed measure, they were F(3, 53) = 16.58, p < 0.001;
F(3, 53) = 53.67, p < 0.001, and F(3, 50) = 260.07, p <
0.001 for /do/, /ol/, and /ja/, respectively. Pairwise com-
parisons revealed slowing of the movement speed in
the CS condition relative to the CN condition and AN
performance. The AS group showed slower speed than
the AN group in /do/ and /ol/ contexts. Finally, for dis-
placement, the main effect of group revealed F(3, 54) =
20.03, p <0.001; F(3, 54) = 4.63, p < 0.006, for /do/ and
/ol/ but not /jee/, with significant differences detected be-
tween CN and CS conditions only.

Predicting Acoustics from Kinematics

Predicting F2 Slope

For the /do/ transition, when average speed was used
as a predictor of F2 slope in LMM and while controlling
for group but allowing the speaking rate to vary within
and across talkers, the effect of average speed on the
acoustic measure was significant [F(1, 234) = 38.16, p <
0.001]; the group-by-average speed interaction was not
significant. Average speed explained (R?) 22% of vari-
ance in F2 slope across repetitions for the within-talker
model and 26% of variance for the across-talker model.
When duration was added to the model, the effects of
average speed remained significant across groups, with
duration explaining an additional 12% of variance at
both levels of the model [F(1, 241) =16.72, p < 0.001].
This model revealed that group and average speed con-
tributed uniquely to variation in F2 slope above and be-
yond duration.

The F2 slope prediction models in /ol/ were similar
to the ones in /do/, with significant effects of group [F(1,
39) = 10.44, p < 0.003] and average speed [F(1, 265) =
158.33, p < 0.001] and no interaction. Variation in aver-
age speed explained 26% of variance in the within-talker
models and 22% of variance in the across-talker models
in each group. Adding duration to the model resulted in
a significant group-by-duration interaction [F(1, 267) =
4.08, p < 0.045]. Adding duration accounted for only an
additional 3% of the model’s variance, explained at each
level.

In contrast with /do/ and /ol/, a significant group by
average speed interaction was observed in /j&/ [F(1,
152) = 13.34, p < 0.001], suggesting that the relation-
ship between F2 slope and average speed differed by

group for this transition and was larger for the control
group. After controlling for duration in the model, the
effect of speed remained significant [F(1, 161) = 14.04,
p < 0.001]. However, by adding duration, the strength
of model fit increased from 37 to 75% for within-talker
levels and from 19 to 74% for between-talker levels.

Predicting F2 Range

Examination of the models that predicted F2 range
based on displacement, revealed a significant displace-
ment- by-group interaction [F(1, 238) =6.2, p <0.01 for
/do/, F(1, 149) = 6.33, p < 0.01 for /ol/, and F(1, 154)
=4.72, p < 0.03 for /je/]. For the ALS group, displace-
ment decreased in parallel with F2 range for all three
transitions. Controls showed this effect only for the /
j&/ transition. Displacement minimally explained varia-
tion in F2 range in /do/ in the control group (9% in the
within- and 11% in the between-subject models). Add-
ing duration did not change the strength of this weak
prediction. For /ol/, the original model explained a sig-
nificant portion of the variance (23 and 30%), yet add-
ing duration eliminated the significant effect, suggesting
the primary role of duration on the relation between dis-
placement and F2 range in /ol/. In /jee/, adding duration
did not change the significant interaction between group
and displacement [F(1, 157) = 5.07, p < 0.03]. For the
/jee/ transition, displacement explained 25 and 33% of
variance in the F2 range within and across talkers (pri-
marily due to the ALS group); adding duration improved
the overall model only by 9 and 6%, respectively.

Relating the Severity of Speech Impairment to Physio-
logic Measures

Pearson correlations were computed between speaking
rate and acoustic and kinematic measures, and speech
intelligibility and all acoustic and kinematic measures
for talkers with ALS. Figure 2 shows the relations be-
tween measures of average speed and speaking rate (a)
and F2 slope and speaking rate (b) in /do/. Across all
contexts, correlations between these variables were of
similar magnitude (r = 0.41-0.64). Figure 3 shows an
association between F2 slope in /do/ and speech intelli-
gibility (r = —0.50; correlation between speed and intel-
ligibility was r = 0.27 in the same context). Relatively
weak relationships were observed in /ja/ and /ol/ for F2
slope (r = 0.28 and r = 0.34, respectively). Speech intel-
ligibility was moderately correlated with average speed
in /ol/ (r=0.51) and F2 range in /jae/ (r = 0.49).
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Figure 3. F2 slope transition in /do/ versus speech intelligibility
as measured by Sentence Intelligibility Test.

Discussion

Summary

The goal of our investigation was to test the strength
of association between the acoustic measures of av-
erage F2 slope and F2 range with their parallel mea-
sures in the kinematic domain, tongue movement speed
and displacement. We found moderately strong asso-
ciations between F2 slope and speed across the group
of talkers with ALS of varying severity, and in con-
trols, who were asked to volitionally slow their speak-
ing rate. Under the same conditions, the relations be-
tween F2 range and displacement were much weaker
than those of F2 slope and speed and bound to a single
transition only. Speaking rate was consistently related
to duration, F2 slope, and movement speed. Speech in-

telligibility was most consistently associated with the
acoustic measures of F2 slope but not the movement
measures.

Slow Speech in Healthy Talkers and Patients with ALS
Speaking slowly had a significant effect on speech
movements in control talkers. As these talkers slowed
their speech to approximately 50% of their typical rate,
they also reduced their movement speed by the same
proportion and increased displacements by approx-
imately 10%. These findings agree with other stud-
ies showing that slowing speaking rate is associated
with significant decreases in movement velocities and
smaller increases in movement displacements in healthy
talkers [27-30]. In the acoustic domain, both F2 slope
and F2 range changed notably as rate slowed. The F2
range increased as speaking rate decreased in the con-
trol talkers. Previous literature on gesture overlap has
shown that F2 frequencies at vocalic onsets and offsets
undergo significant adjustments with changes in speak-
ing rate in the direction closer to the preceding conso-
nant loci [31]. Previously, the largest F2 changes due to
rate were reported for female speakers [10]. In our sam-
ple, the F2 range changes might have been particularly
prominent due to the mostly female composition of our
control group. Although F2 slope was proposed to be an
invariant characteristic of diphthongs during rate varia-
tions [32] , in more recent studies, the slope of F2 has
been shown to be sensitive to rate adjustments [10, 33].
The F2 slope has been observed to change from shallow
to steep as speaking rate changed from slow to fast, al-
though these changes have been diphthong-specific [10].
In this study, we observed relatively large rate-induced
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changes in F2 range and slope in the control group in all
three contexts.

Slow rate is a characteristic feature of dysarthria due
to ALS and is one of the earliest indicators of an im-
pending decline in speech intelligibility [19, 34]. In this
study, a speaking rate of 160 WPM was used to catego-
rize the participants into two groups. On all of the acous-
tic and kinematic measures, talkers in the normal-rate
ALS group performed similarly to control talkers speak-
ing at normal rates. Talkers with slower than normal
speaking rate, however, differed from controls speaking
at normal speaking rates, primarily in the F2 slope mea-
sure in all three contexts and average movement speed
of /j&/. At the same time, talkers in this group and con-
trol talkers speaking slowly differed with respect to their
F2 range values. Interestingly, talkers in the slow ALS
group showed a significantly reduced F2 range as com-
pared to the controls, who showed an increased F2 range
when speaking slowly. This suggests that the mechanism
of rate control in the healthy system is different from a
slow rate induced by disease. Healthy talkers, when
speaking slowly, increased their F2 range, which might
have allowed them to reach intended acoustic targets
more precisely. In contrast, talkers with ALS who spoke
slowly showed a reduced F2 range, indicative of perfor-
mance decline due to disease progression. Modeling the
relation between transition durations and F2 ranges for
a group of patients with PD and controls, Weismer [17]
suggested that timing abnormalities alone (i.e., longer
than normal durations) are not able to fully explain the
spatial abnormalities in F2 ranges. Our data agreed with
this suggestion and showed that, instead of the larger F2
ranges predicted by increased transition durations seen
in healthy talkers, slower speech in talkers with ALS
was associated with smaller formant excursions.

Are Acoustic and Kinematic Measures Related?

Our findings add support to prior suggestions that
F2 slope can serve as a potential proxy for characteriz-
ing some aspects of aberrant lingual performance during
speech [15, 35]. The association between acoustic and
kinematic variables is complicated by the fact that they
both respond to speaking rate variations. The relation
between these two variables in patients with ALS was
in the direction predicted by the normal model (i.e., lon-
ger durations led to slower speed and shallower slopes)
in our data, therefore, it is possible that these changes
are driven solely by increased durations. If changes in
movement speed during disease progression are driven
purely by changes in speaking rate reflected in segment

duration, then we cannot single out the tongue function
from the acoustic measures. Speaking rate is a variable
that is ‘systemic’ in nature, reflecting changes across
multiple speech subsystems (i.e., from respiratory to ve-
lopharyngeal). However, the significant effect of move-
ment speed on F2 slope remained after statistically con-
trolling for duration. This finding suggests that F2 slope
provides information about tongue movements, even in
the presence of significant durational effects.

Hartelius et al. [16] also suggested that the slope
of F2 can be used to estimate underlying articulatory
speed if the duration differences across productions are
equated using time normalization. In our study, how-
ever, the variation in movement speed alone accounted
only for a modest portion of the variance in F2 slope (at
best 26%) when the durations were controlled for statis-
tically. Other factors must be involved (e.g., abnormali-
ties in articulators other than tongue blade) and should
be investigated for their effect on the acoustic charac-
teristics of speech and lingual kinematics. However, it
is also possible that stronger relations would have been
observed in our movement variables if we used other
tongue regions [36]. Additionally, the method we chose
for parsing the signals may have contributed noise to the
data and different results would have been obtained if
intervals were defined based on movement signals.

Tongue displacements were relatively weakly asso-
ciated with F2 range in our data, particularly when du-
ration was controlled. Their relationships were com-
parable to F2 slope results for the /jee/ transition only.
Interestingly, Mefferd and Green [4] also observed a
significant association between movement displace-
ments and formant frequencies in response to changes in
speaking rate in healthy talkers producing sequence /ja/
(in “Mia”). Obviously, there is a strong effect of context
on the F2 range and displacement relations. Addition-
ally, comparing the two studies suggests that the effect
of the jaw (the jaw was not decoupled in [4] ) and the
correspondence between acoustic and kinematic mea-
sures must be considered when studying the nature of
the relations across acoustic and kinematic domains.

Correlates of Speaking Rate and Intelligibility Decline
in ALS

One important clinical issue in managing patients
with ALS is to predict when an individual will lose
functional oral communication [19, 37]. Several inves-
tigators have advocated for monitoring speaking rate
for this purpose [19, 34]. The speed of jaw movement
emerged in one previous study as another potential pre-
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dictor [37] with a transient increase in jaw speed occur-
ring prior to changes in speech intelligibility. We have
previously suggested that this change in jaw move-
ment might be compensatory in response to the onset
of tongue function decline. Interestingly, tongue move-
ment speed during /ja/ was the only measure that distin-
guished mild ALS from control talkers speaking at nor-
mal rates, showing a decrease of approximately 40% in
the mildly impaired group. This measure might be a sen-
sitive indicator of early disease-related changes. The re-
lationship between jaw and tongue speed as the disease
progresses, however, needs to be explored further in the
future.

Another important clinically motivated goal of this
research was to identify the aspects of impaired speech
that may be related to speech intelligibility. F2 slope
emerged as one of those aspects in several earlier studies
[9, 11]. In our study, the correlations between F2 slopes
and speech intelligibility were moderate at best and var-
ied for different contexts, in agreement with previous re-
search. Kim et al. [15] also found that the relationship
between F2 slope and intelligibility was moderate and
context-specific. Their findings and ours underscore the
importance of word selection when testing speech motor
impairment [11].

Kinematic variables were not consistently correlated
with speech intelligibility; one moderate correlation be-
tween average speed and intelligibility was observed in
/ol/. This finding is in contrast to those of Weismer et
al. [35], who observed significant correlations between
articulatory working space and movement speed across
groups of talkers with ALS and PD and speech intelli-
gibility. In contrast to the current study which used seg-
ment-specific movement measures, their kinematic mea-
sures were based on calculations across a relatively large
phonetically balanced passage.

In conclusion, the findings of this study suggested
that F2 slope is a useful clinical marker to track disease
progression in patients with ALS when kinematic tech-
niques are not available. The advantage of F2 slope is
that it is related, to a degree, to movement speed, sen-
sitive to disease progression, and is linked to decline in
speech intelligibility. Movement measures, however,
might be more useful to diagnose early changes in the
tongue due to disease. Furthermore, they are more spe-
cific by nature and reflect the function of a single organ,
whereas acoustic measures are a product of interactions
between multiple speech organs. Future work should
continue to identify measurements other than average
speed (e.g., peak speed) that might be more sensitive in
detecting the presence of disease.
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