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Abstract
It has long been recognized that lesions of the basal ganglia frequently result in dysarthria, in part
because many individuals with Parkinson’s disease (PD) have impaired speech. Earlier studies of
speech production in PD using perceptual, acoustic, and/ or kinematic analyses have yielded
mixed findings about the characteristics of articulatory movements underlying hypokinetic
dysarthria associated with PD: in some cases reporting reduced articulatory output, and in other
instances revealing orofacial movement parameters within the normal range. The central aim of
this experiment was to address these inconsistencies by providing an integrative description of
basic kinematic and acoustic parameters of speech production in individuals with PD. Recordings
of lip and jaw movements and acoustic data were collected in 16 individuals with PD and 16 age-
and sex-matched neurologically healthy older adults. Our results revealed a downscaling of
articulatory dynamics in the individuals with PD, evidenced by decreased amplitude and velocity
of lower lip and jaw movements, decreased vocal intensity (dB sound pressure level [SPL]), and
reduced second formant (F2) slopes. However, speech rate did not differ between groups. Our
finding of an overall downscaling of speech movement and acoustic parameters in some
participants with PD provides support for speech therapies directed at increasing speech effort in
individuals with PD.
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Acoustic and perceptual studies of speech production in individuals with Parkinson’s disease
(PD) have shown that hypokinetic dysarthria, a disturbance of speech and voice
characterized by decreased intensity, articulatory imprecision, diminished prosody, and a
breathy/hoarse voice, occurs in nearly 90% of this population.1,2 Yet the neurological and
physiological underpinnings of dysarthria in PD are not well understood. It has been
suggested that speech motor deficits in speakers with PD (eg, rigidity, hypokinesia, and/or
bradykinesia) could contribute to dysarthria.3,4 However, there has been little research on
articulatory movements in individuals with PD. Moreover, earlier physiological accounts of
speech production in PD have yielded equivocal findings. For example, several studies have
reported hypokinesia and/or bradykinesia of upper lip,5 lower lip (LL) and jaw,6–11 velar,12

and thyroarytenoid muscle13 during speech production. Conversely, unimpaired amplitude
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and velocity of LL and jaw articulatory movement,6,8,14,15 as well as increased lip muscle
activity16 have also been noted in the literature. Interpretation of findings from earlier
studies is difficult because of differences in experimental protocols. For example, in
Caligiuri’s studies,9,10 the participants wore bite blocks to constrain jaw motion and to
artificially exaggerate lip movement. Moreover, many of these studies required participants
to produce syllable trains, nonsense words, or words in isolation.6,9–12,14 Individuals with
PD are often able to produce perceptually accurate speech at the single-word level; however,
based on perceptual evaluations, decreases in speech intelligibility are more likely to occur
for longer words and phrases, or at the discourse level.17–19 Therefore, it is critical to
examine articulatory kinematics during longer productions. Finally, most of the studies
reviewed reported data from few (between 5 and 9) subjects with PD. Because variability is
typically higher in clinical populations, it is essential to include more participants in order to
obtain a better appreciation of performance range relative to age-matched controls.

The central aim of this study is to provide a better assessment of the articulatory movement
characteristics of individuals with PD. This is an important goal, because current speech
treatment protocols for dys-arthria in PD are founded on the basic assumption that these
individuals need to “scale up” phonatory/ articulatory effort (eg, Freed,20 Ramig21,22). To
this end, we combined acoustic and kinematic analyses to contribute to a cohesive picture of
how fundamental aspects of speech are affected by the disease processes of PD. We
examined amplitude and velocity of articulatory movements, and from the acoustic speech
signal we analyzed speech rate, intensity, and second formant (F2) transition measures (ie,
extent, duration, and rate/slope). F2 transitions were included as an index of articulatory
movement because they are important dynamic speech acoustic cues signaling both
consonant and vowel identities and are highly related to speech intelligibility.18,23–25

Patients and Methods
Participants

Sixteen participants diagnosed by a neurologist with idiopathic PD (11 males and 5 females)
(mean [M] = 73 years; range 62–82 years) and 16 neurologically normal adults (M = 73
years; range 63–80 years) matched for age (±3 years), sex, and level of education (±3 years)
to the individuals with PD participated in the study. Data from these subjects were collected
as a part of a larger study of the effects of length and linguistic complexity on speech
production in PD.26 Although the severity of their motor symptoms was not formally
assessed, all participants with PD were ambulatory and living independently at the time of
testing suggesting the participants fell into the mild to moderate range of disease severity.
Summary characteristics for these participants are provided in Table 1. All participants were
native speakers of American English, passed the Mini-Mental State Examination,27 had
normal hearing,28 and reported normal or corrected-to-normal vision. Participants with PD
were tested within 1 to 2 hours of taking their medication to control for possible on-off
effects. It should be noted, however, that most studies of drug cycle effects have found no
significant changes to speech when subjects were undergoing dopaminergic therapies.29–33

Participants were excluded from the experiment if they reported neurological conditions
other than PD (eg, stroke), wore dentures that might interfere with articulatory movement
tracking, took medication likely to affect motor performance (eg, muscle relaxants,
narcotics), or had problems with hearing, speech, language, or reading unrelated to PD. The
Purdue University Committee on the use of Human Subjects (Institutional Review Board
[IRB]) approved all recruitment and experimental procedures.

In general, the individuals with PD were judged to be intelligible but had mild to moderate
dysarthria; for example, reduced articulatory precision and loudness based on a 7-point
perceptual rating scale by 3 speech-language pathologists with experience assessing
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individuals with dysarthria (Table 1). A detailed description regarding the perceptual ratings
is provided in Walsh and Smith.26

Speech Production Task
Participants produced 2 sentences containing predominantly bilabial consonants, so that lip
and jaw movements were targeted. Sentence 1: “The boys and the pipers baked moist
pumpkin pies,” contained 11 syllables; and sentence 2: “The messy boys whom the merry
pipers saw baked many moist pumpkin pies,” contained 17 syllables.

Equipment
Kinematic data were collected with a Northern Digital Optotrak 3020 system (Waterloo,
Ontario, Canada). The camera system recorded 3-dimensional positions of small infrared
markers affixed to the vermilion border of the lower lip at midline and affixed to a splint
attached under the chin (for jaw movement) with adhesive collars (accuracy = 0.1 mm).
Movement data collection parameters described by Smith et al.34 were followed. Lip and
jaw articulatory movements were corrected for head motion and digitized at 250 samples/
sec. The speech signal for acoustic measurements was recorded with a condenser
microphone placed at a 45-degree angle 6 inches away from the participant’s mouth; this
distance was reassessed throughout the experimental session to ensure that the mouth-to-
microphone distance remained constant. The acoustic signal was digitized using Praat, a
software program developed for speech acoustic analysis (available for download at http://
www.praat.org).35

Experimental Protocol
Participants practiced producing each sentence 1 time as it appeared on computer monitor in
large font. During data collection, the 2 sentences analyzed for this experiment were
quasirandomized within a block of 6 sentences, so that each sentence appeared in a
particular position within a block (out of 15) an approximately equal number of times.
Participants were instructed to read each sentence as soon as it appeared on the monitor
using their typical speaking voice.

Kinematic Data Analysis
In the analysis, we included 10 accurate and fluent productions of each sentence for each
participant (both the practice and first productions were discarded and the next 10 out of a
possible 15 total acceptable productions were utilized). Overall accuracy scores are provided
in Table 2. Two separate measures of displacement and velocity were computed. First,
measures of peak amplitude and velocity of LL (plus jaw) opening and closing (O-C)
movements during production of the syllable /paIp/ in the word “pipers” were calculated for
the 10 repetitions of each sentence then averaged together for each participant. The duration
of the O-C LL movement sequence for the syllable /paIp/ was also determined for all 10
repetitions of each sentence then averaged. These measures were chosen as representative
spatial and temporal parameters for internal components of the sentence. Second, we
employed a dynamic range measure to characterize the amplitude and velocity of LL (plus
jaw), and jaw movement across the entire spoken phrase.36 The dynamic ranges included
80% of the points in the displacement or velocity trajectory for the whole utterance. The
upper and lower 10% of these points were excluded, thus revealing the primary operating
range of motion independent of the peak values of displacement and velocity.36 For each
participant, the 10 displacement and 10 velocity dynamic ranges obtained for each sentence
were averaged for each articulator.
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Acoustic Data Analysis
Acoustic analyses were completed on the same 10 fluent and accurate productions of each
sentence as described above for the kinematic analyses. Individual sentences were extracted
by using the combined waveform and wideband spectrographic displays of Praat. For each
speaker, the mean speech intensity in dB sound pressure level (SPL) was computed across
each sentence repetition for both sentences then averaged together. The mean speech rate
(syllables/s) was calculated for each repetition then averaged for a given sentence condition.
F2 transition measures for the diphthong / I/ in the words “boys” and “moist” for the 10
repetitions from each sentence were computed according to conventional criteria (eg, Kent
et al.23). In order to define F2, the first and last glottal pulse of the vocalic nucleus for each
diphthong was identified in Praat. For each vowel nucleus, formant traces for F2 were
computed in 5-msec intervals using linear predictive coding. The formant trajectories were
analyzed with a custom written program in MATLAB (Math-Works, Natick, MA). The
onset of an F2 slope was defined as the portion of the vowel nucleus from which a 20-msec
increment was accompanied by at least a 20-Hz frequency increase, while the offset was the
point from which a 20-msec increment did not have a 20-Hz or greater change.23 Other
second formant trajectory measures (transition extent [TE], the amount of frequency change
along the transition, and transition duration [TD], the duration of the transitional segment)
were also derived using the MATLAB program. The mean F2 slope value was computed
across 20 productions of the words “boy” and “moist” (10 for each sentence) for each
participant.

Statistical Analysis
Values for the variables dB SPL, speech rate, and syllable duration were entered into
separate analyses of variance (ANOVAs) to detect potential group differences. Separate
repeated measures ANOVAs were computed to examine potential between-group
differences for the following variables: O-C displacement and O-C peak velocity, LL and
jaw displacement, and LL and jaw velocity dynamic ranges. The within-subject factors in
these ANOVAs was direction (2: open and close) and articulator (2: LL and jaw). An
ANOVA with repeated measures on word (2: boy and moist) was also computed to analyze
between group differences in F2 characteristics. In cases in which the parametric assumption
of homogeneous variances was violated and not amenable through transformation (eg, log,
arc-sine, or square-root); between-group differences were assessed with Mann-Whitney U
analyses.

Approximately 10% of the acoustic data was reanalyzed through random selection of 2
participants with PD and 1 control. Reliability was assessed by computing Pearson’s r
correlations between the first and second measurement for each variable. The correlation
coefficients (r) and mean differences (MDs) between the original and reanalyzed data were
as follows: rate: r = 0.99, MD = 0.01 seconds; dB SPL: r = 0.98, MD = 0.03 dB; and F2
slope: r = 0.97, MD = 113.26 Hz/s.

Results
Speech Kinematic Measures

In Table 2, means and standard deviations for each variable for both participant groups are
listed. Table 3 provides a statistical summary of all the results from the ANOVAs. The 2
graphs in Figure 1 show individual data points for O-C LL displacement and velocity. The
lower left quadrant of each graph, therefore, contains data from participants with the
smallest movement amplitudes and lowest velocities, while the upper right quadrants
represent data from participants with larger movement amplitudes and higher velocities.
Although there is overlap in the data from the 2 groups, on average, the individuals with PD
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had significantly smaller LL O-C displacements and lower velocities than the control
participants. There was a within-subjects effect of direction. As expected, on the basis of
earlier reports (eg, Max et al.37), closing velocities were significantly higher than opening
velocities. Finally, the group effect for duration of the LL open-close movement sequence
for the syllable /paIp/ was not significant.

Figure 2 shows individual data points for LL and jaw velocity and displacement dynamic
ranges for both groups. Similar to findings for single-movement components, the PD group
had significantly reduced LL and jaw displacement dynamic ranges across whole-phrase
productions compared to the control participants. The PD group also had significantly
reduced velocity dynamic ranges for the LL and jaw than the control group. There was a
significant effect of articulator. For both groups, jaw motion was typically associated with
smaller displacement and reduced velocity dynamic ranges than LL. The interaction
between articulator and group was not significant.

Speech Acoustic Measures
A Mann-Whitney U test confirmed that there were no differences between the groups with
respect to their speaking rates (U = 102.0; P =.33). There was a significant group effect for
speech intensity (dB SPL). Figure 3 shows individual dB SPL values for each group. The
group with PD had, on average, SPL levels that were 4.6 dB lower than the control group.
Descriptive statistics for transition extent (Hz), transition duration (msec), and F2 slope (Hz/
ms) are reported in Table 2 for the words “boy and “moist.” Only slope measures, however,
were considered in the statistical analysis to avoid redundancy.38 In Figure 4, the individual
slopes for both groups are plotted as a function of the word produced. As Figure 4 suggests,
there was a significant group effect; the slopes for both words combined were significantly
reduced in the participants with PD. The PD group had shallower F2 slopes by
approximately 2.79 Hz/msec compared to the control group. There was a word effect. Figure
4 shows that the diphthong in the word “moist” was consistently associated with increased
slopes compared to the diphthong in the word “boy” in both groups of speakers. The group
by word interaction was not significant.

Discussion
Taken together, our kinematic and acoustic analyses provide a more complete picture of
how speech production is affected by PD. We found that on average, individuals with PD
spoke with reduced lower lip and jaw movement amplitudes and velocities, decreased vocal
intensity, and had shallower formant slopes compared to controls. However, speech rates
and syllable durations were similar between the 2 groups.

As reported in several earlier studies,7,9–11 on average, individuals with PD had lower
amplitudes and velocities of opening and closing lower lip movements within single
articulatory movements as well as for multiple movement sequences for phrase-length
productions. The participants with PD also had reduced dynamic ranges for jaw
displacement and velocity during phrase-level productions. This finding is in agreement
with some earlier studies.6,7 On the other hand, Connor and Abbs14 found no differences
between PD and control participants with respect to jaw movement. However, their findings
were based on data from only 5 individuals with PD. Furthermore, although they measured
jaw velocity and amplitude separately, they only reported that the ratio between these
variables was unimpaired.

On average, the participants with PD had significantly lower speech intensities and
shallower F2 transition slopes for diphthong production (eg, the “oi” in moist) compared to
the controls. These findings are corroborated by earlier studies.23,34 The values in Table 2
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imply that shallower slopes in the PD group were due to reduced transition extents rather
than reduced transition durations (which were nearly identical between the 2 groups).
Reduced F2 transitions in the group with PD reflects a reduction in the rate of change of the
oral cavity (eg, reduced tongue and/or jaw movement) to produce the diphthong,34 and
mirrors the finding of reduced LL and jaw displacement in the kinematic analyses.

Similar to findings from several other studies,6,18,38–40 we found no significant difference in
the average speaking rate between the 2 subject groups. There are several accounts of faster
speech rates in participants with PD.41,42 In our task, the participants repeated sentences in
response to a visual prompt. We found that not only was the overall rate comparable
between the 2 groups, but that the duration of internal sentence components (ie, syllables
and F2 transitions) was similar in both groups; however, the PD group had a larger range of
speaking rates. The kinematic data showed that the group with PD had lower velocities on
average; however, they were moving smaller distances, thus maintaining similar durations as
the control group. Precise timing of rapid sequential movements of multiple structures is
critical for intelligible speech production. As Connor et al.6 pointed out, varying the duration
of components in the speech acoustic signal affects the auditory perception of consonants.43

Thus, it is possible that greater importance is placed on the preservation of timing
mechanisms which are essential for intelligible speech production.

Conclusions
The results of our study support an overall “down-scaling” of speech production in some
individuals with PD. These participants with PD spoke with decreased amplitude and
velocity of LL and jaw movements, presumably had decreased tongue/jaw excursions as
indicated by the F2 measures, and spoke at lower intensities than controls. Our findings
provide support for pursuing treatment programs for individuals with PD such as LSVT®

(LSVT Global, Tucson, AZ), an intensive dysarthria treatment program in which the goal is
an overall “scaling up” of vocal and articulatory effort.21,22 It is important, however, to note
that some participants with PD produced speech parameters within the range obtained for
control participants. If dysarthria therapy is warranted, these individuals may benefit from
alternative treatments that target, for example, other parameters such as rate, articulatory
precision, and intelligibility.

Decreased amplitude and/or slowed movements in PD are well documented in studies of
gait, handwriting, and hand pointing/reaching,44–49 and in voluntary facial expression.50

Hypokinesia and bradykinesia in PD in limb motor control is hypothesized to result from
inadequate excitation of motor neuron pools due to deficient discharge from the basal
ganglia to cortical areas (eg, Albin et al.,51 Berardelli et al.,52 Desmurget et al.53) and/or
impaired sensory integration/ proprioception, which in turn affects motor program execution
(eg, Abbruzzese and Berardelli,54 Demirci et al.,55 Fellows et al.,56 Klockgether et al.57).
There is a paucity of data on facial muscle function during speech production in PD, as the
underlying sensory motor system deficits that produce this downscaling of movement in
speech production are unknown. It is interesting, however, to note that several studies
indicate there is no muscular insufficiency preventing individuals with PD from speaking
with larger lip and jaw movements and/or at a louder volume when externally cued to do
so.58,59 Further research is needed to clarify how sensory processing and/or reduced cortical
discharge to motor neuron pools affect speech motor control, contributing to the
downscaling of articulatory movements in individuals with PD.
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FIG. 1.
Individual data points for lower lip opening (left graph) and closing (right graph)
displacement and velocity are shown. Because opening velocities are negative values, the
absolute value of velocity is plotted in this figure. The inset lines show the median value for
each variable for all participants.
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FIG. 2.
Individual data point for lower lip (left graph) and jaw (right graph) displacement and
velocity dynamic ranges are shown. The inset lines in these graphs show the median value
for each variable for all participants.

Walsh and Smith Page 11

Mov Disord. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 3.
Individual data bars for speech intensity in dB SPL are shown. The acoustic signal was
recorded with a microphone positioned 6 inches away from the participant’s mouth.
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FIG. 4.
Individual data bars for F2 slope in Hz/ms are shown for production of the words “boy” and
“moist.”

Walsh and Smith Page 13

Mov Disord. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Walsh and Smith Page 14

TA
B

LE
 1

D
es

cr
ip

tiv
e 

ch
ar

ac
te

ri
st

ic
s 

of
 th

e 
pa

rt
ic

ip
an

ts
 w

ith
 P

D

P
ar

ti
ci

pa
nt

A
ge

Y
ea

rs
 s

in
ce

 d
ia

gn
os

is
Se

x
P

D
 m

ed
ic

at
io

ns
R

ed
uc

ed
 lo

ud
ne

ss
 r

at
in

ga
R

ed
uc

ed
 a

rt
ic

ul
at

or
y 

pr
ec

is
io

n 
ra

ti
ng

a

PD
1

70
10

F
Se

le
gi

lin
e,

 P
ra

m
ip

ex
ol

e
1.

3
1.

8

PD
2

71
5

M
C

-d
op

a/
L

-d
op

a,
 P

ra
m

ip
ex

ol
e,

 E
nt

ac
ap

on
e

1.
7

1.
8

PD
3

73
5

F
C

-d
op

a/
L

-d
op

a,
 P

ra
m

ip
ex

ol
e

4.
0

1.
5

PD
4

75
15

M
C

-d
op

a/
L

-d
op

a
4.

7
3.

0

PD
5

80
6

F
C

-d
op

a/
L

-d
op

a,
 E

nt
ac

ap
on

e,
 R

op
in

ir
ol

e
1.

7
1.

0

PD
6

75
5

F
C

-d
op

a/
L

-d
op

a,
 B

ro
m

oc
ri

pt
in

e
1

1.
0

PD
7

77
4

M
C

-d
op

a/
L

-d
op

a
5.

8
3.

3

PD
8

79
5

M
C

-d
op

a/
L

-d
op

a,
 E

nt
ac

ap
on

e,
 R

op
in

ir
ol

e
4.

7
3.

0

PD
9

70
6

M
C

-d
op

a/
L

-d
op

a
1.

3
2.

3

PD
10

70
5

F
C

-d
op

a/
L

-d
op

a,
 B

ro
m

oc
ri

pt
in

e
4.

0
2.

0

PD
11

79
5

M
C

-d
op

a/
L

-d
op

a,
 M

ir
ap

ex
3.

0
1.

5

PD
12

82
4

M
C

-d
op

a/
L

-d
op

a,
 A

m
an

ta
di

ne
1.

0
1.

7

PD
13

74
5

M
C

-d
op

a/
L

-d
op

a,
 S

el
eg

ili
ne

, P
ra

m
ip

ex
ol

e
1.

7
1.

8

PD
14

62
5

M
C

-d
op

a/
L

-d
op

a,
 A

m
an

ta
di

ne
1.

7
1.

5

PD
15

67
12

M
C

-d
op

a/
L

-d
op

a
2.

7
1.

3

PD
16

71
6

M
C

-d
op

a/
L

-d
op

a
2.

7
1.

0

a Se
ve

n-
po

in
t p

er
ce

pt
ua

l r
at

in
g 

sc
al

e:
 1

 =
no

rm
al

; 2
–3

 =
m

ild
 s

ev
er

ity
; 4

–5
 =

m
od

er
at

e;
 a

nd
 6

–7
 =

se
ve

re
.

PD
, P

ar
ki

ns
on

’s
 d

is
ea

se
; F

, f
em

al
e;

 M
, m

al
e;

 C
-d

op
a,

 c
ar

bi
do

pa
; L

-d
op

a,
 le

vo
do

pa
.

Mov Disord. Author manuscript; available in PMC 2013 June 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Walsh and Smith Page 15

TABLE 2

Means and standard deviations in parentheses for the group and condition factors

Measure Control PD

SPL (dB) 79.1 (3.7) 74.5 (2.2)

Syllable duration (s) 0.25 (0.03) 0.24 (0.03)

Speech rate (syllable/s) 4.2 (0.24) 4.1 (0.08)

Accuracy 0.86 (0.13) 0.95 (0.03)

Direction Direction

Open Close Open Close

LL displacement (mm) 11.3 (2.8) 11.3 (2.0) 9.5 (2.7) 9.1 (2.4)

LL velocity (mm/s) 139.1 (47.4) 162.0 (29.6) 107.8 (33.7) 141.1 (34.4)

Articulator Articulator

Lower lip Jaw Lower lip Jaw

Displacement dynamic range (mm) 8.7 (2.1) 7.8 (2.3) 7.0 (1.5) 6.0 (1.6)

Velocity dynamic range (mm/s) 172.0 (46.8) 158.7 (50.4) 132.6 (38.3) 112.0 (39.1)

Word Word

Boy Moist Boy Moist

F2 slopea (Hz/ms) 10.8 (3.3) 14.4 (2.7) 8.4 (1.7) 11.2 (2.8)

F2 extent (Hz) 890.7 (228.5) 775.2 (197.2) 735.7 (219.1) 676.1 (222.5)

F2 duration (ms) 96.0 (27.0) 58.7 (16.3) 99.5 (30.0) 65.0 (26.8)

Values are means and standard deviations for each variable for both participant groups.

a
Before log-transformation to correct for heterogeneity of variances.

PD, Parkinson’s disease; SPL, sound pressure level; LL, lower lip; F2, second formant.
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