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ABSTRACT:
This investigation aimed at determining whether an acoustic quantification of the oral diadochokinetic (DDK)

task may be used to predict the perceived level of speech impairment when speakers with Parkinson’s disease

(PD) are reading a standard passage. DDK sequences with repeated [pa], [ta], and [ka] syllables were collected

from 108 recordings (68 unique speakers with PD), along with recordings of the speakers reading a standardized

text. The passage readings were assessed in five dimensions individually by four speech-language pathologists in

a blinded and randomized procedure. The 46 acoustic DDK measures were merged with the perceptual ratings of

read speech in the same recording session. Ordinal regression models were trained repeatedly on 80% of ratings

and acoustic DDK predictors per dimension in 10-folds, and evaluated in testing data. The models developed

from [ka] sequences achieved the best performance overall in predicting the clinicians’ ratings of passage read-

ings. The developed [pa] and [ta] models showed a much lower performance across all dimensions. The addition

of samples with severe impairments and further automation of the procedure is required for the models to be used

for screening purposes by non-expert clinical staff. VC 2020 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/
4.0/). https://doi.org/10.1121/10.0000581

(Received 17 June 2019; revised 11 December 2019; accepted 20 December 2019; published online 6 February 2020)

[Editor: Ewa Jacewicz] Pages: 839–851

I. INTRODUCTION

Motor speech disorders are speech disorders caused

by neurological impairment or disease affecting the plan-

ning, programming, control, or execution of speech move-

ments. Dysarthria and apraxia of speech make up more

than 50% of acquired communication disorders, dysarthria

being the most common (Duffy, 2013). In dysarthria,

changes of strength, tone, range of movement, precision,

and coordination of speech movements result in alterations

in respiration, phonation, articulation, resonance, and

prosody. Speech symptoms range from mild to severe.

Increasing severity usually leads to a more significant

impact on intelligibility and speech naturalness, which

may also be associated with difficulties to perform every-

day activities and taking part in communicative interaction

(Yorkston et al., 2010).

The dysarthrias can be classified based on audio-

perceptually identified speech symptoms and related neuro-

logical disorder or site of lesion (Darley et al., 1975; Duffy,

2013). Hypokinetic dysarthria is most frequently associated

with Parkinson’s disease, PD, caused by dopamine defi-

ciency. Typically, all aspects of speech production are

affected in hypokinetic dysarthria, although changes related

to voice, articulation, and prosody often are most prominent.

Common perceptual characteristics include reduced loud-

ness, harsh, breathy vocal quality, articulatory imprecision,

as well as monotone and variable speech rate (Dashtipour

et al., 2018; Ramig et al., 2018). Changes in speech and

voice have been reported in up to 90% of individuals

affected by PD, and for many, the speech changes affect

communicative participation and quality of life (Hartelius

and Svensson, 1994; Schalling et al., 2017). Acoustic

changes associated with dysarthria in PD have been a focus

of interest, mainly because of the potential for early (differ-

ential) diagnosis and possible documentation of disease pro-

gression and effects of treatment. Changes in voice

characteristics include low mean intensity levels and

reduced maximum phonation frequency ranges, worsening

in later stages of the disease (Holmes et al., 2000). Changes
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in articulation as measured by acoustic analysis include

reduced rate of syllable repetitions, reduced acoustic vowel

area (resulting in less well-differentiated vowel qualities),

and lower similarities in repeated syllable production which

also indicate reduced movement of orofacial muscles (Rusz

et al., 2011).

Assessment of motor speech disorders may include clini-

cal tests, measures of speech intelligibility, and audio-

perceptual and acoustic analyses of speech samples.

Protocols for speech assessment typically include a range of

speech tasks such as sustained phonation, production of rapid

syllable repetition, reading of sentences and a paragraph, and

often also a sample of spontaneous speech. Syllable repeti-

tion is a task that may be elicited to be used both for audio-

perceptual and acoustic analysis. The speaker is instructed to

produce a sequence of syllables as fast and evenly as possi-

ble. When the same syllable is repeated, the task is called

alternating motion range (AMR), typically repetition of

[papa…], [tatata…], and [kaka…] and when a series of dif-

ferent syllables is performed ([pataka…]) the task is referred

to as sequential motion rate (SMR). AMR and SMR are often

used as maximum performance tasks to assess, for example,

speed and precision of articulatory movements. The diado-

chokinetic (DDK) rate is a common measurement of the

speaker’s ability to perform the task, but the task may also be

used, for example, for analyses of the rate variability or other

types of analyses. In PD, the DDK rate can be either slower

or faster than in typical speakers, the syllable may vary in

duration (Skodda, 2011), and production of consonants may

be imprecise (Rusz et al., 2011; Skodda, 2011).

In using DDK tasks to differentiate speakers with a neu-

rologic condition from healthy speakers, the rate of syllable

production and changes in rate across syllable sequences

have been used. In addition, to capture the quality of conso-

nant and vowel production, the spectral properties of the syl-

lables have been considered. For example, measures such as

the slope of the second formant F2 (Kim et al., 2009) and

voice onset time (VOT) (Auzou et al., 2000) have both been

described as important correlates to aspects of dysarthria in

PD. Recent work has demonstrated that VOT may be

extracted automatically with an acceptable accuracy

(Monta~na et al., 2018), and further that VOT provides infor-

mation that may help identify speakers with PD (Monta~na

et al., 2018). However, as discussed by Auzou et al. (2000)

and Karlsson et al. (2011) the absence of the acoustic events

required for VOT computation is a prominent feature of

more severe dysarthria, which reduces the utility of the

VOT measure itself. More global approaches have been

used for differential diagnosis by Godino-Llorente et al.
(2017) taking whole-spectrum quantification of the dynam-

ics of the syllable sequence dynamics into account, and vari-

ability in syllable durations have been identified as

indicative of dysarthria type in DDK sequences (Rusz et al.,
2015) as well as in read speech (Liss et al., 2009). Several

segmental measures can also be used to add to the informa-

tion on articulatory imprecision. The stop closure portion to

the vowel amplitude ratio (Dromey and Bjarnason, 2011)

has been suggested, as have the prominence of the release

peak of plosives, voicing spread, and devoicing (Eklund et al.,
2014; Karlsson et al., 2012, 2014). In a recent study by

Karlsson and Hartelius (2019), syllable sequences from 38

speakers with PD and 38 gender- and age-matched control

speakers were quantified acoustically using a comprehensive

set of acoustic measures. The set of measures most successful

in distinguishing the two groups were related to the proportion

of a syllable made up of a vowel, the amplitude slope, and syl-

lable-to-syllable variation in duration and amplitude. Release-

transient prominence and voicing during the onset of plosives

were particularly strong predictors of articulatory precision.

The aim of the present study was to investigate if the level of

speech impairment in passage readings may be predicted

based on how the same speaker produces DDK syllables.

II. METHOD

A. Participants

Recordings of 68 speakers with PD with speech charac-

teristics that were largely congruent with the hypokinetic

dysarthria type were included in this study. The group of 68

speakers was made up of two sets of participants. The first

group consisted of 28 speakers (13 male, 15 female) and

was recorded at the University of Gothenburg. These partici-

pants were recorded only once with their regular medica-

tion. The average age of these speakers, with standard

deviation, was 69.6 6 9,3 yr, had a Hoehn & Yahr (H&Y,

Hoehn and Yahr, 1967) rating of 2.6 6 0.60, and a score on

the motor part of the Unified Parkinson’s Disease Rating

Scale (UPDRS part III, e.g., Goetz et al., 2008) of

28.5 6 10.6 (one missing value). A second group of 40

speakers (32 male, 8 female) was recorded off and on medi-

cation at Umeå University. The average age of this group of

speakers was 61.7 6 9.0 yr, the speakers had an average

H&Y rating of 2.2 6 0.4 and an average UPDRS III score of

37.7 6 12 on medication. The on and off medication record-

ings were performed approximately 1.5 h apart and were

included in order to increase the range of speech impairment

levels in the study. The demographic characteristics of each

participant are presented in Appendix A.

B. Speech material

The speech material consisted of 108 recording sessions

in total. The speakers performed two tasks in a recording

session. In the first task, the speaker was asked to read a

standard passage “Ett svårt fall” (“A difficult case”)

(Hartelius, 2015) which is part of the standardized assess-

ment of dysarthria in Sweden. This text consists of 89 words

and is a story including various speech and language fea-

tures typical of Swedish.

A random sample of 11 recordings (10%) was dupli-

cated to support the assessment of intra-rater reliability. In

the same recording session, the speakers were asked to pro-

duce DDK syllable sequences repeating the same syllables

([papapa…], [tatatata…], and [kakaka…]) as fast and evenly

as they could. The order of syllable presentations remained
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constant across speakers. The recordings were performed at

two centers and therefore with some variation in the techni-

cal details of the recording. The recordings made at Umeå

University Hospital were made in a sound-treated booth,

using a head-mounted microphone (Sennheiser MKE 2 P-

C, Sennheiser, Wennebostel, Wedemark, Germany) with a

15 cm mouth to microphone distance, that was calibrated

using a purpose-built calibration system (Asplund, 2004).

The samples were recorded at a 48 kHz sampling rate using

a digital audio flash recorder (Marantz PMD 660, Marantz,

Kanagawa, Japan). In the case of some early recordings, a

digital audio tape recorder (Panasonic SV 3800, Panasonic

Corporation, Osaka, Japan) and a 44.1 kHz sampling fre-

quency was used. The University of Gothenburg recordings

were made in a quiet room on an HP Elite Book laptop using

the software Audacity 1.3 Beta and an external Roland

Quad-Capture sound card. The microphone used was a

Sennheiser HSp 4 (Sennheiser, Wennebostel, Wedemark,

Germany) headset microphone with an MZA 900 P phantom

adapter (Sennheiser, Wennebostel, Wedemark, Germany).

C. Perceptual evaluations

The protocol used for the ratings comprised of four gen-

eral domains (“Overall Impression,” “Articulation,” “Voice

and Respiration,” and “Prosody”) assessed on a four-point

scale corresponding to “No deviation,” “Mild,”, “Moderate,”

and “Severe” deviation (Wannberg et al., 2015). The moder-

ate and severe categories were subsequently merged into one

in order to support model training, due to too few ratings of

severe deviation in all domains.

Four experienced Speech-Language Pathologists (SLPs)

individually assessed all sound files. Initially, four sound files

were rated by each rater; the ratings were then discussed and

agreed upon in consensus. Consensus-training was performed

prior to the perceptual assessment in order to strengthen inter-

reliability (Iwarsson and Reinholt Petersen, 2012).

Thereafter, all 108 sound files were individually assessed by

the four raters. The individual ratings approach was selected

over consensus ratings in order to afford reduction of the

effect of presentation order, such as listener fatigue, by ran-

domization, and to support observation of inter-rater differ-

ences in the perceptual ratings. There was no time limitation

and it was possible to listen as many times as required.

Laptops and Sennheiser HD 212Pro headsets were used. Each

clinician assessed the sound files in a uniquely randomized

order, with duplicate files included in the set before randomi-

zation. The most frequent severity rating of each domain

assigned to each recording is presented in Appendix A.

D. Reliability

The reliability of the human raters was assessed by the

percent agreement between ratings of each domain in the 11

recordings that were rated 2 times. The average intra-rater

agreement (with range) was 0.86 (0.81–1.00) for Overall

impression, 0.84 (0.73–0.91) for Articulation, 0.82 (0.72–1.00)

for Prosody, and 0.86 (0.63–1.00) for Voice and respiration.

E. Acoustic analysis

The recorded DDK sequences were submitted to a man-

ual markup procedure that has been described in a previous

report (Karlsson and Hartelius, 2019). All syllables pro-

duced within a sequence were annotated in terms of the start

and end of the syllable. In addition, a boundary between the

vowel and consonant segments was marked. In syllables

where either the consonant or vowel portion was omitted

during production, only a single segment was annotated, and

the type of segment (vowel or consonant) was noted. All

produced sequences were annotated, but only the longest

sequence of each syllable type was included in the subse-

quent analysis. See Appendix A for an overview of the num-

ber of syllable sequences produced by each speaker in the

recording sessions. The markup of DDK sequences was per-

formed by the same human transcriber.

All transcribed syllables were then submitted for acous-

tic analysis based on the timing of syllable and segment

boundaries and the spectral properties of the corresponding

acoustic recording. In the temporal domain, the average

articulation rate was computed from the durations of sylla-

bles. The stability in syllable durations was also assessed

through five forms of short-term variability (e.g., Jitt and

nPVI), as well as the progressive change in syllable rate

throughout the sequence (Skodda et al., 2016) and Rate

slope (Karlsson and Hartelius, 2019). In agreement with the

procedure of Karlsson and Hartelius (2019), syllable dura-

tion based measures was complemented with the corre-

sponding syllable amplitude measures, so that each

sequence was quantified in terms of syllable to syllable sta-

bility in root-mean-square (RMS) amplitude (e.g., Shim and

nPVI_A), and progressive change in amplitude of syllables

across a sequence (Ampl.relStab5–12, Ampl.relStab13–20,

%AD, and Ampl. slope).

Within the syllable, the average proportion of the syllable

duration made up of the vowel was computed (%N), as well

as the relative amplitude in the vowel and consonant (Dromey

and Bjarnason, 2011) (O/N Ampl.). The percent average voic-

ing of consonant and vowel (%Phon and %NPhon) was

obtained by dividing the segment into 100 slices, in which the

presence or absence of voicing was detected. The progressive

change in these properties across a sequence was computed as

the slope of a linear regression line fitted to the percent voiced

values (resulting in the Prog. %Phon and Prog. %NPhon mea-

sures). Similarly, the average percent voicing in the initial,

medial, and final portion of the consonant and vowel

(Karlsson et al., 2012) was computed (%Phon_init,

%Phon_med, %Phon_fin and %NPhon_init, %NPhon_med,

and %NPhon_fin, respectively). The release transient promi-

nence (RTP) (Karlsson et al., 2014) was also computed for all

consonants, and investigated as the within sequence average

and standard deviations (meanRTP, sdRTP). In total, 46 pre-

dictors were extracted for each DDK sequence. Results from

[pa], [ta], and [ka] sequences were kept separate when merg-

ing the results with the perceptual ratings of speech perfor-

mance of the speaker in the same recording session.
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F. Statistical analysis

The affordance of the compiled set of acoustic measures

of DDK sequences for predicting the perceived level of

speech impairment in passage reading was evaluated using

an ordinal regression with elastic net regularization. The

procedure is visualized in Fig. 1. Measures of [pa], [ta], and

[ka] sequences produced by the speakers from the sample

recorded at the University of Gothenburg combined with the

perceptual ratings of passage readings in the same sessions

(27% of the total sample) were set aside for model testing.

The regularized ordinal regression model was then trained

and tuned in the remaining data in ten randomly assigned

folds. In ten iterations, one fold was then removed from the

training data, the model fitted in the remaining nine folds, and

an optimal fit to the human raters’ response was computed

and evaluated in the removed fold. The optimal model was

identified by selecting tuning parameters lambda and alpha so

that the kappa of the predicted and true perceptual ratings in

the fold were maximized. The ten-fold cross-validation was

FIG. 1. (Color online) An overview of the procedure used for model training and model testing. Separate models were trained on [pa], [ta], and [ka] syllable

sequences to predict human raters’ perception of the passage reading in the same session. The model accuracy in the prediction of human raters’ response

based on DDK sequences was then evaluated as the agreement of model predictions based on unseen data with the response of human raters.
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repeated 100 times and the resulting models averaged to

obtain the final models linking specific kind of DDK

sequence ([pa], [ta], or [ka] sequence) with a specific

domain (Overall impression, Articulation, Prosody, and

Voice and respiration).

All evaluations of the computed models were per-

formed in the testing data, which was not included when

training the models. The performances of models were eval-

uated using the pairwise percent agreement between models

and human raters, and pairwise between human raters.

Measures of the portion of correct predictions of a specific

perceptual severity (Precision), the portion of perceptual

ratings that were identified correctly by the DDK model

(Recall), were also considered when evaluating the models.

III. RESULTS

Figure 2 presents the agreement between the models’ pre-

diction of the human raters’ perception of each speech dimen-

sion, as well as the corresponding pairwise agreement between

human raters. Table I shows how model prediction accuracies

were distributed in terms of the portion of correct predictions of

a specific perceptual severity (Precision) and the portion of per-

ceptual rating that were identified correctly by the DDK model

(Recall).

FIG. 2. The percent agreement

between assessments of recordings in

the testing data made by human raters

and models using DDK measures as

input ([pa]-, [ta]-, and [ka]-model).
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The highest level of agreement between the rated level

of impairment and DDK predictions were achieved in

Articulation and [ka] DDK sequences. The predictions based

on [pa] and [ta] DDK sequences were reduced in agreement

with the perception of humans in speakers rated as having

severe impairment (Table I). The overall agreement of the

predicted ratings of the [ka] model predictions and the actual

predictions of human raters (69%–89%) showed a substantial

overlap with the inter-rater agreement observed within

human raters (64%–79%) for the Articulation speech dimen-

sion (Fig. 2). Predictions of human ratings of Overall impres-

sion by the [ka] model (69%–74%) were comparable to the

agreement observed for Articulation.

Human ratings of Prosody and Voice and respiration

were predicted at a lower average agreement score com-

pared to Articulation and Overall impression

(Prosody¼ 39%–69%; Voice and respiration¼ 26%–77%).

The [ka] model achieved a higher percent agreement with

human raters (Prosody¼ 41%–69%; Voice and respira-

tion¼ 51%–77%) compared to [pa] (Prosody¼ 39%–44%;

Voice and respiration¼ 26%–59%) and [ta] models

(Prosody¼ 39%–59%; Voice and respiration¼ 28%–59%).

The [ka] model achieved a better balance between precision

and recall when predicting No deviation and “Mild

deviation” in Prosody compared to [pa] and [ta] models

(Table I). The [pa] model had the best “Precision” in pre-

dicting “Moderate to severe deviation.” Cases rated as hav-

ing Mild deviation in Voice and respiration were predicted

most reliable by all models. The performance scores were,

however, comparable across [pa], [ta], and [ka] predictions

for this speech dimension (Table I).

The importance of all acoustic measures is presented in

Fig. 3 as the contribution of the measure to the accuracy of

prediction (variable importance, VI) of the perceptual rat-

ings of human raters for the [ka] model. Accurate predic-

tions of ratings of Overall impression received contributions

from 31 predictors. Four measures (nPVI, Rate, Prog.

%NPhon, and %NPhon) contributed with an accuracy

increase of 2.00 or above. Accuracy in predictions of

perceived impairment in Articulation received a contribu-

tion from 29 predictors, of which three (%Phon_final, RTP,

and %NPhon_init) contributed to increased accuracy in pre-

dictions of above 2.00. The severity of Voice and respiration

impairment received contributions from 23 predictors, of

which one (%Phon_final) had a contribution to accuracy

above 2.00. Prosody received a contribution to overall accu-

racy in predictions from 7 measures, but no acoustic predic-

tor contributed to the overall accuracy of prediction above

1.00. Across all perceptual domains, the most important pre-

dictors of perceived impairment were nPVI, %Phon_final,

Rate, Prog. %NPhon, %Phon, and RTP, all with a combined

VI above 4.00.

IV. DISCUSSION

This investigation aimed at determining whether an

acoustic quantification of repeated syllables ([papapa…],

[tatata…], or [kakaka…]) provides information that is indic-

ative of speech impairment in continuous speech. Passage

readings made by speakers with PD were assessed by four

experienced SLPs in a blinded randomized procedure, and

the raters’ perception and DDK models’ predictions were

evaluated in unobserved testing data.

The results show that quantification of [ka] syllable

sequences may predict the perceived level of articulatory

impairment, and also the overall level of speech impairment.

The [ka] model was trained on all human raters’ perception

of a particular speaker and afforded transfer of prediction of

unseen data that reached an agreement with individual

human raters that were comparable with the between human

raters’ agreements.

Ratings of Articulation were predicted most accurately

overall by the acoustic model of DDK sequences. This result

is not surprising considering that the acoustic measures used

here were primarily segmental in nature, and also explicitly

evaluated articulatory effects that have been associated with

dysarthria in patients with PD in previous research (e.g.,

Dromey and Bjarnason, 2011; Eklund et al., 2014; Karlsson

et al., 2012; 2014; Rusz et al., 2011; Skodda, 2011).

TABLE I. The proportion of successful predictions of a rater’s response in the read speech perceptual evaluation based on DDK measures. The numbers

indicate the proportion of predictions of that perceptual severity that agreed with the perceptual rating (Precision), and the proportion of ratings assigned the

specific rating category that was discovered by the DDK model (“Recall”).

Dimension

(Precision / Recall)

Rating Repeated syllable Overall impression Articulation Prosody Voice and respiration

No deviation /pa/ 0.34/0.44 0.37/0.73 0.58/0.51 0.37/0.20

/ta/ 0.25/0.19 0.15/0.07 0.59/0.70 0.50/0.11

/ka/ 0.33/0.64 0.52/0.63 0.67/0.75 0.15/0.46

Mild deviation /pa/ 0.64/0.47 0.55/0.21 0.48/064 0.51/0.76

/ta/ 0.64/0.33 0.38/0.17 0.41/0.33 0.48/0.57

/ka/ 0.50/0.41 0.54/0.31 0.54/0.64 0.73/0.58

Moderate to severe deviation /pa/ 0.05/0.08 0.13/0.09 0.50/0.22 0.12/0.17

/ta/ 0.23/0.70 0.04/0.40 0.33/0.29 0.30/0.35

/ka/ 0.13/0.05 0.20/0.44 0/0 0.25/0.25
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Further, the four human raters showed the strongest agree-

ment in the Articulation ratings, and the reduced variability

in the training data likely increased the prediction accuracy

of the model.

Ratings of Prosody and Voice and respiration were

modeled by the measures well enough to achieve an agree-

ment with the perception of human raters on the same level

as the between rater agreement. However, the agreement

level was lower than what was observed for Articulation and

Overall impression. Again, [ka] was identified as the most

informative syllable, but [ta] modeled the perceptual ratings

of Prosody by some human raters reasonably well.

The predictors identified as important for the best model

([ka]) spanned most dimensions covered by the acoustic mea-

sures, with small individual contributions (VI¼ 0.14–4.15)

each to the overall accuracy in predictions. Articulation rate

is the clinically most used quantification of a DDK sequence,

and our results show that while it was not the most powerful

predictor for any specific speech dimension, the measure is

highly indicative of deviating speech. Rate measure was the

third most important predictor overall (VI¼ 0.4–2.46) and

was used in predictions across all rated dimensions.

Among the other successful predictors were measures

of inappropriate voicing, such as voicing of obstruents in

FIG. 3. The contribution to [ka] model

prediction accuracy (VI) of each non-

zero predictor of the five rated dimen-

sions of speech impairment. An indica-

tion of the total importance of a

predictor is given by the VI sum across

all five [ka] models.
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preparation for the following vowel (%Phon_final), voicing

spread from the preceding vowel (%Phon), devoicing of the

vowel (%NPhon), along with overall variability in how pho-

nation was produced in obstruent productions [%Phon (sd)].

There have been previous reports suggesting that hypoki-

netic dysarthria may involve a hypertonicity in the vocal

folds (e.g., Goberman and Blomgren, 2008; Karlsson et al.,
2014). Similarly, spirantization of plosives is a well-

established acoustic feature of hypokinetic dysarthria, and

the two quantification methods included here (RTP mea-

sures and O/N Ampl.) Dromey and Bjarnason (2011) and

Karlsson et al. (2012) were found to be among the top pre-

dictors of both Articulation and Overall impression rat-

ings. While we cannot infer a causal connection, our

results suggest that speakers with PD who show an inabil-

ity to control the onset and offset of phonation or achieve

an appropriate closure phase and plosive release in a DDK

task are also perceived as having deviant speech when

reading a text.

Beyond voicing spread from surrounding vowels into

the consonant, measures of devoicing of the vowel were

also indicated to be good predictors of ratings of all dimen-

sions (Prog. %NPhon), Overall impression and Voice and

Respiration (%NPhon), Overall impression and Articulation

[%NPhon_init (sd), %NPhon_final (sd), %NPhon_final],

only Voice and Respiration (%NPhon). These results, how-

ever, require special consideration for their interpretation.

A post hoc analysis of the underlying signal data showed

that the period of f0 was longer than the analysis frame in

23% of vowels. Therefore, some observed cases of devoic-

ing may be due to a too small analysis frame. While these

predictors related to devoicing of vowels were shown to

add information for successful predictions in unseen data,

these measures involve a higher degree of measurement

error than what was expected when performing the analysis.

In future works, the methodology for assessing devoicing

needs to be revised in order to learn more reliably the extent

to which devoicing affects the perception of speech

impairment.

Our results show that the [ka] based model is superior

to [pa] and [ta] models for predicting speech impairment

using the DDK task. The identification of [ka] as a produc-

tive syllable for identification of speech effects is not unique

for this investigation but has also been suggested in previous

reports aimed at identifying patients with PD (Monta~na

et al., 2018). The observation that a model of [ka] syllables

may be constructed so that it can be used to predict the per-

ceived level of speech impairment outside of the task in

which it was applied has two implications for the field of

dysarthria assessment. First, it shows that the conclusion of

earlier works related to the usefulness of DDK sequences as

a tool for assessing speech impairment needs to be revised.

It has previously been shown that the rate of production of

syllables in a DDK sequence and speech rate are not related

(Staiger et al., 2017, 2016), and the conclusion drawn from

these results has been that the DDK rate is not a good indi-

cator of articulatory impairment. On the contrary, our data

suggest that the DDK rate is informative for the prediction

of speech impairment, as perceived by human raters,

although not strong enough to serve as a marker of speech

impairment alone. We show that it is possible to accurately

predict which text readings will be perceived as reduced in

articulatory clarity based on how syllables are realized in a

[ka] DDK sequence. That is, the problem is not the task, but

the analysis method used.

The second implication that this work has lies in the

potential affordance, with further research, to transfer

human experts’ assessments of articulatory impairment to

situations where an expert is not present. In an earlier inves-

tigation, [ka] syllables were shown to afford identification

of PD speakers among age-matched controls with 93%

accuracy (Karlsson and Hartelius, 2019). Here, the [ka]

model achieved agreements with human raters’ perception

that were highly comparable with the agreements between

human raters when applied to unseen data. Hence, the model

could already be applied to data it was not trained on, and

indicate the level of articulatory impairment in the speaker

with reasonable accuracy. This observation opens up the

potential for remote assessment, routine screening for

reduced articulatory ability as a sign of a neuromotor disor-

der, or self-monitoring applications of a condition under

treatment.

V. CONCLUSION

The results show that a [ka] DDK sequence performed

as a maximum performance test includes information that is

indicative of the level of speech impairment in the speaker.

Production rate, which is the most often used quantification

of the DDK task, combined with measures of the appropri-

ateness of phonation, realization of the stop gap and release

transient, as well as the stability in syllable rate and ampli-

tudes were the most indicative measures. DDK sequences

where [pa] or [ta] syllables are repeated are considerably

less informative of speech impairment in speakers with PD

than [ka] syllables. The addition of samples with severe

impairments and further automation of the procedure are

required for the models to be used for screening purposes by

non-expert clinical staff.
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APPENDIX A

Participant characteristics and results of perceptual assessments (median value). N.B. the last 40 participants (#29–#68)

were recorded both on and off medication (med ON/med OFF). Consequently, these participants have two reported values

corresponding to each recording session. When the two values (both DDK sequences and perceptual assessments) were iden-

tical in recording one and two, it is only reported once. Missing values indicated with “—”. DDK sequences ¼ Number of

produced DDK sequences (/pa/, /ta/, /ka/). Note: Part. ¼ participant, UPDRS III ¼ Unified Parkinsons Disease Rating Scale,

part III (clinical motor evaluation).

Part. Age Gender H&Y UPDRS III DDK sequences

Perceptual characteristics - severity of deviation

Overall impression Articulation Prosody Voice

1 70 Male 3.0 46 2,2,2 No No No Mild

2 78 Female 2.5 27 2,2,2 Mild No No Mild

3 67 Female 2.0 15 2,2,2 No No No No

4 58 Female — — 2,2,4 Mild Mild Mild Moderate-Severe

5 82 Male 2.5 28 2,2,2 Mild Mild No Mild

6 66 Male 2.0 14 2,2,2 Mild No Mild Moderate-Severe

7 55 Male 2.0 10 2,2,2 No No No No

8 78 Female 2.5 25 2,2,2 Mild Mild No Mild

9 73 Female 2.5 24 2,2,2 No No No Mild

10 80 Female 4.0 45 2,2,2 Mild Mild Mild Moderate-Severe

11 66 Male 2.5 27 2,2,4 Mild Mild Moderate-Severe Mild

12 76 Male 2.5 29 2,2,2 Mild Mild Mild Moderate-Severe

13 52 Female 3.0 42 1,2,3 Mild Mild Mild Mild

14 68 Female 3.0 31 2,2,2 Mild Mild Mild Mild

15 79 Female 4.0 31 1,2,2 Mild No No Moderate-Severe

16 67 Male 2.0 10 3,3,3 Mild Mild Mild No

17 78 Male 2.5 34 2,2,2 Mild No No Mild

18 77 Male 3.0 37 2,2,2 Moderate-Severe Mild Mild Moderate-Severe

19 68 Female 2.5 45 2,2,2 Moderate-Severe Mild Mild Moderate-Severe

20 63 Male 2.5 21 2,2,2 No No No Mild

21 74 Female 2.5 25 2,2,3 Mild Mild Mild Mild

22 68 Male 2.5 26 2,2,2 Mild No No Mild

23 67 Female 2.5 34 2,2,2 Mild Mild Mild Mild

24 47 Female 2.0 16 2,2,2 No No No No

25 58 Male 2.0 25 2,2,2 Mild Mild Mild Mild

26 82 Female 4.0 43 3,2,2 Moderate-Severe Moderate-Severe Mild Moderate-Severe

27 71 Male 3.0 40 2,2,2 Mild Mild Mild Mild

28 80 Female 2.0 20 2,2,2 Mild No No Mild

29 66 Male — 52 1,1,1 No No No Mild

30 58 Male 2.5 39 1,1,1 Mild Mild Mild Mild

31 — Male — — 1,1,1 Moderate-Severe/Mild Mild Moderate-Severe/Mild Moderate-Severe/Mild

32 64 Female — 40 1,1,1 Mild/No No Mild/No Mild

33 52 Female — 32 1,1,1 No/Mild No/Mild No/Mild Mild

34 66 Male 2.5 35 1,1,1 Moderate-Severe/Mild Mild Mild Moderate-Severe/Mild

35 41 Female — 19 1,1,1 No No No No

36 54 Female 3 44 1,1,1 Mild No Mild Mild

37 69 Male 2.5 57 1,1,1 Mild Mild/No Mild Mild

38 73 Male 2 35 1,1,1 No No No Mild/No

39 59 Male — — 1,1,1 Mild/No No/Mild Mild/No Mild

40 52 Male 2.5 58 1,1,1 Mild Mild Moderate-Severe/Mild Mild

41 65 Female 2.5 29 1,1,1 No No No Mild

42 71 Male 2.5 29 1,1,1/1,1,2 No/Mild No No/Mild Mild

43 71 Male 2 43 1,1,1 Mild Mild Mild/No Mild

44 65 Male 1.5 50 1,1,1 Mild Mild Mild Mild

45 71 Male 2.5 30 1,1,1 No No No No

46 51 Male 2.5 31 1,1,1 No No No Mild/No

47 69 Female — — 1,1,1 Mild Mild Mild Mild
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APPENDIX B

1. Syllable rate and rate progression measures

Rate ¼ 1

1
n

Xn

i¼1

duri

;

where duri is the duration of syllable i of a sequence consist-

ing of n syllables.

relStab5� 12 ¼ 100

1

8

X12

i¼5

duri

1

4

X4

j¼1

durj

;

relStab13� 20 ¼ 100

1

8

X20

i¼13

duri

1

4

X4

j¼1

durj

;

%PA ¼ 100

1

8

X12

i¼5

duri �
1

8

X20

i¼13

duri

 !
1

4

X4

i¼1

duri

Rate slope ¼

1

n

Xn

i¼1

i� n

2

� �
ðduri � duriÞ

1

n

Xn

j¼1

ðdurj � durÞ2
:

2. Syllable rate stability measures

Jitt ¼

Xn

i¼2

jduri � duri�1j

n� 1

n

Xn

i¼1

duri

;

jJittj ¼ 1

n� 1

Xn

i¼2

jduri � duri�1j;

nPVI ¼ 100

n� 1

Xn

i¼2

���� duri � duri�1

0:5ðduri þ duri�1Þ

����;
PVI ¼ 1

n� 1

Xn

i¼2

jduri � duri�1j;

PPQ5¼

Xn�2

i¼3

����duri�
duri�2þduri�1þduriþduriþ1þduriþ2

5

����
n�4

n

Xn

i¼1

duri

;

jPPQ5j

¼ 1

n�4

Xn�2

i¼3

����duri�
duri�2þduri�1þduriþduriþ1þduriþ2

5

����;

DDP ¼

Xn�1

i¼2

jðduriþ1 � duriÞ � ðduri � duri�1Þj

n� 2

n

Xn

i¼1

duri

;

(Continued)

Part. Age Gender H&Y UPDRS III DDK sequences

Perceptual characteristics - severity of deviation

Overall impression Articulation Prosody Voice

48 74 Male 3 52 1,1,1 Moderate-Severe/Mild Moderate-Severe Mild Moderate-Severe/Mild

49 68 Male — — 1,1,1 Mild/No No Mild/No Mild

50 63 Female 2.5 31 1,1,1 No No No No

51 50 Male 2 53 1,1,1 Mild Mild/No Mild Mild/No

52 74 Male — — 1,1,1 Moderate-Severe Moderate-Severe Mild Moderate-Severe

53 67 Male — — 1,1,1 No No No Mild/No

54 66 Male 2 52 1,1,1 No No No No

55 60 Male 1.5 20 1,1,1 No No No Mild

56 51 Male 2.5 41 1,1,1 No No No No/Mild

57 68 Male 1 18 1,1,1 No No No Mild/No

58 46 Male 2.5 36 1,1,1 Mild Mild Moderate-Severe/Mild Mild

59 61 Female — — 1,1,1 Moderate-Severe Moderate-Severe Moderate-Severe Moderate-Severe

60 70 Male 2.5 47 1,1,1 No No No Mild

61 52 Male 2 26 1,1,1/1,1,2 No No No Mild

62 61 Male 2 18 1,1,1 Mild Mild Mild Mild

63 63 Male 1.5 41 1,1,1 Mild/No No Mild/No Mild/No

64 65 Male — — 1,1,1/1,2,1 Moderate-Severe Mild/Moderate-Severe Mild/Moderate-Severe Mild/Moderate-Severe

65 38 Male — — 3,3,3/3,1,3 Mild Mild Mild Mild/Moderate-Severe

66 65 Male 2 23 1,1,1 Mild No/Mild Mild/No Mild/No

67 60 Male 2 52 1,1,1 No No No No

68 68 Male — 37 1,2,1/2,2,1 No No No Mild
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jDDPj ¼ 1

n� 2

Xn�1

i¼2

j duriþ1 � durið Þ � ðduri � duri�1Þj;

RAP ¼

Xn�1

i¼2

����duri �
duri�1 þ duri þ duriþ1

3

����
n� 2

n

Xn

j¼1

durj

;

AP ¼ 1

n� 2

Xn�1

i¼2

����duri �
ðduri�1 þ duri þ duriþ1Þ

3

����;
Rate sdð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

j¼1

ðdurj � durÞ2
vuut ;

COV5�20 ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

15

Xn20

j¼5

ðdurj � durÞ2
vuut

1

4

X4

i¼1

duri

;

where dur is the duration of syllables.

3. Syllable RMS amplitude and amplitude progression
measures

Ampl: relStab5� 12 ¼ 100

1

8

X12

i¼5

ampi

1

4

X4

j¼1

ampj

;

Ampl: relStab13� 20 ¼ 100

1

8

X20

i¼13

ampi

1

4

X4

j¼1

ampj

;

%AD ¼ 100

1

8

X12

i¼5

ampi �
1

8

X20

i¼13

ampi

 !
1

4

X4

i¼1

ampi

;

Ampl: slope ¼

1

n

Xn

i¼1

i� n

2

� �
ðampi � ampÞ

1

n

Xn

j¼1

ðampj � ampÞ2
:

4. Measures of RMS amplitude stability across
syllable nuclei

Shim ¼

Xn

i¼2

jampi � ampi�1j

n� 1

n

Xn

i¼1

ampi

;

jShimj ¼ 1

n� 1

Xn

i¼2

jampi � ampi�1j;

nPVI A ¼ 100

n� 1

Xn

i¼2

���� ampi � ampi�1

0:5ðampi þ ampi�1Þ

����;
PVI A ¼ 1

n� 1

Xn

i¼2

jampi � ampi�1j;

APQ3 ¼

Xn�2

i¼3

����ampi �
ampi�1 þ ampi þ ampiþ1

3

����
n� 2

n

Xn

i¼1

ampi

;

jAPQ3j ¼ 1

n� 2

Xn�2

i¼3

����ampi �
ampi�1 þ ampi þ ampiþ1

3

����;

APQ5 ¼

Xn�2

i¼3

����ampi �
1

5

Xiþ2

j¼i�2

ampj

����
n� 4

n

Xn

i¼1

ampi

;

jAPQ5j ¼ 1

n� 4

Xn�2

i¼3

����ampi �
1

5

Xiþ2

j¼i�2

ampj

����;

DDP A ¼

Xn�1

i¼2

jðampiþ1 � ampiÞ � ðampi � ampi�1Þj

n� 2

n

Xn

i¼1

ampi

;

jDDP Aj ¼ 1

n� 2

Xn�1

i¼2

j ampiþ1 � ampið Þ

� ðampi � ampi�1Þj;

COV A5�20 ¼ 100
SD5�20

1

4

X4

i¼1

ampi

;

where amp is the RMS amplitude of vowels.

5. Measures relating syllable onsets and nuclei

%N ¼

1

m

Xm

i¼1

durOi

1

n

Xn

j¼1

durNi

;

where durOi
and durNi

are the durations of a syllable onsets

and nuclei, respectively.
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O

N
Ampl: ¼

1

n

Xn

O¼1

ampO

1

n

Xn

N¼1

ampN

;

where ampO and ampN are RMS amplitude values from the

syllable onset and nucleus, respectively.

6. Measures of the release transient across syllable
onsets in a sequence

meanRTP ¼ 1

n

Xn

i¼1

RTPi;

sdRTP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n� 1

Xn

i¼1

ðRTPi �mean RTPÞ2
s

;

where

RTP ¼ max
amp2AMP

jdampi � ampij;

is the RTP for a given syllable, and dampi is the amplitude

predicted from a linear regression fitted to RMS amplitudes

within the obstruent.

MeanmRTP ¼ 1

n

Xn

i¼1

RTPi;

sd RTP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n� 1

Xn

i¼1

ðRTPi �MeanmRTPÞ2
s

;

where

mRTP ¼ max
amp2AMP

jM � ampij;

is the RTP relative to the median (M) for a given obstruent.

7. Measures of voicing of onsets and devoicing of
syllable nuclei

Prog:%Phon ¼

1

n

Xn

i¼1

i� n

2

� �
ð%Phoni �%PhonÞ

1

n

Xn

j¼1

ð%Phonj �%PhonÞ2
;

where % Phon for a specific syllable onset is defined as

%Phon ¼

Xn

i¼1

Vi

Xn

i¼1

i

;

where i is the number of the frame, and Vi is 1 or 0 depend-

ing on whether phonation is present in the frame or not.

Specific variants where only the mean fractions of the

initial, medial, and final portion of the nucleus across a

sequence are defined

%Phoninitial ¼
1

n

Xn

i¼1

X33

j¼1

Vj

X33

j¼1

j

;

%Phonmedial ¼
1

n

Xn

i¼1

X66

j¼34

Vj

X66

j¼34

j

;

%Phonfinal ¼
1

n

Xn

i¼1

X100

j¼67

Vj

X100

j¼67

j

;

where j is the number of the frames of syllable i, and Vj is 1

or 0 depending on whether phonation is present in the frame

or not.

Prog:%NPhon ¼

1

n

Xn

i¼1

i� n

2

� �
ð%NPhoni �%NPhonÞ

1

n

Xn

j¼1

ð%NPhonj �%NPhonÞ2
;

where %NPhon for a specific syllable nucleus is defined as

%NPhon ¼

X100

i¼1

Vi

X100

i¼1

i

;

where i is the number of the frame and Vi is 1 or 0 depending

on whether there phonation is present in the frame or not.

Specific variants where only the mean fractions of the

initial, medial, and final portion of the nucleus across a

sequence are defined

%NPhoninitial ¼
1

n

Xn

i¼1

X33

j¼1

Vj

X33

j¼1

j

;

%NPhonmedial ¼
1

n

Xn

i¼1

X66

j¼34

Vj

X66

j¼34

j

;
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%NPhonfinal ¼
1

n

Xn

i¼1

X100

j¼67

Vj

X100

j¼67

j

;

where j is the number of the frame of syllable i, and Vj is 1

or 0 depending on whether there phonation is present in the

frame or not.
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