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A B S T R A C T

Speaking is one of the most complex motor actions that humans can perform, requiring the coordination between
linguistic, cognitive, affective and sensorimotor systems. Perhaps counter-intuitively, it is also one of the easiest
acts that humans perform, on a daily basis, from a very early age till the end of life, without even thinking about
it. With age, however, spoken language production undergoes significant changes, with potential impacts on
interpersonal communication and social participation. Unfortunately, the neurobiological mechanisms involved
are unclear, which impedes efforts towards the development of clinical interventions, differential diagnosis
strategies and even prevention strategies for this population. In the present study, we examined age differences
in speech production using a simple diadochokinetic rates task in which phonological and sequential complexity
were manipulated. 85 cognitively healthy adults (20–93 years) were recruited from the general population.
Cognitive level, hearing and depression symptoms were measured. Participants produced short and long se-
quences of simple and complex syllables aloud as quickly, steadily and accurately as possible. Performance was
assessed in terms of articulation rate, articulation rate stability and accuracy. Results show that, controlling for
cognition, hearing and depression, articulation rate stability and accuracy declined significantly with age. The
phonological manipulation had more impact on performance than the sequential manipulation. These findings
were interpreted as reflecting age-related central disruptions at the level of phonological and motor planning,
which provides important new cues into underlying neurobiological mechanisms.

1. Introduction

Aging is associated with asymmetric changes to language compe-
tences, with language comprehension relatively spared and language
production more strongly affected, as detailed in the Transmission
Deficit model (Burke et al., 2000). According to this theory, age-related
changes in oral language production originate from difficulties at the
phonological level, leading to the word finding failures and tip of the
tongue experiences that are hallmarks of aging (Diaz et al., 2014; Rastle
and Burke, 1996). There is also evidence suggesting that speech -the
motor component of spoken language production- is disrupted, con-
sistent with the well-known age-related decline in the cortical sensor-
imotor system (e.g. Bajaj et al., 2017), but important questions remain
regarding the specific mechanisms that underlie these changes. Given
that language production is a critical component of interpersonal re-
lationships, difficulties affecting this ability may have important psy-
chosocial and clinical implications. Isolating the biological mechanisms

that contribute to this decline is therefore key to developing strategies
to optimize communication, facilitate differential diagnostics, and
promote social participation in older adults.

There is compelling evidence that the temporal properties of speech,
such as articulation rate, articulation rate stability, and movement time
(the time from movement initiation to completion), are disrupted in
normal aging, most likely reflecting central difficulties at the level of
speech motor planning or execution. Specifically, aging has been as-
sociated with an increase in the duration and duration variability of
speech utterances in a variety of tasks including syllable and sentence
repetition (e.g. Morris and Brown, 1987; Smith et al., 1987), syllable
and nonword reading (Tremblay and Deschamps, 2016; Tremblay et al.,
2018; Tremblay et al., 2017), and nonword repetition (Sadagopan and
Smith, 2013). Perhaps the most commonly used task to evaluate ar-
ticulation rate is the oral diadochokinetic rates (DDK) task, which re-
quires participants to produce simple syllables or sequences of simple
syllables as many times as possible during a short interval of 3–5 s
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(Duffy, 1995, 2012; Kent et al., 1987). Several studies have reported an
age-related decline in articulation rate in DDK tasks (Bilodeau-Mercure
and Tremblay, 2016; Jacewicz et al., 2010; Padovani et al., 2009).
However, comparing old (65–74 years) to very old (75–86 years) Eng-
lish speakers, Pierce et al. did not find an age difference (Pierce et al.,
2013), potentially suggesting a non-linear aging trajectory with an in-
itial decline followed by a plateau. However, in a study of Hebrew
speakers aged 60 to 95 years, Ben-David and Icht (2017) found an effect
of age on articulation rate. Follow-up analyses using the same age
groups used in Pierce et al. (2013) revealed a significant slowing from
old (65–74 years) to very old speakers (75–86 years), suggesting lan-
guage-specific aging trajectories. In sum, the temporal properties of
speech undergo important changes with age.

Most studies that investigated speech timing did not investigate
accuracy even though error patterns can also provide important clues
into underlying neurobiological mechanisms. Several studies have
shown that articulation accuracy declines with age in nonword repeti-
tion (Sadagopan and Smith, 2013), and in syllable, nonword and sen-
tence reading (Bilodeau-Mercure et al., 2015; Gollan and Goldrick,
2018; Tremblay et al., 2018). Another limitation is that most DDK
studies did not manipulate phonological complexity. Yet, models of
language aging suggest that phonology is the most affected language
production component (Burke et al., 2000). It has been shown that
accuracy decline in older adults is heightened for long compared to
short nonwords, and for phonologically complex compared to simpler
syllables (Bilodeau-Mercure et al., 2015; Sadagopan and Smith, 2013).
Together, these studies suggest that disruption at the level of phonolo-
gical selection – the selection of the phonological form of a word, which
precedes motor planning and which is a function of the dorsal language
stream (Bohland et al., 2010; Hickok, 2012)– can lead to changes in
speech accuracy and timing.

The literature suggests that spoken language production decline is
found in two distinct systems: phonological and motor, but important
questions remain regarding underlying mechanisms. This is in part
because in most studies, hearing, cognitive level and depression are not
measured. Yet, age-related decline in these spheres is highly prevalent,
and its potential impact on language production is important. Hearing
impairment in adults can affect intelligibility, that is, the proportion of a
speaker's output that a listener can readily understand (e.g. Perkell
et al., 2000; Perkell et al., 2007). Depression is also common in aging
(e.g., Balsamo et al., 2018; e.g. Rodda et al., 2011) and it can affect
voice features and speech rate (Marmor et al., 2016; Mundt et al., 2007;
Teasdale et al., 1980). Advancing in age is also associated with decline
in working memory (e.g. Bopp and Verhaeghen, 2005; Park et al., 2002;
Schroeder, 2014) and attention (e.g. Park et al., 2002; Salthouse, 1996;
Salthouse, 2009), which could exacerbate, or even account for, decline
in speech production. It was recently shown that older adults with mild
cognitive impairment (MCI) have reduced DDK rates compared to he-
athy older adults (Watanabe et al., 2018). Therefore, understanding the
mechanisms that are responsible for age-related speech production
decline requires taking into consideration linguistics as well as non-
linguistic factors.

The main objective of this study was to test hypotheses about the
mechanism that underlie speech production decline in aging using a
modified DDK task with a phonological manipulation, while controlling
for hearing, cognitive level and depression. The first hypothesis was
that aging would be associated with changes in speech timing (articu-
lation rate, articulation rate stability), reflecting a disordered motor
planning stage, and a decline in accuracy, reflecting a disordered
phonological planning stage. The second hypothesis was that these
disruptions would occur mainly in phonologically complex utterances,
consistent with the hypothesis of a disordered phonological planning
level (Burke et al., 2000). The third hypothesis was that these changes
would be present after controlling for hearing, cognitive level and de-
pression, demonstrating that age-related changes in speech production
are not a by-product of changes to these systems, but, instead, originate

from dysfunction within the speech/language system.

2. Method

2.1. Participants

A sample of 85 healthy native Canadian French speakers (mean
53.32 ± 19 years [20–93 years]; 53 females) was recruited through
emails, posters and flyers distributed in Québec City, including
University Laval's campus but also shops, restaurants, retirement
homes, and community centres. The emails and ads targeted healthy
adults. Using a detailed questionnaire, participants were questioned
during a ~30-minute phone interview about present and past diag-
nostic of speech, voice, language, swallowing, psychological, neurolo-
gical, neurodegenerative, and severe respiratory disorder. Any reported
history of such diseases resulted in exclusion from the study. If parti-
cipants were sick from a cold or suffered from allergies on the day of
testing, their appointment was rescheduled. We did not have access to
the participant's medical records.

All participants were schooled in French. English was spoken as a
second language by most participants (95%). Participants had normal
or corrected-to-normal vision. Participants were screened for depres-
sion using the Geriatric Depression Scale (GSD) (Yesavage et al., 1982).
Cognitive level was assessed using the Montreal Cognitive Assessment
scale (MOCA) (Nasreddine et al., 2003).

Pure tone audiometry was performed using a clinical audiometer
(AC40, Interacoustic) in a quiet room, for each ear separately, at the
following frequencies: 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12 and 16 kHz. For each
participant, a pure tone average (PTA) was computed for each ear
(average of hearing thresholds at.5, 1, 2, 4 and 6 kHz). This value gives
a snapshot of an individual's hearing level in each ear and is the most
commonly used assessment tool for estimation of hearing loss. As
speech sounds are more densely represented in the mid-frequency
range, the outlying frequencies are not included in the PTA calculation.
In the present study, PTA was included in all statistical analysis as a
covariate. The result of the hearing assessment is provided in
Supplementary Material 1. Participants' characteristics are reported in
Table 1. The study was approved by the Institutional Ethical Committee
of the Institut Universitaire en Santé Mentale de Québec (#294-2012).

Table 1
Descriptive statistics (means, standard deviations and ranges) for participants
characteristics.

M SD Min Max

Age 53.72 19.04 21 93
Education (years) 17.01 3.75 6 24
Number of languagesa 2.46 1.85 1 5
MoCAb (/30) 27.44 1.79 22.00 30.00
GDSc (/30) 2.36 2.53 0.00 10.0
R PTAd −29.23 10.73 −60.8 −3.8
L PTAd −30.67 11.7 −64.2 −10.2

Note. M=Mean. SD= standard deviation of the mean.
a Number of spoken languages including native language (French).
b MoCA=Montreal Cognitive Assessment scale. The MOCA is a short cog-

nitive test that is scored on a 30-point scale. Higher scores indicate better
cognitive functions.

c GDS=Geriatric Depression Screening Scale. The GDS includes 30 ques-
tions. Each “negative” answer is worth one point; thus, a higher score indicates
a more depressed state. For example, question one asks whether the person is
globally satisfied with his/her life. A “no” answer is worth one point, whereas a
“yes” answer is worth no point. Participants with scores between 0 and 9 are
considered normal, while scores between 10 and 19 indicate a depression, and
scores between 20 and 30 indicate a severe depression.

d PTA=pure tone average (500, 1000, 2000, 4000 and 6000 Hz), measured
in dB HL. R= right ear. L= left ear.
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2.2. Speech evaluation

A DDK task was used to evaluate articulation performance. DDK is a
maximal performance task which consists in repeating single syllables
(e.g., /pa/), or sequences of syllables (e.g., /pa ta/, /pa ta ka/) as
steadily and as many times as possible for ~5 s, while trying to mini-
mize articulation errors. Speech samples were recorded using a high-
quality head-worn microphone (Shure, Beta 53) connected to a sound
card (Fast Track C400, M-audio) attached to a laptop computer. Speech
samples were recorded with the Audacity software (Open source). Two
manipulations were implemented: a sequential complexity manipula-
tion and a phonological complexity manipulation. The sequential
complexity manipulation consisted in comparing one-syllable (e.g.,
/pa/), two-syllable (e.g., /pa ta/), and three-syllable sequences (e.g.,
/pa ta ka/). The phonological complexity manipulation consisted in
comparing simple syllables containing only one consonant and one
vowel (e.g., /pa/, /ta/and/ka/) to complex syllables containing one
consonant cluster and one vowel (e.g., /pʁa/ /tʁa/kʁa/). This resulted
in 6 experimental conditions. Participants completed a total of 54 trials,
each repeated three times. In this article, we only analyzed a subset of
24 trials per participants, each repeated 3 times, for a total of 72 trials.
The list of all stimuli is provided in supplementary material S2.

2.3. Data analysis

Data analysis focused on three dependent measures: articulation
rate, articulation rate stability, measured as the normalized vocalic
Pairwise Variability Index (nPVI), and percentage of errors, all ex-
tracted from the speech recordings using Praat software (Boersma and
Weenink, 2011). Two adult female judges (J.P., C.D.) with training in
phonetics and speech-language pathology listened to and transcribed
all syllables into the international phonetic alphabet (IPA) based on a
detailed transcription protocol that was elaborated prior to beginning
the transcriptions. For measurement of inter-rater reliability, a subset of
30 participants (equivalent to 35% of the sample), including 11 male
and 19 female speakers aged 20 to 93, were transcribed by the two
judges. For the analysis of inter-rater reliability, six sequences were
analyzed: /pa/, /pʁa/, /pa ta/, /pʁa tʁa/, /pa ta ka/and/pʁa tʁa kʁa/,
representing 11,538 measurements. When the two transcriptions dif-
fered (which occurred in 0.9% of all trials) a consensus was reached
through discussion. The average measure intraclass correlation coeffi-
cient (ICCs) was high (0.875 with a 95% confidence interval from.87
to.879, F (115,137, 115,137) = 8.00, p < .001).

Following transcription, the percentage of errors was computed as
the percentage of responses that contained at least one error, in each
experimental condition. Errors were categorized as within-syllable er-
rors (sound insertion, exchange, inversion and deletion) and within-
sequence error (syllable insertion, elision, or inversion). For the mea-
surement of timing-related variables (articulation rate, articulation rate
stability), a semi-automatic custom script was used in Praat to segment
participants' responses and extract vocalic peak intensity, which was
used to calculate articulation rate (number of syllables per second) and
articulation rate stability in the form of the nPVI, which measures ar-
ticulatory rhythm on the basis of vowel length. Specifically, the nPVI
represents the overall mean of the difference between successive pairs
of vowels divided by their sum and multiplied by 100 (Low et al.,
2000). Measures of speech timing such as articulation rate and articu-
lation rate stability are generally considered to index motor processing.

For each dependent variable (articulation rate, stability, percentage
of errors), outliers were identified and removed. Outliers were defined
as values that were three standard deviations (SD) away from the mean
within each condition and each participant. There were no outliers for
articulation rate. For nPVI, 3/510 were removed from the analyses
(0.005%), while for the percentage of errors, 22/510 data points were
removed (4.3%).

Linear mixed model (LMM) analyses were conducted in SPSS V. 25

for Mac (IBM), separately for each dependent variable, with
Phonological complexity (simple, complex) and Sequence complexity
(1, 2, 3 syllables) as within-subject (repeated) fixed factors, and age as a
continuous between-subject fixed factor. To control for differences in
hearing, depression and cognitive levels, the PTA, GDS and MOCA
scores were entered in the model as continuous covariates. Sex was also
entered in the model as a categorical covariate. Participants were in-
cluded as a random factor in the model. For each dependent variable, a
comparison of models was performed to select the optimal analytical
model. For all dependent variables, it was found, using a REML-based
likelihood ratio test, that allowing the residual variance to vary across
conditions led to a better model fit. Non-significant covariates (sex,
GDS, hearing and MOCA) were removed from the model (West et al.,
2015). Residuals were visually inspected to assess normality using
histograms and Q-Q plots. Simple regression analyses were used to
decompose interactions involving the continuous age variable. For
these analyses, we provide the unstandardized beta values, r2 and p-
values. Moderation analyses were conducted to identify potential trade-
offs between articulation rate and accuracy and between articulation
rate and variability, and to determine if these relationships are mod-
erated by age. These analyses were conducted in SPSS with the PRO-
CESS macro (model #1) (Hayes, 2008, 2013) with the following
parameters: p= .05, bias-corrected bootstrapping with 20,000 samples.
The pick-a-point approach (Bauer and Curran, 2005) was used to probe
the interactions. For all significant group results, we show corre-
sponding individual data (Weissgerber et al., 2015).

3. Results

The descriptive statistics for each dependent variable are reported in
Supplementary Material S3. The results of the LMM analyses are pro-
vided in Table 2; only the main results are reported in the text. The raw
data (speech recordings) as well as all the data used in the statistical
analysis reported in this article are available in open access on the
Scholars Portal Dataverse (https://doi.org/10.5683/SP2/RNBELU).

Table 2
Linear mixed model results (Type III F tests).

Effect df F p

A. Articulation rate (number of syllables per second)
Intercept 1, 55 0.466 .497
Age 1, 70 0.00 .994
Phonological complexity 1, 213 55.17 < .001
Sequential complexity 2, 162 0.652 .523
Phonological× sequential complexity 2, 162 2.32 .102
Age×phonological complexity 1, 213 1.69 .195
Age× sequential complexity 2, 162 0.03 .90
Age×phonological × sequential complexity 2, 162 0.09 .907
GDS 9, 55 2.51 .017

B. Articulation rate variability (nPVI)
Intercept 1, 102 200.37 < .001
Age 1, 102 11.70 .001
Phonological complexity 1, 303 12.067 .001
Sequential complexity 2, 265 8.14 < .001
Phonological× sequential complexity 2, 265 1.14 .320
Age×phonological complexity 1, 305 7.965 .005
Age× sequential complexity 2, 265 15.885 < .001
Age×phonological × sequential complexity 2, 265 1.156 .316

C. Percentage of responses with at least one error
Intercept 1, 263 11.66 .001
Age 1, 264 6.19 .013
Phonological complexity 1, 252 1.167 .281
Sequential complexity 2, 252 2.43 .091
Phonological× sequential complexity 2, 252 0.306 .736
Age×phonological complexity 1, 252 15.23 < .001
Age× sequential complexity 2, 252 0.565 .569
Age×phonological × sequential complexity 1, 252 1.29 .277
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3.1. Articulation rate

The overall articulation rate, across all participants and conditions,
was 3.7 ± 1.33 syllables per second. Results of the analysis with the
full LMM model showed no effect of Sex, MOCA and PTA. These cov-
ariates were thus removed from the final model. Q-Q plot and histo-
grams revealed that the residuals followed a fairly normal distribution.
The analysis with the final LMM model revealed a main effect of pho-
nological complexity (p= .001), with a lower rate for the complex
syllables. These results are illustrated in Fig. 1. The analysis also re-
vealed an effect of GDS (p= .017) on articulation rate. Though the GDS
scores were within the normal range (0–9), variability started in-
creasing at a score of 6/30, and a decrease in articulation rate was
observed at a score of 8/30, which was followed by an increase. These
results are illustrated in supplementary material S4.

3.2. Stability (nPVI)

The overall nPVI, across all participants and conditions, was
18.49 ± 7.28%. Results of the full LMM model showed no effect of
Sex, PTA, MOCA and GDS. Therefore, all covariates were removed from
the final model (West et al., 2015). Q-Q plot and histogram revealed
that the residuals followed a fairly normal distribution. Analysis with
the final LMM model revealed a main effect of phonological complexity
(p= .001), with slightly lower variability for the complex syllables,
possibly reflecting the reduced articulation rate associated with this
condition. There was also a main effect of sequential complexity
(p≤ .001), with increasing variability for longer sequences (two and
three syllables) compared to the one-syllable sequences. These results
are illustrated in Figs. 2 and 3. The analyses also revealed a main effect
of age (p= .001), with variability increasing with advancing age, and
an interaction between age and phonological complexity (p= .005).
Simple linear regressions were conducted to decompose this interaction
(Fig. 4a). These analyses indicated that age affected nPVI, resulting in
more variable responses, for the complex syllables (r2= 0.06;
β=0.098; p≤ .001) but not for the simple syllables (r2= 0.009;
β=0.033; p= .142). Finally, the analysis also revealed an interaction
between age and sequential complexity (p≤ .001) (Fig. 4b). Simple
linear regressions were conducted to decompose this effect. These
analyses indicated that, with increasing age, variability was higher for
the 3-syllable (r2= 0.14; β=0.134; p≤ .001) and the 2-syllable se-
quences (r2= 0.025; β=0.056; p= .038) but not for the one-syllable
sequences (r2= 0.0; β=−0.003; p= .813).

3.3. Percentage of errors

The overall percentage of errors across all participants and condi-
tions was 5.96 ± 9.22%. Results with the full LMM model showed no
effect of Sex, PTA, MOCA and GDS. Thus, the covariates were removed
from the final model (West et al., 2015). The Q-Q plot and histogram
revealed that the residuals followed a relatively normal distribution.
The main LMM analyses revealed a main effect of age (p= .005), with
errors slightly increasing with advancing age. There was also an in-
teraction between age and phonological complexity (p≤ .001). Simple
linear regressions were conducted to decompose this interaction. These
analyses indicated that errors increased with age for the complex syl-
lables (r2= 0.034; β=0.11; p= .004) but not the simple syllables
(r2= 0.011; β=−0.017; p= .098) (Fig. 5A).

Additional exploratory analyses were conducted to examine the
types of errors committed. Because the error rate was very low for the
simple syllables, these analyses were conducted on the complex sylla-
bles only, averaged across sequence complexity levels. First, we ex-
amined the types of errors that occurred within and across syllable
boundaries. Error types were separated into sequence-level errors
(syllable insertion, syllable omission, syllable inversion) and within-
syllable errors. As shown in Fig. 5B and C, there were too few sequence-
level errors to analyze. Next, within-syllable errors were separated into
three main categories: voicing errors, simplifications of consonant
clusters and other errors. This last category included exchanges, in-
versions and omissions, of which there were too few to analyze sepa-
rately. A LMM analysis was conducted on the (log transformed) per-
centage of responses containing at least one within-syllable error as the
dependent variable. Transformation was needed to normalize the dis-
tribution. The independent factors were the continuous variable age
and error type (voicing errors, simplifications and other). The Q-Q plot
and histogram revealed that the residuals followed a normal distribu-
tion. The main analysis revealed a significant interaction between age
and error type (p= .032). Simple linear regressions were conducted to
decompose this interaction. These analyses indicated that errors in-
creased with age for simplifications (r2= 0.092; β=0.009; p= .006)
but not for voicing errors (r2= 0.077; β=0.003; p= .249) or other
kinds of errors (r2= 0.025; β=0.003; p= .166) (Fig. 5D).

3.4. Relationship between the dependent variables

To determine whether articulation rate influenced accuracy and
stability, and whether age moderated these relationships, two mod-
eration analyses were conducted. In the first analysis, the dependent
variable was nPVI, the predictor variable was articulation rate, and the

Fig. 1. Phonological complexity effect on articulation rate (number of syllables per seconds) A. The bar chart shows the group articulation rate separately for simple
and complex syllables. Error bars in the graph represent the standard deviation of the mean; the asterisk indicates statistical significance (p < .05). B. The line chart
illustrates individual articulation rate for each level of the phonological complexity variable. Each line represents one subject. C. The scatter plot represents
differences in articulation rate (complex – simple) for each subject. Each subject is represented by a circle. Negative values indicate a lower rate for the complex
syllables. The median difference is represented as a thick black line.
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moderator was the continuous variable age. GDS scores were entered in
the model as a covariate because of their influence on articulation rate.
When considering only complex syllables, a significant positive re-
lationship was found between articulation rate and nPVI (β=6.33,
p= .0068), whereby higher articulation rate was associated with
higher variability. This relationship was moderated by age (r2

change=−0.046, p= .029). The pick-a-point approach (Bauer and
Curran, 2005) was used to probe this interaction. As shown in Fig. 6, in
older adults, there was no relationship between articulation rate and
stability: variability was always high. In middle-aged and younger
adults, higher rate resulted in higher variability. When the same ana-
lysis was conducted on the average of all conditions or on the longest
sequences only, the effects were identical but there was no moderation
(average: r2 change=0.02, p= .187; 3-syllable sequences: r2

change= 0.028, p= .08). Next, we analyzed the relationship between
error rate and articulation rate. Results showed that the relationship
between articulation rate and error rate just failed to reach significance
(β=6.64, p= .073). There was no moderating effect of age on the
relationship between articulation rate and error rate (r2

change=−0.0013, p= .71).

4. Discussion

Speaking is a key component of the personal and professional in-
teractions that form the core of the human experience throughout the
entire lifespan. Decline in language production can negatively affect

self-perceptions as well as the perception of others (Ryan and Johnston,
1987; Ryan et al., 1994), and, in turn, have a negative impact on social
participation and life quality. Understanding the manner and extent to
which speaking evolves with age is therefore an important scientific
endeavour. The main objective of this study was to test hypotheses
about the nature of the changes that occur in speech production to help
clarify underlying neurobiological mechanisms. Our main hypothesis
was that normal aging would be associated with changes in speech
performance, in the form of changes in speech timing, reflecting a
motor deficit, and reduced accuracy, reflecting a difficulty at the level
of phonological planning, independent of hearing, depression and
general cognitive level. This hypothesis was verified.

4.1. Aging and speech timing

Our results show that articulation rate stability (nPVI) is affected by
both phonological and sequential complexity, and that it decreases with
age in healthy adults with no known motor disorder. Articulation rate
stability reflects a person's ability to maintain a constant articulation
rate during syllable repetition. Disruption in this ability could result
from a difficulty occurring in two different systems: phonological (i.e.
selecting the correct phonemes) or motor (i.e. compiling articulatory
plans). The finding of disrupted temporal properties of speech in aging
is consistent with previous studies showing an age-related decrease in
speed in DDK tasks (Bilodeau-Mercure and Tremblay, 2016; Jacewicz
et al., 2010; Meurer et al., 2004; Padovani et al., 2009; Watanabe et al.,

Fig. 2. Phonological complexity effect on nPVI. A. The bar chart shows the group nPVI separately for the simple and complex syllables. Error bars in the graph
represent the standard deviation of the mean; the asterisk indicates statistical significance (p < .05). B. The line chart illustrates individual nPVI data for each level
of the phonological complexity variable. Each line represents one subject. C. The scatter plot represents differences in nPVI (complex – simple) for each subject.
Positive values indicate higher instability associated with higher complexity. The median difference is represented as a thick black line.

Fig. 3. Sequential complexity effect on nPVI. A. The bar chart shows the group nPVI separately for the one-, two- and three-syllable sequences. Error bars in the graph
represent the standard deviation of the mean; asterisks indicate statistical significance (p < .05). B. The line chart illustrates individual nPVI at each level of the
sequential complexity factor. Each line represents one subject. C. The scatter plot represents differences in nPVI for each subject. Positive values indicate higher
instability associated with increased complexity. The median difference for each contrast is represented as a thick black line.

P. Tremblay, et al. Experimental Gerontology 126 (2019) 110695

5



2017), but also in sentence reading (Jacewicz et al., 2009; Jacewicz
et al., 2010), sentence repetition (Wohlert and Smith, 1998) and con-
versational speech (Searl et al., 2002). There is also evidence in the
literature for an age-related increase in speech duration (Morris and
Brown, 1987; Sadagopan and Smith, 2013; Tremblay and Deschamps,
2016; Tremblay et al., 2017), as well as increase in variability in con-
sonant duration (Morris and Brown Jr, 1994; Smith et al., 1987).

Importantly, in the present study, temporal disruptions were still
present after controlling for three factors that are known to affect
speech production: hearing, general cognitive level and depression,
which provides strong support to the notion that these age-related
changes are not a by-product of decline affecting other neural systems
but, instead, reflect changes occurring within the motor speech system.
Importantly, however, we found that depression level, but not hearing
or general cognitive level, influenced articulation rate. The effects of
depression on speech and voice are well documented (e.g. Mundt et al.,
2007; Szabadi et al., 1976; Teasdale et al., 1980). Our findings therefore
suggest that assessment of articulation rate needs to be interpreted with

caution, taking into account patients' mood. Currently, most studies on
speech production do not document this, implicitly assuming that
speech motor control is independent from emotional state.

Contrary to our prediction, in the current study, the effect of age on
articulation rate was not significant. Importantly, the articulation rates
that we measured were slower than those reported in previous studies,
possibly reflecting an emphasis on accuracy rather than speed, which
could account for the lack of a significant age effect. This finding is in
contrast with previous DDK studies in older adults (Ben-David and Icht,
2017; Padovani et al., 2009; Pierce et al., 2013). For example, Pierce
et al. reported a rate of 6.3 syllables/s for a group of 65–74 years old
English speakers and a rate of 5.98 syllables/s for a group of
74–86 years old English speakers, representing a 5.1% decline (Pierce
et al., 2013). In the present study, the overall rate for participants aged
65–74 years was 3.71 syllables/s and for those aged 75–93 years it was
3.44 syllables/s, representing a 7.2% decline. Though not significantly
different, the general tendency in the present study is in the expected
direction. This finding will need to be replicated to determine if an

Fig. 4. Age effects on nPVI. The bar chart
shows nPVI on the y-axis as a function of
age. A. Interaction between age and pho-
nological complexity on nPVI. Individual
data points are displayed for the simple and
complex syllables. B. Interaction between
age and sequential complexity on nPVI.
Individual data points are displayed for
each level of the sequential complexity
variable.

Fig. 5. Percentage of errors. A. The scatter
plot shows the interaction between age and
phonological complexity on the percentage
of syllables with at least one error. B. The
bar chart shows error rate (proportion of
sequences with at least one error) as a
function of the main error types. The error
bars represent the standard deviation of the
mean. C. Percentage of errors for each
subject and each error type. The median
percentages of errors are represented as
thick black lines. D. Age effects on the log
transformed percentage of within-syllable
errors. Individual data points are displayed
for each error subtype (voicing, simplifica-
tion and other).
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emphasis on accuracy rather than speed is sufficient to normalize rate –
without normalizing rate stability, however. Indeed, a key finding of
the present study is that that articulation rate variability may be a more
sensitive measure that articulation rate, given that, even at relatively
slow rate, variability was still sensitive to age, but also to phonological
and sequential complexity. In patients unable to produce fast speech,
nPVI may represent a more sensitive measure to assess motor planning
and motor control capacities. Given the inherently serial nature of
language, the temporal properties of speech have an important impact
on speech intelligibility (Kang et al., 2017) and can set apart normal
speakers from speakers with neurological disorders such as acquired
dysarthria (Liss et al., 2009; Tjaden and Watling, 2003). Inconsistent or
an abnormal oral DDK performance in normal aging could therefore
indicate disorders of the central nervous system. Consistent with this
hypothesis, previous work from our group using magnetic resonance
imaging (MRI) has shown that age-related changes in the temporal
properties of speech (i.e. movement time) were associated with dif-
ferent activation patterns and structural decline in several brain areas
including the primary motor cortex and the striatum (Tremblay and
Deschamps, 2016; Tremblay et al., 2017). This suggests that age-related
changes in the temporal characteristics of speech results, at least to
some extent, from changes occurring within the motor speech system,
suggesting that these difficulties reflect disruptions at the level of motor
planning or motor control. Additional studies are needed to examine
DDK performance in aging in relation with brain structure and function
in order to test this hypothesis directly and clarify the specific domain
involved (planning or execution or both).

4.2. Aging and speech accuracy

In addition to timing differences, our results also show a significant
age-related decline in accuracy for the phonologically complex sylla-
bles, in the form of simplification errors occurring in the syllable onset
position, consistent with recent studies (e.g. Bilodeau-Mercure et al.,
2015; Sadagopan and Smith, 2013). We propose that a disruption in
phonological encoding mechanisms, such as proposed by the Trans-
mission Deficit hypothesis (TDH) (Burke et al., 2000), is responsible for
the increase rate in simplification errors, and that this is due to neu-
robiological decline occurring within the dorsal language stream.

Most errors in the present study occurred within the syllable
boundary, with very few sequence-level errors such as syllable inver-
sions, elisions or insertions. Most errors affected consonants. While
qualitative assessment of the recordings suggests some level of phonetic
distortion—articulatory errors—the most common type of error was the
simplification of consonant clusters, an error type that is common in
aphasia and speech apraxia (e.g. Blumstein, 1973; Galluzzi et al., 2015;
Laganaro, 2012). We suggest that this reflects a disruption in

phonological planning. This interpretation is grounded in the finding
that accuracy was not related to timing, as shown by the moderation
analyses, consistent with prior findings using a nonword production
task (Tremblay et al., 2018). It has been suggested that, when simpli-
fication errors are independent from movement time, they likely ori-
ginate at the level of phonological selection, which occurs earlier than
motor planning (Buchwald and Miozzo, 2012; Galluzzi et al., 2015).
According to this view, errors occurring at the articulatory planning
level, after successful phonological selection, imply a revision of the
selected phonological form, which should lead to a decreased rate.
Consistent with this notion, a previous study using structural brain
imaging, has shown that speech accuracy, but not duration, was asso-
ciated with the structure of the supramarginal gyrus (Tremblay and
Deschamps, 2016), a region that has been associated with phonological
processing and phonological working memory (e.g., Demonet et al.,
1994; Paulesu et al., 1993; Price et al., 1997), and which is part of the
dorsal language stream (Bohland et al., 2010; Hickok and Poeppel,
2007).

Taken together, these results suggest that phonological disruptions
contribute to speech production difficulties in aging, consistent with the
TDH (Burke et al., 2000). TDH suggests that normal aging weakens
connection strength between phonological nodes. According to this
view, following lexical selection, the phonological form of a word is
retrieved, which begins with the retrieval of syllabic representations
followed by the retrieval of phonological features. This process is par-
ticularly vulnerable to disruptions in connection strength because the
proposed top-down phonological connections are one-to-one. TDH can
account for the tip of the tongue phenomenon (TOT), a momentary
inability to retrieve the phonological form of a word that is more
common in older than in younger adults (e.g. Brown and Nix, 1996;
Burke, 1999; Burke et al., 1991; Rastle and Burke, 1996). Supporting
this notion is the finding that older adults experiencing access difficulty
benefit from phonemic cues, suggesting a disrupted access to phono-
logical information (e.g. Barresi et al., 2000; Nicholas et al., 1985). TDH
proposes that TOTs reflect a phonological retrieval deficit, that is, a
deficit in the transmission of priming to phonological nodes re-
presenting a target word. TDH also proposes that connection strength is
augmented by usage, and therefore that less frequently used phonolo-
gical forms are more vulnerable to an age-related disruption. We pro-
pose here that disruption in phonological encoding mechanisms during
language production in aging is related to the increase rate in simpli-
fication errors that we observed in complex syllables, which are less
frequent in the French language than simple syllables (Bédard et al.,
2016), making them particularly vulnerable to a disruption in con-
nection strength, consistent with TDH.

5. Conclusions

The current study suggests that disruptions in speech production in
healthy older males and females have a dual origin in the central ner-
vous system, including a decline in the dorsal language stream that
results in difficulty with phonological encoding, and a decline within
the speech motor system, leading to deficits in the motor im-
plementation of spoken language. These disruptions are independent of
hearing, sex and general cognitive level. The present results are
therefore, at least in part, congruent with the Transmission Deficit
hypothesis (TDH) (Burke et al., 2000). However, TDH focuses on the
phonological layer of spoken language production only and does not
integrate a speech motor component. The development of more com-
prehensive theory of spoken language production in aging is key to
guide aging research, facilitate differential diagnosis for speech dis-
orders and develop prevention and mitigation strategies aimed at pro-
moting social participation. To achieve these goals, further studies
combining careful error analyses, analysis of intelligibility, more de-
tailed cognitive assessments and brain imaging data are needed to test
the hypothesis of a dual locus (phonological and motor) by identifying

Fig. 6. Result of the moderation analyses. The scatter plot shows the relation-
ship between nPVI (y-axis) and articulation rate (x-axis), at three levels of the
age variable shown in different levels of gray.
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the neural correlates of speech disruptions in aging.
From a clinical standpoint, our results have implications for both

the assessment and the treatment of speech disorders in older adults. At
the level of assessment, our results support the idea that a modified
DDK paradigm with complex syllables is sensitive to changes in speech
production in the normal aging population. In particular, our results
suggest that rate variability may be the most sensitive measure to ex-
tract from such task because of its sensitivity to normal variation, and
that documenting error types might also be useful in distinguishing
normal from pathological changes. Indeed, in the present study, we
show that most errors occurred within the syllable boundaries, and that
most of them resulted in a simplified syllabic structure. This provides a
baseline against which to compare the productions of people presenting
with a complaint or in whom a disorder may be suspected. While DDK
assessments are broadly used by speech-language pathologists (Kent
and Kim, 2003), because of their simplicity, they could also be used by
a variety of clinicians (e.g. family doctors, nurses, psychologists) as a
quick and objective tool to assess speech production performance.

At the level of treatment, our results are also useful to guide clinical
practice in that they suggest that speech performances decline in aging
is associated with disruptions at the level of phonological and motor
planning affecting rate variability and accuracy. Clinical interventions
for this population should therefore combine phonological tasks (i.e.
phoneme discrimination tasks, phoneme sequence repetition) including
phonologically complex syllables or words (i.e. those with a consonant
cluster in the onset) and principles of motor learning (i.e. controlled
practice and feedback conditions) (Maas et al., 2008), to improve
speech production performance more effectively.
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