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Abstract: Healthy aging is associated with a decline in cognitive, executive, and motor processes that are
concomitant with changes in brain activation patterns, particularly at high complexity levels. While
speech production relies on all these processes, and is known to decline with age, the mechanisms that
underlie these changes remain poorly understood, despite the importance of communication on everyday
life. In this cross-sectional group study, we investigated age differences in the neuromotor control of
speech production by combining behavioral and functional magnetic resonance imaging (fMRI) data.
Twenty-seven healthy adults underwent fMRI while performing a speech production task consisting in
the articulation of nonwords of different sequential and motor complexity. Results demonstrate strong
age differences in movement time (MT), with longer and more variable MT in older adults. The fMRI
results revealed extensive age differences in the relationship between BOLD signal and MT, within and
outside the sensorimotor system. Moreover, age differences were also found in relation to sequential com-
plexity within the motor and attentional systems, reflecting both compensatory and de-differentiation
mechanisms. At very high complexity level (high motor complexity and high sequence complexity), age
differences were found in both MT data and BOLD response, which increased in several sensorimotor
and executive control areas. Together, these results suggest that aging of motor and executive control
mechanisms may contribute to age differences in speech production. These findings highlight the impor-
tance of studying functionally relevant behavior such as speech to understand the mechanisms of human
brain aging. Hum Brain Mapp 00:000–000, 2017. VC 2017 Wiley Periodicals, Inc.
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INTRODUCTION

Advancing age is associated with a decline in a number
of cognitive functions, including episodic and working
memory, attention and executive control [e.g., Park et al.,
2002; Salthouse, 1996, 2009], as well as motor functions
[e.g., Cerella, 1985; Spirduso, 1982; Ward, 2006; Ward and
Frackowiak, 2003; Welford et al., 1969]. Several studies
have shown that cognitive decline is associated with age-
related changes in the anatomy and functioning of the pre-
frontal cortex [Grady and Craik, 2000; Grady et al., 1994;
Madden et al., 2002; Mattay et al., 2006; Nielson et al.,
2002; Piefke et al., 2012]. In particular, “over-activations”
are frequently reported in the prefrontal cortex of older
compared to younger adults during a variety of cognitive
tasks. Over-activations are also reported in brain-imaging
studies of older adults performing hand and finger motor
tasks [e.g., Heuninckx et al., 2005, 2008; Marchand et al.,
2011; Mattay et al., 2002; Riecker et al., 2006; Ward, 2006;
Ward and Frackowiak, 2003; Wu and Hallett, 2005]. Sever-
al non-mutually exclusive neurobiological hypotheses have
been developed to account for these age-related over-
activations, including the Compensation-Related Utilization
of Neural Circuit Hypothesis (CRUNCH), the Hemispheric
Asymmetry Reduction in OLDer age (HAROLD) hypothe-
sis, and the de-differentiation hypothesis. The HAROLD mod-
el suggests that performance can be maintained in older
adults through the recruitment of additional prefrontal
regions that approximately mirror active sites in younger
adults but in the opposite hemisphere [Cabeza et al.,
2002]. The CRUNCH model proposes a more general
explanation of the mechanisms of aging [Reuter-Lorenz
and Cappell, 2008; Reuter-Lorenz and Mikels, 2006].
According to this view, several brain regions are over-
recruited in older adults compared to younger adults, even
at low task complexity levels, reflecting neural processing
inefficiency, and allowing performance to be maintained.
However, as task demands increase, these compensatory
effects reach their maximal capacity leading to insufficient
processing and an age-related decline in performance. The
de-differentiation hypothesis [Li and Lindenberger, 1999], in
contrast, suggests that additional and less specialized neural
regions are recruited during cognitive tasks in older adults,
resulting in increased activation for older compared to
younger adults. These increased activation, however, do not
help maintain performance, and might reflect an age-related
difficulty in recruiting specialized neural mechanisms.
De-differentiation mechanisms can also take the form of a
reduction in the selectivity of brain responses that is
observed in older adults [Grady, 2008, 2012]. Hence, cogni-
tive aging is associated with several kinds of neurobiological
mechanisms.

In contrast to the rich literature on cognitive aging, much
less is known about the neurobiological mechanisms associ-
ated with age-related changes in spoken language functions,
despite their importance in day-to-day communication and
social interactions. Previous studies have documented a

number of age-related differences in various aspects of spo-
ken language production including changes in voice pro-
duction affecting the fundamental frequency (pitch) of the
voice [Decoster and Debruyne, 1997; Honjo and Isshiki,
1980; Hunter et al., 2012; Linville, 1996; Mueller, 1997;
Ramig, 1983], as well as, the stability [Lortie et al., 2016,
2015; Wilcox and Horii, 1980] and loudness of voice [Baker
et al., 2001]. Other studies have reported age-related differ-
ences in articulation and prosody, including a decrease in
speech rate [Duchin and Mysak, 1987; Fozo and Watson,
1998; Searl et al., 2002; Wohlert and Smith, 1998], an increase
in the duration of individual speech sounds and syllables
during the repetition of words or sentences [Morris and
Brown, 1987; Ryan and Burk, 1974; Smith et al., 1987], as
well as a decrease in accuracy during the production of com-
plex nonwords and non-speech oro-facial movements [Bilo-
deau-Mercure et al., 2015a; Sadagopan and Smith, 2013].
Interestingly, a study from our group recently demonstrated
that age differences in speech motor accuracy (but not
speed) are only partly mediated by a decline in the endur-
ance of the lips and not at all related to lip and tongue force
or tactile sensitivity [Bilodeau-Mercure and Tremblay, in
press]. These results suggest that age-related decline in
speech production performance cannot entirely be
accounted for by a decline at the level of the peripheral oro-
facial system and may instead reflect a decline in neuromo-
tor control, consistent with the literature on the aging of
manual movement control [Aoki and Fukuoka, 2010; Cacola
et al., 2013; Krampe, 2002; Krampe et al., 2005; Niermeyer
et al., 2016; Seidler et al., 2010]. The motor control literature
suggests that motor sequencing, the process of sequencing
motor commands to form smooth and unitary sequences,
declines with advancing age [Krampe et al., 2005; Niermeyer
et al., 2016], and that it is moderated by complexity, with
more complex motor sequences posing higher challenges to
older adults than simple sequences. Given that the produc-
tion of speech is a highly complex form of sequential behav-
ior, it is possible that declining sequencing mechanisms may
affect speech production as well as other kinds of move-
ments requiring fine motor control. Finally, there is also
some evidence to suggest that age-related decline in articula-
tion and voice quality affect speech intelligibility [Parnell
and Amerman, 1987; Shuey, 1989]. Clearly, spoken language
production undergoes a range of changes throughout nor-
mal aging, although the underlying biological mechanisms
are unknown. To the best of our knowledge, only a few stud-
ies have focused on imaging speech production mechanisms
in the aging brain [Eckert et al., 2008; Harris et al., 2009;
S€or€os et al., 2011; Tremblay and Deschamps, 2016; Tremblay
et al., 2013b]. S€or€os et al. [2011] demonstrated widespread
increase in activation in older compared to younger adults
during a simple overt speech production task, including the
precentral gyrus, anterior insula, supplementary motor area
(SMA) as well as middle and inferior frontal gyri bilaterally.
These results suggest that performance is maintained
through compensatory activation within the motor system
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involved in speech production, consistent with the
CRUNCH model of aging. A recent study from our group
has shown that age-related changes in speech movement
time (MT) are associated with structural changes in several
cortical and subcortical regions known for their involvement
in speech production, including the bilateral anterior insula,
the left primary motor area (M1), the rostral supramarginal
gyrus, the right inferior frontal sulcus and the bilateral stria-
tum [Tremblay and Deschamps, 2016]. These results suggest
that the neural system supporting speech production under-
goes both functional and structural changes throughout
aging, which affect speech motor performance, but the spe-
cific neuromotor mechanisms involved remain unknown.

The general objective of the present study was to broad-
en current understanding of the aging of the neuromotor
control of speech. To isolate motor from linguistic process-
es and to avoid potential top-down confounding effects,
participants were asked to produce meaningless sequences
of syllables, a task requiring the grouping of several motor
programs to form a smooth unitary sequence. To examine
whether complexity modulates the impact of aging on
speech production, we parametrically manipulated the
sequential complexity of the sequences (repeating the
same or different syllables) and the motor complexity of
the syllables forming the sequences (simple vs. complex
syllables), which allowed us to identify age effects on neu-
romotor processes associated with the ability to assemble
syllables into sequences of different sequential and motor
complexity. Experimental manipulations to these factors
are known to modulate speech production performance in
healthy adults and in adults with motor speech dysfunc-
tions [e.g., Aichert and Ziegler, 2004; Baldo et al., 2011;
Bohland and Guenther, 2006; Reilly and Spencer, 2013;
Sadagopan and Smith, 2013; Tiffany, 1980]. Moreover, pre-
vious studies have shown that, behaviorally, syllable pro-
duction tasks are age sensitive [Bilodeau-Mercure and
Tremblay, in press; Sadagopan and Smith, 2013]. Our pro-
tocol was adapted from Bohland and Guenther [2006], but
it differed from it in that we did not compare go to no-go
trials, but instead asked participants to produce sequences
of syllables in every experimental trial. This was done to
reduce the cognitive load imposed by go-no-go paradigms,
which require inhibitory control, an executive function
known to decline with age [Langenecker et al., 2004;
Nielson et al., 2002, 2004; Sommers and Danielson, 1999].
Based on previous studies, our general hypothesis was
that the performance of older adults during a sequential
speech production task would be lower than that of young
adults, in terms of motor control (i.e., MT or accuracy),
particularly at high complexity levels. Based on the cogni-
tive aging literature, we hypothesized that age-related
speech production differences would be associated with
activation patterns consistent with the compensatory and/
or the de-differentiation hypotheses, but that, contrary to
the cognitive literature, these changes would occur within
the neural system supporting speech production, including

the SMA, the striatum, the cerebellum, the ventral M1 and
the premotor cortex (PMv) [Bohland and Guenther, 2006;
Ghosh et al., 2008; Peeva et al., 2010; Tremblay et al.,
2013a; Tremblay and Small, 2011]. Based on the finding of
a mediating role of the anterior insula in speech functions
in aging, we also expected to find age-related differences
in this region [Bilodeau-Mercure et al., 2015b; Tremblay
et al., 2013b].

METHODS

Participants

The study comprised a total of thirty healthy adult
native speakers of Canadian French, which were divided
into two groups (young, older). Due to technical difficul-
ties with audio recordings during the experiment, three
participants were not included in the present study, which
included 27 participants. The young adult group was com-
prised of 13 healthy right-handed adults [Oldfield, 1971]
(mean age 26.8 6 4.48 SD; 8 females). The older adult
group was comprised of 14 healthy right-handed adults
(mean age 68.2 6 4; 10 females). Participants in both
groups had normal or corrected-to-normal vision and no
self-reported history of speech, voice, language, psycholog-
ical, neurological, or neurodegenerative disorder. All par-
ticipants with corrected vision wore contact lenses during
the MRI acquisition, or MRI compatible glasses. Partici-
pants were screened for depression using the Geriatric
Depression Scale [Yesavage et al., 1982] and their cognitive
functioning was evaluated using the Montreal Cognitive
Assessment scale (MOCA) [Nasreddine et al., 2005]. Partic-
ipants’ characteristics are reported in Table I. The study
was approved by the Institutional Ethical Committee of
the Institut Universitaire en Sant�e Mentale de Qu�ebec
(#280-2011).

Stimuli and Procedures

The stimuli were sequences of six French syllables. Half
of the syllables had a simple consonant vowel (CV) struc-
ture, and the other half had a more complex (articulatory/
phonological) consonant-consonant-vowel (CCV) structure
(see Supporting Information 1 for a list of all syllables). A
total of 120 unique sequences were created. Half of these
sequences were simple, consisting of one syllable repeated
six times (e.g., /pa-pa-pa-pa-pa-pa/), while the other half
was complex consisting of three alternating syllables (e.g.,
/pa-ta-ka-pa-ta-ka/). This resulted in a 2x2 experimental
design with Motor complexity and Sequencing complexity
as the within subject factors, each with two levels, for a
total of four conditions (simple syllables within simple
sequences [SS] (e.g., /do-do-do-do-do-do/), simple sylla-
bles within complex sequences [SC] (e.g., /ge-ve-di-ge-ve-
di/), complex syllables within simple sequences [CS] (e.g.,
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/vlo-vlo-vlo-vlo-vlo-vlo/), and complex syllables within
complex sequences [CC] (e.g., /tre-gro-ble-tre-gro-ble/)).

During the functional magnetic resonance imaging
(fMRI) session, participants were asked to produce mean-
ingless sequences of syllables presented on the screen as
quickly and accurately as possible. All sequences were
produced during the silent period while the MRI gradients
were switched off (see the MR image Acquisition section).
Participants were instructed to stop speaking as soon as
the syllables disappeared from the screen. The participants
had 4 sec to read and produce the syllables. Participants’
verbal responses were recorded using a high-quality MRI
compatible optical omnidirectional microphone (MO-2000,
Sennheiser). All stimuli were presented using Presentation
Software (Neurobehavioral System, CA).

A resting condition (crosshair fixation) was also included
as a baseline condition and interleaved with experimental
trials. Within each run, the order of the conditions and the
number and duration of rest trials were optimized using
OPTseq2 (http://surfer.nmr.mgh.harvard.edu/optseq/).

The experimental consisted in 120 experimental trials
and 40 baseline trials, separated into two runs of approxi-
mately 10 min each. In addition to this task, participants
also performed a speech perception in noise task while
in the MRI scanner. These results have been published
elsewhere [Bilodeau-Mercure et al., 2015b].

Acoustical and Behavioral Data Analysis

Three behavioral measures were extracted from the voice
recordings to characterize motor speech performance in
terms of motor control (motor accuracy, MT) and motor
planning (reaction time [RT]). All acoustic analyses were
performed using Praat software [Boersma and Weenink,
2017]. A semi-automatic procedure was used for segmenting
participants’ responses. For each participant, the procedure
involved the automatic segmentation of each sequence

based on an intensity and duration algorithm detection.
Based on minimal duration and low intensity energy param-
eters, the algorithm automatically established the sequence’s
boundaries. These boundaries were then manually adjusted,
based on waveform and spectrogram information. For
each participant and each condition, the mean RT and MT
were computed. Given that participants were instructed to
respond as soon as a cue appeared, and not as fast as they
could, our RT measure is not a true measure of how fast par-
ticipants could initiate a speech response. MT was calculated
as the time from response onset to response offset. For the
analyses of motor accuracy, a research assistant naive to the
purpose of the study listened to the voice recordings, tran-
scribed the responses and calculated the number of errors,
including both omissions and commissions. A second
research assistant validated the transcriptions. Whenever a
disagreement occurred between the research assistants, a
third research assistant, also naive to the purpose of the
study, was asked to transcribe the response. All disagree-
ments were thus resolved. A response was considered accu-
rate and included in the analysis only if there was an
agreement between at least two of the assistants.

To examine the effect of syllable and sequence complexity
on motor performance (RT, MT, and accuracy), three mixed-
effect 2 3 2 3 2 ANOVAs were conducted (one per behavior-
al measure) with Motor complexity (simple, complex) and
Sequence complexity (simple, complex) as the within subject
factors and Group (young, elderly) as the between subject fac-
tor. For the ANOVAs, measures of effect sizes are provided
in the form of partial eta squared (h2

p). When comparing two
means, we report effect sizes in the form of Cohen d statistics.

MR Image Acquisition

The data were acquired on a whole-body Philips 3.0
Tesla Achieva TX at the Clinic IRM Qu�ebec-Mailloux in
Qu�ebec City. Structural MR images were acquired with 3D

TABLE I. Description of the participants

Younger adults (N 5 13) Older adults (N 5 14)

Mean (6SD) Range Mean Range

Age 26.85 (64.49) 21–34 years 68.24 (64.07) 61–74 years
Education (in number of years) 17.61 (60.5) 15–21 years 17.64 (61.4) 11–33 years
Gender ratio (M|F) 5|8 4|10
Handedness 19.3 (60.85) 18–20 19.85 (60.36) 19–20
MOCA (/30)a 29.23 (61.16) 27–30 27.4 (61.28) 26–30
Geriatric depression scale (/30)b 2.53 (62.18) 0–6 0.93 (61.59) 0–5

aThe MOCA is a short cognitive test that is scored on a 30-point scale. Higher scores indicate better cognitive functions. A score of� 26
is considered normal. This score is adjusted for age and education. All participants scored normal at the test, but the young adults had
higher scores than the older adults (t(25) 5 3.5, P 5 0.002).
bThe Geriatric depression scale (GDS) includes 30 questions. 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 global scores between 0 and 9 are considered normal, while
global scores between 10 and 19 indicate a depression, and scores between 20 and 30 indicate a severe depression. All participants
scored normal at the test, but the young adults were slightly less positive than the older adults (t(25) 5 2.2, P 5 0.037).
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T1-weighted MPRAGE sequence (TR 5 8.2 ms, TE 5 3.7
ms, FoV5 250 mm, flip angle 5 88, 256 3 256 matrix, 180
slices/volume, slice thickness 5 1 mm, no gap). Single-shot
EPI BOLD functional images were acquired using parallel
imaging. Each functional EPI run began with six dummy
scans to allow the magnetization to stabilize to a steady
state. Ninety functional images were acquired per run in
�10 min (40 interleaved 3 mm3 axial slices, no gap);
SENSE 5 2; TR 5 6,500 ms; acquisition time 5 2,140 ms,
delay in TR 5 4,360 ms; TE 5 30 ms; FOV 5 240 3 240 mm;
80 3 80 matrix; Flip angle: 90). Throughout the procedure,
each participant’s head was immobilized using a set of
cushions and pads. To further mitigate motion concerns
and to record verbal responses a sparse sampling parallel
acquisition technique [Gracco et al., 2005] was used,
which involved periods of 4,360 ms of silence (MRI
gradients turned off) interleaved with periods of data
acquisition (2,140 ms). The acquisition protocol is illustrated
in Figure 1.

MR Image Analyses

Head motion analysis

To determine whether head movements (i.e. translations
and rotations) differed between young and older adults,
we used the framewise displacement (FD) measure
described in Power et al. [2012, 2014]. Briefly, FD is a mea-
sure that captures the movement of the head along the six
rigid body parameters (translations and rotations along x,
y, and z-axes) from one volume to the next. It is calculated
as the sum of the absolute difference in the six rigid body
parameters between adjacent volumes. Rotational displace-
ments are first converted from degrees to millimeters by
calculating displacement on the surface of a sphere with a
radius of 50 mm (this is the approximate distance from
the cerebral cortex to the center of the head). The first vol-
ume of a run is set to 0 by convention. The rigid-body
translation and rotation algorithm implemented in AFNI’s
3dvolreg outputs the adjustments needed to bring a
volume back into alignment with the base [Cox and

Jesmanowicz, 1999]. For each participant and each run, we
calculated the average FD. Both runs FD values were
averaged. A Mann-Whitney U test was run to determine if
there were differences in FD values between younger and
older adults.

Pre-processing

All data were converted to the AFNI file format, and
visually inspected for artefacts. All time series were spa-
tially registered to the first functional run, motion-
corrected, slice timing corrected, de-spiked and mean-
normalized using AFNI [Cox, 1996]. All functional vol-
umes acquired during excessive motion, defined as
>1 mm, were excluded from the regression analysis using
AFNI’s censor function.

Subject-level regression analysis

An ordinary least square regression approach was used
to analyze subject data (10 regressors). Separate regressors
were created for each participant for the correct and incor-
rect trials (regressors for incorrect trials were not consid-
ered in this article). Additional regressors were the mean,
linear, and quadratic trend components, and the six
motion parameters (x, y, z and roll, pitch and yaw). A
2-parameter block shape model was used (AFNI model
BLOCK, with a length 3 sec, representing the average time
from stimulus onset to response offset [refer to Fig. 1]).
The BLOCK function is created by convolving an incom-
plete gamma function (similar to a GAM function) with a
boxcar function (equal to 1 over the stimulus duration,
and 0 elsewhere). This model convolves to a maximum
height of about 5.114, once the block length reaches about
15 sec. The BLOCK curve lasts about 15.8 sec longer than
the stimulus duration (here 18.8 sec). This regression mod-
el was fit to each run separately (separate baseline models
for each run). Because the behavioral analyses revealed
age differences in MT (refer to Behavioral Data section),
an additional regressor was included in the statistical
model (implemented via AFNI programs 1dMarry and

Figure 1.

Experimental setup. (A) Illustration of the experimental design using a sparse-sampling MRI data

acquisition protocol. (B) Example of the acoustical recordings made during the MRI session. The

green box represents the 3-sec time window that was modeled in the within-subject regression

analysis. The group mean response time (RT) and MT are also provided. [Color figure can be

viewed at wileyonlinelibrary.com]
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3dDeconvolve with the stim_times_AM2 option). This addi-
tional predictor variable was the MT in seconds in each
trial. The inclusion of this regressor allowed us to identify
voxels whose activation level varied as a function of MT
(BOLD-MT) as well as to examine the stimulus-locked
BOLD response. Thus, for each participant, two effects
were estimated for each trial type: (1) the stimulus-locked
BOLD response, reflecting response preparation and execution,
and (2) the MT-BOLD relationship.

Alignment and transformation to 2D (surface) space

Following regression, a surface representation of the
participant’s anatomy was created using FreeSurfer [Dale
et al., 1999; Fischl et al., 1999] by inflating each hemisphere
of the anatomical volumes to a surface representation and
aligning it to a template of average curvature. These surfa-
ces were exported into SUMA, AFNI’s surface program
[Saad et al., 2004]. The subject functional data (output
from the first level regression) were then converted to the
surface space (3dVol2Surf). Surface-based alignment of the
anatomical and functional data was conducted. Group-
level analyses were conducted on the surface, because sur-
face analyses achieve better alignment between functional
and structural data [Argall et al., 2006; Desai et al., 2005],
and because spatial smoothing is more precise (see
Smoothing section).

Smoothing

Following surface exportation, the results of the first-
level analysis (beta images) were smoothed on the surface
to achieve a target smoothing value of 6 mm using a
Gaussian FWHM filter. Smoothing on the surface as
opposed to the volume ensures that white matter voxels
are not included, and that functional data located in ana-
tomically distant locations on the cortical surface are not
averaged across sulci [Argall et al., 2006; Jo et al., 2007].
All data were visually inspected following exportation to
surface space and after smoothing, as a standard measure
of quality control. If a defect was detected or if the data
were incorrectly aligned, the data were re-exported.
This occurred for two participants, which were successfully
re-exported.

Volumetric analyses

To analyze activation patterns within subcortical struc-
tures, in parallel to the surface analyses, we also con-
ducted a standard volume analysis. Prior to the regression
analysis, a moderate spatial smoothing was applied to the
functional data (3 mm FWHM Gaussian filter), to prevent
reduction of signal in small subcortical regions by volume
averaging with larger surrounding regions of inactivity
such as the white matter [Crosson et al., 2003]. The same
statistical model was used to generate within-subject statis-
tical images for each of the conditions for both the surface

and volume data. Following regression, anatomical and
functional datasets were then spatially normalized to the
MNI TT_N27 template using the 12-parameter affine trans-
form implemented in AFNI (@auto_tlrc program). The T1
image was first normalized to the template, and then, the
T2 images were normalized to the normalized T1 images.

Group-level voxel-wise analyses

The first analysis examined the basic speech production
network and served as a validity check. An average of all
experimental conditions was computed (i.e., SS, SC, CS,
CC) against the control condition (visual fixation) was
compared against zero using a one-sample t-test (AFNI
3dTtest11). Next, the average of all conditions was
compared for the younger and the older adults using a
two-sample t-tests for independent samples. Because MT
was included in the statistical model at the within-subject
level, these analyses represent the brain activation for
speech production, controlling for MT.

Next, a series of analyses was conducted to examine the
relationship between MT and the average BOLD signal
across conditions (i.e., SS, SC, CS, CC). A one-sample t-test
(against zero) was conducted to identify the voxels that
were significantly correlated with MT. To identify whether
the relationship between the BOLD signal and MT differs
as a function of age, the average of all conditions was
compared across groups using a two-sample t-test for
independent samples. Finally, the same analysis was
conducted separately for the most complex condition (CC),
in which MT was the highest.

Following these analyses, a group-level mixed effect
ANOVA (AFNI 3dMVM program) [Chen et al., 2014] was
computed across the whole brain, with Motor complexity
(simple, complex) and Sequence complexity (simple,
complex) as the within-subject factors, Group as the
between-subject factor (young, older), and Subjects as a
random factor. The dependent variable was the BOLD
response independent of MT. This analysis allowed us to
examine the relation between BOLD signal during speech
production as a function of Group, Motor complexity, and
Sequence complexity.

To decompose the interactions, we extracted, for each
participant, the average regression coefficients (beta val-
ues) of all the clusters identified through the whole-brain
group analyses using a mask of the group result (AFNI
3dROIstats program). Functional regions were based on a
mask of the group result, which averages the beta values
across the whole cluster for each participant. These analy-
ses are not independent from the ANOVA analyses, in the
same way that post hoc analyses are not independent
from the main effects. Thus, they are not meant to provide
additional and independent information but rather clarify
the ANOVA results and visualize the interactions.

The Destrieux atlas was used for cortical parcellation
[Destrieux et al., 2010; Fischl et al., 2004] and to localize
changes in BOLD signal in the cortex. For activation in the
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cerebellum, we used the MRI atlas of the Human Cerebel-
lum [Schmahmann et al., 2000, 1999].

Clustering

All the analyses reported in this article are corrected for
multiple comparisons. For the surface results, the Monte
Carlo simulation procedure implemented in Freesurfer
(mri_glmfit) was used to identify significant clusters of acti-
vated vertices taking into account the number of voxels and
the amount of smoothing. The result indicated that, for an
individual vertex threshold of P< 0.01, corrected for multi-
ple comparisons to achieve a family-wise error (FWE) rate
of P< 0.05, the appropriate cluster size was� 95 vertices.
For the volumetric analyses, first we used AFNI’s 3dfwhm
program to estimate the actual smoothness of the data. This
information was then used in AFNI’s 3dClustSim program
to determine the appropriate cluster size. The procedure
returned a cluster size of� 35 voxels [945 mm3].

RESULTS

Behavioral Data

There was no main effect of Group on response plan-
ning (RT) or motor control accuracy, nor any interaction
with Group.1 The results of these analyses are reported in
Supporting Information 2. For MT, first, the assumptions
of normality and homogeneity of variances were verified.
The assumption of normality for MT was satisfied for all
groups and all experimental conditions, as assessed by
Shapiro-Wilk’s test (P> 0.05). There was homogeneity of
variances, as assessed by Levene’s test for equality of var-
iances (P> 0.05). The mixed effect 2 3 2 3 2 ANOVA,
revealed a significant main effect of Group (F(1,25) 5 8.47,
P 5 0.007, g2 5 0.25), which was driven by shorter MT for
the young compared to the older adults (means 6 SE:
1.77 6 0.08 sec vs. 2.07 6 0.07 sec). The analysis also
revealed a strong main effect of Motor complexity
(F(1,25) 5 270.16, P� 0.0001, g2 5 0.91), with shorter MT for
the simple compared to the complex syllables (means 6 SE:
1.78 6 0.05 sec vs. 2.01 6 0.05 sec). There was also a main
effect of Sequence complexity (F(1,25) 5 113.43, P� 0.0001,
g2 5 0.82), with shorter MT for the simple compared to the
complex sequences (means 6 SE: 1.78 6 0.05 sec vs.
2.05 6 0.06 sec). The Motor by Sequential complexity inter-
action was significant (F(1,25) 5 58.99, P� 0.0001, g2 5 0.70).
The Group by Motor complexity interaction was signifi-
cant (F(1,25) 5 4.37, P 5 0.047, g2 5 0.15). To decompose this
interaction, post hoc tests were conducted on Motor

complexity scores [MT complex syllables – MT simple syllables].
This analysis revealed smaller complexity effect in the
young compared to the older adults (means 6 SE:
0.24 6 0.02 sec vs. 0.31 6 0.02 sec, t(25) 5 22.09, P (one-

tailed) 5 0.023, d 5 0.83). This result is illustrated in Figure
2A (gray bars). The Group by Sequence complexity inter-
action was also significant (F(1,25) 5 11.70, P 5 0.002,
g2 5 0.32). Post hoc tests on syllable complexity scores [MT

complex sequence – MT simple sequence] revealed smaller com-
plexity effect in the young compared to the older adults
(means 6 SE: 0.19 6 0.03 sec vs. 0.37 6 0.04 sec,
t(25) 5 23.42, P (one-tailed) 5 0.001, d 5 1.36). This result is
also illustrated in Figure 2A (black bars). Finally, the 3-
way interaction between Group, Motor complexity and
Sequence complexity was also significant (F(1,25) 5 9.09,
P 5 0.006, g2 5 0.27). Decomposition of this interaction,
which is illustrated in Figure 2B, shows that the effect of
Motor complexity was significant only at high sequence
complexity level. This modulation was stronger for older
compared to younger adults (t(25) 5 23.01, P (one-

tailed) 5 0.003, d 5 1.29).
To decompose age differences in MT, a research assis-

tant naive to the purpose of the study manually segment-
ed the first run of all participants to extract the duration of
the syllables, the duration of the pauses between the sylla-
bles as well as the duration of the pause occurring halfway
through the sequence. The duration was then automatical-
ly extracted using Praat. Because of insufficient recording
quality, three participants were excluded from this analy-
sis, leaving 12 younger and 12 older adults. We first com-
puted the mean of each measure and compared it across
groups using independent sample t-tests. For the duration
of the pauses within syllable groups, across experimental
conditions, the group difference was significant (means 6

SE: 0.24 6 0.02 sec vs. 0.36 6 0.05 sec, t(22) 5 22.11, P (one-

tailed) 5 0.023, d 5 0.9). For the duration of the pauses in
between the two syllable groups, occurring halfway
through the sequence, a group difference was also signifi-
cant (means 6 SE: 0.06 6 0.001 sec vs. 0.15 6 0.03 sec,
t(22) 5 22.83, P (one-tailed) 5 0.005, d 5 1.2). There were no
group differences for the duration of the syllables
(means 6 SE: 1.56 6 0.06 sec vs. 1.71 6 0.06 sec,
t(22) 5 21.62, P (one-tailed) 5 0.059, d 5 0.69). Additional anal-
yses are reported as Supporting Information 2B.

To further explore the nature of the age differences in
MT, we examined the variability in MT. For each partici-
pant, we computed the standard deviation (SD) of MT in
each experimental condition. Following a logarithmic
(Log10), the assumption of normality for MT was satisfied
for all groups and all experimental conditions, as assessed
by Shapiro-Wilk’s test (P> 0.05). There was also homoge-
neity of variances, as assessed by Levene’s test for equality
of variances (P> 0.05), with the exception of the SC condi-
tion, in which variance was higher for the older compared
to the younger adults. The ANOVA revealed a strong
main effect of Group (F(1,25) 5 37.27, P� 0.001, g2 5 0.59),

1RT, duration, and accuracy results, only for the sequence effects,
have been reported somewhere else [Tremblay, P., Deschamps, I.
(2016) Structural brain aging and speech production: a surface-based
brain morphometry study. Brain Struct Funct, 221:3275–3299]. How-
ever, the detailed analysis of the duration was never reported before.
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but no interaction between Group and Motor complexity
or between Group and Sequence complexity. As was
expected, older adults produced responses that were more
variables in duration than younger adults, with mean SD
of 0.181 for the younger adults and 0.284 for the older
adults, representing a 55% increase. The detail of this anal-
ysis is provided in Supporting Information 2A.

Head Motion

A Mann-Whitney U test was run to determine if there
were differences in FD values between younger and older
adults. The analysis revealed no significant difference
(U 5 106, z 5 0.73, P 5 0.49).

BOLD-MT Relationship

The network of regions active in the task within and
across Groups, as well as group differences, are reported
in Supporting Information 3. The basic network of regions
that were sensitive to MT across experimental conditions
and participants is shown in Figure 3A. As can be seen in
the figure, a positive relationship between MT and the
BOLD signal was found throughout the cortical motor sys-
tem (more signal associated with slower responses), in the
left hemisphere, including the central sulcus and precen-
tral gyrus, the intraparietal sulcus and the medial part of
the superior frontal gyrus (corresponding to the SMA). No

activation was found in the basal ganglia or in the cerebel-
lum. Next, we examined age differences in the relationship
between BOLD and MT in the simplest (SS) and in the
most complex (CC) tasks separately. For SS, no region sur-
vived correction. For CC, as shown in Figure 3B, age dif-
ferences were found in several regions of the frontal lobe,
including the central sulcus, inferior frontal gyrus, as well
as in the intraparietal sulcus. A list of all activation is pro-
vided in Table II (A). To understand age differences in the
relationships between the BOLD and MT, we examined
the response patterns in each of these regions, separately
for the younger and the older adults. These analyses
revealed that BOLD response patterns varied in shape and
direction across regions. Very few regions exhibited a
response pattern akin to compensation, whereby a benefi-
cial relationship between BOLD signal and speed was only
present in older adults (left subcentral gyrus and sulcus,
right cingulate gyrus). In the remaining regions identified
through the whole-brain analysis, we found various
age-dependent BOLD response patterns akin to de-
differentiation, mainly in task-irrelevant areas. These
response patterns took three different forms: (1) a detri-
mental relationship between BOLD signal and MT (slower
responses associated stronger positive BOLD response) in
older adults in the absence of a relationship between
BOLD signal and MT in younger adults (right central sul-
cus [M1], right lateral occipital-temporal sulcus, right lin-
gual gyrus, and left transverse occipital sulcus). (2) The

Figure 2.

Behavioral results. The line charts present the results for the

analysis of MT. In (A), the Complexity effects [Duration com-

plex – Duration simple] are shown separately for each group

(young, older) and each manipulation (syllable complexity,

sequence complexity). In (B), the 3-way (Group 3 Sequence

complexity by Syllable Complexity) interaction is decomposed.

The Syllable complexity effect (Duration complex syllable –

Duration simple syllable) is shown separately for the simple and

complex sequences, for the young and older adults. For both

charts, error bars represent the standard error of the mean

(SE). Asterisks indicate significance at P� 0.05.
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weakening of a relationship between BOLD signal and MT
in older compared to younger adults (right inferior frontal
sulcus, right marginalis part of the cingulate gyrus, right
postcentral gyrus and sulcus, right inferior and middle
occipital gyri, right cuneus, left middle frontal gyrus, left
intraparietal sulcus, left paracentral gyrus and sulcus). (3)
A change in the direction of the BOLD-MT relationship
(right precentral sulcus [PMv], right intraparietal sulcus,
left inferior occipital sulcus, left inferior frontal sulcus).
Supporting Information 4 provides a description of the
response pattern in each of these regions.

BOLD-Motor Complexity Relationship

As shown in Figure 4, the direct comparison of complex
and simple syllables revealed stronger activation for the
complex syllables in several bilateral cortical and subcorti-
cal areas, including the ventral central sulcus and precen-
tral gyrus (i.e., M1 and PMv), the left superior frontal
gyrus (including the SMA and pre-SMA), the middle ante-
rior and posterior parts of the cingulate gyrus and sulcus,
the cerebellum (lobules VI and V), as well as the calcarine

sulcus and surrounding areas (cuneus and lingual gyrus).
There was no Group by Motor complexity interaction.

BOLD-Sequence Complexity Relationship

The direct comparison of complex and simple sequences
(Fig. 5A) revealed strong positive activation bilaterally in
the central sulcus, precentral gyrus and sulcus (including
M1 and PMv), medial part of the superior frontal gyrus
(including the SMA and pre-SMA), the middle anterior
part of the cingulate gyrus and sulcus, the intraparietal
sulcus, and cerebellum (lobules VI and V and Crus I).
There was also positive activation in the left inferior fron-
tal sulcus. As can be seen in Figure 5B and detailed in
Table II (B), several areas exhibited a Group by Sequence
complexity interaction. Analyses of the activation in these
regions revealed three distinct patterns: (1) a lesser deacti-
vation in the older compared to the younger adults at
high sequence complexity level (right superior temporal
sulcus, right sulcus intermedius primus of Jensen). An
example is provided in Figure 5B(i). (2) A lack of selectivi-
ty for the older compared to the younger adults (circular

Figure 3.

Motor control speed network. (A) Group-level FWE-corrected

average of BOLD-MT relationships across all condition for all

the participants (B) Age-differences in BOLD-MT relationships.

The pattern of age differences in the BOLD-MT relationships is

illustrated for four cortical regions in the form of scatter plots.

The X axis shows MT in sec. Because long responses are

considered to represent a low performance, these are labeled

“LOW.” Faster responses represent a “HIGH” performance.

Cortical activations are shown on the group average smoothed

white matter folded surfaces. L 5 left hemisphere; R 5 right

hemisphere. [Color figure can be viewed at wileyonlinelibrary.

com]
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TABLE II. FWE-corrected whole brain results

Effect Region Hemi x y z Area Max F Max P

A. Age differences in
BOLD-MT interactions
(in the complex
condition CC)

Part opercular of the inferior frontal gyrus
and inferior part of the precentral sulcus

Left 250 19 21 136 3.77 0.001

Superior parietal lobule and intraparietal
sulcus and transverse parietal sulci

Left 229 258 59 102 4.74 <0.001

Inferior occipital gyrus and sulcus Left 230 285 212 95 4.59 <0.001
Superior occipital sulcus and transverse

occipital sulcus
Left 225 287 17 89 5.24 <0.001

Precentral gyrus and superior part of the
precentral sulcus

Left 228 214 65 65 23.96 0.001

Middle frontal gyrus Left 242 29 26 60 4.19 <0.001
Paracentral lobule and sulcus and superior

parietal lobule
Left 28 241 63 53 3.57 0.001

Subcentral gyrus and sulci Left 257 217 15 44 3.90 0.001
Inferior frontal sulcus Left 235 5 31 35 3.69 0.001
Supramarginal gyrus Left 261 227 22 21 3.72 0.001
Postcentral gyrus and sulcus Right 38 235 55 164 5.10 <0.001
Central sulcus Right 37 214 51 90 3.94 0.001
Parieto-occipital sulcus Right 14 267 16 60 4.15 <0.001
Inferior occipital gyrus and sulcus Right 31 294 0 59 5.01 <0.001
Inferior occipital gyrus and sulcus Right 46 273 27 59 4.09 <0.001
Medial occipito-temporal sulcus and lin-

gual sulcus
Right 30 264 27 59 4.57 <0.001

Inferior frontal sulcus and middle frontal
gyrus

Right 42 22 27 45 5.01 <0.001

Intraparietal sulcus and transverse parietal
sulci

Right 37 240 42 44 4.22 <0.001

Inferior part of the precentral sulcus and
inferior frontal sulcus

Right 44 15 18 38 4.44 <0.001

Marginal branch of the cingulate sulcus Right 15 245 61 37 3.50 0.002
Posterior ramus of the lateral sulcus Right 34 217 18 36 3.16 0.004
Lateral occipito-temporal sulcus Right 52 238 218 30 3.76 0.001
Lateral aspect of the superior temporal

gyrus
Right 65 26 0 29 4.22 <0.001

Middle-posterior part of the cingulate
gyrus and sulcus

Right 12 211 50 27 3.02 0.006

Middle-posterior part of the cingulate
gyrus and sulcus

Right 14 211 44 26 3.50 0.002

Intraparietal sulcus and transverse parietal
sulci

Right 43 249 45 22 4.31 <0.001

B. Age Group 3

Sequence
Complexity
interaction

Inferior and middle occipital gyrus Left 243 286 21 36 18.09 <0.001
Anterior segment of the circular sulcus of

the insula
Right 30 31 22 283 110.01 <0.001

Superior temporal sulcus Right 54 24 223 179 100.57 <0.001
Medial orbital sulcus Right 15 28 221 135 73.13 <0.001
Inferior and middle occipital gyrus and

sulcus
Right 33 294 22 142 64.12 <0.001

Superior temporal sulcus Right 55 22 213 143 63.79 <0.001
Sulcus intermedius primus (of Jensen) Right 56 245 28 97 20.22 0.000

C. 3-way interaction
(Age Group 3

Sequence
Complexity 3 Motor
Complexity)

Middle-anterior part of cingulate gyrus
and sulcus and superior frontal gyrus
(medial)

Left 212 15 36 230 19.59 <0.001

Marginal branch of the cingulate sulcus
and superior frontal gyrus (medial part)

Left 217 230 43 215 16.03 <0.001

Inferior part of the precentral sulcus and
inferior frontal sulcus

Left 237 8 44 129 21.32 <0.001

Supramarginal gyrus and posterior lateral
fissure

Left 254 236 27 85 24.17 <0.001
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sulcus of the insula, right the inferior occipital gyrus and
sulcus and left middle occipital gyrus). Examples are pro-
vided in Figure 5B(ii) and (iii). (3) A stronger complexity
effect for the older compared to the younger adults (right
superior temporal sulcus). To confirm that these response
patterns were not related to MT, a standard multiple
regression analysis was conducted on the BOLD signal
(BOLD Complex sequences – BOLD Simple sequences) with Group
and MT (MT complex sequences – MT Simple sequences) as the
predictor variables, separately for each region identified
through the whole brain analysis. In all analyses, as
expected, there was a significant effect of Group (P� 0.05)
but MT did not significantly contribute to explaining the
variance in the BOLD signal.

Interactions between Group, Motor Complexity,

and Sequence Complexity

As illustrated in Figure 6A, the ANOVA revealed a 3-way
interaction in a distributed network of cortical areas (a
complete list is provided in Table II (C)). To decompose
this interaction, we examined the activation pattern in each
of these regions (N 5 19). We first computed a Motor
complexity score [BOLD complex syllables – BOLD simple syllables]
for the simple sequences and one for the complex sequences.
A difference score was then calculated [BOLD complex
sequences [complex syllables – simple syllables] 2 BOLD simple
sequences [complex syllables – simple syllables]]. These difference
scores were compared across Groups. The results demon-
strate the same response pattern in all regions, that is, a
stronger Motor complexity effect at high Sequence

complexity for the older compared to the young adults,
reflecting a stronger BOLD response. These results are sum-
marized in Figure 6B in the form of a radar chart. Each
dimension (radii) in the radar corresponds to a region. The
longer the radii, the stronger the difference score (in percent-
age of BOLD signal change). Two detailed illustrations of
this response pattern are provided in Figure 6C, in the form
of line charts. To confirm that these response patterns were
not related to MT, a standard multiple regression analysis
was conducted on the BOLD signal ([complex sequence com-

plex – simple syllables] – [simple sequence complex – simple syllables])
with Group and MT ([MT complex sequence complex – simple

syllables] – [MT simple sequence complex – simple syllables]) as the
predictor variables, separately for each region. In all analy-
ses, as expected, there was a significant effect of Group
(P� 0.05) but MT did not significantly contribute to explain-
ing the variance in the BOLD signal in any of the regions.

DISCUSSION

The general objective of the present study was to extend
current understanding of the aging of the neuromotor control
of speech by examining age differences in brain activation
patterns during a sequential speech production task in rela-
tion to behavioral data. Based on recent studies [Bilodeau-
Mercure et al., 2015a; Bilodeau-Mercure and Tremblay, in
press; Sadagopan and Smith, 2013], our general hypothesis
was that the performance of older adults during sequential
speech production would be lower than that of young adults,
particularly at high complexity levels. Furthermore, we also
hypothesized that age differences would be associated with

TABLE II. (continued).

Effect Region Hemi x y z Area Max F Max P

Superior temporal sulcus Left 240 257 20 71 13.97 0.001
Superior frontal gyrus (medial part) Left 27 33 48 59 12.87 0.001
Central sulcus Left 233 221 48 55 16.72 <0.001
Middle-posterior part of the cingulate

gyrus and sulcus
Left 212 213 47 45 14.88 0.001

Central sulcus Left 241 215 41 45 15.31 0.001
Superior frontal gyrus (medial part) Left 26 224 68 40 13.40 0.001
Superior parietal lobule Left 214 273 62 33 13.49 0.001
Paracentral lobule and sulcus and

marginal branch of the cingulate sulcus
Right 12 242 68 212 38.06 <0.001

Supramarginal gyrus and posterior ramus
of the lateral sulcus

Right 53 227 29 104 20.85 <0.001

Intraparietal sulcus and transverse parietal
sulci

Right 31 253 41 75 14.52 0.001

Middle frontal gyrus Right 40 11 48 69 19.81 <0.001
Postcentral sulcus Right 26 240 55 69 18.63 <0.001
Middle-posterior part of the cingulate

gyrus and sulcus
Right 14 210 47 65 13.33 0.001

Paracentral lobule and sulcus Right 5 231 74 44 14.90 0.001
Subparietal sulcus Right 15 253 38 42 13.27 0.001

Coordinates are in MNI space and represent the peak surface node for each of the cluster (FWE: P 5 0.05, minimum cluster size: 95
contiguous surface nodes, each significant at P< 0.01). Cluster size is reported as area in mm2.
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brain activation patterns consistent with either the compensa-
tory or the de-differentiation hypotheses (or both), occurring
primarily within the neural system supporting speech pro-
duction, including M1, PMv, the striatum, and the cerebel-
lum. As predicted, our results demonstrate age differences in
behavior and brain activity, particularly when both sequential
and motor complexity were high. At the behavioral level, this
interaction was expressed as prolonged and more variable
MT for older adults. These findings are discussed in the
following sections.

Control of Movement Timing

The present study shows strong (d� 0.9) and significant
age differences in motor control during a sequential
speech production task, with MT in older adults being lon-
ger than in younger adults, and more variable (by 55%).
The average difference in MT between younger and older
adults was �18%, and it reached �24% in the most com-
plex condition (high sequential and high motor complexi-
ty) (CC). MT differences were related to longer pauses
between syllables as well as longer pauses halfway
through the sequence, but not to the production of longer
syllables, suggesting that precise control over movement
timing declines with age. The finding of an age difference
in speech motor control is consistent with previous studies
focusing on the production of syllables, nonwords and
sentences, which have shown longer MT for older com-
pared to younger adults [Bilodeau-Mercure and Tremblay,
in press; Sadagopan and Smith, 2013]. The finding of lon-
ger MT is also consistent with previous studies focusing
on sequencing of finger movements [e.g., Aoki and Fukuo-
ka, 2010; Cacola et al., 2013; Cousins et al., 1998; Loehrer

et al., 2016; Ruiz et al., 2007]. In a recent study, we found
that MT increased in older compared to younger adults in
a simple sequential finger movement task, while response
accuracy was stable [Bilodeau-Mercure et al., 2015a]. It is
possible that slowing was a strategic choice for older
adults to emphasize movement accuracy at the cost of
speed.

The group analysis shows that the relationship between the
BOLD signal and MT varied as a function of age with impor-
tant spatial differences, particularly in CC (high sequential and
motor complexity). Interestingly, while the basic network for
MT was left lateralized (Fig. 3A), age differences were found
across both hemispheres (Fig. 3B), with a slight right predomi-
nance, consistent with the HAROLD model of hemispheric
asymmetry in aging [Cabeza, 2002], which suggests that con-
tralateral homologous regions are recruited in older ages to
maintain performance. However, of all the regions that were
modulated by MT in an age-specific manner, only very few
regions displayed clear compensatory-like effects, while most
regions exhibited a pattern of response akin to de-
differentiation. A clear de-differentiation response pattern was
found in the right M1, with stronger activation in older adults
associated with longer MT, consistent with previous studies of
manual motor control [e.g., Mattay et al., 2002; Naccarato et al.,
2006; Ward and Frackowiak, 2003]. This suggests that, with
age, M1 becomes less effective. A previous study has shown
that de-differentiation patterns in the motor system are associ-
ated with an increase in cortical-subcortical functional connec-
tivity within the sensorimotor network, including in M1
[Marchand et al., 2011]. In the current study, evidence of
compensation-like brain responses (stronger response in older
adults associated with better performance) was also found,
consistent with prior studies on motor aging [e.g., Mattay

Figure 4.

Motor complexity effects. Group-level FWE-corrected contrast of complex and simple syllables.

Cortical activation is shown on the group average smoothed white matter folded surfaces. Cere-

bellar activation is shown on an axial slice of an MNI template (TT_N27). L 5 left hemisphere;

R 5 right hemisphere. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 5.

Sequence complexity effects. (A) Group-level FWE-corrected

contrast of complex and simple sequences. (B) Group-level

FWE-corrected 2-way interaction between Group and Sequence

complexity. The bar graphs illustrate the interaction in three

regions, the right superior temporal sulcus, the right circular sul-

cus of the anterior insula and the left inferior occipital sulcus/

gyrus, separately for the young (light gray bar) and older adults

(black bar). The x-axis represents the Sequence complexity

effect (complex – simple sequence). The error bars represent

the standard error of the mean (SE). Asterisks indicate signifi-

cance at P� 0.05. Cortical activation is shown on the group

average smoothed white matter folded surfaces. Cerebellar acti-

vation is shown on an axial slice of an MNI template (TT_N27).

L 5 left hemisphere; R 5 right hemisphere. [Color figure can be

viewed at wileyonlinelibrary.com]
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et al., 2002]. Such pattern was found in the right posterior cin-
gulate cortex (PCC), a region involved in cognitive control. In
this region, stronger activation in older adults was associated
with better performance (shorter responses), while in the youn-
ger adults, there was no relationship between BOLD and MT.
The PCC is a central component of the default mode network
(DMN) [Buckner et al., 2008]. The DMN is a set of regions that
are more active during “passive tasks” than during tasks
demanding focused attention on external events [Raichle et al.,
2001]. Because of its involvement in the DMN, the PCC is
believed to play a role in internally-directed cognition [Raichle
et al., 2001]. However, there is also evidence to suggest that the
PCC is involved in regulating the focus of attention [e.g., Leech
et al., 2011; Leech and Sharp, 2014]. Given that our task was a
demanding visually triggered sequential speech production
task, an implication of the attention network is unsurprising.
Analysis of the core speech network (Supporting Information

3) indeed revealed that the entire attention network was highly
engaged, including the intraparietal sulcus, middle frontal
gyrus (MFG), superior parietal cortex (SPL), anterior insula,
and inferior frontal gyrus [Corbetta et al., 2008]. The finding of
compensatory-like activation in the right PCC suggests that
allocation of more cognitive resources, such as increased
focused attention, may contribute to maintaining motor timing
in older age during demanding sequencing tasks. This inter-
pretation is in line with the finding that motor sequencing dur-
ing manual actions is correlated with executive functions in
healthy older adults [Niermeyer et al., 2016]. A relationship
between cognitive control and motor programming during a
sequential motor task has also been shown in healthy older
adults [Suchy and Kraybill, 2007]. The current finding of age
differences in relation to speech performance in the PCC is
consistent with a recent fMRI study by Heuninckx et al. [2008],
which showed that an increase of activation was correlated to

Figure 6.

Three-Way interactions. (A) Group-level FWE-corrected inter-

action between Group, Motor complexity and Sequence com-

plexity. Activation is shown on the group average smoothed

white matter folded surfaces. (B) A radar chart summarizes the

response patterns that were found in regions identified in the

group analysis illustrated in A. Each dimension (radii) in the

radar chart corresponds to a region. The longer the radii, the

stronger the difference score (in percentage of BOLD signal

change), which represents the difference in Motor complexity

effect across Sequence complexity levels [Complex sequence

[complex– simple syllable] – Simple sequences [Complex– simple syllable]]

separately for the young (black line) and older adults (gray line).

As shown in the chart, the interaction was stronger for the

older adults in all regions. (C) The detail of this response pat-

tern is provided for two regions as examples. The x-axis repre-

sents the Motor complexity effect (complex – simple syllable) in

the simple sequence condition (S) and complex sequence (C),

separately for the younger (black bars) and older adults (gray

bars). The error bars represent the standard error of the mean

(SE). Asterisks indicate significance at P� 0.05. L 5 left hemi-

sphere; R 5 right hemisphere. [Color figure can be viewed at

wileyonlinelibrary.com]
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better coordination during an interlimb coordination task in a
number of regions involved in cognitive/executive control,
including the inferior frontal gyrus, the superior parietal gyrus,
the anterior insula, and the MFG. Moreover, a recent study
demonstrated age differences in the connectivity between the
prefrontal cortex and M1 during complex bimanual finger
movements [Loehrer et al., 2016]. Although these age differ-
ences were not correlated to performance, these findings add
to the notion that complex motor behavior place high demands
on the cognitive and executive systems of older adults, which
suggest increased cognitive-motor network integration in older
adults. Taken together, the current findings suggest that age-
related plasticity can occur within and outside the prefrontal
cortex to support fine motor control. These findings emphasize
the need to study complex and highly functionally relevant
motor behaviors such as speaking to understand age-related
alterations to complex brain functions.

Motor Sequencing

Motor sequencing is the planning of the order of each
movement within a sequence, that is, for speech, the orga-
nization of movements into precise, smooth and coarticu-
lated temporal sequences of movements of the lips,
tongue, and jaw [Lashley, 1951]. In the current study, we
manipulated the complexity of a sequential speech task by
asking participants to either produce sequences of the
same syllable repeated six times or to produce sequences
of alternating syllables, which require a higher level of
serial ordering. An effect of sequence complexity on BOLD
signal was found in several regions including the bilateral
medial frontal gyrus (corresponding to SMA and pre-
SMA), the left PMv, the bilateral anterior insula, and the
anterior SPL. The SMA and pre-SMA have been associated
with response sequencing for speech and non-speech
movements [Bengtsson et al., 2005; Bohland and Guenther,
2006; Gerloff et al., 1997; Macar et al., 2002; Papoutsi et al.,
2009], as well as speech sequence learning [Segawa et al.,
2015]. The finding of stronger activation in these regions
for more complex sequence supports the notion that they
are involved in speech motor sequencing. The sequence
complexity effect in the left PMv is consistent with the
hypothesis that this region contains speech motor programs,
as proposed in the DIVA model of speech production
[Guenther et al., 2006]. To produce complex sequences, three
different syllabic motor programs had to be activated, while
the production of simple sequences required activation of
only one program. It has been shown that as part of the pro-
cess of learning new speech sequences, brain activation
decreases in the left PMv with learning, suggesting that indi-
vidual motor programs become merged into one, thus
requiring the activation of only one motor program [Segawa
et al., 2015]. In addition to a modulation in the PMv, we also
found increased activation in the bilateral SPL, bilateral IPS
and bilateral frontal eye field, three regions that are part of
the dorsal attention system [Corbetta et al., 2008]. Modula-
tions in these regions for complex finger movement

sequences [Bengtsson et al., 2004], complex speech sequence
production [Bohland and Guenther, 2006] and speech
sequence learning [Segawa et al., 2015] have been reported.
We thus suggest that the increase in activation in these
regions during the production of complex visually triggered
sequences of syllables may reflect beneficial increased visual
attention to support performance [Corbetta et al., 2008]. This
is consistent with the finding of a role for the SPL in visual
attention in prior studies [Koenigs et al., 2009; Linden et al.,
2003; Wojciulik and Kanwisher, 1999].

Interestingly, with the exception of the right anterior
insula, regions that exhibited a Group by Sequence com-
plexity interaction in the current study were not those that
are typically associated with phonological and motor pro-
cesses for speech production, which could suggest de-
differentiation. In three regions (bilateral anterior superior
temporal sulcus and right sulcus of Jensen in the angular
gyrus), older adults exhibited an increase in activation in
relation to functional demands, with stronger activation
for the complex compared to the simple sequences, sug-
gesting compensatory-like neural reorganization processes.
However, given that activation in these regions did not
differ across groups at the low complexity level, these pat-
terns are only partly consistent with the CRUNCH model
[Reuter-Lorenz and Cappell, 2008; Reuter-Lorenz and
Mikels, 2006], which predicts higher activation in older
adults at low complexity level. Further, the model suggests
that, at high levels of complexity, compensatory mecha-
nism becomes ineffective, leading to equivalent or less
activation in older adults relative to young and a decline
in performance [Grady, 2008, 2012]. In the current study,
however, these BOLD response patterns were not related
to behavioral performance. A compensatory pattern is
sometimes invoked when older adults show stronger acti-
vation compared to younger adults while performing at
the same level [Cabeza et al., 2002; Naccarato et al., 2006;
Wu and Hallett, 2005]. However, other researchers have
suggested that when performance is matched, higher acti-
vation levels reflect a less efficient use of neural resources,
or increased effort, in older adults [Morcom et al., 2007].
The present results cannot distinguish between these two
interpretations. Further studies are thus needed to tackle
this important question. Having more than two complexity
levels could help test the hypothesis of a gradient of activa-
tion as a function of task complexity in relation with
CRUNCH.

In the other regions (right anterior insula, bilateral inferior
occipital areas and right medial orbital sulcus), we found a
different response pattern, that is, a lack of specificity in the
BOLD response in relation to sequencing difficulty in older
adults. Specifically, an increase in activation for the complex
sequences was only found in the younger adults. This pattern
of age difference is also inconsistent with the CRUNCH mod-
el [Reuter-Lorenz and Cappell, 2008]. Instead, this pattern
shares similarities with the de-differentiation hypothesis, where-
by less selective activity in task relevant regions was
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observed. Such activation pattern has been found in cognitive
tasks such as visual processing [e.g., Grady et al., 1994] and
attention [e.g., Townsend et al., 2006]. An age-related de-
differentiation in motor-evoked activity recorded from hand
muscles has also been observed [Reuter et al., 2015]. Although
it is unlikely that the anterior insula is involved in either
speech-specific or motor-specific processes, it is a region that
is active during demanding speech tasks [e.g., Ackermann
and Riecker, 2004; Bilodeau-Mercure et al., 2015b; Bohland
and Guenther, 2006; Peeva et al., 2010]. It has been suggested
that the anterior insula contributes to the attention orientation
system [Corbetta et al., 2008] as well as to general executive
processes involved in goal-oriented tasks [Nelson et al., 2010].
The present results are consistent with this idea, with the
need for monitoring/attention increasing as sequential com-
plexity increases. This is supported by the behavioral data
demonstrating slower and less accurate responses at high
complexity level in all participants. In sum, in this study, we
found increased activation in task-irrelevant areas (bilateral
anterior superior temporal sulcus and right sulcus of Jensen)
in relation to sequence complexity, as well as less specific
response in task-relevant areas (insula), a pattern of response
that is globally consistent with the de-differentiation model.

Motor Complexity Effects

The main message of this study in relation to Motor
complexity is that it is not a main factor of difficulty for
older adults, at least not the kind of complexity that was
manipulated here— the addition of a consonant cluster in
the syllable onset to create complex syllables (e.g., /pa/
vs./pra/). Moreover, the main effect of Motor complexity
was also more circumscribed than the effect of Sequence
complexity. It is possible that other kinds of complexity
manipulations (e.g., place of articulation), or the use of
more complex syllabic structure such as CCVC, could
have resulted in stronger age dependent BOLD responses.
The use of rare syllables could also have led to stronger
BOLD responses, as complex but frequent syllables such
as the one used in the current study are over-learned,
precompiled and therefore pose only limited demands on
the motor system. In contrast, the complex sequences were
new in this study, not precompiled; therefore, they likely
posed higher demands on the motor system. Nevertheless,
as expected, increasing the complexity of syllabic structure
controlling for sequence complexity led to an increased
BOLD response in several regions, including only the left
medial premotor areas (SMA) and cingulate gyrus, the supe-
rior cerebellum, M1, and PMv but also bilaterally in the
supratemporal cortex encompassing the transverse temporal
gyrus and sulcus and the planum temporale. The increase in
activation in the supratemporal cortex may reflect increased
phonological processing. These regions are known to be acti-
vated during the perception of sublexical speech [Benson
et al., 2001; Hugdahl et al., 2003; Rimol et al., 2005; Wilson
and Iacoboni, 2006; Wilson et al., 2004; Deschamps and

Tremblay, 2014]. The finding of an effect of motor complexi-
ty in the left pre-SMA and SMA is consistent with prior
brain imaging studies that have reported increase activation
within the SMA/pre-SMA for the production of multisyllab-
ic words compared to monosyllabic words [Shuster and
Lemieux, 2005], CCV compared to CV syllables [Bohland
and Guenther, 2006] and disyllabic nonwords compared to
monosyllable nonwords [Ghosh et al., 2008]. Taken together,
these and the current findings support the notion that medi-
al premotor areas are involved in the processing of syllable
structure during speech production. A main effect of motor
complexity was also found in the bilateral superior lateral
cerebellum (lobules V and VI). Cerebellar activation has
been reported in several speech production tasks [Bohland
and Guenther, 2006; Chen and Desmond, 2005; Ghosh et al.,
2008; Grabski et al., 2012; Peeva et al., 2010; Stoodley, 2012;
Stoodley and Schmahmann, 2008; Stoodley et al., 2012]. Lob-
ule VI contains a somatotopical map of the lips and tongue
[Grodd et al., 2001], and, through cortico-cerebellar-thalamic
loops, it connects with M1, SMA and PM [Hoover and
Strick, 1999; Kelly and Strick, 2003]. The finding of cerebellar
activation in the present study could therefore reflect a role
in the preparation of complex speech utterances, consistent
with the hypothesis of a role for this region in forming a pre-
articulatory verbal code and internal models of speech
movements [Ackermann, 2008; Ackermann et al., 2007]. It
could also reflect a role in sequencing [Ackermann, 2008;
Molinari et al., 2008] at the syllable level. A role for the cere-
bellum in motor timing and sequencing has been proposed
[Bengtsson et al., 2004, 2005; Ullen et al., 2005]. However, in
the present study, neither sequence complexity nor MT was
associated with cerebellar activation. Another possibility is
that the role of the cerebellum is to provide executive sup-
port during speech production. Functional connections
between the superior cerebellum, the prefrontal cortex and
superior parietal areas have been found, suggestive of a role
in executive control [Habas et al., 2009; Krienen and Buck-
ner, 2009]. The notion of a cognitive cerebello-cortical loop
has gained support over the past two decades [Middleton
and Strick, 1994, 1996, 1998a, 1998b, 2000]. However, if the
role of the cerebellum was executive, we would have
expected it to respond to both complexity manipulations.
Future studies are needed to clarify the role of the cerebel-
lum in speech production, for example, by exploring its
functional connectivity using a psychophysiological
approach [Friston et al., 1997; Gitelman et al., 2003]. Here,
such analyses are not warranted because of the acquisition
protocol that was used (sparse sampling) which resulted in
a limited number of discontinuous time points per condi-
tions, making the study of time-course impossible.

The General Impact of Complexity

Importantly, although the analyses revealed no main
effect of age on the BOLD response to Motor complexity
alone, the analyses revealed widespread age differences at
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the behavioral and brain levels when response complexity
was highest, that is, when both motor and sequential com-
plexity were high. Behaviorally, we found that motor com-
plexity effects in MT were stronger when sequence
complexity was high, especially for the older adults (Fig.
2B). In contrast, sequence complexity effects were always
present in older adults, suggesting that sequential com-
plexity poses a higher challenge to the aging motor system
than motor complexity alone. This may reflect vulnerabili-
ty of response sequencing and motor timing processes.

Consistent with the MT data, the fMRI results show
stronger BOLD-MT relationship at the highest complexity
level, as detailed in Control of Movement Timing section.
Moreover, a stronger effect of motor complexity on BOLD
signal was found at high sequence complexity for the
older adults (Fig. 6). This pattern of response was found
in several components of the motor system, including not
only the left PMv, left M1, left SMA, and pre-SMA but
also in the right MFG and the bilateral PCC, and it was
independent of MT. The finding of over-activation in
motor and cognitive/executive areas in older adults in
relation to the functional demands of the task but not to
performance may suggest a mechanism akin to neural
compensation. However, classically, compensation is
evoked when stronger activation is associated with better
performance. The present compensatory-like pattern is not
entirely coherent with the CRUNCH model because over-
activation was only observed in the most difficult task,
and not at low difficulty-level. It is interesting to note that,
in the present study, we found a de-differentiation pattern
in the right M1, and what appears to be a compensatory
pattern in the left M1. Also interesting is the finding of
compensatory-like patterns in regions involved in cogni-
tive control, including the right MFG and the bilateral
PCC. This is consistent with the notion (discussed in Con-
trol of Movement Timing section) of increased cognitive-
motor integrations in aging at high complexity levels. The
MFG is an important component of the attention network,
involved in redirecting attention toward behaviorally
relevant stimuli [Corbetta et al., 2008]. As previously
discussed, the PCC is a central component of the DMN
[Buckner et al., 2008]; evidence also suggests a role in
regulating the focus of attention [e.g., Leech et al., 2011;
Leech and Sharp, 2014]. These findings suggest that
stronger attention-related activation is associated with the
production of fine motor actions at high complexity levels.
Overall, these results demonstrate that the sensorimotor
and executive systems are capable of adapting to decline
in the central and peripheral nervous system to maintain
speech motor performance.

LIMITS

The current study presents some limitations, including a
small sample, a non-ecological task, the absence of complete
motor and cognitive assessments, the lack of a measure of

vascularity and the absence of a correction for potential vio-
lations of the assumption of equal variance across groups
in the whole-brain fMRI analyses. The speech task was cho-
sen because it eliminates the influence of linguistics factors
(e.g., semantics) on speech production, thereby measuring
“pure” maximal speech performance. Additionally, com-
plete evaluations of oral non-speech motor functions and
cognition were not conducted (beyond the MOCA test,
which was normal for all participants). It is thus possible
that some of participants may have had slightly abnormal
oral motor functions. However, participants did not report
any respiratory, speech, language, swallowing, or neurode-
generative disorders. Moreover, all participants were able
to perform the speech task. Another limitation of the pre-
sent study is related to the absence of a vascular measure
such as resting state T2 sequences with breath holding
[e.g., Liu et al., 2013] or resting-state fluctuation amplitude
[Tsvetanov et al., 2015]. Aging is associated with alterations
to vascular ultrastructure, vascular reactivity and resting
state cerebral blood flow, all of which can affect the BOLD
signal [e.g., D’Esposito et al., 2003, 2009]. Additionally,
there is evidence that cerebrovascular reactivity varies
across adults of the same age, and declines with increasing
age [Lu et al., 2010]. Nevertheless, the pattern of results that
we report is inconsistent with a global decline in the vascu-
lar system of older adults, given that we did not find a
global decrease in BOLD response in older adults, but
instead, several instances of BOLD signal increase in rela-
tion to functional demands or performance. Moreover,
focusing on the age difference across complexity levels is a
strategy that helps alleviate main effects of age such as vas-
cular changes [D’Esposito et al., 2009]. Here, most of our
analyses focused on the BOLD response at various com-
plexity levels or on the BOLD-MT relationship. It remains
possible that our results slightly overestimate age differ-
ences [Tsvetanov et al., 2015]. Hence, future studies should
acquire a vascular measure to ensure that age differences in
BOLD signal are of neural origin.

CONCLUSIONS

Speaking is an extremely fast and intrinsically complex
serial motor behavior that relies heavily on motor timing
and sequencing mechanisms to achieve the smooth co-
articulated speech output that is necessary to communicate
efficiently. The current study demonstrates age-related
behavioral and BOLD response differences in speech pro-
duction. At the behavioral level, we show that MT is lon-
ger and more variable in older adults, which suggests that
the motor control of timing during speech production
declines with age. Our fMRI analyses reveal a range of
age-dependent BOLD response patterns within and out-
side of the sensorimotor network that typically supports
speech functions, including executive control regions such
as MFG and PCC. This suggests that, with advancing in
age, performance on demanding speech tasks relies
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increasingly on resources beyond those typically involved
in speaking in young adults. These findings offer an impor-
tant snapshot into the neurobiology of aging and its effects
on speech production, and highlight the need to investigate
the relationship between executive and motor functions
during the production of complex and functionally relevant
actions such as speaking.
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