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The Effects of Bimanual Coordination
in Music Interventions on Executive
Functions in Aging Adults

Jennifer A. Bugos*

School of Music, Center for Music Education Research, University of South Florida, Tampa, Tampa, FL, United States

Music training programs have been shown to enhance executive functions in aging
adults; however, little is known regarding the extent to which different types of
bimanual coordination (i.e., fine and gross motor) in music instruction contribute to
these outcomes. The aim of this study was to examine the effects of bimanual
coordination in music interventions on cognitive performance in healthy older adults
(60-80 years). Participants (N = 135) completed motor measures and battery of
standardized cognitive measures, before and after a 16-week music training program
with a 3 h practice requirement. All participants were matched by age, education,
and estimate of intelligence to one of three training programs: piano training (fine
motor); percussion instruction (gross motor), and music listening instruction (MLI)
(no motor control condition). Results of a Repeated Measures ANOVA revealed
significant enhancements in bimanual synchronization and visual scanning/working
memory abilities for fine and gross motor training groups as compared to MLI. Pairwise
comparisons revealed that piano training significantly improved motor synchronization
skills as compared to percussion instruction or music listening. Results suggest that
active music performance may benefit working memory, the extent of these benefits
may depend upon coordination demands.

Keywords: music training, executive functions, piano training, cognitive intervention, older adult

INTRODUCTION

Bimanual coordination is a common element of instrumental music performance that requires
collaboration between the hands. Often bimanual coordination is measured based upon in-phase,
antiphase, or out- of phase movements calculated by phase angles of each limb at discrete time-
points. However, in music performance, bimanual coordination can also be accounted for in hand
synchronization, pattern accuracy, and rhythmic accuracy while performing hand movements in
parallel, contrasting, and oblique motion. This research employs this musical definition of bimanual
coordination with respect to pattern, synchronization, and rhythmic accuracy and examines its
relationship to music training and cognitive performance.

Bimanually coordinated movements can be varied by level of task complexity, task
difficulty, absence or presence of feedback, and level/amount of training or task practice
(Maes et al, 2017). According to information processing theory, bimanual coordination
is an example of a dual-task situation that includes interference between simultaneously
performed tasks, placing demands upon cognitive and neural resources (Swinnen and
Gooijers, 2015). Practicing a musical instrument can offer a level of complexity for
novice instrumentalists using a dual-task situation of bimanual motor movements
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coupled with auditory feedback which may exercise areas of
cognition. Our hypothesis is that bimanual coordination tasks
such as performance on a musical instrument, may contribute to
improving and maintaining cognitive skills in aging adults.

The purpose of this study was to examine the effects of
bimanual coordination in musical tasks with graded dual-task
load on cognitive and motor outcomes in healthy older adults
(60-80 years) as compared to a non-motor music training
intervention, music listening instruction (MLI). Specifically, we
evaluated the effects of music training with fine motor (i.e., group
piano training), gross motor (i.e., group percussion ensemble),
and no motor (i.e., music listening instruction) requirements
on bimanual coordination skills and executive functions. We
also examined the relationship between bimanual coordination
performance as measured by pattern, synchronization, and
rhythmic accuracy, and performance on measures of executive
functions. Based upon the Supply and Demand framework
in aging adults, fine motor training may contribute to
corticocerebellar networks (Seidler et al., 2010). Therefore,
we hypothesized that those allocated to group piano training
who practice fine motor skills in piano training may exhibit
greater enhancements in executive functions than the other
two interventions.

Musicians devote many practice hours to the development
of complex bimanual sensorimotor skills which vary based
upon instrumentation (Krampe and Ericsson, 1996; Krampe,
2002; Kim et al., 2017). Gross motor skills refer to movements
that require coordination of arms, legs, other large muscle
groups. For example, percussionists with hand drums or mallets
utilize gross motor skills. While fine motor skills such as those
used by wind players and pianists, require the coordination
of small muscles such as the digits of the hand. While
all musical instruments require precise timed movements,
differentiation in task requirements by instrument and types of
motor coordination may impact transfer to motor skills and
the degree of transfer to cognitive performance. For instance,
Kim et al. (2017) showed correlations between synchronization
errors committed on an electric drum task by older adults and
errors committed on cognitive tasks of executive functions. This
research explored relationships between motor performance and
executive functions in the context of a training study.

Expert Musicians and Motor Control
Few studies examine the emergence of skilled bimanual
coordination in novice musicians, however, studies of
professional musicians can provide insight into the neural
mechanisms implicated through intense musical training. In
professional musicians with extensive practice, neuroplastic
changes have been found that correspond to the trained
instrument. For instance, in professional string players, larger
cortical representations for fingers of the left hand were found
as compared to non-musicians (Elbert et al, 1995). Expert
musicians were shown to have a larger anterior corpus callosum
as compared to non-musicians, suggesting more efficient
interhemispheric communication (Schlaug et al., 1995).

Many examples of experience-dependent plasticity have
been found in musicians who engage in fine motor control.

For example, wind players were found to have showed
enlarged cortical thickness in lip-and tongue related brain
areas when compared to non-musicians (Choi et al, 2015).
Similar to these findings, research in professional pianists
showed differential cortical activation patterns (Koeneke et al.,
2004), structural and functional activity in auditory and
motor areas (Krings et al, 2000), and changes to white
matter integrity and gray matter density (Han et al, 2009).
If neurological evidence indicates neural changes resulting
from instrumental training (Palomar-Garcia et al, 2017),
what are the functional differences in cognitive outcomes
from engaging in different types of bimanual coordination
in adults?

Bimanual Coordination and Cogpnition in
Aging

Age-related cognitive decline is associated with deficits in
executive functions and motor coordination (Seidler et al.,
2010; Fujiyama et al., 2013; Bernard and Seidler, 2014; Rueda-
Delgado et al., 2019). Motor deficits may be due to the gradual
degeneration of the neuromuscular system, contributing to
sensory and motor challenges. However, older adults can learn
new motor skills despite the availability of fewer cognitive
resources (Seidler, 2007).

Research suggests that older adults recruit additional neural
resources when compared with younger adults (Heuninckx et al.,
2005; Rueda-Delgado et al., 2019). For instance, neuroimaging
research has shown that older adults completing coordination
tasks, demonstrate increased activation patterns in the posterior
cerebellum, an area associated with coordinated movements,
when compared to younger adults (Heuninckx et al., 2005).
Additional research by Rueda-Delgado et al. (2019) found
functional reorganization after training in older adults as
compared to younger adults who completed a novel bimanual
gross motor task. Specifically, beta power was reduced after task
training in older adults suggesting higher neural activity.

The “Supply and Demand” Framework (Seidler et al., 2010)
provides a potential explanation for age-related changes in
the neural control of movement. This framework accounts
for structural and functional declines (demand), shown to
increase with age, in the motor cortices, cerebellum, and basal
ganglia pathways. Thus, older adults rely more heavily upon
cognitive resources for motor control. In addition, aging adults
demonstrate reductions in attentional capacity and cognitive
resources (supply) due to the degradation of the prefrontal
cortex and anterior corpus callosum. The framework suggests
that the dopaminergic system acts on the corticocerebellar
neural pathways projecting from the cerebellum to the frontal
cortices, areas associated with higher cognitive processes. By
engaging neural pathways associated with cerebellar activity in
fine motor tasks such as piano training, the corticocerebellar
pathway may be strengthened. Activations in the corticerebellar
pathway can influence neural architecture such as the dorsolateral
prefrontal cortex, an area associated with executive functions
(Watson et al., 2014). While Seidler et al. (2010) have suggested
that training bimanual coordination skills may reduce the
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potential for cognitive decline, few cognitive training programs
consider bimanual motor coordination in the context of a
music intervention.

Some interventions for aging adults include bimanual
coordination tasks such as multisensory exercise programs
(Moreira et al., 2018); and juggling interventions (Draganski
et al., 2004; Scholz et al, 2009). Results of a randomized
controlled trial showed benefits from multisensory exercise
training with bimanual hand movements to cognition and motor
outcomes in institutionalized older adults (Moreira et al., 2018).
In addition, neuroimaging data in adults who participated in
a 90-day juggling intervention showed increased gray matter
volume in the mid-temporal area bilaterally and in the left
posterior intraparietal sulcus (Draganski et al., 2004). Boyke et al.
(2008) replicated the juggling intervention in a sample of older
adults in which similar neuroplastic changes were found post-
training. A significant increase in gray matter in the hippocampus
and nucleus accumbens was found for older adult jugglers.
Training on a musical instrument includes bimanual motor
control in a temporal context, similar to complex motor activities
such as juggling.

Piano Training and Cognition

Piano performance requires complex fine motor control and
integrates auditory feedback in a temporal context. Research
studies have found that piano training enhances several executive
functions such as working memory (Bugos et al, 2007; Guo
et al., 2018), spatial reasoning (Rauscher and Zupan, 2000),
verbal fluency (Bugos and Kochar, 2017), and cognitive control
(Seinfeld et al., 2013) in adults and children. Preschool children
who received piano training programs were shown to increase
spatial-temporal reasoning (Rauscher and Zupan, 2000). Results
of a 6-week keyboard harmonica intervention improved working
memory in young children as compared to no treatment controls
(Guo et al, 2018). In addition, piano training was shown
to significantly increase auditory word discrimination skills in
young children as compared to a reading training program and
no treatment controls (Nan et al., 2018). Collectively, studies in
young children showed the impact of piano training on working
memory, verbal skills, and reasoning abilities as compared to
control conditions.

Additional research has been conducted in aging adults on
the effects of piano training on cognitive performance in novice
adult musicians. Bugos et al. (2007) found that older adults
who were randomly assigned to a 6-month individualized piano
training program outperformed those assigned to a no treatment
control group on a series of standardized measures of executive
functions and working memory. Data suggested that some areas
of executive functions such as perceptual speed and visual-
scanning, were maintained after a 3-month delay period.

In another research study, Seinfeld et al. (2013) examined
the impact of a four-month piano intervention on cognitive
control as measured by the Spanish version of the Stroop task,
visual spatial performance by the Trail Making Card A, and well-
being as measured by the Beck Depression Inventory, Profile of
Mood States, and World Health Questionnaire Quality of Life
Brief Questionnaire. While adults in Seinfeld et al. (2013) were

not randomly assigned, post-training data showed enhanced
performance on measures of cognition, particularly in response
inhibition for those engaged in group piano training compared
to a group of older adults engaged in recreational activities.
There is a need for additional experimental research on the
impact of piano training on cognitive outcomes in older adults
and to compare and contrast with outcomes in other percussion
based interventions.

Gross Motor Coordination in Percussion

Programs

Research in the music therapy literature showed that gross
motor performance on non-pitched percussion instruments
(e.g., drums, congas, or djembes) in drum circles can assist
with health-related outcomes such as stress and anxiety. For
example, patients with dementia who received a drumming
program for 6 weeks (twice weekly) demonstrated significantly
reduced anxiety compared to no treatment controls (Sung
et al, 2012). Other variables affecting health such as blood
pressure have been shown to change after drumming. Researchers
in Africa found that older adults with high blood pressure
who partook of three, 40 min djembe drumming sessions
demonstrated reduced systolic blood pressure post-training
(Smith et al., 2014).

Research has also found that drumming can impact
psychosocial and cognitive outcomes. For example, patients
with Parkinson’s disease who received a 6-week West African
drumming class (twice per week), self-reported higher quality of
life than controls (Pantelyat et al., 2016). In another study, nine
participants with Huntington’s disease demonstrated increased
performance on measures of executive functions after 2 months
of a drumming intervention (Metzler-Baddeley et al., 2014).
Neurological data further suggested that the training may have
contributed to changes in the genu of the corpus callosum. While
there are only a few studies that actively implement percussion
performance in the music therapy literature, we seek to evaluate
a different kind of percussion training program, mallet training
in healthy older adults.

Few studies have researched the impact of percussion training
on cognitive outcomes in healthy older adults. Dege and
Kerkovius (2018) showed 15 weeks of drumming (60 min,
weekly) enhanced working memory in aging females compared
to a literature group and no treatment group. Another study
found that beginning adult musicians who completed an 8
week mallet training program demonstrated no significant
differences in cognitive outcomes, though a non-significant trend
was noted for processing speed. Researchers found increased
self-efficacy compared to an autobiographical writing group
(Bugos and Cooper, 2019). While both studies acknowledged
limitations in sample size, these studies included a progressively
difficult curriculum and a social learning environment, factors
positively associated with musical cognitive training programs
(Bugos, 2014). Therefore, this research included training
groups with a social learning environment (i.e., group-
based format) and a progressively difficulty curriculum (see
Supplementary Material).

Frontiers in Integrative Neuroscience | www.frontiersin.org

December 2019 | Volume 13 | Article 68


https://www.frontiersin.org/journals/integrative-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/integrative-neuroscience#articles

Bugos

Bimanual Coordination in Music Interventions

The impact of fine motor and gross motor music training
on cognitive and motor performance in aging adults remains
unclear. The purpose of this study was to investigate the
effects of bimanual coordination in fine motor training (Group
Piano Training; GPI), gross motor training (Group Percussion
Ensemble; GPel), and a no motor control regimen (Music
Listening Instruction; MLI) on cognitive performance and
bimanual coordination in healthy adults. It was hypothesized
that older adults assigned to instrumental interventions, group
piano training, and group percussion instruction (GPel), would
outperform matched controls enrolled in MLI on measures
of executive functions. Since fine motor activities such as
piano training have been more closely linked to corticerebellar
pathways associated with bimanual coordination (Herrojo Ruiz
et al, 2017; Jirenhed et al, 2017), it was hypothesized that
those in group piano instruction would demonstrate increased
bimanual coordination as compared to GPel. However, we
predicted that those in GPel would demonstrate increased
rhythmic coordination.

MATERIALS AND METHODS

Participants
One hundred eighty non-musicians (60-80 years) were recruited
from a mid-size city in the Southeastern United States and a
series of surrounding rural communities. Recruitment included
flyers and presentations to local Councils on Aging, church
groups, and media coverage of the research. Criteria for
participation consisted of those between the ages of 60-80,
a native English speaker, no history of colorblindness, no
prior history of neurological impairment (e.g., dementia or
stroke), no difficulty with the movement of the hands or
persistent tremor, not currently taking any psycho-reactive
medications or those affecting memory performance (e.g.,
sleep medications, antidepressants), less than 3 years of prior
musical training, and not currently engaged in music reading or
musical performance. Participants were screened for cognitive
impairment (scores > 30) with the Telephone Interview for
Cognitive Status (TICS, Brandt et al., 1988). The TICS is a short
reliable screening for cognitive impairment. Those scores, >30,
suggest no cognitive impairment and correspond to those found
on the Mini-Mental State Exam (Fong et al., 2009). Informed
written consent was obtained from all participants in accordance
with the procedures of the University Institutional Review Board.
One hundred thirty-five participants completed the research
study (Table 1). While each music training intervention began
with 60 adults, the final sample included: group piano instruction
(n=49), MLI (n = 48), or GPel (n = 38). Attrition was due to lack
of assignment to preferred group, personal illness, family illness,
caregiver responsibilities, or a financial need to return to the
workplace. The attrition rate was 24%, similar to other research
employing interventions for older adults (Jancey et al., 2007).

Procedure
All participants completed baseline measures of music aptitude
and estimate of intelligence. A series of dependent measures

TABLE 1 | Demographic data.

GPI (N = 49) MLI (N = 48) GPel (N = 38)
Age 67.90 (6.42) 68.83 (7.38) 69.13 (7.27)
Gender (Male/Female) 14/35 12/36 12/26
Education in years 14.86 (2.84) 14.94 (2.75) 15.87 (3.23)
ViQ 105.65 (10.36) 105.29 (13.35) 107.45 (19.79)
PIQ 109.9 (17.66) 108.5 (18.55) 110.47 (20.74)
FSIQ 107.8 (12.91) 107.25 (13.09) 111.5 (18.68)
AMMA 49.88 (7.35) 49.38 (6.64) 48.61 (6.95)

VIQ, Verbal Intelligence Quotient; PIQ, Performance Intelligence Quotient; FSIQ,
Estimate of Full Scale Intelligence Quotient scores; AMMA, Advanced Measures of
Music Audiation.

of executive functions (i.e., visual scanning/working memory,
processing speed, verbal fluency, and cognitive control)
and motor measures (ie., finger dexterity and bimanual
coordination) were repeated at post-testing. Alternate forms of
measures (e.g., Form A and B for the Verbal Fluency subtest)
were used whenever possible to avoid the potential for practice
effects. All measures were administered by two highly trained
research assistants with experience in psychological testing
for aging adults. Both research assistants were blind to the
participants’ assigned condition. Participants were matched
by age, education, and intelligence to three separate training
interventions; however, placement of three individuals who
matched these criteria were randomly assigned to one of three
interventions. Sixty participants were assigned to each of three
training interventions. Fifteen participants were allocated to
each class session within each training intervention (i.e., music
listening, group piano training, and group percussion ensemble).
Trainers remained the same for the study duration and each
conducted four separate classes for their prescribed intervention.
All participants received 16 weeks of training sessions, which
met for 45 min weekly.

Since success in music programs depends upon access to
practice and consolidation of learning, all participants were
required to practice training exercises for 30 min per day or 3 h
per week. All practice homework was checked and practice times
logged. The format of the training programs were structured
similarly with 10 min of review (e.g., homework or practice log
checks and review of concepts), 25 min of group performance of
new skills/concepts/repertoire, and 10 min for self-practice and
assessment. Training fidelity checks were conducted bi-weekly
in each intervention by two separate research assistants. These
checks insured that time was allocated equivalently between
interventions and that the trainer adhered to the research
protocols which included the training curriculum. A separate
research assistant was solely responsible for collecting homework
and checking practice logs for completion.

Description of Programs

Group Piano Instruction (GPI) consisted of a basic piano course
which included technical exercises (e.g., major scales), finger
dexterity exercises (e.g., Hanon exercises), basic piano repertoire
selected from the Alfred All-in-One text (Palmer et al.,, 1995).
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Classes were taught in a Yamaha Clavinova electronic piano
lab by a certified music educator with 20 + years of piano
teaching experience. Participants either borrowed keyboards for
practice from the university or completed practice sessions at a
local church. Weekly practice assignments were provided that
consisted of finger exercises, written theory assignments, and two
practice pieces.

Group Percussion Instruction (GPel) consisted of a basic
mallet program which included technical exercises (e.g., major
scales), music theory, ostinati exercises (e.g., Music For Children:
Volume 1, Murray, 1976) and repertoire performed was chosen
from Get America Singing Again vol. 2 (Hal Leonard Publishing
Corporation, 1997) and Hot Marimba (Hampton, 1995). Each
participant borrowed a soprano or alto Peripole-Bergerault
Orff rosewood xylophone that was brought to each class
held at the local senior center. Classes were taught by the
same music educator. Weekly homework assignments were
provided that consisted of mallet exercises (e.g., scales, ostinati,
and patterning), written music theory assignments, and two
percussion ensemble pieces.

Music Listening Instruction (MLI) consisted of a basic music
appreciation course with information about genre, composers,
and forms in classical and world music based upon the Music
Listening Today text (Hoffer, 2005). All music listening classes
were held at a local senior center and were taught by the
same music educator. Participants were loaned copies of the
texts and accompanying enhanced CDs for the duration of the
program. All enhanced CDs, not only provided audio practice,
but CDs could also be inserted into computers (either at home
or at the senior center) to view a listening map containing
illustrated formal elements of the pieces unfolding over time.
Weekly homework assignments included listening assignments
and written questions that required written responses.

Description of Measures

Baseline Measures

The Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler,
1999) was used to generate a Verbal Intelligence Quotient (VIQ),
Performance Intelligence Quotient (IQ), and an estimate of
Full-Scale Intelligence Quotient (FSIQ) (Table 1). The WASI
consists of four subtests: Vocabulary, Block Design, Similarities,
and Matrix Reasoning. The Vocabulary subtest is an untimed
measure in which participants orally define 42 words based upon
visual stimuli. The Similarities subtest involves 26 sets of paired
words in which participants respond as to how the two words
are similar. The Block Design subtest measures visuospatial skills
with 13 timed block patterns constructed from nine cubes. Items
of the Matrix Reasoning subtest measure non-verbal reasoning
skills with the selection of a missing piece to complete a visual
pattern from five potential items. The Vocabulary and Similarities
subtests contribute to an estimate of Verbal Intelligence Quotient
(VIQ), while the Block Design and Matrix Reasoning subtests
may be used to estimate one’s Performance Intelligence Quotient
(PIQ). The WASI scores correspond to intelligence scores from
the longer Wechsler Adult Intelligence Scale III (Axelrod, 2002);
and provide norms for a broad age range (6-89 years).

To measure musical aptitude, participants completed the
Advanced Measures of Music Audiation (AMMA; Gordon, 1989).
The AMMA consists of 30 paired-melodic phrases and requires
participants to differentiate changes in piano melodies. Melodies
are either tonally altered, rhythmically altered, or the same.
The AMMA was chosen for its reliability (» = 0.81) and
content validity.

Dependent Measures of Executive
Functions

Visual Scanning and Working Memory

The Trails Test Card A and B (TMT; Reitan and Wolfson,
1985) was administered as a measure of visual scanning and
working memory. The test requires sequencing, visuomotor
speed, and mental flexibility. Card A includes drawing a line
connecting numeric stimuli in sequential order, while Card
B required the switching between numeric and alphabetical
stimuli in sequential order (1, A, 2, B, etc.). TMT scores
reflected the time to complete the card (in seconds) and the
number of errors made on the task. In order to examine
the cognitive domain without the motor element, a TMT
delta score was calculated; time to complete Card A was
subtracted from time to complete Card B. Construct validity
for the TMT was established by correlations (0.36-0.93) with
an object-finding task and a hidden pattern task (Ehrenstein
et al, 1982). Reported reliability coefficients for the TMT
were (r = 0.94) for Part A and (r = 0.90) for Part B
(Spreen and Strauss, 1998).

Processing Speed

The Paced Auditory Serial Addition Task (PASAT; Gronwall,
1977) was administered to evaluate processing speed with
complex attention. PASAT includes four trials, each consisting
of 25 items in which a string of single digit numbers
is presented aurally with progressively faster interstimulus
intervals. Respondents summed the last number with the new
number and verbal responses were recorded. The PASAT was
chosen for its reliability (r = 0.95; Nikravesh et al., 2017) and
sensitivity in aging adults (Tombaugh, 2006).

Verbal Fluency

The Delis Kaplan Executive Function Measure Verbal Fluency
subtest (Delis et al., 2001) includes two forms to minimize
practice effects and measures three types of fluency conditions:
letter fluency, category fluency, and category switching. Each
of the three letter fluency trials consisted of naming as
many words that begin with the letters F A, S (pretesting)
and B, H, R (post-testing) in 60 s. Words generated could
not be names of people, places, or numbers. Category
fluency consisted of naming items pertaining to a specific
category such as animals or girl's names in 60 s. Category
switching trials required switching between the generation
of words belonging to two different categories such as fruit
and furniture. Reliability coefficients for the conditions of
the Verbal Fluency subtest are letter fluency (r = 0.88),
category fluency (r = 0.82), and category switching (r = 0.51)
(Delis et al., 2001).
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Response Inhibition

The Cued Color Word Stroop (Perlstein et al., 2006) was used
to measure response inhibition in the visual domain with Color
and Word cues. Each trial began with a 750 ms visual cue (Word
or Color) followed by an 1000 ms delay, and a visual stimulus
presented for up to 2500 ms, and terminated by the participant’s
response. Words are presented in one of three colors (red, blue,
and green). Participants chose between the ink color and physical
word depending upon instructions of the cue. For the color
condition, participants responded to the ink color of the word.
For the word condition, participants responded to the name
of the physical word on the screen. A total of 360 trials were
presented in 4 blocks of 90 trials in the following order: mixed,
color, mixed, and word with pseudorandomized stimuli. Visual
stimuli were presented in the center of a black screen visual
display, and delivered on an Apple Macintosh MacBook Pro
computer using an E-Prime Professional 2.0 software (Schneider
et al., 2002) with a Psych Scope button box response apparatus.
Participants were instructed to respond as quickly and accurately
as possible. Prior to administration, participants successfully
completed a practice block of each condition (color, word, or
mixed) with 70% accuracy.

Dependent Motor Measures

Manual Dexterity

The Finger Tapper Test (FTT; Reitan and Wolfson, 1993) was
used to evaluate manual dexterity by depressing a key with
the index finger for ten second increments until either a score
within a five-tap range is reached or ten trials are completed per
hand. Research in healthy older adults suggests that the FTT is
a promising measure for upper body motor performance, and
performance on the FT'T was not correlated with performance
on standardized measures of working memory, processing speed,
or spatial organization (Ashendorf et al., 2009).

Bimanual Coordination
The Bimanual Coordination Task (BMCT; Bugos and Iordache,
2019) is a gross motor task that evaluates parallel motion,
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FIGURE 1 | Item illustrating contrary motion on the bimanual coordination
task (BMCT).

contrary motion, and oblique motion with 15 separate color-
coded visual patterns, containing 8 beats in two rows (numbered
boxes represent beats in a measure), one for the right hand, and
one for the left hand (Figure 1). The top row represents the
right hand pattern and the bottom row represents the left hand
pattern. Boxes on the visual represented the beats in two sets of
four beat patterns. Respondents are allocated 1 min to study each
visual pattern and then perform the pattern on a color coded
four octave Yamaha synthesizer with a metronome (90 = bpm).
All patterns utilize black keys on the piano keyboard in sets
of twos or threes. All sets of two or three black keys must be
held down and selected at the same time. The first four practice
items encompass responses with one hand and are followed by
the inclusion of both hands. Thus, no previous knowledge of
music reading or the piano keyboard is necessary to complete
the task. The task was chosen for its reliability (r = 0.88) in a
group of healthy older adults with no previous musical training
(Bugos and Iordache, 2019). Reliability for sub scores of rhythm
(r = 0.82), synchronization (r = 0.76) and pattern (r = 0.78)
demonstrate good psychometric properties.

Other Variables

Mood was evaluated at baseline and at post-testing with the Beck
Depression Inventory II (Beck et al., 1996) and the Geriatric
Depression Scale (Yesavage, 1991), to ensure that mood had not
changed significantly over the course of the intervention. While
completion of the GDS has been shown to be less challenging for
older adults, the sensitivity to change has been found to be more
robust in the BDI. Thus, both were used as valuable instruments
to evaluate changes in mood (Olin et al., 1992).

Statistical Analysis

Statistical analyses were carried out with IBM SPSS 24.0
(IBM Corp, 2016). Four factors were included into a Group
x Time ANOVA on executive functions: Trail Making Test
Delta Scores (visual scanning/working memory), Paced Auditory
Serial Addition Task mean number correct (processing speed),
Category Switching mean correct (verbal fluency), and Stroop
mean errors (response inhibition) with Bonferroni correction to
control for Type I error. The analysis of motor outcomes included
the mean number correct for the dominant and non-dominant
hands for the Finger Tapper Test (manual dexterity), and each
of three domains for the Bimanual Motor Coordination Task
(motor coordination): Hand Synchronization, Pattern Accuracy,
and Rhythmic Accuracy. Motor outcomes were entered into a
separate Group x Time ANOVA to evaluate differences across
each domain of motor performance with Bonferroni correction.

RESULTS

Demographic data for participants (N = 135) can be found in
Table 1. Results of an ANOVA across demographic variables
showed no significant (p < 0.05) differences between age, F(2,
132) = 0.381, p = 0.68; education, F(2, 132) = 1.52, p = 0.22,
estimate of full scale intelligence, F(2, 132) = 0.99, p = 0.37, or
music aptitude, F(2, 132) = 0.36, p = 0.70.
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Executive Functions

A Group (GPI, MLI, GPel) x Time (Pretest, Posttest)
Repeated Measures ANOVA was conducted across all measures
of executive functions (Table 2): visual scanning/working
memory (TMT Delta); processing speed (PASAT), verbal fluency
(Category Switching-DKEFS), and response inhibition (Stroop).
Results showed a main effect of time for processing speed,
F(1, 127) = 29.23, p < 0.001, 0%, = 0.187, w?, = 0.179, and
for verbal fluency, F(1, 127) = 12.04, p = 0.001, n*, = 0.086,
w?, = 0.079. Effect sizes for processing speed and verbal fluency
were found to be moderate to large (Field, 2013). However,
no main effect of time was found for response inhibition,
F(1, 127) = 1.66, p = 0.20, 1%, = 0.013, w?, = 0.005, or
visual scanning/working memory, F(1, 127) = 1.93, p = 0.17,
n?, =0.015, w?, = 0.007.

Data showed a significant Group x Time interaction for visual
scanning and working memory as denoted by the TMT Delta
scores, F(2, 127) = 347, p = 0.03 1%, = 0.518, 0%, = 0.037
(Figure 2). No significant differences were found for verbal
fluency in category switching, F(2, 127) = 0.84, p = 0.21,
n?p < 0.001, w?, < 0.001, or for cognitive control as measured by
errors committed on the Stroop task, F(2, 127) = 0.84, p = 0.44,
nzp < 0.001, wzp < 0.001. However, a trend was found for
processing speed on the PASAT, F(2, 127) = 2.49, p = 0.08,
n?, = 0.038, w?, = 0.022 (Figure 3).

A secondary analysis that included independent trials was
conducted with a Group x Time ANOVA by cognitive
domain was conducted to performance across specific areas of
executive functions.

Visual Scanning and Working Memory
Results of an ANOVA on TMT Card A and B completion times
showed a main effect of time on Card A, F(132) = 3.86, p = 0.05,
n?p = 0.028, %, = 0.021, and Card B, F(1, 132) = 5.76, p = 0.02,
n?p =0.042, w?, = 0.034. No group by time interaction was found
for Card A, F(2, 132) = 1.50, p = 0.23, 1% = 0.022, ?, = 0.007,
and a trend was found for Card B, F(2, 132) = 2.67, p = 0.07,
n?p =0.039, w?, = 0.024.
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FIGURE 2 | Trail making test delta scores. *Denote statistically significant
difference at p < —0.05.

Processing Speed

An independent trial analysis revealed a significant main effect of
time for all four trials, F(1, 132) = 11.09, p = 0.001, nzp =0.078,
w?y = 0.070 (Trial 4, most challenging trial). However, only
trial 3 showed a Group x Time interaction, F(2, 132) = 3.86,
p=0.02, nzp =0.055, wzp =0.041. Pairwise comparisons reveal no
significant interactions (p = 0.538) suggesting that the variance in
scores may have contributed to this finding.

Dyad scores (i.e., the number of consecutive responses) were
also analyzed (Table 2), since it is common for adults to skip items
on this measure to compensate for task difficulty. Results of a
Group x Time ANOVA on dyad scores revealed a main effect of
time, F(1, 132) = 35.58, p = 0.001, 1%, = 0.212, »*, = 0.205, and no
group by time interaction, F(2, 132) = 1.76, p = 0.18, n?, = 0.026,
w?, =0.011.

TABLE 2 | Measures of far transfer to executive functions.

GPI (N = 49)

MLI (N = 48) GPel (N = 38)

Pretest Posttest

Pretest Posttest Pretest Posttest

TMT (Card A) (in seconds)
TMT (Card B) (in seconds)
TMT delta scores*

Stroop mean errors

36.27 (10.57)
100.19 (56.98)
63.93 (51.55)
15.22 (12.35)
1043.84 (140.83)

34.82 (10.42)
87.88 (39.11)
53.06 (35.72)
11.80 (10.82)

Stroop RT (in milliseconds) 1010.41 (132.26)

Letter fluency (DKEFS) 39.51 (11.93) 39.35 (12.66)
Category fluency (DKEFS) 37.43 (6.33) 40.14 (8.55)
Category switching (DKEFS) 13.00 (7.85) 14.59 (3.03)

PASAT total correct
PASAT dyad scores

56.10 (17.93)
32.88 (21.73)

63.43 (17.29)
40.98 (22.99)

40.69 (15.51)
101.45 (58.76)
60.76 (49.54)
17.35 (14.95)

1127.97 (174.55)

30.17 (20.64)

36.46 (11.52)
103.98 (59.50)
67.53 (55.21)
15.85 (15.15)

1116.36 (220.92)

36.58 (10.47)
98.03 (46.29)
61.44 (37.60)
11.15 (11.54)

1076.56 (196.25)

36.45 (14.83)
85.13 (33.71)
48.68 (28.21)
12.21 (10.13)

1059.84 (205.35)

36.90 (9.68) 37.52 (11.09) 35.03 (11.44) 40.71 (10.04)
37.44 (7.49) 38.17 (6.78) 35.53 (6.89) 39.74 (8.19)
13.56 (3.20) 14.19 (2.99) 12.61 (2.84) 14.16 (2.55)
53.79 (17.71) 56.31 (19.79) 54.34 (18.69) 63.42 (17.47

34.27 (22.64) 30.55 (22.99) 39.97 (24.27)

*Denotes significant (p < 0.05) group x time differences.
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FIGURE 3 | Paced auditory serial addition test scores across trials.

Verbal Fluency

Results showed a significant main effect of time was found for
category fluency, F(1, 132) = 10.19, p = 0.002, n%, = 0.072,
w?, =0.064, and category switching, F(1, 132) = 12.87, p < 0.001,
n?p =0.089, w?, = 0.081, however, no effect of time was found for
letter fluency, F(1, 132) = 2.51, p = 0.12, 1%, = 0.019, w?, = 0.011.
No group X time interactions were found for any of the trials
of the verbal fluency subtest: letter fluency, F(2, 132) = 1.86,
p = 0.160, 1%, = 0.027, w?, = 0.013; category fluency, F(2,
132) = 1.55, p = 0.217, 1% = 0.023, »?, = 0.008; and category
switching, F(2, 132) = 0.86, p = 0.428, n%, < 0.001, w?, < 0.001.

Response Inhibition

While the pattern of results showed decreases in mean errors
committed by all groups at post-testing, analysis by blocks (color,
mixed, word) showed no main effect for time and no group
X time interaction. Independent trial analysis of error rates by
block: color, F(2, 132) = 0.39, p = 0.676, 1%, < 0.001, »?, < 0.001;

word, F(2, 132) = 1.02, p = 364, 1%, = 0.015, w?, < 0.001; or
mixed, F(2, 132) = 2.98, p = 0.055, 1%, = 0.043, w?, = 0.028;
showed no significant main effect of time nor a Group X
Time interaction.

Motor Speed Analysis

Results of the two motor tests administered, the Finger Tapper
Test, and the Bimanual Motor Coordination Task can be found
on Table 3. A separate Repeated Measures ANOVA conducted
on measures of motor speed showed a main effect for time for
the dominant hand of the Finger Tapper Test, F(1, 132) = 4.78,
p = 003, 1% = 0.034, w?, = 0.027, and all conditions of
the Bimanual Motor Coordination Task including the Rhythm
condition, F(1, 132) = 22.18, p < 0.001, 1%, = 0.144, »?, = 0.136.
Synchronization condition, F(1, 132) = 21.60, p < 0.001,
n?p =0.141, ?, =0.133, and Pattern condition, F(1, 132) = 19.63,
p < 0.001, n%, = 0.129, w?, = 0.122. No main effect of time
was found for the Finger Tapper Test, non-dominant hand, F(1,
132) = 0.08, p = 0.78, 1%, < 0.001, w?, < 0.001.

A significant Group x Time interaction was found for
synchronization on the Bimanual Motor Coordination Task, F(2,
132) = 3.38, p = 0.03, 1%, = 0.049, w?, = 0.034 (Figure 4).
No significant group x time interactions were found for the
Finger Tapper Test for dominant hand, F(2, 132) = 0.78,
p = 046, 1%, < 0.001, w?, < 0.001, or non-dominant hand,
F(2, 132) = 0.34, p = 0.71, 0%, < 0.001, w?, < 0.001. Nor
were group X time interactions found for the Rhythm condition,
F(2,132) = 1.56, p = 0.21, 1%, = 0.023, w*, = 0.008 or Pattern
conditions, F(2, 132) = 1.03, p = 0.36, n?, = 0.015, w?, < 0.001,
of the Bimanual Motor Coordination Task.

Correlational Analysis: Cognitive and

Bimanual Coordination Outcomes

Correlations were conducted between executive function
composite scores and bimanual coordination scores. Composites
scores for measures of executive functions included: visual
scanning/working memory (Trail Making Card A and Card B);
processing speed (PASAT), verbal fluency (Category Switching-
DKEFS), and response inhibition (Stroop errors and response
times); and composite scores from the Bimanual Motor
Coordination Task: Rhythm, Synchronization, and Pattern

TABLE 3 | Mood and Motor Measures.

GPI (N = 49) MLI (N = 48) GPel (N = 38)
Pretest Posttest Pretest Posttest Pretest Posttest
BDI 3.37 (3.02) 2.51 (3.49) 3.44 (3.55) 2.23 (2.27) 2.89 (2.73) 1.61 (1.93)
GDS 3.00 (3.26) 2.88 (2.71) 3.63 (4.40) 3.23 (38.11) 3.25(2.90) 3.04 (3.10)
FT dominant hand 38.09 (9.22) 38.98 (9.12) 33.83 (10.31) 34.51 (9.69) 36.30 (8.06) 39.17 (6.39)
FT non-dominant hand 34.08 (6.61) 34.99 (7.23) 32.06 (7.40) 32.11 (6.47) 35.22 (5.93) 34.89 (6.43)
BMCT syncronization* 11.10 (3.80) 14.29 (3.14) 9.63 (4.36) 10.73 (4.55) 9.69 (3.67) 10.77 (3.22)
BMCT pattern 11.18 (3.12) 13.16 (3.04) 9.12 (3.83) 10.37 (3.41) 10.31 (3.47) 11.08 (3.10)
BMCT rhythmic* 5.20 (3.25) 6.59 (4.10) 4.22 (2.59) 5.24 (4.37) 4.62 (2.77) 7.04 (3.01)

BDI, Beck Depression Inventory; GDS, Geriatric Depression Scale; FT, Finger Tapper; BMCT, Bimanual Coordination Task. *Denotes significant (p < 0.05) group x time

differences.
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FIGURE 4 | Bimanual coordination task (A) synchronization; (B) pattern; (C)
rhythm. *Denote statistically significant difference at p < 0.05.

Accuracy were included. Results revealed significant negative
correlations between response inhibition (Stroop error rates)
and Pattern accuracy at pretesting (r = —0.208, p = 0.017)
and at post-testing (r = —0.273, p = 0.002). When the error
rates increased in Stroop scores, pattern accuracy decreased in
bimanual coordination. A similar significant negative correlation

was found for reaction times in Stroop performance and
Rhythmic accuracy at post-testing (r = —0.285, p = 0.001),
however, this relationship was not significant at pretesting
(r=—0.150, p = 0.096.).

Results of the correlational analysis showed a significant
negative correlation in the time to complete the Trail Making Test
(Card A) and all three composite scores from the Bimanual Motor
Coordination Task at pretesting: Rhythm (r = —0.173, p = 0.045),
Synchronization (r = —0.184, p = 0.033), and Pattern Accuracy
(r = —0.258, p = 0.002). Increases in completion times for the
Trail Making Test (Card A), resulted in reduced accuracy on
the Bimanual Motor Coordination Task. However, no significant
relationships were found at post-testing, Rhythm (r = —0.107,
p = 0.218), Synchronization (r = —0.027, p = 0.752), and Pattern
Accuracy (r = —0.136, p = 0.115).

Results of the correlational analysis showed a significantly
negative correlation between the time to complete the Trail
Making Test (Card B) and bimanual coordination scores on
Pattern (r = —0.253, p = 0.003) and Synchronization (r = —0.209,
p = 0.015) at pretesting. However, no significant correlation
was found between the time to complete the Trail Making
Test (Card B) and Rhythmic accuracy scores (r = —0.129,
p =0.136). Post-testing correlations showed a similar significantly
negative correlation between completion times on the Trail
Making Card B and Pattern accuracy (r = —0.194, p = 0.024);
however, no significant relationships were found for Rhythmic
accuracy (r = —0.085, p = 0.324) or Synchronization (r = —0.091,
p=0.294).

Similar findings were present for results of correlational
analysis for the Total Correct on the PASAT, a measure
of complex processing speed. Significant positive correlations
between the PASAT number correct for pretesting and bimanual
scores of Pattern (r = 0.193, p = 0.025) and Rhythmic accuracy
(r = 0.167, p = 0.045), but not for Synchronization accuracy
(r = 0.103, p = 0.234). However, no significant relationships
were found between bimanual coordination scores at post-
testing and PASAT performance, Pattern (r = 0.150, p = 0.083),
Synchronization (r = 0.001, p = 0.994) and Rhythmic accuracy
(r = 0.089, p = 0.307). Also, no significant correlations were
found between composites for verbal fluency and bimanual
coordination scores.

DISCUSSION

The purpose of the study was (1) to examine the effects
of fine motor and gross motor bimanual coordination music
interventions on cognitive and motor performance in healthy
older adults and (2) to examine the relationships between
performance on cognitive measures and areas of bimanual
coordination. The experimental design of this research is unique
as it is the first study to dissect complex behavioral interventions
with three music training interventions in beginning older adult
musicians. Specifically, this research differentiated gross and
fine motor coordination in a stringent study design to discern
potential benefits to cognitive and motor performance. Two
music interventions involved instrumental performance in an
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ensemble class that placed complex demands upon bimanual skill
development, in-phase synchronization, antiphase coordination,
precise timing, and sensorimotor integration (Repp and Su,
2013). Those assigned to GPI faced greater load on manual
dexterity in movements that required distal musculature.

Cognitive Outcomes

Our results showed significantly enhanced performance by
the GPI and GPel groups on visual scanning and working
memory as compared to MLI. In addition, data showed a
trend with a pattern of increased processing speed for the GPI
group. These data are consistent with previous experimental
studies examining the impact of active music participation in
healthy older adults (Bugos et al., 2007; Bugos and Kochar,
2017; Dege and Kerkovius, 2018). Results may be due to the
high level of sensorimotor integration involved in percussion
and piano training programs. Sensorimotor synchronization in
playing in an ensemble requires precise timing which involves
anticipation of the beat and adaptation to stay with the ensemble
(van der Steen and Keller, 2013; van der Steen et al., 2015).
Synchronization to the beat was both challenging and rewarding
for participants.

Results of this research that showed a significant main effect
of time to visual scanning/working memory, processing speed,
and verbal fluency, suggesting benefits related to participation
in all active music interventions. These data are consistent with
previous benefits stemming from drumming programs (Dege and
Kerkovius, 2018), piano training programs (Bugos et al., 2007;
Bugos and Kochar, 2017), and music listening (Mammarella
et al, 2007). However, given research that examined factors
contributing to executive functions on the Trail Making Test
(Salthouse, 2011), we believe that differences found post-training
may be related to processing speed.

Data analyzed by Salthouse (2011) examined areas of executive
functions measured by the Trail Making Test, a common measure
of visual scanning/working memory. Salthouse found abilities
were related to spatial visualization and processing speed with no
unique contribution of working memory. Recent research found
after controlling for a general cognitive factor in a bifactor model
in an older adult sample, only processing speed accounted for
completion time on the Trail Making Test (MacPherson et al.,
2019). Thus, changes found in this study may likely be due
to enhanced processing speed, differentially measured by the
Trail Making Test and PASAT. Furthermore, the correlational
analysis includes supports the relationships between bimanual
coordination and processing speed in the Trail Making Test
and PASAT. Despite the low strength of the correlations found,
replication of this research with alternate measures may help
further differentiate the effects of music interventions to areas of
executive functions.

No changes over time were found in response inhibition, a
component of cognitive control. This result was in contrast to
previous research by Seinfeld et al. (2013), who found enhanced
cognitive control in older adults who received 16 weeks of group
piano lessons. We believe these outcomes may be linked to
practice quality and quantity. Practice requires cognitive control
as the performer inhibits the incorrect note, in favor of the correct

note or rhythm. In the Seinfeld et al. (2013) study, practice
requirements were 45 min per day or 5 h weekly, and in the
current study 30 min per day or 3 h weekly. Further research
is necessary to evaluate the role of practice, time duration of
practice, and practice strategies that most efficiently contribute
to cognitive control.

Motor Outcomes

Our results suggest that participants in all music interventions
significantly improved bimanual motor outcomes of rhythmic
accuracy, pattern accuracy and hand synchronization.
In addition, the GPI group significantly improved in
synchronization as compared to GPel and MLI group.

This result was not surprising in that piano training requires
complex motor skills coupled by sensorimotor synchronization.
Research has shown that even after short-term piano experiences,
neurological and functional changes occur as a function of
motor and auditory experiences (Lappe et al., 2008). In research
comparing musicians and non-musicians, it was suggested that
non-musicians showed greater auditory-to-visual transfer of
information as compared to experts who demonstrate auditory-
to motor transfer of information (Brown and Penhune, 2018).
While adults in the present study were not at the expert level,
they certainly were able to demonstrate learning in the domain,
as evidenced by a concluding recital (one for GPI, and GPel)
which included memorized music. Future research is necessary
to examine the trajectory of music instruction and to identify the
point at which older beginners begin to demonstrate auditory-to-
motor transfer of information.

Limitations and Potential Explanations
Measures in this study pertained to either cognitive or
motor outcomes, this study did not measure learning in the
trained domain with a measure of musical achievement or
motivation. The lack of available music achievement measures
with good psychometric properties and the lack of inclusion of
measurement of musical achievement in training studies, renders
it difficult to determine near transfer in the trained domain.
In addition, the level of motivation may have influenced study
outcomes. Anecdotal reports by many participants suggested
an interest to enroll for the opportunity to learn musical
notation; however, future research with standardized measures of
motivation are necessary to explore the influence of motivation
on music learning outcomes.

Practice logs were completed for all participants. While
most individuals complied with practice requirements, some
participants reported a longer practice period or less than
30 min per day. In addition, the quality of the practice session
was not evaluated in this study. Future research is necessary
to examine the quality and duration of practice sessions for
novice adult musicians and the relationships to cognitive transfer.
Recordings of each practice session and perhaps a practice coach,
may contribute to the ability to evaluate the impact of music
interventions delivered in a way that allows researchers to capture
meaningful consolidation in music learning.

While the purpose of this study was to measure the effects of
bimanual coordination in the context of music interventions, it is
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unclear as to whether or not the benefits to executive functions
are unique to music training or may be an outcome of tasks
that require complex bimanual motor practice (e.g., juggling).
Further research is necessary to examine the role of bimanual
motor coordination interventions on executive functions.

This research included participants from a wide age-
range (60-80 years). To adequately answer additional
research questions regarding the impact of age-group
differences on cognitive and motor outcomes, there is need
for future research with larger samples of older adults.
Nevertheless, this study showed that active engagement in
music interventions contributes to cognitive and motor
performance in healthy older adults. Interventions delivered in
this research differed from many community music programs
by including non-musicians and extending: a progressively
difficult music curriculum, opportunities for social interaction,
practice requirements, and bimanual coordination exercises.
Instruments selected for training included pitched percussion
instruments (i.e., pianos, xylophones, and metallophones)
which were chosen to reduce any anxiety associated with
tuning or embouchure to obtain a high quality sound.
Group music programs can promote fine and gross
motor coordination which may contribute to cognitive
outcomes in aging.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

REFERENCES

Ashendorf, L., Vanderslice-Barr, J. L., and McCaffrey, R. J. (2009). Motor tests
and cognition in healthy older adults. Appl. Neuropsychol. 16, 171-176. doi:
10.1080/09084280903098562

Axelrod, B. N. (2002). Validity of the Wechsler abbreviated scale of intelligence
and other very short forms of estimating intellectual functioning. Assessment 9,
17-23. doi: 10.1177/1073191102009001003

Beck, A. T., Steer, R. A., and Brown, G. K. (1996). Beck Depression Inventory -II.
San Antonio, TX: Pearson.

Bernard, J. A., and Seidler, R. D. (2014). Moving forward: age effects on the
cerebellum underlie cognitive and motor declines. Neurosci. Biobehav. Rev. 42,
193-207. doi: 10.1016/j.neubiorev.2014.02.011

Boyke, J., Driemeyer, J., Gaser, C., Buchel, C., and May, A. (2008). Training —
induced brain changes in the elderly. J. Neurosci. 28, 7031-7035. doi: 10.1523/
jneurosci.0742-08.2008

Brandt, J., Spencer, M., and Folstein, M. (1988). The telephone interview for
cognitive status. Neuropsychiatry Neuropsychol. Behav. Neurol. 1, 111-117.

Brown, R. M., and Penhune, V. B. (2018). Efficacy of auditory versus motor
learning for skilled and novice performers. J. Cogn. Neurosci. 30, 1657-1682.
doi: 10.1162/jocn_a_01309

Bugos, J., and Kochar, S. (2017). The effects of a short-term intense piano training
program for cognitive aging: a pilot study. Music. Sci. 21, 137-150. doi: 10.177/
1029864917690020

Bugos, J. A. (2014). Community music as a cognitive training program for
successful ageing. Int. . Commun. Music 7, 319-331. doi: 10.1186/s12889-015-
2395-9

Bugos, J. A., and Cooper, P. (2019). The effects of mallet training on self-efficacy
and processing speed in beginning adult musicians. Res. Perspect. Music Educ.
20, 21-32.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the East Carolina University Institutional Review
Board. The patients/participants provided their written informed
consent to participate in this study.

AUTHOR CONTRIBUTIONS

JB conceived of the study, obtained funding, and carried out the
activities associated with this study.

ACKNOWLEDGMENTS

I wish to thank the Retirement Research Foundation (RRF)
for their generous support of this research. I wish to thank
Rebecca Martin, Joy Fitzpatrick, and Wendy Mostafa for testing
assistance, and Jamelle Simmons, Ayo Alexandra Gbadamosi and
Miranda Rose Torres for data assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnint.
2019.00068/full#supplementary- material

MATERIAL S1 | Summary of the 16-week curriculum for GPI and GPel
interventions.

Bugos, J. A., and Tordache, A. (2019). “A rhythmic bimanual motor coordination
task: reliability and validity in an adult population,” in Paper Presented at the
International Symposium on Assessment in Music Education, (Gainesville, FL).

Bugos, J. A., Perlstein, W. M., McCrae, C. S., Brophy, T. S., and Bedenbaugh,
P. H. (2007). Individualized piano instruction enhances executive functioning
and working memory in older adults. Aging Mental Health 11, 464-471. doi:
10.1080/13607860601086504

Choi, U.-S,, Sung, Y.-W., Hong, S., Chung, J.-Y., and Ogawa, S. (2015). Structural
and functional plasticity specific to musical training with wind instruments.
Front. Hum. Neurosci. 9:597. doi: 10.3389/fnhum.2015.00597

Dege, F., and Kerkovius, K. (2018). The effects of drumming on working memory
in older adults. Ann. N. Y. Acad. Sci. 1423, 242-250. doi: 10.1111/nyas.13685

Delis, D., Kaplan, E., and Kramer, J. (2001). Delis-Kaplan Executive Function
Battery. San Antonio, TX: Psychological Corporation.

Draganski, B., Gaser, C., Busch, V., Schuierrer, G., Bogdahn, U., and May, A.
(2004). Neuroplasticity changes in grey matter induced by training. Nature 427,
311-312. doi: 10.1038/427311a

Ehrenstein, W. H., Heister, G., and Cohen, R. (1982). Trail making test and visual
search. Arch. Psychiatry Nervenkr 231, 333-338. doi: 10.1007/bf00345589

Elbert, T., Pantev, C., Wienbruch, C., Rockstroh, B., and Taub, E. (1995). Increased
cortical representation of the fingers of the left hand in string players. Science
270, 305-307. doi: 10.1126/science.270.5234.305

Field, A. (2013). Discovering Statistics Using IBM SPSS Statistics, 4th Edn. London:
Sage.

Fong, T. G., Fearing, M. A., Jones, R. N., Shi, P., Marcantonio, E. R., Rudolph,
J. L., et al. (2009). Telephone interview for cognitive status: creating a crosswalk
with the mini-mental state examination. Alzheimer’s Dement. 5, 492-497. doi:
10.1016/j.jalz.2009.02.007

Fujiyama, H., Hinder, M. R,, Garry, M. L, and Summers, J. J. (2013). Slow and
steady is not as easy as it sounds: interlimb coordination at slow speed is

Frontiers in Integrative Neuroscience | www.frontiersin.org

December 2019 | Volume 13 | Article 68


https://www.frontiersin.org/articles/10.3389/fnint.2019.00068/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnint.2019.00068/full#supplementary-material
https://doi.org/10.1080/09084280903098562
https://doi.org/10.1080/09084280903098562
https://doi.org/10.1177/1073191102009001003
https://doi.org/10.1016/j.neubiorev.2014.02.011
https://doi.org/10.1523/jneurosci.0742-08.2008
https://doi.org/10.1523/jneurosci.0742-08.2008
https://doi.org/10.1162/jocn_a_01309
https://doi.org/10.177/1029864917690020
https://doi.org/10.177/1029864917690020
https://doi.org/10.1186/s12889-015-2395-9
https://doi.org/10.1186/s12889-015-2395-9
https://doi.org/10.1080/13607860601086504
https://doi.org/10.1080/13607860601086504
https://doi.org/10.3389/fnhum.2015.00597
https://doi.org/10.1111/nyas.13685
https://doi.org/10.1038/427311a
https://doi.org/10.1007/bf00345589
https://doi.org/10.1126/science.270.5234.305
https://doi.org/10.1016/j.jalz.2009.02.007
https://doi.org/10.1016/j.jalz.2009.02.007
https://www.frontiersin.org/journals/integrative-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/integrative-neuroscience#articles

Bugos

Bimanual Coordination in Music Interventions

associated with elevated attentional demand especially in older adults. Exp.
Brain Res. 227, 289-300. doi: 10.1007/s00221-013-3511-7

Gordon, E. E. (1989). Advanced Measures of Music Audiation. Chicago, IL: GIA
Publications.

Gronwall, D. M. (1977). Paced auditory serial-addition task: a measure of recovery
from concussion. Percept. Motor Skills 44, 367-373. doi: 10.2466/pms.1977.44.
2.367

Guo, X., Ohsawa, C., Suzuki, A., and Sekiyama, K. (2018). Improved digit span
in children after a 6-week intervention of playing a musical instrument: an
exploratory randomized controlled trial. Front. Psychol. 8:2303. doi: 10.3389/
fpsyg.2017.02303

Hal Leonard Publishing Corporation (1997). Get America Singing. .. Again Vol.1
Piano/Vocal/Guitar (A Project of the Music Educators National Conference).
Milwaukee, WI: Hal Leonard Publishing.

Hampton, W. (1995). Hot Marimba! - Zimbabwean-Style Music for Orff
Instruments. New York, NY: Plank Road Publishing.

Han, Y., Yang, H., Lv, Y.-T.,, Zhu, C.-Z,, He, T., Tang, H.-H., et al. (2009).
Gray matter density and white matter integrity in pianists’ brain: a combined
structural and diffusion tensor MRI study. Neurosci. Lett. 459, 3-6. doi: 10.1016/
j.nuelet.2008.07.056

Herrojo Ruiz, M., Maess, B., Altenmiiller, E., Curio, G., and Nikulin, V. V. (2017).
Cingulate and cerebellar beta oscillations are engaged in the acquisition of
auditory-motor sequences. Hum. Brain Mapp. 38, 5161-5179. doi: 10.1002/
hbm.23722

Heuninckx, S., Wenderoth, N., Debaere, P., Peeters, R., and Swinnen, S. P.
(2005). Neural basis of aging: the penetration of cognition into action control.
J. Neurosci. 25, 6787-6796. doi: 10.1523/jneurosci.1263-05.2005

Hoffer, C. (2005). Music Listening Today With Enhanced CDs. Belmont, CA:
Thomson Schirmer.

IBM Corp (2016). IBM SPSS Statistics for Windows, Version 24.0. Armonk, NY:
IBM Corp.

Jancey, J., Lee, A., Howat, P., Clarke, A., Wang, K., and Shilton, T. (2007). Reducing
attrition in physical activity programs for older adults. J. Aging Phys. Activ. 15,
152-165. doi: 10.1123/japa.15.2.152

Jirenhed, D. A., Rasmussen, A., Johansson, F., and Hesslow, G. (2017). Learned
response sequences in cerebellar Purkinje cells. Proc. Natl. Acad. Sci. U.S.A. 114,
6127-6132. doi: 10.1073/pnas.1621132114

Kim, S. J., Cho, S. R, and Yoo, G. E. (2017). Age-related changes in bimanual
instrument playing with rhythmic cueing. Front. Psychol. 8:1569. doi: 10.3389/
fpsyg.2017.01569

Koeneke, S., Lutz, K., Wiistenberg, T., and Jiancke, L. (2004). Long-term training
affects cerebellar processing in skilled keyboard players. NeuroReport 15, 1279~
1282. doi: 10.1097/01.wnr.0000127463.10147.e7

Krampe, R. T. (2002). Aging, expertise and fine motor development.
Neurosci. Biobehav. Rev. 26, 769-776. doi: 10.1016/S0149-7634(02)0
0064-7

Krampe, R. T., and Ericsson, K. A. (1996). Maintaining excellence: deliberate
practice and elite performance in young and older pianists. J. Exp. Psychol. 125,
331-359. doi: 10.1037/0096-3445.125.4.331

Krings, T., Topper, R., Foltys, H., Erberich, S., Sparing, R., Willmes, K,
et al. (2000). Cortical activation patterns during complex motor tasks
in piano players and control subjects. A functional magnetic resonance
imaging study. Neurosci. Lett. 278, 189-193. doi: 10.1016/s0304-3940(99)00
930-1

Lappe, C., Herholz, S. C., Trainor, L. J., and Pantev, C. (2008). Cortical
plasticity induced by short-term unimodal and multimodal musical
training. J. Neurosci. 28, 9632-9639. doi: 10.1523/J]NEUROSCI.2254-08.
2008

MacPherson, S., Allerhand, M., Cox, S. R., and Deary, 1. J. (2019). Individual
differences underlying the trail making test-B performance in aging: the Lothian
birth Cohort 1936. Intelligence 75, 29-32.

Maes, C., Gooijers, J., de Xivry, J. J. O., Swinnen, S. P., and Boisgontier, M. P.
(2017). Two hands, one brain, and aging. Neurosci. Biobehav. Rev. 75, 234-256.
doi: 10.1016/j.neubiorev.2017.01.052

Mammarella, N., Fairfield, B., and Cornoldi, C. (2007). Does music enhance
cognitive performance in healthy older adults? the vivaldi effect. Aging Clin.
Exp. Res. 19, 394-399. doi: 10.1007/BF03324720

Metzler-Baddeley, C., Cantera, J., Coulthard, E., Rosser, A., Jones, D. K., and
Baddeley, R. J. (2014). Improved executive function and callosal white matter
microstructure after rhythm exercise in Huntington’s Disease. J. f Huntington’s
Dis. 3,273-283. doi: 10.3233/JHD-140113

Moreira, N. B., Goncalves, G., da Silva, T., Zanardini, F. E. H., and Bento, P. C. B.
(2018). Multisensory exercise programme improves cognition and functionality
in institutionalized older adults: a randomized control trial. Physiother. Res. Int.
23, e1708. doi: 10.1002/pri.1708

Murray, M. (1976). Music for Children Volume I: Pentatonic. New York, NY: Schott
Publishing.

Nan, Y., Liu, L., Geiser, E., Shu, H, Gong, C. C, Dong, Q. et al
(2018). Piano training enhances the neural processing of pitch and

improves speech perception in Mandarin-speaking children. Proc.
Natl. Acad. Sci. US.A. 115, E6630-E6639. doi: 10.1073/pnas.180841
2115

Nikravesh, M., Jafari, Z., Mehrpour, M., Kazemi, R., Amiri Shavaki, Y., Hossienifar,
S., et al. (2017). The paced auditory serial addition test for working memory
assessment: psychometric properties. Med. J. Islamic Republic of Iran 31:61.
doi: 10.14196/mjiri.31.61

Olin, J. T., Schneider, L. S., Eaton, E. M., Zemansky, M. F., and Pollock, V. E. (1992).
The geriatric depression scale and the beck depression inventory as screening
instruments in an older adult outpatient population. Psychol. Assess. 4, 190-192.
doi: 10.1037/1040-3590.4.2.190

Palmer, W. A., Manus, M., and Lethco, A. V. (1995). Alfred-All-In-One Adult Piano
Method. New York, NY: Alfred Publishing.

Palomar-Garcia, M. -A, Zatorre, R. J., Ventura-Campos, N., Bueichekd, E., and
Avila, C. (2017). Modulation of functional connectivity in auditory-motor
networks in musicians compared with nonmusicians. Cereb. Cortex 27, 2768
2778. doi: 10.1523/]NEUROSCI.2018-08.2009

Pantelyat, A., Syres, C., Reichwein, S., and Willis, A. (2016). DRUM-PD: the use of
a drum circle to improve the symptoms and signs of Parkinson’s disease (PD).
Mov. Disord. Clin. Pract. 3, 243-249. doi: 10.1002/mdc3.12269

Perlstein, W. M., Larson, M. J., Dotson, V. M., and Kelly, K. G. (2006).
Temporal dissociation of components of cognitive control in severe TBI:
ERPs and the cued-Stroop task. Neuropsychologia 44, 260-274. doi: 10.1016/
j.neuropsychologia.2005.05.009

Rauscher, F. H., and Zupan, M. A. (2000). Classroom keyboard instruction
improves kindergarten children’s spatial-temporal performance: a field
experiment. Early Child. Res. Q. 15, 215-228. doi: 10.1016/50885-2006(00)
00050-8

Reitan, R. M., and Wolfson, D. (1985). The Halstead-Reitan Neuropsycholgical Test
Battery. Tucson, AZ: Neuropsychological Press.

Reitan, R. M., and Wolfson, D. (1993). The Halstead—Reitan Neuropsycholgical Test
Battery: Theory and clinical interpretation. Tucson, AZ: Neuropsychological
Press.

Repp, B. H., and Su, Y. H. (2013). Sensorimotor synchronization: a review of
recent research (2006-2012). Psychon. Bull. Rev. 20:403. doi: 10.3758/s13423-
012-0371-2

Rueda-Delgado, L. M., Heise, K. F., Daffertshofer, A., Mantini, D., and Swinnen,
S. P. (2019). Age-related differences in neural spectral power during motor
learning. Neurobiol. Aging 77, 44-57. doi: 10.1016/j.neurobiolaging.2018.12.
013

Salthouse, T. A. (2011). What cognitive abilities are involved in trail-making
performance? Intelligence 39, 222-232. doi: 10.1016/j.intell.2011.03.001

Schlaug, G., Jancke, L., Huang, Y., Staiger, J. F., and Steinmetz, H. (1995). Increased
corpus callosum size in musicians. Neuropsychologia 33, 1047-1055. doi: 10.
1016/0028-3932(95)00045-5

Schneider, W., Eschman, A., and Zuccolotto, A. (2002). E-Prime (Version 2.0).
[Computer software and manual]. Pittsburgh, PA: Psychology Software Tools
Inc.

Scholz, J., Klein, M. C., Behrens, T. E., and Johansen-Berg, H. (2009). Training
induced changes in white-matter architecture. Nat. Neurosci. 12, 1370-1371.
doi: 10.1038/nn.2412

Seidler, R. D. (2007). Older adults can learn to learn new motor skills. Behav. Brain
Res. 183, 118-122.

Seidler, R. D., Bernard, J. A., Burutolu, T. B., Fling, B. W., Gordon, M. T., Gwin,
J. T., etal. (2010). Motor control and aging: links to age-related brain structural,

Frontiers in Integrative Neuroscience | www.frontiersin.org

December 2019 | Volume 13 | Article 68


https://doi.org/10.1007/s00221-013-3511-7
https://doi.org/10.2466/pms.1977.44.2.367
https://doi.org/10.2466/pms.1977.44.2.367
https://doi.org/10.3389/fpsyg.2017.02303
https://doi.org/10.3389/fpsyg.2017.02303
https://doi.org/10.1016/j.nuelet.2008.07.056
https://doi.org/10.1016/j.nuelet.2008.07.056
https://doi.org/10.1002/hbm.23722
https://doi.org/10.1002/hbm.23722
https://doi.org/10.1523/jneurosci.1263-05.2005
https://doi.org/10.1123/japa.15.2.152
https://doi.org/10.1073/pnas.1621132114
https://doi.org/10.3389/fpsyg.2017.01569
https://doi.org/10.3389/fpsyg.2017.01569
https://doi.org/10.1097/01.wnr.0000127463.10147.e7
https://doi.org/10.1016/S0149-7634(02)00064-7
https://doi.org/10.1016/S0149-7634(02)00064-7
https://doi.org/10.1037/0096-3445.125.4.331
https://doi.org/10.1016/s0304-3940(99)00930-1
https://doi.org/10.1016/s0304-3940(99)00930-1
https://doi.org/10.1523/JNEUROSCI.2254-08.2008
https://doi.org/10.1523/JNEUROSCI.2254-08.2008
https://doi.org/10.1016/j.neubiorev.2017.01.052
https://doi.org/10.1007/BF03324720
https://doi.org/10.3233/JHD-140113
https://doi.org/10.1002/pri.1708
https://doi.org/10.1073/pnas.1808412115
https://doi.org/10.1073/pnas.1808412115
https://doi.org/10.14196/mjiri.31.61
https://doi.org/10.1037/1040-3590.4.2.190
https://doi.org/10.1523/JNEUROSCI.2018-08.2009
https://doi.org/10.1002/mdc3.12269
https://doi.org/10.1016/j.neuropsychologia.2005.05.009
https://doi.org/10.1016/j.neuropsychologia.2005.05.009
https://doi.org/10.1016/S0885-2006(00)00050-8
https://doi.org/10.1016/S0885-2006(00)00050-8
https://doi.org/10.3758/s13423-012-0371-2
https://doi.org/10.3758/s13423-012-0371-2
https://doi.org/10.1016/j.neurobiolaging.2018.12.013
https://doi.org/10.1016/j.neurobiolaging.2018.12.013
https://doi.org/10.1016/j.intell.2011.03.001
https://doi.org/10.1016/0028-3932(95)00045-5
https://doi.org/10.1016/0028-3932(95)00045-5
https://doi.org/10.1038/nn.2412
https://www.frontiersin.org/journals/integrative-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/integrative-neuroscience#articles

Bugos

Bimanual Coordination in Music Interventions

functional, and biochemical effects. Neurosci. Biobehav. Rev. 34, 721-733. doi:
10.1016/j.neubiorev.2009.10.005

Seinfeld, S., Figueroa, H., Ortiz-Gil, ., and Sanchez-Vives, M. V. (2013). Effects of
music learning and piano practice on cognitive function, mood and quality of
life in older adults. Front. Psychol. 4:810. doi: 10.3389/fpsyg.2013.00810

Smith, C., Vilijoen, J., and McGeachie, L. (2014). African drumming: a holistic
approach to reducing stress and improving health? J. Cardiovasc. Med. 15,
441-446. doi: 10.2459/JCM.0000000000000046

Spreen, O., and Strauss, E. (1998). A Compendium of Neuropsychological Tests:
Administration, Norms and Commentary, 2nd Edn. New York, NY: Oxford
University Press.

Sung, H. C, Lee, W. L, Li, T. L, and Watson, R. (2012). A group music
intervention using percussion instruments with familiar music to reduce
anxiety and agitation of institutionalized older adults with dementia. Int. J.
Geriatr. Psychiatry 27, 621-627. doi: 10.1002/gps.2761

Swinnen, S., and Gooijers, J. (2015). Bimanual coordination. Brain Mapp. 2,
475-482. doi: 10.1016/B978-0-12-397025-1.00030-0

Tombaugh, T. N. (2006). A comprehensive review of the paced auditory serial
addition test (PASAT). Arch. Clin. Neuropsychol. 21, 53-76. doi: 10.1016/j.acn.
2005.07.006

van der Steen, M. C., Jacoby, N., Fairhurst, M. T., and Keller, P. E. (2015).
Sensorimotor synchronization with tempo-changing auditory sequences:
modeling temporal adaptation and anticipation. Brain Res. 1626, 66-87. doi:
10.1016/j.brainres.2015.01.053

van der Steen, M. C., and Keller, P. E. (2013). The adaptation and

anticipation =~ model (ADAM) of sensorimotor  synchronization.
Front. Hum. Neurosci. 7:253. doi: 10.3389/fnhum.2013.
00253

Watson, T. C., Becker, N., Apps, R, and Jones, M. W. (2014).
Back to front: cerebellar connections and interactions with the
prefrontal cortex. Front. Syst. Neurosci. 8:4. doi: 10.3389/fnsys.2014.
00004

Wechsler, D. (1999). Wechsler Abbreviated Scale of Intelligence II. San Antonio, TX:
Pearson Corporation.

Yesavage, J. A. (1991). Geriatric depression scale: consistency of depressive
symptoms over time. Percept. Motor Skills 73:1032. doi: 10.2466/PMS.73.7.
1032-1032

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Bugos. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Integrative Neuroscience | www.frontiersin.org

13 December 2019 | Volume 13 | Article 68


https://doi.org/10.1016/j.neubiorev.2009.10.005
https://doi.org/10.1016/j.neubiorev.2009.10.005
https://doi.org/10.3389/fpsyg.2013.00810
https://doi.org/10.2459/JCM.0000000000000046
https://doi.org/10.1002/gps.2761
https://doi.org/10.1016/B978-0-12-397025-1.00030-0
https://doi.org/10.1016/j.acn.2005.07.006
https://doi.org/10.1016/j.acn.2005.07.006
https://doi.org/10.1016/j.brainres.2015.01.053
https://doi.org/10.1016/j.brainres.2015.01.053
https://doi.org/10.3389/fnhum.2013.00253
https://doi.org/10.3389/fnhum.2013.00253
https://doi.org/10.3389/fnsys.2014.00004
https://doi.org/10.3389/fnsys.2014.00004
https://doi.org/10.2466/PMS.73.7.1032-1032
https://doi.org/10.2466/PMS.73.7.1032-1032
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/integrative-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/integrative-neuroscience#articles

	The Effects of Bimanual Coordination in Music Interventions on Executive Functions in Aging Adults
	Introduction
	Expert Musicians and Motor Control
	Bimanual Coordination and Cognition in Aging
	Piano Training and Cognition
	Gross Motor Coordination in Percussion Programs

	Materials and Methods
	Participants
	Procedure
	Description of Programs
	Description of Measures
	Baseline Measures

	Dependent Measures of Executive Functions
	Visual Scanning and Working Memory
	Processing Speed
	Verbal Fluency
	Response Inhibition

	Dependent Motor Measures
	Manual Dexterity
	Bimanual Coordination
	Other Variables

	Statistical Analysis

	Results
	Executive Functions
	Visual Scanning and Working Memory
	Processing Speed
	Verbal Fluency
	Response Inhibition
	Motor Speed Analysis
	Correlational Analysis: Cognitive and Bimanual Coordination Outcomes

	Discussion
	Cognitive Outcomes
	Motor Outcomes
	Limitations and Potential Explanations

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


