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Abstract
Aging is accompanied by cognitive decline, although recent research indicates that the rate
of decline depends on multiple lifestyle factors. One of such factors is musical practice, an
activity that involves several sensory and motor systems and a wide range of high-level cognitive processes. This paper describes the first systematic review and meta-analysis, to our
knowledge, of the impact of musical practice on healthy neurocognitive aging. The inclusion
criteria for the review required that studies were empirical works in English or Spanish that
they explored the effects of musical practice on older people; they included an assessment of
cognitive functions and/or an assessment of brain status; and they included a sample of participants aged 59 years or older with no cognitive impairment or brain damage. This review
led to the selection of 13 studies: 9 correlational studies involving older musicians and nonmusicians and 4 experimental studies involving short-term musical training programs. The
results of the meta-analysis showed cognitive and cerebral benefits of musical practice, both
in domain-specific functions (auditory perception) and in other rather domain-general functions. Moreover, these benefits seem to protect cognitive domains that usually decline with
aging and boost other domains that do not decline with aging. The origin of these benefits
may reside, simultaneously, in the specific training of many of these cognitive functions during musical practice (specific training mechanism), in the improvement of compensatory cognitive processes (specific compensatory mechanism), and in the preservation of general
functions with a global influence on others, such as perceptual capacity, processing speed,
inhibition and attention (general compensatory mechanism). Therefore, musical practice
seems to be a promising tool to reduce the impact of cognitive problems associated to aging.

Introduction
The world’s population is currently experiencing a progressive aging process [1]. This demographic change poses new challenges for today’s societies, which must address the difficulties
of aging (such as age-related neurocognitive decline) and identify the factors that can offer
protection against these problems.
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The existence of age-related cognitive and brain decline, which become more marked
around the age of 60 [2–4], is well established today. Over the years, many cognitive functions
tend to decline, such as processing speed, inhibition, attention, working and episodic memory,
semantic fluency, visuospatial and visuoconstructional abilities, and executive functions [2,4–
7]. Most of them are part of the construct known as ‘fluid cognition’ and are considered to
experience a progressive decline throughout life beginning in early adulthood [4,7]. By contrast, skills based on the accumulation of knowledge through experience (i.e., ‘crystallized cognition’), such as vocabulary or general information, tend to be maintained or even improve
with age [4,7].
According to certain models of aging, most age-related differences in cognitive measures
are associated with changes in a small group of functions. Specifically, there is evidence supporting the role of sensory capacity [8], processing speed [9] and inhibition [10] as possible
mediators of the effects of aging on many other cognitive processes. A decline in sensory
capacity seems to affect the early stages of processing, while slower processing seems to lead to
incomplete later operations and reduce the amount of information available simultaneously
[9]. In fact, processing speed acts as a mediator of many age-sensitive functions [11,12], including functions that involve both fluid and crystallized abilities, such as phonological fluency
[13] and naming [14]. Moreover, inhibitory mechanisms seem to be central to the efficiency of
working memory, limiting the entry of irrelevant information or rejecting irrelevant information that has gained access [10]. Therefore, inhibition could be important for avoiding distractions and also for speech comprehension, memory and flexibility. Finally, the increased
complexity of the tasks used to assess all these functions has been found to affect the performance of older individuals more than that of younger ones (i.e., complexity effect) [11]. This
effect seems to be mainly due to the decline in high-level processes (e.g., working memory).
In parallel, brain aging involves changes such as the loss of gray and white matter volume
[15–18], as well as declines in white matter integrity [19–21]. At the microstructural level,
rather than loss of neurons, which is estimated to be low [22], cell shrinkage, loss or regression
of dendritic arborization and dendritic spines, and demyelination seem to occur (for a review,
see [23]).
However, there is high heterogeneity in cognitive trajectories, as some individuals exhibit
cognitive decline while others remain cognitively healthy across older age [24,25]. It appears
that age-related cognitive decline is neither inevitable nor irreversible. Some of these differences may be due to protective genetic factors [26]. The concept of ‘cognitive reserve’ has also
been proposed to explain the frequent discrepancy between an individual’s degree of brain
pathology (or age-related natural decline) and the functional and cognitive deficits observed
[27]. Thus, engaging in certain stimulating activities throughout life helps to reduce the impact
of brain diseases and cognitive aging. Education, physical exercise, occupation and engagement in intellectually stimulating leisure activities have all been associated with a reduced risk
of dementia [28], as well as with neurocognitive benefits [29–32]. Since there is evidence that
neurogenesis [33] and plasticity processes [34] still occur in the brain of older adults, it appears
that these lifestyle factors may continue to produce benefits during the aging process.
Musical practice, that is, musical training and performance, is one of the activities that is
considered to contribute to cognitive reserve. Playing an instrument involves multiple sensory
and motor systems and requires a wide variety of higher-level cognitive processes [35]. Musical
practice not only involves high sensorimotor integration; it also seems to be an optimal cognitive activity since it involves regular and motivated practice of progressive difficulty, with constantly renewed stimuli and tasks that represent continuous challenges for the individual
[36,37]. Accordingly, lifelong musical practice has been associated with a lower risk of dementia and mild cognitive impairment [28], even when the contribution of genetics is controlled
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for [38]. Moreover, long-term musical practice has also been associated with multiple cognitive
advantages in adult musicians. Some of these advantages occur in functions that could be considered specific to skills improved through musical performance (i.e., domain-specific functions), such as a more robust and efficient auditory processing of musical and speech stimuli
[39–44]. However, many of the benefits observed extend to more general cognitive functions
(i.e., domain-general functions), such as processing speed [45], inhibition [45,46], attention
[44,47], episodic memory [48], working memory [48], visuospatial ability [49,50] and language
[51,52].
This is accompanied by brain changes, as shown by the increase in gray matter volume in
perceptual, somatosensory and motor-related regions, as well as in high-level functions areas
[53,54]. Additionally, musicians also exhibit benefits in the white matter, such as in the corpus
callosum and the arcuate fasciculus, among others [55,56].
Thus, musical practice may be a potential tool for mitigating both the impact of age-related
non-pathological cognitive changes as well as the incidence of dementias. However, to our
knowledge, no systematic reviews have been conducted so far in the field of aging. The aim of
this research was to conduct a systematic review and meta-analysis in order to compile the
most relevant data to date and draw the first conclusions on the impact of musical practice on
cognitive and cerebral aging.
To this end, we decided to include studies with both an experimental and correlational
design, given their complementarity: experimental methodology involves randomization and
thus allows causal relationships to be established; by contrast, correlational designs offer the
possibility of analyzing samples with a higher and more extensive level of musical practice over
longer periods of time. Unfortunately, few experimental studies exist on this subject. However,
these designs provide crucial evidence to clarify issues that are not clearly explained by correlational designs (i.e., whether cognitive improvements are due to practice or, conversely, a better
cognitive status leads to a greater involvement in this activity). In addition, experimental studies are also interesting in themselves, as they can elucidate whether a late onset of the activity
still provides neurocognitive benefits.

Methods
Literature search
A systematic review was conducted following the recommendations of PRISMA (see S1 Table
and [57]). As a first step, we consulted the Ovid, ProQuest, PubMed, Scopus and Web of Science databases. The search equation used was (aging OR older� OR elder� ) AND (music� OR
musical practice OR musical training) AND (cogniti� OR cognitive reserve OR plasticit� ). Second, we consulted references from studies on this subject. Finally, we accessed the ‘gray literature’ via Google Scholar and TESEO. The latest search was carried out in August 2018, without
any time restrictions. In total, 1699 potentially interesting results were found. After removing
855 duplicates, titles and abstracts of 843 studies were screened by RRC (Rafael Román-Caballero) to exclude articles that did not meet the inclusion criteria. The full text of 37 of the
selected articles was assessed for eligibility by two independent reviewers (RRC and JL, Juan
Lupiáñez). Any disagreements were resolved by discussion and consensus between both
researchers. Finally, 13 of these articles were selected for inclusion in the review– 4 of them in
the experimental study group and 9 in the correlational study group. A PRISMA flowchart
summarizing the literature search process is depicted in Fig 1 (see S1 File for the specific search
procedures of each database).
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Fig 1. PRISMA flowchart of the studies included in the systematic review and meta-analysis.
https://doi.org/10.1371/journal.pone.0207957.g001

Selection criteria
The studies selected in the review met the following criteria: (1) be empirical; (2) explore the
effects of musical practice on the sample; (3) include an assessment of cognitive functions and/
or an assessment of brain status with a physiological recording and/or neuroimaging technique; (4) include a sample of participants aged 59 years or older with (5) no cognitive
impairment or brain damage; and (6) be written in English or Spanish. The age criterion was
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selected on the basis of the existing evidence that cognitive [4] and cerebral [3] aging occurs
most markedly around 60 years of age. We decided to extend a priori this age limit to 59 years
in order to cover studies that by convention begin their range at this age.

Data extraction and quality assessment
Coding sheets were created for recording the variables (see S2 File). By using them, basic information, design, sample, outcomes and results were obtained from each of the selected studies.
In the correlational studies, the variables related to the musical experience of the sample were
also extracted. In the experimental studies, information of musical training programs and the
follow-up assessments were collected. Moreover, information regarding the control variables
was also collected in both types of studies.
Quality assessment was also performed using the Cochrane Risk of Bias (RoB) for experimental studies [58] and the Risk of Bias in Non-randomized Studies of Interventions
(ROBINS-I) for correlational studies [59]. The judgment in the different domains for each
study are summarized in Figs 2 and 3.

Statistical analysis
Effect size. To explore the effects of musical practice on the various cognitive functions,
separate meta-analyses were performed for each function in each of the two types of studies
(i.e., experimental and correlational). To this end, we used Hedge’s g [60] as an estimator of
effect size. The g values were interpreted according to Cohen’s criteria: values of 0.2–0.5 are
interpreted as small effect, 0.5–0.8 as medium effect, and > 0.8 as large effect [61]. In our
study, a positive effect size denoted an improvement in favor of musical practice. In the experimental studies, which included both pre- and post-treatment measures, effect size was calculated following the proposal made by Morris [62]: d = ((Mpost,T−Mpre,T)–(Mpost,C−Mpre,C)) /
SDpre, where Mpost,T and Mpre,T are the post- and pre- mean scores for the treatment group,
whereas Mpost,C and Mpre,C are the scores for the control group, and SDpre is the pooled standard deviation for the pre-test scores of both groups. In studies that included two post-treatment measures (of which one was a follow-up measure), we calculated effect size in the first
post-intervention assessment. In correlational studies with more than one group of musicians,
we used the scores of the group of practice with the greatest expected effect (either high activity
musicians [63] or active musicians [64]).
Outcome measures and aggregates. As most of the studies included multiple neuropsychological measures of the same function, we decided to generate aggregates following the recommendations of Borenstein et al. [65] (see S2 Table). The aggregates were produced with the
Agg function of the MAd package in R [66]. In the absence of correlations between the different measures, the default correlation of 0.5 was selected, based on Wampold et al. [67]. The
metafor package for R [68] was used to conduct the univariate meta-analyses of the various
cognitive functions. Given the great variability of neuropsychological outcomes and other differences between studies (e.g., age, education, musical variables), a random effects model was
used for the meta-analyses. The studies used different tests involving different scales, so the
standardized mean difference (SMD) and the 95% confidence interval (CI) were used as the
summary measure of effect. Significance was defined as the two-sided p-value of <.05. Indeed,
the results found with the multivariate method were very similar to those obtained with the
chosen univariate method on aggregates.
Heterogeneity. To ensure a sufficient consistency between studies and the generalization
of the summarized findings, the usual heterogeneity indexes were computed: Q and its chisquared significance test, τ2 and I2. I2 values of 0–25% are interpreted as null, 25–50% as low,
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Fig 2. Risk of bias summary for correlational studies.
https://doi.org/10.1371/journal.pone.0207957.g002

50–75% as moderate, and <75% as high heterogeneity [65]. Due to the low number of studies
included (<10 in both cases [69]), we considered it inappropriate to use funnel plots and tests
such as Egger’s regression test [70] to assess publication bias.
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Fig 3. Risk of bias summary for experimental studies.
https://doi.org/10.1371/journal.pone.0207957.g003

Results
Correlational studies: Cognitive benefits associated with musical practice
throughout life
Characteristics of the studies. Our research included 9 correlational studies, with a total
sample of 1,530 subjects. The main characteristics of these studies are summarized in Table 1.
The proportion of men and women was similar in most studies. The presence of neurological
or psychiatric disorders and cognitive impairment in the studies was controlled for, and efforts
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Table 1. Main characteristics of the correlational studies included in the systematic review and meta-analysis.
Total sample
Authors

Year

Groups

Size

Age

Sex

Baird et al. [72] 2017

N = 22

� 65
years

–

Bidelman &
Alain [73]

2015

N = 20

> 60
years

Fauvel et al.
[74]

2014

Grassi et al.
[37]

2017

Hanna-Pladdy
& Gajewski
[75]

2012

Hanna-Pladdy
& MacKay [63]

2011

Characteristics

Results
Main

Others

Musicians (n = 15)
Non-musicians
(n = 7)

ns

–

50%
men

Musicians (n = 10)
Non-musicians
(n = 10)

–

" DSF
" D2
" Letter fluency
" Semantic fluency

Study
1

N = 68

� 55
years vs.
� 60
years

44%
men

Older musicians
(n = 15)
Older nonmusicians (n = 20)
Middle-aged
musicians (n = 19)
Middle-aged nonmusicians (n = 14)

Study
2

N = 47

� 60
years

47%
men

Older early
musicians (n = 15)
Older late musicians
(n = 12)
Older nonmusicians (n = 20)

N = 40

� 65
years

70%
men

Musicians (n = 20)
Non-musicians
(n = 20)

" VPTA
" LST
" sEFT
" sMRT

� 59
years

–

Musicians (n = 33)
Non-musicians
(n = 37)

" LNS
" Letter fluency
D-KEFS
" CVLT-II SDFR
" JLO
" Tower task
D-KEFS (rule
violations)
Trend in GP

N = 70

N = 70

� 60
years

40–
50%
men

Faster classification of speech sounds
Brain coding of speech more efficient and robust; also
possible improvement in attention

–

With aging:
- Less decline in D2
- No decline in DSF and semantic fluency
- Better letter fluency

- Older musicians with early onset showed better
letter fluency
- Older musicians showed better semantic fluency

Better central auditory processing
Frequency discrimination, gap detection, VPTA, LST
and sMRT are good to excellent classifiers for
musicians
Trends in ROCF delayed recall and D-KEFS letter
fluency in currently active musicians (they also have
more years of practice)
In partition analyses, predictors:
JLO
- Education � 17 years
- In education < 17 years, current practice
LNS
Age of onset < 9 years

High activity
musicians (n = 22)
Low activity
musicians (n = 27)
Non-musicians
(n = 21)

" VRII
" TMT-A
" TMT-B
" BNT
Trends in SS and
letter fluency

Cognitive performance (VRII, TMT-B and BNT)
correctly classifies 57.1% of participants (77.3% of
high activity musicians) into the 3 groups.
Age of onset is the best predictor of VRI, years of
practice of VRII (followed by age of onset), age of
TMT-A (followed by years of practice) and TMT-B
(followed by current practice), and type of training of
BNT

Mansens et al.
[71]

2017

N = 1101

� 64
years

52%
men

Musicians (n = 277)
Non-musicians
(n = 824)

" Alphabet coding
Task-15
" Letter fluency
" DSF
" DSB
" AVLT-Learning
Trend in
AVLT-Delayed recall

Playing an instrument:
- > singing and non-musicians in Alphabet coding
Task-15
- > non-musicians in DSB
- > non-musicians in AVLT-Learning

Moussard et al.
[76]

2016

N = 34

� 59
years

47%
men

Musicians (n = 17)
Non-musicians
(n = 17)

" Go/No-go (Errors)

Overall, more inhibitory ability and more anterior
activation:
(Continued )
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Table 1. (Continued)
Total sample

Groups

Results

Authors

Year

Size

Age

Sex

Characteristics

Strong &
Midden [64]

2018

N = 58

� 65
years

53%
men

Active musicians
(n = 32)
Former musicians
(n = 12)
Non-musicians
(n = 14)

Main

Others

" Stroop-1 D-KEFS
" Stroop-3 D-KEFS
" Stroop-4 D-KEFS
" BNT
" Letter fluency

–

DSF: Digit Span Forward; VPTA: Visual Pattern Test Active; LST: Listening Span Test; sEFT: short Embedded Figures Test; sMRT: short Mental Rotation Test; LNS:
Letter-Number Sequencing; D-KEFS: Delis-Kaplan Executive Function System; CVLT-II SDFR: California Verbal Learning Test-II Short Delay Free Recall; JLO:
Judgment of Line Orientation; ROCF: Rey Osterrieth Complex Figure; GP: Grooved Pegboard; VRI &VRII: Visual Reproduction I & II; TMT: Trail Making Test; BNT:
Boston Naming Test; SS: Spatial Span; DSB: Digit Span Backward; AVLT: Auditory Verbal Learning Test.
https://doi.org/10.1371/journal.pone.0207957.t001

had been made to generate homogeneous groups regarding age, education, IQ, and in certain
cases also regarding physical activity [64,71], income [71] and social activity [64]. However,
differences between the studies can be observed in age (mean age range: 67 to 74.87 years),
level of education (range: 9.4 to 18.3 years of education on average), and in the variables related
to musical practice (Table 2).
Meta-analyses of specific cognitive functions. Separate meta-analyses were conducted
on each of the cognitive functions in order to explore the cognitive differences associated with
musical practice. Eventually, we decided to explore basic domain-general functions (processing speed, inhibition and attention) and complex domain-general functions (verbal and visual
working memory, naming, verbal fluency, verbal and visual memory, reasoning, flexibility,
visuospatial ability and visuoconstruction) (Figs 4–6; forest plots of non-significant cognitive
functions are reported in the S3 File). These cognitive functions were not assessed in all the
studies; consequently, the total number of samples for each of the meta-analyses ranged
Table 2. Variables related to the musical practice of participants in the studies included in the systematic review and meta-analysis.
Study

Professional
musicians

Groups

Baird et al., 2017

Yes

–

Bidelman & Alain, 2015

No

–

Fauvel et al., 2014; Study
1

No

Years of
training

Years of
practice

–

–

51 (22)

100%

10.8 (2.5)

11.4 (5.8)

–

100%

–

11.2 (4.5)

–

Overall:

100%

9.2 (6.6)

Fauvel et al., 2014; Study
2

No

Middle-aged musicians

8.4 (3.7)

–

38.12 (17.7)

100%

15.3 (12.6)

Older musicians with
early onset

11.2 (4.5)

–

–

100%

9.2 (6.6)

Older musicians with late
onset

42.7 (11)

–

25.8 (12.3)

100%

8.1 (7.2)

Older musicians

Age of
onset

Current practice Current practice (h/
(%)
week)
–

Grassi et al., 2017

Yes

–

–

–

60.3 (9.96)

100%

–

Hanna-Pladdy &
Gajewski, 2012

No

–

9.3

4

37

51.5%

–

Hanna-Pladdy &
MacKay, 2011

No

High activity musicians

9.7 (7.2)

3.5 (0.96)

35.5 (24.7)

45.5%

–

Low activity musicians

10.4 (5.9)

3.3 (0.95)

3.8 (2.7)

11.1%

–

Mansens et al., 2017

–

–

–

–

–

–

–

Moussard et al., 2016

Professionals and
amateurs

–

8.8 (3.8)

27.8 (19.5)

57.2 (8.4)

100%

11 (6.3)

Strong & Midden, 2018

–

Active musicians

8.4 (3.4)

9.5 (6.4)

–

100%

7.9 (6.8)

Former musicians

8.6 (2.2)

7.9 (5.3)

–

–

–

https://doi.org/10.1371/journal.pone.0207957.t002
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Fig 4. Forest plots showing cognitive improvements in processing speed, attention, inhibition and verbal memory
in older adults associated with long-term musical practice.
https://doi.org/10.1371/journal.pone.0207957.g004

between 116 and 1,386 participants (mean = 648, SD = 604.040). Generally speaking, positive
mean effect sizes were observed in all functions, although not all of them reached significance.
A general improvement was observed in all basic domain-general functions: processing speed
(SMD = 0.316, 95% CI [0.082, 0.551], p < 0.01; small effect), attention (SMD = 0.441, 95% CI
[0.177, 0.706], p < 0.01; small) and inhibition (SMD = 1.766, 95% CI [0.601, 2.930], p < 0.01;

Fig 5. Forest plots showing cognitive improvements in verbal working memory, verbal fluency (overall),
phonological verbal fluency and naming in older adults associated with long-term musical practice.
https://doi.org/10.1371/journal.pone.0207957.g005
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Fig 6. Forest plots showing cognitive improvements in flexibility, visuospatial ability, semantic verbal fluency and
visuoconstruction in older adults associated with long-term musical practice.
https://doi.org/10.1371/journal.pone.0207957.g006

large). Additional improvements were observed in complex domain-general functions such as
verbal memory (SMD = 0.180, 95% CI [0.070, 0.289], p < 0.01; small), verbal working memory
(SMD = 0.876, 95% CI [0.027, 1.725], p = 0.043; large), overall verbal fluency (SMD = 0.418,
95% CI [0.096, 0.741], p = 0.011; small), phonological verbal fluency (SMD = 0.493, 95% CI
[0.204, 0.783], p < 0.01; small), naming (SMD = 0.708, 95% CI [0.206, 1.210], p < 0.01;
medium), flexibility (SMD = 0.571, 95% CI [0.003, 1.138], p = 0.049; medium) and visuospatial
ability (SMD = 1.660, 95% CI [0.397, 2.924], p = 0.01; large). A positive trend was also observed
in semantic verbal fluency (SMD = 0.288, 95% CI [-0.033, 0.609], p = 0.10; small) and visuoconstruction (SMD = 0.378, 95% CI [-0.072, 0.829], p = 0.079; small).
Regarding heterogeneity, only processing speed, attention, verbal memory and visuoconstruction showed a low level (I2 < 50%), whereas verbal fluency measures, naming and flexibility showed a significant medium effect (75% > I2 > 50%), and inhibition, verbal working
memory and visuospatial ability exhibited a high level (I2 > 75%).
Other findings of the systematic review. The review of the included articles provided
additional evidence of improvements associated with musical practice in auditory skills (i.e.,
frequency discrimination, duration, gaps and amplitude modulations [37]) and speech perception (i.e., faster speech sound classification and EEG-based evidence suggesting more efficient
and robust coding of speech [73]). However, the advantages in perceptual processing were not
observed in Moussard et al. [76] with a visual task (no changes were observed in the early components P1 and N170). This suggests that these advantages are more restricted to the auditory
modality at early stages of processing. Moreover, Bidelman and Alain [73] pointed out that
increases in P3 amplitude may also indicate possible attentional improvements, implying that
the advantages of musicians may extend beyond pre-attentive levels.
Additionally, some EEG findings [76] also suggested a greater inhibitory capacity in musicians and a more frontal topography of the effect observed in P3, which was partly interpreted
as the development of successful compensatory mechanisms in older musicians. In this regard,
Fauvel et al. [74] found that cognitive benefits exhibited a different pattern depending on the
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specific cognitive function concerned and its sensitivity to age. In fact, the performance of
musicians also declined in some tasks (d2 test), although to a lesser extent. By contrast, no
decline was observed in other tasks (Digit Span Forward and semantic fluency). Finally, in this
cross-sectional study phonological fluency did not show a substantial decline; it even improved
with age in musicians. These results indicate that the effects of musical practice may have
either a protective or enhancing effect depending on the cognitive function concerned.
The studies included also provided evidence of the relationship between variables associated with musical practice and cognitive improvements. Functions such as phonological fluency [74], visual memory [63] and verbal working memory [75] were associated with the age
of onset of the activity, showing better performance with earlier age of onset. The same applied
to the amplitude of P3 in no-go trials, which was linked to a higher inhibitory capacity [76].
These relationships suggest the existence of a possible sensitive period during which musical
practice is likely to have stronger and more permanent effects. In this regard, Hanna-Pladdy
and Gajewski [75] found that an age of onset of less than 9 years predicted a better performance in verbal working memory.
Other variables of musical practice such as the intensity of the activity [63], maintaining the
practice during old age [63,75,76], type of training [63] and its duration [76] were also associated
with a wide range of cognitive improvements. Finally, older adults who played a musical instrument generally showed greater advantages than singers, especially in processing speed [71].

Experimental studies: Cognitive effects of late-onset and short-term
musical practice
Characteristics of the studies. Four experimental studies were included (one of them was
a Ph.D. dissertation [77]), forming a total sample of 126 subjects. The main characteristics of
these studies are summarized in Table 3. They all covered an age range between 60 and 85
years and showed a similar proportion of men and women across the studies, although with a
higher representation of women (between 65% and 78%). As in the correlational studies, the
absence of neurological disorders and cognitive impairment was controlled for, as well as
other influential variables (e.g., depression, psychoactive treatment and drug abuse). Although
the aim was to have homogeneous groups within each study (e.g., age, education, IQ), there
were differences between them in the level of education (mean years of education ranged from
13.38 to 18.1 years).
In all the studies, a training program based on piano and musical language teaching was
selected, with variations in the total program duration (between 4 and 6 months), type of lessons (3 studies with group lessons, and 1 study with individual lessons), duration of lessons
(between 30 minutes and 1.5 hours per session) and autonomous practice time. Differences
also existed in the type of control group used: passive control, music listening, or others with
workshops involving various leisure activities (all the participants chose at least one physical
activity). It should be noted that not all the studies carried out a random assignment of the participants [78]. A follow-up evaluation was conducted in two studies 3 months after the posttest. Lastly, as shown on Table 3, some diversity was also found in the neuropsychological tests
used to assess cognitive functions.
Meta-analyses of specific cognitive functions. As with the correlational studies, we conducted independent meta-analyses for each of the functions. Subsequently, we explored basic
domain-general functions (processing speed, inhibition and attention) and complex domaingeneral functions (verbal working memory, verbal fluency, visuoconstruction, reasoning and
flexibility), in addition to domain-specific functions (manual dexterity) (Fig 7; forest plots of
non-significant cognitive functions are reported in the S3 File). These cognitive functions were
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Table 3. Main characteristics of the experimental studies included in the systematic review and meta-analysis.
Total sample
Authors Year

Size

Age

Groups

Sex

Characteristics

Random Training program
assignment

Results
Control group

Times of
measurement

Main

Others

Bugos
et al.
[36]

2007 N = 31

60– 24%
85 men
years

Experimental
(n = 16): piano
training
Control
(n = 15): without
treatment

Yes

6-month piano
training. ½ h of
individual session
and 3 h of
autonomous
practice per week

No training,
only assessment

Pre-test
Post-test (6
months later)
Follow-up (3
months later)

DSy
TMT-B
Trend in
TMT
difference
score and
DSF

–

Bugos
[79]

2010 N = 46

60– 22%
85 men
years

Experimental
(n = 24): piano
training
Active control
(n = 22): musical
listening

–

16-week piano
training. 45 min.
of group session
and 15 min. of
social activities
per week. ½ h of
daily practice.

16-week
musical
listening. 45
min. of group
session and 15
min. of social
activities per
week. ½ h of
daily listening.

Pre-test
Post-test (16
weeks later)

Both
groups,
more in
musical
training:
"
D-KEFS VF
" PASAT
" Stroop
(Errors)

–

Seinfeld
et al.
[78]

2013 N = 29

60– 24%
85 men
years

Experimental
(n = 13): piano
training
Active control
(n = 16): leisure
activities

No

4-month piano
training. 1 and ½
h of group session
and 45 min. of
autonomous
practice 5 days
per week (~ 4 h).

4 months of
Pre-test
non-musical
Post-test (4
leisure activities. months later)
Everyone chose
at least one
physical
exercise course.

" FTT (D " BDI in both
and ND) in " POMS Total
both groups " POMS Fatigue
In musical " WHOQOL-BREF
Physical
training:
" Stroop- " WHOQOL-BREF
Psychological
Color
" StroopColorWord
" DSF
Trend in
TMT-A

Thorne
[77]

2015 N = 20

65– 35%
85 men
years

Experimental
(n = 10): piano
training
Active control
(n = 10): musical
listening

Yes

6-month piano
training. ½ h of
group session per
week and ½ h of
daily practice.

6-month
musical
listening. ½ h of
group session
per week and ½
h of daily
listening.

Pre-test
Post-test (6
months later)
Follow-up (3
months later)

" Stroop
(Errors)
" VBM
delayed
recall

" MOS Energy and
Emotional Wellbeing
" MMN amplitude in
experimental group
after training: better
auditory
discrimination

DSy: Digit Symbol; TMT: Trail Making Test; DSF: Digit Span Forward; D-KEFS: Delis-Kaplan Executive Function System; VF: Verbal Fluency; PASAT: Paced
Auditory Serial Addition Test; FTT: Finger Tapping Test; VBM: Verbal Memory; BDI: Beck Depression Inventory; POMS: Profile of Mood State; WHOQOL-BREF:
The World Health Organization Quality of Life Brief Questionnaire; MMN: Mismatch Negativity.
https://doi.org/10.1371/journal.pone.0207957.t003

not assessed in all of the studies, which caused the number of total samples for each of the
meta-analyses to range between 49 and 126 participants (mean = 85, SD = 24,471). Overall, we
found positive mean effect sizes in most functions (except verbal working memory), although
only reasoning (SMD = 0.436, 95% CI[0.003, 0.869], p = 0.048; small effect) and visuoconstruction (SMD = 0.519, 95% CI[0.015, 1.024], p = 0.044; medium effect) reached statistical significance, and a certain trend was observed in flexibility (SMD = 0.934, 95% CI[-0.026, 1.894],
p = 0.057; large effect). This suggests that musical training in older adults can lead to improvements in cognitive functions, especially in high-level functions such as reasoning, and probably
in flexibility. Interestingly, verbal working memory exhibited a negative effect (SMD = -0.291,
95% CI [-1.318, 0.736], p = 0.579).
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Fig 7. Forest plots showing the effects of short-term musical training on reasoning, visuoconstruction and
flexibility in older adults.
https://doi.org/10.1371/journal.pone.0207957.g007

Most functions showed substantial heterogeneity between studies (I2 > 50%). However,
this heterogeneity did not seem to be present in visuoconstruction and reasoning (p-values
associated with the Q tests > 0.05; I2 values of 0% in both), which suggests that the variation
observed across studies in the outcomes for this function can only be attributed to chance.
Other findings of the systematic review. In addition to the previous section, the systematic review provided further evidences. Along with the improvements observed in the metaanalyses, the only study in which long-term memory was explored [77] found a significant
improvement in the delayed recall of verbal memory. EEG data also showed differences in preattentive processing [77]. In the aforementioned study, subjects who had received musical
training showed a larger amplitude of the mismatch negativity (MMN) potential associated
with sound discrimination. Interestingly, some of the benefits observed after training (in
working memory [36] and in inhibition capacity [77]) were not maintained after this training
ceased, as shown by subsequent follow-up assessments.
Moreover, some of the improvements observed in the meta-analyses did not consistently
reach statistical significance in individual studies. It may be due to small sample sizes (and the
consequent low statistical power) or the duration and intensity of the training programs. In
fact, Bugos [79] was unable to replicate in 2010 either the significant improvements in divided
attention, measured with the Trail Making Test B, or the trend in the B-A score found in the
2007 study by Bugos et al. [36]. In the 2010 study, both a reduction in sample size and a reduction in the number of months of musical training were observed (4 months in Bugos, 2010 vs.
6 months in Bugos et al., 2007).

Discussion
The progressive aging of societies makes it necessary to identify ways to deal with the challenges of aging. In this context, musical practice seems to be a promising tool to reduce the
impact of age-related cognitive and brain changes. Despite the increasing interest in music-
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based interventions nowadays, to our knowledge, this research is the first systematic review
and meta-analysis of the available evidence on the effects of musical practice on healthy neurocognitive aging.

Musical practice as a protective factor in neurocognitive aging
Overall, the evidence reviewed suggested a relationship between musical practice and better
cognitive functioning in old age. The inclusion of studies with correlational and experimental
designs revealed that these benefits were present both in individuals who had engaged in longterm musical practice throughout their lives (correlational studies) and in those who had followed short training programs initiated in later stages of life (experimental studies). These cognitive benefits, which were particularly noticeable in individuals who had engaged in longterm musical practice, were present in both domain-specific and domain-general functions.
Specifically, older adults who practiced music showed improvements in the early processing of
auditory stimuli; this was to be expected, given that musical training usually involves this type
of processing. This had already been observed in studies with adults [39–44,80] and in other
studies with older individuals, which could not be included in the current meta-analysis for
methodological reasons (mainly due to the age criterion) [81–84]. Moreover, the benefits were
also generalized to functions not so closely related to the specific skills trained by musical practice (i.e., domain-general functions), such as naming, episodic memory or executive functions.
As happened with auditory processing, these improvements were consistent with research in
adults (see Introduction) and other studies with older adults [81,84–87].
Importantly, most of the improvements observed occurred in age-sensitive cognitive functions, protecting or reducing the decline [74]. On the other hand, in functions that are less sensitive to the passage of time musical practice seems to be associated with an enhancing effect.
Therefore, cognitive aging is not inevitable, and this variability seems to depend partly on lifelong experiences and lifestyle factors.
Moreover, it seems that some tests are more sensitive than others to cognitive differences
between older musicians and older non-musicians. Specifically, an individual extreme effect
was found in visuospatial ability in the Benton Visual Form Discrimination test (SMD = 5.044;
[75]); in the same sample, another visuospatial ability test, the Judgment of Line Orientation
test, only found a moderate effect (SMD = 0.508). In this case, a possible explanation could be
that the Benton Visual Form Discrimination test requires making fine discriminations
between very similar shapes, a skill that professional musicians may train by reading scores
with similar-looking stimuli. However, the orientation of these musical symbols does not
change, since what is really informative about them is their position (height) on the musical
staff. A possibility yet to be confirmed is whether certain position discrimination tests will also
show a high sensitivity to the effects of musical practice.
Likewise, larger effects were found in the most demanding tasks within the same function,
as happened in working memory (Listening Span Test and Visual Pattern Test Active [37]),
naming (with a 30-item version of the Boston Naming Test [64]), verbal fluency (with 2-minute versions instead of the usual 1-minute version [74]), and verbal memory (in the long version of the California Verbal Learning Test-II compared to the short version [75]). This is
consistent with the complexity effect [11]: just like an increase in the demands of the task is
likely to affect older people more than younger people, older musicians may be less influenced
by the demands due to their improved cognitive functioning.
As could be expected, the improvements were much more evident in the correlational studies, given that such studies explored older adults with an extensive musical practice and an
early onset. However, the correlational evidence cannot be used to identify the directionality
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of the relationship between musical practice and cognitive functioning. Alternatively, the specific cognitive characteristics of older musicians may have led them to select and maintain this
activity throughout their lives (as a predispositional factor); therefore, the fact of choosing
groups of musicians may imply selecting a sample with a particular cognitive profile.
However, all the studies attempted to reduce this limitation by controlling for other variables (e.g., education or crystallized cognition). In addition, it appears that variables related to
musical experience were also associated with the observed cognitive effects. Although these are
correlational findings, the fact that the characteristics of musical practice have a relationship
with cognitive performance again supports the idea of possible causality. Among these musical
variables, the relationship between the onset of musical practice and age suggests the possibility of a sensitive period during which a long-term enhancement takes place and can be
observed even in late stages of life. Specifically, White-Schwoch et al. [88] observed that the
neurocognitive effects of early musical practice in older adults were permanent, as they could
be observed even when this practice had been discontinued after 25 years.
Nevertheless, the best way to resolve the issue of causal directionality is to use an experimental methodology. Even though experimental studies were few and involved relatively short
training programs, the meta-analyses of these works showed an overall positive trend in most
of the functions explored, along with clear effects in reasoning and visuoconstruction (significant) and flexibility (marginally significant). This supports the idea that plasticity processes are
maintained in the brain of adult and aged individuals [33,34] and that musical activity may
continue to stimulate such changes beyond childhood (even with short-term experiences).
However, the continuity of these effects is not yet clear, given that some improvements were
not maintained in the follow-up assessments.
By contrast, a surprising result was the negative effect observed in verbal working memory
in the experimental studies. However, it seems that this was due to the influence of the effect in
Seinfeld et al. [78], in which the groups were not equated in the baseline and a highly active
control was chosen (i.e., weekly physical exercise workshops, among other activities).

Explanations on the cognitive benefits of musical practice
Although the causal role of musical practice cannot be established yet, a number of findings
indicated that some of the differences observed were due to this lifestyle factor. As previously
mentioned, musical performance triggers a large number of cognitive processes, which may
have a specific impact on each one of these processes by reinforcing their function (specific
training mechanism). Specifically, musical performance continuously involves both musical
listening and sound discrimination (auditory processing) [79], as well as the rapid reading of
musical scores and the analysis of the location of notes on the staff (linguistic and visuospatial
ability) [86]. This activity also involves many attentional demands: playing in a group requires
synchronizing one’s own performance (sensorimotor skills) and listening to the musical cues
of other instruments (audio-spatial localization) [86], attending to many types of visual stimuli,
mainly the score and the body movements of the rest of the musicians and the conductor
(divided attention), detecting them and responding appropriately (vigilance and selective
attention) over long periods of time (sustained attention) [47]. Regarding the executive functions, musicians must inhibit other information while performing (e.g., other melodies) [37]
and must apply monitoring and shifting skills during the performance [89]. Lastly, in many
cases musical performance requires the ability to memorize the musical piece and recall it at
the time of the concert [71].
However, the improvements observed in our results in older musicians are very broad and
cover a wider range of cognitive functions. The findings suggest the existence of a transfer
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effect of musical practice, which is particularly relevant given the difficulties that many cognitive training programs have obtaining far transfer [36]. In fact, the only cognitive benefits that
achieved statistical significance in the meta-analyses of the experimental studies were found in
domain-general functions such as visuoconstruction, reasoning and flexibility.
Therefore, improvements in certain functions could have a positive influence on other
non-trained processes (specific compensatory mechanism). First, it has been noted that
improvements in auditory processing are not limited to musical tones but also extend to
speech processing. These improvements are likely to affect high-level functions within the verbal context, such as language comprehension in noisy contexts (speech-in-noise; [51,85]).
Such linguistic benefits seem to be related to the existence of common brain processing mechanisms for music and language, as proposed in Patel’s OPERA hypothesis [90]. Consequently,
improvements in one of these two functions can be expected to have a transfer effect on the
other function [91]. However, that influence could be specific to some processes instead of
general (auditory improvements were not associated with the observed improvements in
working memory and visuospatial tests [37]).
Another example can be found in the case of long-term memory. Additionally to the contribution of a higher perceptive ability [92], further evidence suggests that the benefits of musical
practice on memory are not due per se to improved storage or retrieval capacity, but rather to a
more robust and efficient coding (such as an improved rehearsal mechanism [93] or an
increased use of semantic information organization strategies [94]).
Finally, an explanation for our results could be drawn from certain aging theories. Just like
the decline in certain key functions during aging mediates changes in many other cognitive
processes, an improvement or preservation of these key functions may lead to an improved
overall functioning (general compensatory mechanism). Thus, the presence in musicians of a
more efficient processing [8,9] along with a higher inhibitory capacity [10] could be at the root
of the other benefits observed. A similar approach has been proposed previously with inhibitory control for adult enhancements [95]. In our opinion, based on the evidence found, attention is also a function that has a crosscutting influence on the rest of the cognitive processes.
Attention has been found to be able to contribute to benefits in auditory processing [44,83,96],
visuospatial ability [49] and working memory [80] in musicians, among other functions. However, none of the three mechanisms described is exclusive of the others, and they may all occur
simultaneously.

Limitations and implications
This review highlights the limited research conducted in this field, even though it is a promising subject. However, the results of our meta-analyses should be interpreted with caution due
to the small number of studies included and the amount of heterogeneity observed. Some of
this heterogeneity is likely to be due to differences in the tasks used, educational level and age
of the samples, differences in musical variables (in correlational studies), and differences in the
duration and intensity of scheduled practice, as well as the type of control group used (in the
experimental studies). Another difference between the correlational studies was that musicians
in some cases were professionals and in other amateurs (although the majority were
instrumentalists).
The limitations of our study imply that the evidence provided cannot be considered conclusive. However, the results obtained are positive and consistent with the adult literature. It is
therefore essential to conduct new research. Especially, there is a need for further experimental
studies involving training programs with a random assignment of the participants, since it is
the only way to rule out that the differences found in musicians are due to predispositional
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factors. In addition, it would be interesting to explore the differential effect on aging in professional versus amateur practice, and in the various types of musical practice (orchestral musicians, jazz, flamenco, singers, composers, conductors, etc.) due to the idiosyncratic cognitive
demands that each of them implies. There is also a lack of neuroimaging studies. To our
knowledge, the only one conducted [86] showed that musical practice could also have a protective effects on the brain.
Moreover, our results have strong implications in the contexts of education and society.
The possibility that early musical practice may produce long-term neurocognitive benefits
could lead to rethinking the subject of music in the school context. As shown by this review,
intense musical activities during childhood could increase the probability of healthier neurocognitive aging and reduce the risk of neurodegenerative diseases. In addition, musical practice during later stages of life could also be an effective factor to take into account in the design
of intervention programs for the prevention of age-related neurocognitive problems.

Conclusions
Age-related cognitive decline does not seem to be inevitable, given that lifestyle factors such as
musical practice have been associated with improved cognitive functioning during aging. In
this paper, a systematic review and meta-analysis of the impact of musical practice on neurocognitive aging were conducted. Results indicate that an involvement in this activity (particularly early and long-term involvement) is associated with benefits in domain-specific functions
(auditory perception) and in a wide range of domain-general functions. Although little evidence is available so far and further research is needed, the findings presented here suggest
that musical practice is an effective tool for preventing the declines of healthy aging and making interventions in this regard.
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Koelsch S, Schro CAE, Tervaniemi M, Schröger E. Superior pre-attentive auditory processing in musicians. Neuroreport. 1999; 10(6): 1309–1313. https://doi.org/10.1097/00001756-199904260-00029
PMID: 10363945

40.

Schön D, Magne C, Besson M. The music of speech: Music training facilitates pitch processing in both
music and language. Psychophysiology. 2004; 41(3): 341–349. https://doi.org/10.1111/1469-8986.
00172.x PMID: 15102118

41.

Deguchi C, Boureux M, Sarlo M, Besson M, Grassi M, Schön D, et al. Sentence pitch change detection
in the native and unfamiliar language in musicians and non-musicians: Behavioral, electrophysiological
and psychoacoustic study. Brain Res. 2012; 1455: 75–89. https://doi.org/10.1016/j.brainres.2012.03.
034 PMID: 22498174

42.

Pantev C, Roberts LE, Schulz M, Engelien A, Ross B. Timbre-specific enhancement of auditory cortical
representations in musicians. Neuroreport. 2001; 12(1): 169–174. https://doi.org/10.1097/00001756200101220-00041 PMID: 11201080

43.

Musacchia G, Sams M, Skoe E, Kraus N. Musicians have enhanced subcortical auditory and audiovisual processing of speech and music. Proc Natl Acad Sci. 2007; 104(40): 15894–15898. https://doi.
org/10.1073/pnas.0701498104 PMID: 17898180

44.

Strait DL, Kraus N, Parbery-Clark A, Ashley R. Musical experience shapes top-down auditory mechanisms: Evidence from masking and auditory attention performance. Hear Res. 2010; 261(1–2): 22–29.
https://doi.org/10.1016/j.heares.2009.12.021 PMID: 20018234

45.

Jentzsch I, Mkrtchian A, Kansal N. Improved effectiveness of performance monitoring in amateur instrumental musicians. Neuropsychologia. 2014; 52: 117–124. http://linkinghub.elsevier.com/retrieve/pii/
S0028393213003217 https://doi.org/10.1016/j.neuropsychologia.2013.09.025 PMID: 24056298

46.

Travis F, Harung HS, Lagrosen Y. Moral development, executive functioning, peak experiences and
brain patterns in professional and amateur classical musicians: Interpreted in light of a Unified Theory of
Performance. Conscious Cogn. 2011; 20(4): 1256–1264. https://doi.org/10.1016/j.concog.2011.03.
020 PMID: 21507681

47.

Rodrigues AC, Loureiro MA, Caramelli P. Long-term musical training may improve different forms of
visual attention ability. Brain Cogn. 2013; 82(3): 229–235. https://doi.org/10.1016/j.bandc.2013.04.009
PMID: 23694752

48.

Talamini F, Altoè G, Carretti B, Grassi M. Musicians have better memory than nonmusicians: A metaanalysis. PLoS One. 2017; 12(10): 1–21.

49.

Brochard R, Dufour A, Després O. Effect of musical expertise on visuospatial abilities: Evidence from
reaction times and mental imagery. Brain Cogn. 2004; 54(2): 103–109. https://doi.org/10.1016/S02782626(03)00264-1 PMID: 14980450

50.

Sluming V, Brooks J, Howard M, Downes JJ, Roberts N. Broca’s area supports enhanced visuospatial
cognition in orchestral musicians. J Neurosci. 2007; 27(14): 3799–3806. https://doi.org/10.1523/
JNEUROSCI.0147-07.2007 PMID: 17409244

51.

Parbery-Clark A, Skoe E, Lam C, Kraus N. Musician enhancement for Speech-In-Noise. Ear Hear.
2009; 30(6): 653–661. https://doi.org/10.1097/AUD.0b013e3181b412e9 PMID: 19734788

52.

Bidelman GM, Weiss MW, Moreno S, Alain C. Coordinated plasticity in brainstem and auditory cortex
contributes to enhanced categorical speech perception in musicians. Eur J Neurosci. 2014; 40(4):
2662–2673. https://doi.org/10.1111/ejn.12627 PMID: 24890664

53.

Gaser C, Schlaug G. Brain structures differ between musicians and non-musicians. J Neurosci. 2003;
23(27): 9240–9245. https://doi.org/10.1523/JNEUROSCI.23-27-09240.2003 PMID: 14534258

54.

James CE, Oechslin MS, Van De Ville D, Hauert C-A, Descloux C, Lazeyras F. Musical training intensity
yields opposite effects on grey matter density in cognitive versus sensorimotor networks. Brain Struct
Funct. 2014; 219(1): 353–366. http://link.springer.com/10.1007/s00429-013-0504-z https://doi.org/10.
1007/s00429-013-0504-z PMID: 23408267

PLOS ONE | https://doi.org/10.1371/journal.pone.0207957 November 27, 2018

21 / 23

Musical practice as an enhancer of cognitive function in healthy aging - A systematic review and meta-analysis

55.

Bengtsson SL, Nagy Z, Skare S, Forsman L, Forssberg H, Ullén F. Extensive piano practicing has
regionally specific effects on white matter development. Nat Neurosci. 2005; 8(9): 1148–1150. https://
doi.org/10.1038/nn1516 PMID: 16116456

56.

Schlaug G, Jäncke L, Huang Y, Staiger JF, Steinmetz H. Increased corpus callosum size in musicians.
Neuropsychologia. 1995; 33(8): 1047–1055. https://doi.org/10.1016/0028-3932(95)00045-5 PMID:
8524453

57.

Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M, et al. Preferred reporting items for
systematic review and meta-analysis protocols (PRISMA-P) 2015 statement. Syst Rev. 2015; 4(1): 1–
19. https://doi.org/10.1186/2046-4053-4-1

58.

Higgins JP, Green S. Cochrane Handbook for Systematic Reviews of Interventions. Version 5.1.0.
2011. http://handbook-5-1.cochrane.org/

59.

Sterne J, Higgins JP, Elbers R, Reeves B, the develoment group for ROBINS-I. Risk Of Bias In Non-randomized Studies of Interventions (ROBINS-I): detailed guidance, updated 12 October 2016. http://
www.riskofbias.info

60.

Hedges L V., Olkin I. Statistical methods for meta-analysis. Academic Press, editor. 1985.

61.

Cohen J. A power primer. Psychol Bull. 1992; 112(1): 155–159. https://doi.org/10.1037/0033-2909.
112.1.155 PMID: 19565683

62.

Morris SB. Estimating effect sizes from pretest-posttest-control group designs. Organ Res Methods.
2008; 11(2): 364–86. https://doi.org/10.1177/1094428106291059

63.

Hanna-Pladdy B, MacKay A. The relation between instrumental musical activity and cognitive aging.
Neuropsychology. 2011; 25(3): 378–386. https://doi.org/10.1037/a0021895 PMID: 21463047

64.

Strong JV., Midden A. Cognitive differences between older adult instrumental musicians: Benefits of
continuing to play. Psychol Music. 2018; 1–17.

65.

Borenstein M, Hedges L V, Higgins JPT, Rothstein HR. Introduction to meta-analysis. Introduction to
meta-analysis. New York, NY, USA: John Wiley & Sons, Ltd; 2009. https://doi.org/10.1002/
9780470743386.ch1

66.

Del Re AC, Hoyt WT. MAd: Meta-Analysis with Mean Differences. R package version 0.8–2. 2014;
https://cran.r-project.org/package=MAd

67.

Wampold BE, Mondin GW, Moody M, Stich F, Benson K, Ahn H. A meta-analysis of outcome studies
comparing bona fide psychotherapies: Empiricially, “all must have prizes.” Psychol Bull. 1997; 122(3):
203–215. https://doi.org/10.1037/0033-2909.122.3.203

68.

Viechtbauer W. Conducting meta-analyses in R with the metafor package. J Stat Softw. 2010; 36(3):
1–48. http://www.jstatsoft.org/v36/i03/

69.

Lau J, Ioannidis JPA, Terrin N, Schmid CH, Olkin I. The case of the misleading funnel plot. Br Med J.
2006; 333(7568): 597–600. https://doi.org/10.1136/bmj.38946.501215.68

70.

Egger M, Smith GD, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical.
BMJ. 1997; 315(7109): 629–634. https://doi.org/10.1136/bmj.316.7129.469 PMID: 9310563

71.

Mansens D, Deeg DJH, Comijs HC. The association between singing and/or playing a musical instrument and cognitive functions in older adults. Aging Ment Heal. 2017: 1–8. https://doi.org/10.1080/
13607863.2017.1328481

72.

Baird A, Samson S, Miller L, Chalmers K. Does music training facilitate the mnemonic effect of song?
An exploration of musicians and nonmusicians with and without Alzheimer’s dementia. J Clin Exp Neuropsychol. 2017; 39(1):9–21. https://doi.org/10.1080/13803395.2016.1185093 PMID: 27309634

73.

Bidelman GM, Alain C. Musical training orchestrates coordinated neuroplasticity in auditory brainstem
and cortex to counteract age-related declines in categorical vowel perception. J Neurosci. 2015; 35(3):
1240–9. https://doi.org/10.1523/JNEUROSCI.3292-14.2015 PMID: 25609638

74.

Fauvel B, Groussard M, Mutlu J, Arenaza-Urquijo EM, Eustache F, Desgranges B, et al. Musical practice and cognitive aging: Two cross-sectional studies point to phonemic fluency as a potential candidate
for a use-dependent adaptation. Front Aging Neurosci. 2014; 6: 1–12. https://doi.org/10.3389/fnagi.
2014.00227

75.

Hanna-Pladdy B, Gajewski B. Recent and past musical activity predicts cognitive aging variability:
Direct comparison with general lifestyle activities. Front Hum Neurosci. 2012; 6: 1–11. https://doi.org/
10.3389/fnhum.2012.00198

76.

Moussard A, Bermudez P, Alain C, Tays W, Moreno S. Life-long music practice and executive control in
older adults: An event-related potential study. Brain Res. 2016; 1642: 146–153. https://doi.org/10.
1016/j.brainres.2016.03.028 PMID: 27021953

77.

Thorne SA. The Influence of piano training on cognitive and neural functioning in older adults. University of Georgia; 2015

PLOS ONE | https://doi.org/10.1371/journal.pone.0207957 November 27, 2018

22 / 23

Musical practice as an enhancer of cognitive function in healthy aging - A systematic review and meta-analysis

78.

Seinfeld S, Figueroa H, Ortiz-Gil J, Sanchez-Vives M V. Effects of music learning and piano practice on
cognitive function, mood and quality of life in older adults. Front Psychol. 2013; 4: 1–13. https://doi.org/
10.3389/fpsyg.2013.00810

79.

Bugos JA. The benefits of music instruction on processing speed, verbal fluency, and cognitive control
in aging. Music Educ Res Int. 2010; 4: 1–8.

80.

George EM, Coch D. Music training and working memory: An ERP study. Neuropsychologia. 2011; 49
(5): 1083–1094. https://doi.org/10.1016/j.neuropsychologia.2011.02.001

81.

Amer T, Kalender B, Hasher L, Trehub SE, Wong Y. Do older professional musicians have cognitive
advantages? PLoS One. 2013; 8(8): 1–8. https://doi.org/10.1371/journal.pone.0071630

82.

Zendel BR, Alain C. Musicians experience less age-related decline in central auditory processing. Psychol Aging. 2012; 27(2): 410–417. https://doi.org/10.1037/a0024816 PMID: 21910546

83.

Zendel BR, Alain C. Enhanced attention-dependent activity in the auditory cortex of older musicians.
Neurobiol Aging. 2014; 35(1): 55–63. https://doi.org/10.1016/j.neurobiolaging.2013.06.022 PMID:
23910654

84.

Parbery-Clark A, Anderson S, Hittner E, Kraus N. Musical experience offsets age-related delays in neural timing. Neurobiol Aging. 2012; 33(7): 1483.e1-1483.e4. https://doi.org/10.1016/j.neurobiolaging.
2011.12.015

85.

Parbery-Clark A, Strait DL, Anderson S, Hittner E, Kraus N. Musical experience and the aging auditory
system: Implications for cognitive abilities and hearing speech in noise. PLoS One. 2011; 6(5): e18082.
https://doi.org/10.1371/journal.pone.0018082 PMID: 21589653

86.

Sluming V, Barrick T, Howard M, Cezayirli E, Mayes A, Roberts N. Voxel-based morphometry reveals
increased gray matter density in Broca’s area in male symphony orchestra musicians. Neuroimage.
2002; 17(3): 1613–1622. https://doi.org/10.1006/nimg.2002.1288 PMID: 12414299

87.

Gooding LF, Abner EL, Jicha GA, Kryscio RJ, Schmitt FA. Musical training and late-life cognition. Am J
Alzheimer’s Dis Other Dementiasr. 2014; 29(4): 333–343. https://doi.org/10.1177/1533317513517048

88.

White-Schwoch T, Carr KW, Anderson S, Strait DL, Kraus N. Older adults benefit from music training
early in life: Biological evidence for long-term training-driven plasticity. J Neurosci. 2013; 33(45):
17667–17674. https://doi.org/10.1523/JNEUROSCI.2560-13.2013 PMID: 24198359

89.

Bialystok E, DePape AM. Musical expertise, bilingualism, and executive functioning. J Exp Psychol
Hum Percept Perform. 2009; 35(2): 565–574. https://doi.org/10.1037/a0012735

90.

Patel AD. Why would musical training benefit the neural encoding of speech? The OPERA hypothesis.
Front Psychol. 2011; 2: 1–14. https://doi.org/10.3389/fpsyg.2011.00142 PMID: 21713130

91.

Bidelman GM, Hutka S, Moreno S. Tone language speakers and musicians share enhanced perceptual
and cognitive abilities for musical pitch: Evidence for bidirectionality between the domains of language
and music. PLoS One. 2013; 8(4): e60676. https://doi.org/10.1371/journal.pone.0060676 PMID:
23565267

92.

Jakobson LS, Cuddy LL, Kilgour AR. Time tagging: A key to musicians’ superior memory. Music Percept. 2003; 20(3), 307–313. https://doi.org/10.1525/mp.2003.20.3.307

93.

Franklin MS, Moore KS, Yip CY, Jonides J, Rattray K, Moher J. The effects of musical training on verbal
memory. Psychol Music. 2008; 36(3): 353–365. https://doi.org/10.1177/0305735607086044

94.

Jakobson LS, Lewycky ST, Kilgour AR, Stoesz BM. Memory for verbal and visual material in highly
trained musicians. Music Percept. 2008; 26(1): 41–55. https://doi.org/10.1525/mp.2008.26.1.41

95.

Moreno S, Farzan F. Music training and inhibitory control: A multidimensional model. Ann N Y Acad Sci.
2015; 1337(1): 147–52. https://doi.org/10.1111/nyas.12674

96.

Tervaniemi M, Just V, Koelsch S, Widmann A, Schröger E. Pitch discrimination accuracy in musicians
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