
RESEARCH ARTICLE

Musical practice as an enhancer of cognitive

function in healthy aging - A systematic review

and meta-analysis

Rafael Román-CaballeroID
1*, Marisa Arnedo2, Mónica Triviño1,3, Juan LupiáñezID
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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 cog-

nitive 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 par-

ticipants 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 non-

musicians 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 func-

tions. 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 dur-

ing musical practice (specific training mechanism), in the improvement of compensatory cog-

nitive 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 demo-

graphic 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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(Juan Lupiáñez), and 1 predoctoral fellowship

(FPU17/02864) by the Spanish Ministry of

Education, Culture and Sport (https://www.mecd.

gob.es/) RRC (Rafael Román-Caballero). The

http://orcid.org/0000-0003-0943-6217
http://orcid.org/0000-0001-6157-9894
https://doi.org/10.1371/journal.pone.0207957
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207957&domain=pdf&date_stamp=2018-11-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207957&domain=pdf&date_stamp=2018-11-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207957&domain=pdf&date_stamp=2018-11-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207957&domain=pdf&date_stamp=2018-11-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207957&domain=pdf&date_stamp=2018-11-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207957&domain=pdf&date_stamp=2018-11-27
https://doi.org/10.1371/journal.pone.0207957
https://doi.org/10.1371/journal.pone.0207957
http://creativecommons.org/licenses/by/4.0/
https://osf.io/y4w89/
http://www.mineco.gob.es/
https://www.mecd.gob.es/
https://www.mecd.gob.es/


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 con-

trast, skills based on the accumulation of knowledge through experience (i.e., ‘crystallized cog-

nition’), 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 sup-

porting 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], includ-

ing 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 informa-

tion that has gained access [10]. Therefore, inhibition could be important for avoiding distrac-

tions 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 perfor-

mance 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 differ-

ences 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 engage-

ment 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 cogni-

tive activity since it involves regular and motivated practice of progressive difficulty, with con-

stantly 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 demen-

tia 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 con-

sidered specific to skills improved through musical performance (i.e., domain-specific func-

tions), 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 correla-

tional 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 stud-

ies 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 Sci-

ence 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�). Sec-

ond, we consulted references from studies on this subject. Finally, we accessed the ‘gray litera-

ture’ 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-Cabal-

lero) 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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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 tech-

nique; (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

Fig 1. PRISMA flowchart of the studies included in the systematic review and meta-analysis.

https://doi.org/10.1371/journal.pone.0207957.g001
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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 infor-

mation, 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 experi-

mental 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 experi-

mental studies, which included both pre- and post-treatment measures, effect size was calcu-

lated 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 stan-

dard deviation for the pre-test scores of both groups. In studies that included two post-treat-

ment 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 neuropsy-

chological measures of the same function, we decided to generate aggregates following the rec-

ommendations 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 differ-

ent 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 dif-

ferences 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 chi-

squared significance test, τ2 and I2. I2 values of 0–25% are interpreted as null, 25–50% as low,
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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.

Fig 2. Risk of bias summary for correlational studies.

https://doi.org/10.1371/journal.pone.0207957.g002
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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

Fig 3. Risk of bias summary for experimental studies.

https://doi.org/10.1371/journal.pone.0207957.g003
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Table 1. Main characteristics of the correlational studies included in the systematic review and meta-analysis.

Total sample Groups Results

Authors Year Size Age Sex Characteristics Main Others

Baird et al. [72] 2017 N = 22 � 65

years

– Musicians (n = 15)

Non-musicians

(n = 7)

ns –

Bidelman &

Alain [73]

2015 N = 20 > 60

years

50%

men

Musicians (n = 10)

Non-musicians

(n = 10)

– Faster classification of speech sounds

Brain coding of speech more efficient and robust; also

possible improvement in attention

Fauvel et al.

[74]

2014 Study

1

N = 68 � 55

years vs.

� 60

years

44%

men

Older musicians

(n = 15)

Older non-

musicians (n = 20)

Middle-aged

musicians (n = 19)

Middle-aged non-

musicians (n = 14)

" DSF

" D2

" Letter fluency

" Semantic fluency

With aging:

- Less decline in D2

- No decline in DSF and semantic fluency

- Better letter fluency

Study

2

N = 47 � 60

years

47%

men

Older early

musicians (n = 15)

Older late musicians

(n = 12)

Older non-

musicians (n = 20)

– - Older musicians with early onset showed better

letter fluency

- Older musicians showed better semantic fluency

Grassi et al.

[37]

2017 N = 40 � 65

years

70%

men

Musicians (n = 20)

Non-musicians

(n = 20)

" VPTA

" LST

" sEFT

" sMRT

Better central auditory processing

Frequency discrimination, gap detection, VPTA, LST

and sMRT are good to excellent classifiers for

musicians

Hanna-Pladdy

& Gajewski

[75]

2012 N = 70 � 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

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

Hanna-Pladdy

& MacKay [63]

2011 N = 70 � 60

years

40–

50%

men

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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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 (process-

ing 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 1. (Continued)

Total sample Groups Results

Authors Year Size Age Sex Characteristics Main Others

Strong &

Midden [64]

2018 N = 58 � 65

years

53%

men

Active musicians

(n = 32)

Former musicians

(n = 12)

Non-musicians

(n = 14)

" 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

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 Age of

onset

Years of

training

Years of

practice

Current practice

(%)

Current practice (h/

week)

Baird et al., 2017 Yes – – – 51 (22) 100% –

Bidelman & Alain, 2015 No – 10.8 (2.5) 11.4 (5.8) – 100% –

Fauvel et al., 2014; Study

1

No Older musicians 11.2 (4.5) – Overall: 100% 9.2 (6.6)

Middle-aged musicians 8.4 (3.7) – 38.12 (17.7) 100% 15.3 (12.6)

Fauvel et al., 2014; Study

2

No 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)

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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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 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

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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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 visuo-

construction (SMD = 0.378, 95% CI [-0.072, 0.829], p = 0.079; small).

Regarding heterogeneity, only processing speed, attention, verbal memory and visuocon-

struction showed a low level (I2 < 50%), whereas verbal fluency measures, naming and flexibil-

ity 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 percep-

tion (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 com-

ponents 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 musi-

cians 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

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
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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 associ-

ated with musical practice and cognitive improvements. Functions such as phonological flu-

ency [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 perfor-

mance 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 instru-

ment 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 les-

sons (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 par-

ticipants [78]. A follow-up evaluation was conducted in two studies 3 months after the post-

test. 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 con-

ducted independent meta-analyses for each of the functions. Subsequently, we explored basic

domain-general functions (processing speed, inhibition and attention) and complex domain-

general 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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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 visuoconstruc-

tion (SMD = 0.519, 95% CI[0.015, 1.024], p = 0.044; medium effect) reached statistical signifi-

cance, 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 improve-

ments 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).

Table 3. Main characteristics of the experimental studies included in the systematic review and meta-analysis.

Total sample Groups Results

Authors Year Size Age Sex Characteristics Random

assignment

Training program Control group Times of

measurement

Main Others

Bugos

et al.

[36]

2007 N = 31 60–

85

years

24%

men

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–

85

years

22%

men

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–

85

years

24%

men

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

non-musical

leisure activities.

Everyone chose

at least one

physical

exercise course.

Pre-test

Post-test (4

months later)

" FTT (D

and ND) in

both groups

" BDI in both

" POMS Total

" POMS Fatigue

"WHOQOL-BREF

Physical

"WHOQOL-BREF

Psychological

In musical

training:

" Stroop-

Color

" Stroop-

Color-

Word

" DSF

Trend in

TMT-A

Thorne

[77]

2015 N = 20 65–

85

years

35%

men

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 Well-

being

"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
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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 system-

atic review provided further evidences. Along with the improvements observed in the meta-

analyses, 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 pre-

attentive 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 reduc-

tion 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 chal-

lenges 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-

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
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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 neuro-

cognitive 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 long-

term musical practice throughout their lives (correlational studies) and in those who had fol-

lowed short training programs initiated in later stages of life (experimental studies). These cog-

nitive benefits, which were particularly noticeable in individuals who had engaged in long-

term 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 prac-

tice (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 func-

tions, protecting or reducing the decline [74]. On the other hand, in functions that are less sen-

sitive 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 life-

long 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-min-

ute versions instead of the usual 1-minute version [74]), and verbal memory (in the long ver-

sion 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 stud-

ies, 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 spe-

cific 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 vari-

ables (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 possibil-

ity 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 experi-

mental 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 (signifi-

cant) 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 func-

tions, 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 cogni-

tive 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 ver-

bal 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 mech-

anisms 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 contri-

bution 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 inhibi-

tory control for adult enhancements [95]. In our opinion, based on the evidence found, atten-

tion 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. How-

ever, 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 promis-

ing 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 conclu-

sive. 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 profes-

sional versus amateur practice, and in the various types of musical practice (orchestral musi-

cians, 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 protec-

tive 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 neuro-

cognitive aging and reduce the risk of neurodegenerative diseases. In addition, musical prac-

tice 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 neuro-

cognitive aging were conducted. Results indicate that an involvement in this activity (particu-

larly 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 evi-

dence 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 mak-

ing interventions in this regard.
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Lupiáñez.

References
1. United Nations, Department of Economic and Social Affairs PD. World Population Ageing 2017—High-

lights. 2017.

2. Borella E, Carretti B, De Beni R. Working memory and inhibition across the adult life-span. Acta Psy-

chol. 2008; 128(1): 33–44. https://doi.org/10.1037/0894-4105.22.5.638

3. Hedman AM, van Haren NEM, Schnack HG, Kahn RS, Pol HEH. Human brain changes across the life

span: A review of 56 longitudinal magnetic resonance imaging studies. Hum Brain Mapp. 2012; 33(8):

1987–2002. https://doi.org/10.1002/hbm.21334 PMID: 21915942

4. Salthouse TA. Selective review of cognitive aging. J Int Neuropsychol Soc. 2010; 16(5): 754–760.

https://doi.org/10.1017/S1355617710000706 PMID: 20673381

5. Bopp KL, Verhaeghen P. Aging and verbal memory span: A meta-analysis. Journals Gerontol Ser B

Psychol Sci Soc Sci. 2005; 60(5): 223–233. https://doi.org/10.1093/geronb/60.5.P223

6. Dore GA, Elias MF, Robbins MA, Elias PK, Brennan SL. Cognitive performance and age: Norms from

the Maine-Syracuse study. Vol. 33, Exp Aging Res. 2007; 33: 205–271. https://doi.org/10.1080/

03610730701319087 PMID: 17497370

7. Hartshorne JK, Germine LT. When does cognitive functioning peak? The asynchronous rise and fall of

different cognitive abilities across the life span. Psychol Sci. 2015; 26(4): 433–443. https://doi.org/10.

1177/0956797614567339 PMID: 25770099

8. Li KZH, Lindenberger U. Relations between aging sensory / sensorimotor and cognitive functions. Neu-

rosci Biobehav Rev. 2002; 26: 777–783. https://doi.org/10.1016/S0149-7634(02)00073-8 PMID:

12470689

9. Salthouse TA. The processing speed theory of adult age differences in cognition. Psychol Rev. 1996;

103(3): 403–428. https://doi.org/10.1037/0033-295X.103.3.403 PMID: 8759042

10. Hasher L, Zacks RT. Working memory, comprehension, and aging: A review and a new view. In: Bower

GH, editor. Psychology of Learning and Motivation: Advances in Research and Theory. San Diego,

CA, USA: Academic Press; 1988. pp. 193–225. https://doi.org/10.1016/S0079-7421(08)60041-9

11. Salthouse TA. Why do adult age differences increase with task complexity? Dev Psychol. 1992; 28(5):

905–918. https://doi.org/10.1037/0012-1649.28.5.905

12. Verhaeghen P, Salthouse TA. Meta-analyses of age-cognition relations in adulthood: Estimates of lin-

ear and nonlinear age effects and structural models. Psychol Bull. 1997; 122(3): 231–249. https://doi.

org/10.1037/0033-2909.122.3.231 PMID: 9354147

13. Elgamal SA, Roy EA, Sharratt MT. Age and verbal fluency: The mediating effect of speed of processing.

Can Geriatr J. 2011; 14(3): 66–72. https://cgjonline.ca/index.php/cgj/article/view/17 https://doi.org/10.

5770/cgj.v14i3.17 PMID: 23251316

14. Verhaegen C, Poncelet M. Changes in naming and semantic abilities with aging from 50 to 90 years. J

Int Neuropsychol Soc. 2013; 19(2): 119–126. https://doi.org/10.1017/S1355617712001178 PMID:

23237304

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

PLOS ONE | https://doi.org/10.1371/journal.pone.0207957 November 27, 2018 19 / 23

https://doi.org/10.1037/0894-4105.22.5.638
https://doi.org/10.1002/hbm.21334
http://www.ncbi.nlm.nih.gov/pubmed/21915942
https://doi.org/10.1017/S1355617710000706
http://www.ncbi.nlm.nih.gov/pubmed/20673381
https://doi.org/10.1093/geronb/60.5.P223
https://doi.org/10.1080/03610730701319087
https://doi.org/10.1080/03610730701319087
http://www.ncbi.nlm.nih.gov/pubmed/17497370
https://doi.org/10.1177/0956797614567339
https://doi.org/10.1177/0956797614567339
http://www.ncbi.nlm.nih.gov/pubmed/25770099
https://doi.org/10.1016/S0149-7634(02)00073-8
http://www.ncbi.nlm.nih.gov/pubmed/12470689
https://doi.org/10.1037/0033-295X.103.3.403
http://www.ncbi.nlm.nih.gov/pubmed/8759042
https://doi.org/10.1016/S0079-7421(08)60041-9
https://doi.org/10.1037/0012-1649.28.5.905
https://doi.org/10.1037/0033-2909.122.3.231
https://doi.org/10.1037/0033-2909.122.3.231
http://www.ncbi.nlm.nih.gov/pubmed/9354147
https://cgjonline.ca/index.php/cgj/article/view/17
https://doi.org/10.5770/cgj.v14i3.17
https://doi.org/10.5770/cgj.v14i3.17
http://www.ncbi.nlm.nih.gov/pubmed/23251316
https://doi.org/10.1017/S1355617712001178
http://www.ncbi.nlm.nih.gov/pubmed/23237304
https://doi.org/10.1371/journal.pone.0207957


15. Allen JS, Bruss J, Brown CK, Damasio H. Normal neuroanatomical variation due to age: The major

lobes and a parcellation of the temporal region. Neurobiol Aging. 2005; 26(9): 1245–1260. https://doi.

org/10.1016/j.neurobiolaging.2005.05.023 PMID: 16046030

16. Resnick SM, Pham DL, Kraut MA, Zonderman AB, Davatzikos C. Longitudinal magnetic resonance

imaging studies of older adults: A shrinking brain. J Neurosci. 2003; 23(8): 3295–3301. https://doi.org/

10.1523/JNEUROSCI.23-08-03295.2003 PMID: 12716936

17. Storsve AB, Fjell AM, Tamnes CK, Westlye LT, Overbye K, Aasland HW, et al. Differential longitudinal

changes in cortical thickness, surface area and volume across the adult life span: Regions of accelerat-

ing and decelerating change. J Neurosci. 2014; 34(25): 8488–98. https://doi.org/10.1523/

JNEUROSCI.0391-14.2014 PMID: 24948804

18. Walhovd KB, Westlye LT, Amlien I, Espeseth T, Reinvang I, Raz N, et al. Consistent neuroanatomical

age-related volume differences across multiple samples. Neurobiol Aging. 2011; 32(5): 916–932.

https://doi.org/10.1016/j.neurobiolaging.2009.05.013 PMID: 19570593

19. Bucur B, Madden DJ, Spaniol J, Provenzale JM, Cabeza R, White LE, et al. Age-related slowing of

memory retrieval: Contributions of perceptual speed and cerebral white matter integrity. Neurobiol

Aging. 2008; 29(7): 1070–1079. https://doi.org/10.1016/j.neurobiolaging.2007.02.008 PMID:

17383774

20. O’Sullivan M, Jones DK, Summers PE, Morris RG, Williams SCR, Markus HS. Evidence for cortical

“disconnection” as a mechanism of age-related cognitive decline. Neurology. 2001; 57(4): 632–638.

https://doi.org/10.1212/WNL.57.4.632 PMID: 11524471

21. Ziegler DA, Piguet O, Salat DH, Prince K, Connally E, Corkin S. Cognition in healthy aging is related to

regional white matter integrity, but not cortical thickness. Neurobiol Aging. 2010; 31(11): 1912–1926.

https://doi.org/10.1016/j.neurobiolaging.2008.10.015 PMID: 19091444

22. Morrison JH, Hof PR. Life and death of neurons in the aging brain. Science. 1997; 278(5337): 412–419.

https://doi.org/10.1126/science.278.5337.412 PMID: 9334292

23. Dickstein DL, Kabaso D, Rocher AB, Luebke JI, Wearne SL, Hof PR. Changes in the structural com-

plexity of the aged brain. Aging Cell. 2007; 6(3): 275–284. https://doi.org/10.1111/j.1474-9726.2007.

00289.x PMID: 17465981

24. Borghesani PR, Weaver KE, Aylward EH, Richards AL, Madhyastha TM, Kahn AR, et al. Midlife mem-

ory improvement predicts preservation of hippocampal volume in old age. Neurobiol Aging. 2012; 33

(7): 1148–1155. https://doi.org/10.1016/j.neurobiolaging.2010.09.026 PMID: 21074898

25. Wilson RS, Beckett LA, Barnes LL, Schneider JA, Bach J, Evans DA, et al. Individual differences in

rates of change in cognitive abilities of older persons. Psychol Aging. 2002; 17(2): 179–193. https://doi.

org/10.1037/0882-7974.17.2.179 PMID: 12061405

26. Schupf N, Costa R, Tang MX, Andrews H, Tycko B, Lee JH, et al. Preservation of cognitive and func-

tional ability as markers of longevity. Neurobiol Aging. 2004; 25(9): 1231–1240. https://doi.org/10.1016/

j.neurobiolaging.2003.11.010 PMID: 15312969

27. Stern Y. Cognitive reserve in ageing and Alzheimer’s disease. Lancet Neurol. 2012; 11(11): 1006–

1012. https://doi.org/10.1016/S1474-4422(12)70191-6 PMID: 23079557

28. Verghese J, Lipton RB, Katz MJ, Hall CB, Derby CA, Kuslansky G, et al. Leisure activities and the risk

of dementia in the elderly. N Engl J Med. 2003; 348(25): 2508–2516. https://doi.org/10.1056/

NEJMoa022252 PMID: 12815136

29. Arenaza-Urquijo EM, Landeau B, La Joie R, Mevel K, Mézenge F, Perrotin A, et al. Relationships
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