
77© Springer Nature Switzerland AG 2019
C. M. Weaver et al. (eds.), Nutritional Influences on Bone Health, 
https://doi.org/10.1007/978-3-319-98464-3_8

R. M. Daly (*) · M. B. Formica · J. L. Tait · H. Macpherson 
Institute for Physical Activity and Nutrition Research, School of Exercise and Nutrition 
Sciences, Deakin University, Melbourne, VIC, Australia
e-mail: rmdaly@deakin.edu.au

8Nutrition and Exercise Approaches 
to Enhance Muscle, Mobility, 
and Cognition During Aging

Robin M. Daly, Melissa B. Formica, Jamie L. Tait, 
and Helen Macpherson

 Introduction

The 2015 World Health Organization (WHO) report on aging and health reported 
that “the health of older people is not keeping up with increasing longevity” and 
outlined a framework for action around the concept of functional ability to foster 
healthy aging [1]. By definition, functional ability is comprised of an individual’s 
intrinsic capacity, both physical and mental, as well as relevant environmental char-
acteristics and their interactions [1]. It is well established that aging is associated 
with a loss in muscle mass, strength, power, and function, which has been linked to 
multiple chronic diseases as well as an increased risk for falls, frailty, disability, loss 
of independence, and reduced quality of life [2–4]. There is also evidence that 
dementia and related cognitive deficits that can occur with advancing age, particu-
larly deficits in executive function including the ability to concentrate, attend selec-
tively, multi-task, plan, and strategize, are key risk factors for falls [5]. Other 
cognitive abilities commonly shown to experience an age-related deterioration 
include working memory, episodic memory, processing speed, and attention, but the 
age of onset for the decline in these measures varies. Conversely, crystallized abili-
ties and faculties acquired over a lifetime such as vocabulary, visuospatial ability, 
and procedural memory tend to display greater stability with aging [6]. With the 
exception of cognitive assessments designed to aid in the diagnosis of cognitive 
impairment related to dementia and other neurological conditions, there is currently 
no “gold standard” or standardized measures of cognitive function for use in 
research. Studies focused on exercise or dietary interventions tend to include a 
range of measures of individual cognitive domains (e.g., executive function, 
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memory, attention), and it is recommended that a composite of individual measures 
be used to provide an index of global cognitive function [7].

Several overlapping mechanisms are currently proposed to contribute to both 
cognitive and functional impairments, which can lead to an increased risk for falls 
and frailty. For instance, chronic inflammation, insulin resistance, vascular risk fac-
tors, and hormonal changes are all relevant to both declines to brain health and 
physical function [8]. Recent data also indicate that low muscle mass and strength 
and accelerated losses in muscle mass are associated with cognitive impairment 
[9–12] and brain atrophy [13]. Similarly, poor gait performance and a decline in gait 
speed over time have been shown to be predictive of incident dementia [14, 15]. 
Collectively, these findings provide evidence to support a link between cognition 
and muscle mass and function, but questions still remain as to the direction of this 
relationship. It is possible that there is a bidirectional relationship: factors causing 
muscle or functional losses may contribute to impaired cognitive function, or fac-
tors leading to cognitive impairment may contribute to a decline in muscle health 
and function. Despite this, there is growing interest in identifying strategies that can 
simultaneously improve muscle and cognitive health to ensure that older people 
maintain their physical and cognitive functions in order to live an independent and 
relatively disease- and disability-free life.

Regular exercise and adequate nutrition are widely promoted as two key modifi-
able lifestyle factors that can optimize physical, functional, and cognitive health 
into old age. To date, the vast majority of research has focused on the independent 
effects of exercise and various nutritional factors on physical or cognitive function. 
Whether combining these two health-related behaviors can result in additive or syn-
ergistic health benefits to both muscle and cognitive functions remains uncertain. 
However, as illustrated in Fig. 8.1 and discussed throughout this chapter, there is a 
sound rationale to support the role of exercise and nutrition for improving both 
cognitive- and muscle-related outcomes. This chapter will provide a brief overview 
of the evidence related to the role of exercise and nutrition for optimizing muscle, 
mobility, and cognition in older adults, followed by a discussion on the latest 
research into whether various nutritional factors can enhance the effects of exercise 
on muscle health, functional ability, and cognitive function. The aim is not to pro-
vide a complete review of all the available literature and the underlying mechanisms 
but to provide an update on more recent randomized controlled trials (RCTs) in 
older adults which included both muscle and functional measures with cognition as 
outcomes.

 Exercise to Optimize Muscle Health and Mobility in Older 
Adults

Regular exercise and physical activity have been consistently shown to have benefi-
cial effects on a broad range of physical, functional, and cognitive measures in older 
people [16–18]. However, not all forms of exercise are equally effective, with the 
benefits being modality and intensity-dependent and reliant on adequate nutrition. 
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For instance, progressive resistance training (PRT) has been shown to be effective 
for improving muscle mass, size, and strength in older adults and the frail elderly 
[19, 20], but there remains considerable uncertainty with regard to the effect of this 
mode of training on functional ability (e.g., balance, mobility, gait speed) and reduc-
ing falls in older people [17, 21]. This is likely related in part to the lack of training 
specificity, that is, most resistance training programs focus on slow and controlled 
movements to maximize muscle strength and not the ability to generate force 
quickly (termed muscle power) which is often needed for a rapid coordinated and 
dynamic response specific to many functional tasks (e.g., stepping quickly in 
response to a trip). Indeed, there is evidence that many common tasks of daily living 
are more strongly related to muscle power than muscle mass or maximal muscle 
strength [22]. Thus, targeted programs that are designed to optimize neuromuscular 
function and which are specific to tasks of daily living are likely to provide the 
greatest benefits.

High-velocity PRT or functional power training, which is characterized by rapid 
concentric movements or muscle contractions, is an alternative approach that has 
been shown to improve movement speed, muscle power, and functional performance 
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Fig. 8.1 Theoretical model of the mechanisms by which exercise and nutritional factors may 
influence both cognitive and functional outcomes. IGF-1, insulin-like growth factor (IGF)-1; 
BDNF, brain-derived neurotrophic factor; VEGF, vascular endothelial growth factor
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in older adults [23]. In fact, there is evidence this mode of training is more effective 
than traditional PRT for improving physical performance [18], as well as “real-life” 
functional ability (e.g., car braking speed) in the elderly [24]. While the long-term 
effects of high-velocity training on falls remain unknown, the findings from a meta-
analysis of seven RCTs indicated that volitional and reactive step training interven-
tions involving quick, multidirectional stepping movements and weight transfers, 
which incorporate elements of functional muscle power, improved functional abil-
ity and reduced the rate of falls by 52% [rate ratio 0.48 (95% CI, 0.36–0.65)] in 
older people [17, 25]. It is noteworthy that the magnitude of the reduction in falls 
following step training interventions is greater than that reported in previous meta-
analyses and a Cochrane collaboration for general exercise interventions (21–32% 
reduction in the rate of falls following general exercise training, multicomponent 
group and/or home-based exercise training) and more specific exercise combina-
tions (39% falls reduction with challenging balance training and 3 or more hours 
of exercise training per week) [17, 26]. Collectively, these findings highlight that 
targeted multicomponent exercise programs incorporating high-velocity PRT, func-
tional activities relevant to everyday tasks, and challenging balance activities are 
likely to provide the greatest benefits in terms of optimizing muscle mass, strength, 
power, and functional capacity and reducing falls risk in older people.

 Exercise to Optimize Cognitive Function in Older Adults

There is mounting evidence from animal and human studies indicating that regular 
exercise can induce a cascade of neural and vascular adaptations which can improve 
brain structure, function, and/or neural connectivity through the promotion of neu-
rogenesis, angiogenesis, and synaptic plasticity, the release of various growth and 
neurotrophic factors [e.g., insulin-like growth factor-1 (IGF-1) and brain-derived 
neurotrophic factor (BDNF)], and the modulation of systemic inflammation and 
oxidative stress (Fig. 8.1). While more detailed information is provided in several 
reviews [27, 28], additional mechanisms include exercise-related benefits to cardio-
vascular health and insulin sensitivity, which can have long-term effects on brain 
health and dementia risk later in life [29]. For instance, a study of over 3000 indi-
viduals above the age of 60 from the Framingham Study found that those within the 
lowest category of physical activity had a 1.5-fold increased 10-year risk of demen-
tia incidence compared to those with higher levels of physical activity [30]. While 
these findings suggest that exercise might exert a neuroprotective effect on the aging 
brain, questions still remain as to whether there is an optimal type and dose of exer-
cise that is needed to elicit cognitive benefits and/or prevent the progression to 
dementia. To date, a larger body of research has focused on aerobic training benefits 
to cognition than PRT or multicomponent programs. However, a systematic review 
and meta-analysis of 36 RCTs in community-dwelling adults aged 50 years and 
older reported that aerobic training, PRT, and the combination all had significant 
and similar effects on cognitive function (effect size, 0.24, 0.29, and 0.33, respec-
tively), regardless of cognitive status [16]. However, moderator analysis revealed 
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that moderate- to high-intensity (but not low intensity) training and a duration of at 
least 45 minutes were most effective [16].

There is also emerging data that functional training programs designed to pre-
vent falls, including step training interventions [25] and dual-task cognitive-motor 
programs [31], whereby cognitive or motor tasks are performed sequentially or 
simultaneously with exercise training, can improve measures of cognitive function, 
including executive function, attention, and short-term memory. Moreover, the per-
formance of functional tasks (e.g., stepping) and/or exercise in combination with a 
secondary task may be innately cognitively demanding as they require the engage-
ment of executive processes (e.g., inhibition, planning, and execution of a rapid 
motor response in response to an external cue) and attentional aspects (e.g., distribu-
tion of attention between movement components). At present, the neurophysiologi-
cal mechanisms underlying any cognitive improvements following combined 
cognitive and exercise training remain uncertain, but cognitive and exercise training 
may stimulate similar neurobiological processes which could produce a synergistic 
response (refer to Tait et al. [31] for a more detailed review). In this regard, a com-
bination of physical exercise, sensorimotor stimulation, and cognitive engagement 
may also facilitate neurophysiological changes that contribute to wider cognitive 
benefits which may translate into physical or functional benefits. In part support of 
this notion, a 2017 review that included 19 studies found that interventions that 
adopted physical-cognitive training or multimodal programs were most effective for 
improving a range of physical, motor, and cognitive outcomes in older adults than 
single intervention programs [32]. Collectively, these findings suggests that exercise 
programs designed to optimize muscle mass and function and prevent falls in the 
elderly may also simultaneously improve cognitive health, but further study is 
needed to define whether there is an optimal type (or combination) and dose.

 Nutritional Approaches to Optimize Muscle Health 
and Mobility in Older Adults

In a comprehensive review of the role of nutrition for the prevention and manage-
ment of sarcopenia, Robinson et al. [33] highlighted that many epidemiologic and 
prospective cohort studies have shown that various nutritional factors (protein, vita-
min D, antioxidant nutrients, omega-3 fatty acids), whole foods (dairy products), 
and dietary patterns (Mediterranean diet) can play a role in attenuating age-related 
losses in muscle mass and to a lesser extent muscle strength and/or function. 
However, the findings from several systematic reviews and meta-analyses of RCTs 
have shown that the effects of specific nutrients or supplements alone (without exer-
cise) on muscle and functional outcomes in older adults are equivocal [34–37], with 
the exception of perhaps vitamin D that appears to have a small positive effect on 
muscle strength and function in older adults, particularly in those with low basal 
levels [38, 39]. While it has been suggested that the lack of any marked effects of 
various nutritional factors on muscle or mobility-related outcomes may be related to 
the low number of studies, short-term follow-up periods, and heterogeneous study 
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designs [33], it is also likely that some of these trials were biologically flawed. For 
instance, many recruited healthy older people who were not functionally impaired, 
already had adequate intakes, and/or failed to provide a sufficient dose of a given 
nutrient to markedly increase levels above baseline or relative to controls. As a 
result of these limitations, many trials lacked the ability to detect any marked effects 
and were essentially designed to fail. In part support of this notion, a recent meta- 
analysis of RCTs in adults aged ≥ 55 years found no overall effect of dairy-based 
protein supplementation and vitamin D on muscle or functional measures, but there 
was a trend for a positive effect on lean body mass when supplemental doses of 
protein were ≥ 20 g per day or when given to (pre)frail or inactive older adults [40].

 Nutritional Approaches to Optimize Cognitive Function 
in Older Adults

Several review articles have concluded that, based on evidence from epidemiologic 
studies and a limited number of RCTs, that certain dietary patterns or nutrients, 
including but not limited to the Mediterranean diet, omega-3 fatty acids, vitamin D, 
antioxidants, creatine, and B-vitamins, may be protective against cognitive decline 
and even the risk of incident dementia [41–43]. Albeit limited, there is also evidence 
that dietary protein and its constituent amino acids, particularly tryptophan and tyro-
sine, may provide some cognitive benefits [44]. Despite these findings, a meta- analysis 
of 24 nutritional RCTs (six using omega-3 fatty acids, seven using B-vitamins, three 
using vitamin E, eight using other interventions) in non-demented middle-aged and 
older adults [45] and a systematic review of randomized, double- blinded controlled 
trials of nutraceuticals and dietary supplements of at least 1-year duration and with at 
least 100 participants aged ≥65 years [46] both reported no consistent evidence to 
support any beneficial effects of nutrition on cognition. This may be related to a num-
ber of factors, including the health status of participants and the lack of sensitivity of 
certain cognitive measures to detect subtle changes over time. While it is clear that 
further long-term and adequately powered RCTs in suitable populations are still 
needed, given that multiple lifestyle factors (as well as environment and genetic fac-
tors) have been implicated with cognitive related disorders, it is likely that the greatest 
benefits on cognition (and muscle health and functional ability) will occur with a tar-
geted exercise program combined with a nutritional intervention.

 Effect of Nutrition Combined with Exercise on Muscle, 
Mobility, and Cognition in Older Adults

As illustrated in Fig. 8.1, from a mechanistic perspective, there is a sound rationale 
to support an interactive effect of exercise and nutrition on both muscle and cogni-
tive functions. For instance, animal and human studies have reported that both exer-
cise and various nutritional factors can influence various growth and neurotrophic 
factors [e.g., IGF-1, BDNF, and vascular endothelial growth factors (VEGF)] as 
well as modulate various inflammatory markers, all of which have been implicated 
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with muscle and cognitive/brain health [27, 28]. A more comprehensive review of 
the potential underlying mechanisms by which exercise and nutrition may enhance 
cognitive function is provided in several excellent reviews [28, 47, 48]. The focus of 
this chapter is to briefly review the latest evidence from RCTs addressing whether 
various nutritional factors, specifically protein and dairy-based supplementation, 
vitamin D, fish oil, and omega-3 fatty acids, creatine, antioxidant nutrients, and 
multi-nutrient supplements, can enhance the effects of exercise on muscle health 
and/or function and cognition in older adults.

 Protein or Dairy Supplementation with Exercise

Over the past decade, there have been equivocal findings from many intervention 
trials and meta-analyses of RCTs investigating the combined effects of exercise 
with different types of protein, essential amino acids, β-hydroxy-β-methylbutyrate 
(HMB), or dairy food supplements, on muscle mass, strength, and function in older 
adults. This is highlighted in a 2017 systematic review of combined exercise and 
nutrition interventions in adults aged 60 years and over which reported that only 
25% (3/12) of protein supplementation (including dairy, whey, meat, collagen pep-
tide) trials and 0 (0/3) to 33% (1/3) of essential amino acids or HMB trials detected 
a significant additive effect on muscle mass or strength; none of the trials observed 
an added benefit on physical performance [49] (Table 8.1). The lack of a consistent 
effect may be due to a range of factors, including differences in the type and dose of 
protein/dairy prescribed; differences in the timing of consumption, compliance, 
spread, and/or pattern of intake; as well as heterogeneity in the cohorts studied (age, 
physical and nutritional status, current activity levels), study duration, and the type 
and dose of exercise prescribed [50]. Nevertheless, it is likely that the greatest ben-
efits will be apparent in high-risk individuals (e.g., frail or sarcopenic) who have 
inadequate dietary intakes (e.g., protein intake below the recommended level of 
0.8–1.0 g/kg/d).

Table 8.1 Summary of the proportion of randomized controlled trials that have reported a signifi-
cant additive effect of nutrition on exercise-induced changes in muscle mass, strength, and 
function

Exercise with Muscle mass Muscle strength Physical function
  Protein 3/12 (25%) 3/12 (25%) 0/9 (0%)
  Essential amino acids 0/3 (0%) 0/3 (0%) 0/2 (0%)
  HMB 1/3 (33%) 0/3 (0%) 0/2 (0%)
  Multi-nutrients 0/4 (0%) 1/5 (20%) 0/4 (0%)
  Creatine 4/5 (80%) 4/5 (80%) 1/4 (25%)
  Vitamin D 0/1 (0%) 0/2 (0%) 1/2 (50%)
  Othera 0/6 (0%) 0/5 (0%) 2/5 (50%)
  Summary 8/34 (23%) 8/35 (23%) 4/28 (14%)

Adapted from Beaudart et al. [49]
HMB β-hydroxy-β-methylbutyrate (HMB)
aOther included green tea, tea catechin, magnesium oxide, milk fat globule membrane, soy isofla-
vones, and vitamin- and mineral-enhanced dairy and fruit products
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With regard to whether additional protein can enhance the effects of exercise on 
cognitive function in older adults, we are aware of only two published trials [51, 
52]. In a 24-week RCT in 62 frail elderly people aged 65 years and over, neither 
twice weekly PRT alone nor with protein supplementation (2 × 15 g milk protein 
concentrate per day) improved cognitive function [assessed via the Mini-Mental 
State Examination (MMSE)], despite a greater gain in lean mass in the PRT plus 
protein group [51]. The same group then combined the findings from the above 
study with a parallel run protein (2 × 15 g/d milk protein concentrate) versus pla-
cebo supplementation trial in frail and pre-frail adults and reported that there were 
no exercise-protein interactions on a larger battery of cognitive tests [51, 52]. 
However, they did find that PRT plus protein improved information processing 
speed compared to protein supplementation alone, but surprisingly protein supple-
mentation improved verbal fluency compared to exercise plus protein. Given that 
cognition was a secondary outcome in both these trials and neither was adequately 
powered to detect an interactive effect, these findings must be interpreted with cau-
tion and highlight the need for further well-designed, long-term trials.

 Vitamin D Supplementation with Exercise

Exercise and vitamin D supplementation have been independently shown to improve 
muscle strength and function, and thus it has been hypothesized that there might be 
an additive effect when combining these two approaches. However, the findings 
from a meta-analysis of seven trials (792 participants aged ≥65 years) reported that 
there were no additive benefits of combined exercise (predominantly PRT) and vita-
min D (this included studies using vitamin D and calcium supplementation or forti-
fied milk) on muscle function in older adults, but there was a trend for a greater 
improvement in muscle strength [53]. The lack of a consistent additive effect is 
likely related to the marked heterogeneity with regard to the study durations 
(12  weeks to 24  months), dose of vitamin D prescribed (400–1920  IU/d), basal 
serum 25(OH)D concentrations, differences in the exercise regimens, and/or study 
methodology (e.g., functional measures) [53]. To our knowledge, there are no pub-
lished intervention trials which have investigated whether exercise combined with 
vitamin D supplementation alone can improve cognitive function in older people. 
However, in a 2-year factorial design RCT in healthy older women aged 70–80 years 
which was designed to examine the independent and combined effects of exercise 
(functional balance and weight-bearing exercise and resistance training) and vita-
min D (800 IU/d) supplementation on falls and muscle function, Uusi-Rasi et al. 
reported that there was no effect of the intervention on cognitive function [assessed 
by the Mini-Mental State Examination (MMSE), a brief screening measure for cog-
nitive impairment] (personal communication). This is likely due to the inclusion of 
healthy women with adequate basal vitamin D levels [mean 25(OH)D ~67 nmol/L] 
who were cognitively intact (mean baseline MMSE scores were at the upper range, 
28/30) and the use of the MMSE tool which may not be sensitive to subtle changes 
that can occur across specific cognitive domains [54].
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 Fish Oil and Omega-3 Supplementation with Exercise

Several short-term trials have reported that fish oil and omega-3 fatty acid supple-
mentation may enhance the effects of PRT on muscle mass and strength in older 
adults [55, 56]. For instance, a study in 45 women (mean age 64 years) randomized 
to PRT alone for 90 days or PRT plus fish oil supplementation (2 g/d for 90 days or 
2/d for 60 days before training followed by 2 g/d for 90 days) found that there were 
additive benefits on lower limb muscle strength (peak torque and chair rising time), 
but not muscle function; neither muscle mass nor cognition were assessed [56]. 
Several observational studies have indicated that a low omega-3 to omega-6 polyun-
saturated fatty acid (PUFA) ratio may be protective against cognitive decline and 
dementia [57] and predict better cognitive function in healthy older people [58]. 
However, excess consumption of omega-6 PUFA, which is common among a 
Western dietary pattern, may adversely impact cognition by depleting docosahexae-
noic acid (DHA), the omega-3 PUFA most prevalent in the brain [59]. Despite the 
rationale for increasing omega-3 intake, data from the 3-year randomized, placebo- 
controlled Multi-domain Alzheimer Prevention Trial (MAPT) in 1680 community- 
dwelling, non-demented adults aged 70+ years with either memory complaints, 
limitations with one instrumental activities of daily living, or slow gait speed 
reported that there were no significant effects of omega-3 fatty acid supplementa-
tion [800 mg/d (DHA) and 250 mg/d eicosapentaenoic acid (EPA)] and a multi-
domain intervention (cognitive training, physical activity and nutrition advice, and 
three preventative consultations), alone or in combination, compared with placebo 
on cognitive (primary outcome) and physical (secondary outcome) function [short 
physical performance battery (SPPB)] [60] (Fig. 8.2). However, the combination of 
omega-3 fatty acids and the multi-domain intervention was found to enhance cogni-
tive performance on a secondary measure of cognitive function. The lack of an 
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effect, particularly on physical function, may be related in part to the fact that par-
ticipants only received generic physical activity advice to be more active (e.g., walk 
30 min per day) and not a targeted program designed to enhance functional capacity. 
Furthermore, exploratory subgroup analyses showed that the combined intervention 
arms or the multi-domain intervention alone may help to slow cognitive decline in 
those most at risk (e.g., those with an increased dementia risk score and those with 
evidence of brain amyloid pathology), but there was no evidence of any beneficial 
effects on functional capacity with the per protocol analysis (excluding non-compli-
ers). Based on the above findings, it appears that omega-3 fatty acids do not enhance 
the effects of exercise on functional ability in healthy older people or those with 
impaired function, but there may be some added benefits to muscle mass and 
strength and cognitive function.

 Creatine Supplementation with Exercise

As highlighted in Table 8.1, there are a number of RCTs which have shown that 
creatine supplementation is an effective approach to enhance the effects of exercise 
on muscle mass and strength (4/5 studies showed improvements) in older adults and 
to a lesser extent muscle function (only one of four studies reported an additive 
effect on physical performance) [49]. Further to its anabolic skeletal muscle effects, 
there is some evidence that creatine supplementation may improve cognitive func-
tion [61]. However, to our knowledge there is only one trial which has investigated 
whether creatine can enhance the effects of exercise on measures of cognition and 
muscle strength [62]. In a 24-week factorial design, double-blind, placebo- controlled 
RCT in 56 healthy older women aged 60–80 years, Alves et al. [62] reported that 
neither twice weekly PRT nor creatine supplementation (4 × 5 g/d for 5 days fol-
lowed by 5 g/d) alone or in combination improved any measure of cognitive func-
tion, and there was no additive benefit of creatine on muscle strength. However, 
given the small sample size and the inclusion of healthy older women in this study, 
these findings must be interpreted with caution and highlight the need for further 
adequately powered trials in at-risk cohorts (e.g., those with cognitive and/or func-
tional impairment).

 Antioxidant Nutrients with Exercise

Aging is associated with a steady increase in oxidative stress (free radical produc-
tion that can induce cell damage) that has been implicated in many chronic diseases, 
including sarcopenia and cognitive impairment. While regular exercise and various 
antioxidant nutrients (e.g., vitamins A, C, and E, selenium, and carotenoids) are 
reported to protect older people from oxidative stress, whether single antioxidant 
supplements or a combination can prevent muscle and cognitive decline remains 
uncertain [33]. At present, there are also conflicting findings from the limited trials 
available on the combined effects of antioxidant supplementation with exercise on 

R. M. Daly et al.



87

muscle mass, strength, and/or function. For instance, a 6-month factorial design 
RCT in 57 healthy adults aged 59–73 years found that high-intensity PRT combined 
with vitamin C (1000  mg/d) and E (600  mg/d) supplementation significantly 
increased muscle mass (fat-free mass), but not muscle strength, in older adults [63]. 
In contrast, 6  months of vitamin E supplementation (900  IU/d) had no additive 
effects beyond aerobic training (walking) on physical function in 57 sedentary older 
adults [64]. Moreover, a 12-week trial in 34 elderly men aged 60–81 years found 
that vitamin C (1000  mg/d) and E (235  mg/d) supplementation attenuated PRT- 
induced gains in total lean mass and leg muscle thickness, but not muscle strength 
[65]. This suggests that antioxidants may blunt the anabolic skeletal muscle effects 
of PRT, but given the small sample size and short-term nature of this trial, further 
studies are needed to investigate this intriguing finding.

With regard to the effects of exercise and antioxidant supplementation on brain/
cognitive health, we were unable to identify any long-term human RCTs that had 
been conducted in older adults. However, a narrative review on the effects of exer-
cise with antioxidant supplementation (specifically vitamin C and E) on brain and/
or cognitive function and related biomarkers highlighted that there are contrasting 
results from the limited number of animal and human studies that have been con-
ducted [66]. For instance, some studies have reported an additive beneficial effect, 
while others reported no effects or a negative response in which antioxidants may 
block the beneficial effects of exercise [66]. Clearly this is an area that requires 
further study.

 Multi-nutrient Supplements with Exercise

Since a number of different nutrients have been associated with exercise-induced 
gains in muscle health and/or cognitive function, there has been interest in whether 
multi-nutrient supplements (e.g., various combinations of protein, amino acids, 
vitamin D, calcium, creatine, omega-3 fatty acids, and/or other vitamins and/or min-
erals) can provide additive benefits to exercise on muscle and to a lesser extent 
cognitive function. Of the trials included in the systematic review by Beaudart et al. 
[49], there was little evidence of any additive benefits with multi-nutrient supple-
mentation on muscle mass (0 of 4 trials), muscle strength (1 of 5 trials), or physical 
performance (0 of 4 trials) (Table 8.1). While the authors acknowledged that the 
majority of studies were poor quality (graded on the Jadad scale), a number of more 
recent well-designed trials have observed conflicting findings with regard to the 
combined effects of exercise with multi-nutrient supplements on muscle outcomes 
in older adults (mean age ≥65 years) [67–70]. For instance, 12 weeks of a daily 
nutritional supplement (whey protein, essential amino acids, vitamin D, and other 
minerals) with exercise (5/week of muscle strengthening and balance training) led 
to greater gains in fat-free mass, handgrip strength, and physical functioning com-
pared to exercise alone in sarcopenic older men and women [70]. The positive find-
ings in this study are likely due in part to the fact that participants were screened 
from hospitalized patients with evidence of malnutrition. In contrast to these 
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findings, the provision of a daily multi-nutrient drink (whey protein, vitamin D, 
calcium, and an assortment of other vitamins and minerals) for 24 weeks did not 
enhance the effects of exercise (3/week of walking, lower limb strength, balance, 
and flexibility exercises) on physical function (400  m walk or SPPB), muscle 
strength, or power in 149 adults aged 70 years and over with mobility limitations 
(SPPB ≤9) and low vitamin D status (25OHD ≥9 and ≤24 ng/ml) [68, 71]. However, 
nutritional supplementation was associated with a greater reduction in thigh inter-
muscular fat, which is important given that increased muscle fat infiltration has been 
associated with both metabolic and muscular dysfunctions [72]. While many of the 
above trials did include a measure of cognition (e.g., MMSE) as part of the baseline 
assessment, changes in response to the intervention were not assessed (or reported), 
but given that most studies included cognitively intact older adults and were rela-
tively short-term (12 weeks to 6 months), it is likely that any potential benefits on 
cognition would be modest.

There have been a number of recent multi-domain intervention trials incorporat-
ing exercise training, nutritional supplementation, cognitive training, medication 
review, and/or vascular risk monitoring, which have quantified changes in both cog-
nitive and physical functions in older adults [73, 74]. In a 12-week multi-domain 
intervention involving twice weekly strength/balance training with a daily protein 
nutritional supplement for 6 weeks, twice weekly memory workshops for 6 weeks, 
and medication review in 352 pre-frail/frail elderly people (mean age 77 years), 
Romera-Liebana et  al. [73] reported that there were significant improvements in 
both functional and cognitive performance measures relative to usual care controls, 
despite relatively poor adherence to both the exercise and memory training sessions 
(mean adherence 54%). Furthermore, many of the functional and cognitive benefits 
were maintained up to 18 months, despite the intervention ceasing after 3 months. 
While it is difficult to explain these findings given the short-term nature (6 weeks) 
and modest adherence to the intervention, it is possible that the positive findings are 
related to the inclusion of a high-risk cohort of elderly people (e.g., 75% were clas-
sified as frail).

To our knowledge, the 2-year Finnish Geriatric Intervention Study (FINGER) is 
the largest multi-domain intervention trial in older adults with cognition as the pri-
mary outcome and functional performance as a secondary outcome. In this study, 
1260 community-dwelling older people aged 60–77 with risk factors for dementia 
were randomized to an intensive multi-domain intervention (described below) or 
regular health advice (oral and written information regarding strategies to maintain 
a healthy diet, physical and social activities, and management of vascular factors 
and disability prevention) [74]. The multi-domain intervention incorporated four 
components: (1) individual and group nutrition sessions in which participants were 
advised to consume a diet with 10–20% of daily energy from proteins, 25–35% 
from fat [<10% from saturated plus trans-fatty acids, 10–20% from monounsatu-
rated fatty acids, 5–10% from polyunsaturated fatty acids (including 2.5–3.0 g/day 
omega-3 fatty acids)], 45–55% from carbohydrates (<10% refined sugar), 25–35 g/
day dietary fiber, <5 g/day salt, and < 5% from alcohol, (2) individually tailored 
PRT (one to three times a week) in combination with aerobic training (two to five 
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times a week) and postural exercises, (3) group and individual computer-based cog-
nitive training, and (4) social interactions (group meetings). The main finding from 
this trial was that the multi-domain intervention was associated with significantly 
greater improvements to global cognitive function, executive function, and process-
ing speed compared to regular health advice. Improvements to cognition were in the 
magnitude of 25–150% greater than the control group. In contrast, there was no 
effect of the intervention on physical performance (assessed via SPPB) [74]. It is 
difficult to explain this latter finding given that 76–83% of participants reported 
completing the resistance or aerobic exercise one or more times per week and the 
programs did include exercises to improve postural balance. One possible explana-
tion for the lack of any functional benefits is that the participants included were not 
functionally impaired and were relatively active (e.g., >70% reported being active 
two or more times per week). Based on these findings, further trials are needed to 
explore the optimal multi-domain approach that can improve both cognitive and 
physical performance measures in older adults and whether this ultimately trans-
lates into a reduction in the incidence of dementia, sarcopenia, and falls.

 Conclusion

In summary, there is strong evidence that targeted and progressive exercise pro-
grams, particularly multicomponent interventions incorporating resistance train-
ing, functional activities relevant to everyday tasks (e.g., rapid stepping), and 
challenging balance training, can improve muscle mass, strength, power, and 
function and reduce falls risk in older people. Whether this translates into a reduc-
tion in fracture risk remains unknown. While there is also emerging evidence that 
the above modes of training, along with aerobic exercise, can improve measures 
of cognitive function, questions still remain with regard to the optimal dose (inten-
sity, duration, and frequency). In contrast, there is little evidence from RCTs to 
support the role of individual or a combination of nutrients as an effective approach 
to improve muscle health, functional performance, or cognition in healthy older 
adults. There is, however, some evidence showing that various nutritional factors 
can improve muscle mass and/or strength in the elderly at risk (e.g., those with 
functional impairment, frailty, sarcopenia, or malnutrition), but the greatest ben-
efits are likely to be achieved with exercise. Currently, however, the vast majority 
of intervention trials which have investigated whether individual nutrients or 
multi-nutrient supplements can enhance the effects of exercise on measures of 
muscle mass, strength, and function and/or cognition have produced negative 
findings. While this is likely due to the fact that most studies included relatively 
healthy older adults who did not present with nutritional deficiency, many of these 
studies were also not designed nor powered to detect improvements in muscle, 
functional, and cognitive measures. Given the emerging link between muscle 
mass, strength, and function with brain health and cognitive function and subse-
quent disease risk (e.g., dementia and falls), there is a need for further long-term, 
well-designed, and appropriately powered intervention trials to evaluate the com-
bined effects of exercise and nutrition, including dietary approaches (e.g., 
Mediterranean diet), on muscle, mind, and mobility outcomes in the elderly.
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