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the World Health Organization to recommend engaging 
in regular physical activity throughout one’s life course. 
The present review summarizes the available evidence 
in support of physical activity as a remedy against physi-
cal frailty and sarcopenia. The relevant pathways through 
which the benefits of physical activity are conveyed are 
also discussed.

Keywords Skeletal muscle · Physical performance · 
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Introduction

A sedentary lifestyle is the primary factor responsible for 
muscle weakness which, in turn, results in further reduc-
tion of activity levels and loss of muscle mass and strength 
[1]. In contrast, physical exercise is highly efficacious at 
counteracting the decline in muscle mass and strength asso-
ciated with aging. Indeed, physical activity represents the 
most effective strategy currently available in the manage-
ment of sarcopenia [1]. Even though there is not conclusive 
evidence to prescribe a specific exercise program in terms 
of type, intensity, frequency and duration, findings from 
randomized controlled trials (RCTs) have recently become 
available [1].

Here, the evidence in support of physical activity as a 
remedy for physical frailty and sarcopenia is presented, 
together with a concise overview of relevant physio-
logic pathways through which the benefits of exercise are 
conveyed.

Abstract The identification of cost-effective interven-
tions that improve the health status and prevent disability 
in old age is one of the most important public health chal-
lenges. Regular physical activity is the only intervention 
that has consistently been shown to improve functional 
health and energy balance and to reduce the risk of cardio-
vascular disease, stroke, diabetes, several cancers, depres-
sion and falls. In advanced age, physical activity is also 
effective at mitigating sarcopenia, restoring robustness, and 
preventing/delaying the development of disability. On the 
other hand, physical inactivity is recognized as one of the 
leading causes of several chronic degenerative diseases and 
is also a major contributing factor to sarcopenia and func-
tional disability. This compelling evidence has prompted 
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Mechanisms of action and biological plausibility 
of physical activity

The mechanisms mediating the beneficial effects of physi-
cal activity on muscle health are multifold. The recruit-
ment of muscle satellite cells is one of the most evident 
adaptations promoted by physical exercise [2, 3]. In fact, 
endurance and strength training provokes ultra-structural 
muscle damage and the subsequent release of inflammatory 
cytokines and growth factors—such as insulin like growth 
factor-1 (IGF-1), fibroblast growth factor (FGF) and mech-
ano growth factor (MGF)—which stimulate the differentia-
tion and proliferation of satellite cells [2, 3]. The incorpora-
tion of new nuclei from satellite cells into existing muscle 
fibers increases the number of “myonuclear domains” (i.e., 
the anatomical and functional units made up by a myo-
nucleus and the surrounding volume of sarcoplasm), and 
therefore, the fiber cross-sectional area [4].

Aerobic exercise, which involves many repetitions and 
use of large muscle groups, increases energy production 
by mitochondria and capillary density, resulting in greater 
oxygen extraction and muscular endurance [5]. Muscle 
capillarity is increased to match the enhanced require-
ments of oxygen flux by muscle mitochondria. The muscle 
mitochondrial compartment can rapidly be expanded with 
endurance exercises, especially when subjects were pre-
viously sedentary. On the other hand, the fiber cross-sec-
tional area is marginally affected by this exercise modality. 
Endurance exercise also induces innervation and metabolic 
perturbations that activate intermediate signaling path-
ways, including calcium-mediated signaling and metabolic 
sensing pathways such as AMP-activated protein kinase 
(AMPK) and sirtuin (SIRT) [2, 6]. These signals ultimately 
promote mitochondrial biogenesis and fatty acid transport 
and metabolism [2].

Resistance training, which involves few repetitions 
against moderate or high resistance and implies contraction 
of various muscle groups [7, 8], impacts mainly on muscle 
mass and strength. These gains are predominantly due to 
an increase in the size and number of myofibrils, with the 
fast-twitching fiber types (type IIA and IIX) being respon-
sible for the greatest increase in muscle size [9]. Ameliora-
tion of insulin sensitivity, improved glucose utilization and 
enhanced myofibrillar protein synthesis are proposed mech-
anisms behind this effect of resistance exercise. Exercise-
induced improvements in protein synthesis may also be due 
to nutrient-stimulated vasodilation and nutrient delivery to 
muscle rather than to ameliorations in insulin signaling [3].

Skeletal muscle contraction is associated with the 
production of reactive oxygen species (ROS). Exercise-
induced ROS may serve as signaling molecules to stimulate 
cellular adaptation through the activation of redox-sensitive 
pathways, including NF-kB, MAP kinases, and peroxisome 

proliferator-activated receptor-γ coactivator 1α (PGC-1α). 
These signaling pathways mediate some of the effects of 
physical exercise, including mitochondrial biogenesis, anti-
oxidant defense, inflammation, protein turnover, apoptosis, 
and autophagy [5].

The down-regulation of age-related chronic inflamma-
tion is another mechanism whereby exercise acts against 
age-dependent muscle decline and physical function 
impairment [1]. Indeed, the engagement in regular physi-
cal activity programs has been shown to reduce chronically 
elevated circulating levels of C-reactive protein and inter-
leukin 6 [10].

Other lines of evidence indicate that physical activity 
mitigates the severity of myonuclear apoptosis [11], one 
of the mechanisms believed to be primarily responsible for 
muscle loss in late life [12], and improves the efficiency 
of myocytes quality control processes (e.g., autophagy, 
mitophagy and mitochondriogenesis) [13]. Indeed, apop-
tosis of skeletal myocytes has been proposed as a relevant 
target for interventions against physical frailty and sarcope-
nia [14].

Physical exercise interventions against sarcopenia

Several studies have explored the impact of exercise on sar-
copenia [9, 15–20]. These investigations took into consid-
eration muscle mass, muscle strength and physical perfor-
mance measures, such as chair rise [16], 12-min walk test 
[17], stair climbing [7], or the timed up and go test [19, 20].

After 3–18 months of practice, resistance training inter-
ventions alone improved muscle mass in two out of four 
studies [9, 15] and muscle strength in three out of four stud-
ies [9, 15, 17] compared with control interventions (low-
intensity home exercise or standard rehabilitation). Physi-
cal performance (chair rise, stair climb or 12-min walk) 
improved with resistance training alone versus the control 
in three studies that assessed this parameter [9, 16, 17].

Three additional studies explored compound exercise 
interventions (with different blends of aerobic, resistance, 
flexibility and/or balance training), which were performed 
for 3–18  months [18–20]. A high-intensity multipurpose 
exercise program over 18  months improved muscle mass, 
muscle strength and physical performance versus the con-
trol (successful aging) in a study in 246 women [19]. In two 
mixed-gender studies, muscle mass did not increase [18, 
20]. Muscle strength improved with physical activity versus 
the control at 3 months of follow-up in one of the two stud-
ies [20], whereas physical performance did not improve in 
the one study in which it was assessed.

Goodpaster et  al. [18] compared the effects of a com-
bination of exercise programs (aerobic, strength, flexibil-
ity, and balance training) with a successful aging health 
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educational program in 42 sedentary, community-dwellers 
(11 men and 31 women, mean age 77.1 ± 1.0 years). After 
12 months, participants in the educational program group 
showed a significant loss of muscle strength which was 
completely prevented by the exercise program. Further-
more, an increase in muscle fat infiltration was documented 
in the control group, but not in the active intervention arm 
[18].

Fielding et  al. [7] evaluated two different exercise pro-
grams in frail, community-dwelling older women (30 
participants with a mean age of 73.0 ± 1.0  years) with 
self-reported physical disability. Fifteen participants were 
randomized to a 16-week high-velocity resistance train-
ing program, while the remaining enrollees were assigned 
to 16  weeks of traditional low-velocity resistance train-
ing. Improvements in lower extremity muscle power were 
greater in the high-intensity arm, despite similar increases 
in muscle strength in the two groups [7].

Campbell et al. [21] examined 29 healthy, sedentary per-
sons (12 men and 17 women; age range: 54–78 years) rand-
omized to three different 14-week interventions: sedentary 
control, lower-body resistance training, and whole-body 
resistance training. The two resistance training programs 
increased muscle strength and the mid-thigh muscle area 
in older people who consumed the appropriate amount of 
protein (0.8 g/kg of body weight per day). The lack of dif-
ference in response between the active intervention groups 
(lower and whole-body) suggests that the number of mus-
cle groups trained did not influence exercise-induced mus-
cle hypertrophy.

Marques et  al. [22] demonstrated that a training pro-
gram with weight-bearing exercises for 8 months decreased 
fat mass and improved muscle strength, postural sway, 
and bone mineral density in a sample of 60 women aged 
60–95 years. Hence, this intervention was effective at ame-
liorating potential risk factors for falls and related fractures.

Based on the available evidence, recommendations 
for frail older people should include a balanced program 
of both endurance and strength exercises performed on a 
regular schedule (at least 3 days a week) [1]. However, it 
is important to bear in mind that specific modifications to 
these recommendations may be necessary in persons with 
co-existing medical conditions or special needs.

Physical exercise intervention against physical 
frailty and disability

Physical inactivity is a major risk factor for physical frailty 
and disability in older adults [23]. Conversely, regular 
physical activity extends lifespan and reduces the risk of 
disability [24]. Physical activity started in late life con-
tinues to improve functional independence and reduces 

mortality, maintaining a strong effect even after controlling 
for potential confounders, such as smoking, hypertension, 
obesity, and family history of cardiovascular diseases, can-
cer or diabetes [25–27].

The largest and longest study in this field is the Lifestyle 
Interventions and Independence for Elders (LIFE) study, a 
multicenter RCT recently conducted in the United States 
[28]. In LIFE, the efficacy of a physical activity program 
in preventing disability was assessed in more than 1600 
sedentary and functionally limited older persons, over a 
follow-up of approximately 3  years in comparison with a 
successful aging educational program. The full-scale trial 
was designed based on the promising results of the LIFE 
pilot (LIFE-P) [29], in which 424 sedentary older persons 
at risk for disability engaged in moderate-intensity physical 
activity or a successful aging intervention for an average of 
1.2  years. The major eligibility criterion for both LIFE-P 
and the full-scale RCT was the presence of physical func-
tion impairment, defined as a Short Physical Performance 
Battery (SPPB) [30] summary score ≤9. In both trials, the 
primary outcome was the incidence of mobility disability, 
operationalized as incident inability to walk 400 meters 
within 15  min without sitting, help of another person or 
use of a walker [28, 29]. The physical activity program 
consisted of a combination of walking at moderate inten-
sity, resistance exercises, balance, stretching and behavio-
ral counseling. The successful aging educational program 
consisted of health education seminars and upper extremity 
stretching exercises. Results from the LIFE-P showed that, 
over 1 year of follow-up, the incidence of major mobility 
disability was lower and the SPPB score was increased in 
the exercise group [29]. The beneficial effects of the inter-
vention on the SPPB score and the 400-m walk test were 
fairly uniform across subgroups defined by age, gender, 
ethnicity, baseline physical performance, and comorbidity.

Secondary analyses of the LIFE-P conducted on a sub-
group of participants who underwent DXA for body com-
position at enrollment and at 12 months (n = 177) showed 
that the physical activity program conferred compara-
ble benefits to older persons with and without sarcopenia 
[31]. Notably, the physical activity intervention reduced 
the prevalence and severity of physical frailty, with greater 
effects in participants who were frailer at baseline [32].

The LIFE full-scale RCT confirmed and extended the 
findings of LIFE-P by showing that the physical activ-
ity intervention reduced the risk of developing mobility 
disability by 18% relative to the control group [28]. The 
results did not significantly differ when participants were 
categorized by ethnicity/race, gender, history of cardiovas-
cular disease, history of diabetes, or cognition. Remark-
ably, participants with lower physical function at baseline 
(i.e., SPPB < 8) were those who mostly benefited from the 
intervention.
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Overall, these results support the proposition that a spe-
cific physical exercise program—namely, a combination of 
endurance and resistance exercises—is effective in prevent-
ing mobility disability and ameliorating the frailty status in 
older adults at risk of disability.

Exercise protocol in SPRINTT

The “Sarcopenia and Physical fRailty IN older people: 
multi-componenT Treatment strategies” (SPRINTT) pro-
ject is being conducted under the auspices of the Innovative 
Medicines Initiative (IMI) [33]. In SPRINTT, the efficacy 
of a multicomponent intervention (MCI), based on long-
term structured physical activity, nutritional counseling/
dietary intervention and an information and communica-
tion technology (ICT) intervention, for preventing mobility 
disability is tested in comparison with a healthy aging life-
style education (HALE) program in community-dwelling 
older persons with physical frailty and sarcopenia [33].

The physical activity program, described in the follow-
ing subsections, has been designed based upon the LIFE 
study exercise protocol [34], given its full safety profile and 
efficacy at preventing mobility disability in at-risk older 
persons.

Components of training

The physical activity program includes aerobic, strength, 
flexibility, and balance training. The program focuses on 
walking as the primary mode of physical activity for pre-
venting/postponing major mobility disability (primary out-
come), given its widespread popularity and ease of admin-
istration across a broad segment of the older population. 
Other forms of endurance activity (e.g., stationary cycling) 
are utilized when regular walking is contraindicated medi-
cally or behaviorally. Each session is preceded by a brief 
warm-up and followed by a short cool-down period. Fol-
lowing each bout of walking, participants perform flexibil-
ity exercises.

Three times per week, following a bout of walking, 
participants have been instructed during the initial phase 
of the program to complete a 10-min routine focused pri-
marily on lower extremity muscle strengthening (Table 1). 

Supplementary instructional materials (e.g., videotapes, 
printed materials) have been supplied to participants to 
reinforce the strength training occurring during supervised 
training, so that it can be generalized to the home envi-
ronment. In addition, the intervention involves encourag-
ing participants to increase all forms of physical activity 
throughout the day. This includes activities such as leisure 
sports, gardening, the use of stairs as opposed to escalators/
elevators, and walks with friends.

Intensity of training

Participants are introduced to the physical activity pro-
gram in a structured way such that they begin with lighter 
intensity and gradually increase intensity over the first 
2–3 weeks of the intervention. Walking for physical activ-
ity is promoted at a moderate intensity. The rating of per-
ceived exertion (RPE) is used as a method to regulate phys-
ical activity intensity. Using the Borg’s scale (range 6–20), 
participants are asked to walk at an intensity of 13 (activity 
perception of “somewhat hard”). They are instead discour-
aged from exercising at levels that approach or exceed 15 
(“hard”) or drop to a rating of 11 (“fairly light”) or below. 
Lower extremity strengthening exercises are performed at 
an intensity of 15–16 (“hard”).

Frequency and duration of training

The physical activity program consists of continuing twice-
per-week center-based group exercise sessions and a pro-
gression of home-based physical activity to 3–4 times 
per week (Table 1). The intervention comprises a general 
weekly walking goal of 150 min. This is consistent with the 
public health message from the Physical Activity Guide-
lines for Americans report that states that moderate physi-
cal activity should be performed for 30 min on most if not 
all days of the week (150–210 total minutes) (http://health.
gov/paguidelines/pdf/paguide.pdf). This goal is approached 
in a progressive manner during the first 3  months of the 
trial in an individualized manner, according to the physical 
abilities and limitations of each participant. Center-based 
sessions are supplemented, in a progressive fashion, with 
home-based exercises as a means of promoting physical 

Table 1  Mode and frequency 
of physical activity in SPRINTT

Phase Center-based physical activ-
ity

Home-based physical activity

Adoption (weeks 1–52) Twice weekly 1 time/week (weeks 1–4)
2 times/week (weeks 4–8)
Up to 3–4 times/week (weeks 8–52)

Maintenance (week 52—end of the 
trial)

Twice weekly Up to 3–4 times/week

http://health.gov/paguidelines/pdf/paguide.pdf
http://health.gov/paguidelines/pdf/paguide.pdf
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activity in multiple settings to aid behavioral generalization 
and long-term adherence.

Aerobic component of the physical activity intervention

As previously mentioned, walking is the primary mode 
of physical activity in SPRINTT. Participants have been 
taught to assess their RPE using the Borg’s scale. Walking 
pace is promoted at a moderate intensity (RPE = 13). If the 
RPE drops below 11 or exceeds 15, the participant’s walk-
ing pace is adjusted accordingly. A typical physical activity 
session is composed of a 5-min warm-up consisting of low 
intensity walking (RPE < 9) or, when walking cannot be 
performed at an RPE < 9, stationary cycling. Participants 
then complete walking and strength training at the target 
RPE for each activity for the amount of time prescribed. At 
the end of each physical activity session, there are 3 min-
utes of cool down in which the walking speed is gradually 
reduced.

Strength training component of the physical activity 
intervention

Strength training focuses primarily on five lower extrem-
ity exercises (Table 2). Adjustable ankle weights have been 
provided to all participants. The goal is to include three 
sessions of strength training (RPE = 15–16) throughout the 
intervention. Each strength exercise includes two sets of 
ten repetitions each, with 1-min rest in between. The tar-
get intensity is approached in a progressive manner over a 
4-week period depending on the progress of each partici-
pant. At each exercise session, participants complete one 
strength training exercise from all of the five groups, for a 
total of five exercises (Table 2).

Balance training protocol

Participants perform balance training according to five 
different levels of difficulty. Progression to the next level 

Table 2  Strength training exercises in SPRINTT

Exercise Execution mode

Group 1
 Wide leg squat Participant stands in front of a chair, aims their buttocks into the chair and slowly lowers themselves into 

a seated position; pause for a breath in the seated position; participant stands up slowly pushing up from 
their heels through their lower legs, thighs, hips, and buttocks

Group 2 (with ankle weights)
 Standing leg curl Participant stands behind a chair. Keeping thighs side-by-side, participant lifts their foot up towards the but-

tocks until the upper and lower leg forms a 90° angle (2 sets of 10 repetitions for each leg)
 Hip extension Participant stands behind a chair with hands resting along the top of the chair back. Participant slowly lifts 

one leg straight back without bending their knee and holds the position for 1 s (2 sets of 10 repetitions for 
each leg)

 Hip flexion Participant stands in the same position as the hip extension exercise. Participant slowly bends the knee 
towards their chest, without bending at the waist or hips, and holds the position for 1 s (2 sets of 10 repeti-
tions for each leg)

Group 3 (with ankle weights)
 Knee extension Participant is to sit back in a chair. Keeping the foot flexed, the participant raises one leg until it is fully 

extended (2 sets of 10 repetitions for each leg)
 Knee extension and ankle circles Participant is in the same position and moves their leg as described before. With the knee as straight as 

possible, participants rotate their right ankle 5 times to the right, and then 5 times to the left (2 sets of 10 
repetitions for each leg)

Group 4
 Side hip raise Participant stands straight with feet together and hands resting on the back of a chair. Keeping their toes 

pointed straight ahead, participant lifts one leg out to the side until their foot is 15–20 cm off the ground (2 
sets of 10 repetitions for each leg)

 Leg circles Participant stands up straight with feet together and their side towards the back of the chair. Keeping their 
foot flexed, the participant lifts one leg until their foot is 15–20 cm off the ground, then makes large clock-
wise circles, while keeping their foot lifted and leg extended (5–10 circles for each leg)

Group 5
 Toe stand Participant stands straight with feet together and hands resting on the back of a chair. The participant slowly 

raises their body as high as possible on the balls of their feet (2 sets of 10 repetitions)
 Toes out calf raise Participant stands behind a chair with feet slightly apart and then points their toes out to the side, with hands 

resting on the back of the chair. Participant raises their body on the balls of their feet (2 sets of 10 repeti-
tions)
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occurs when all exercises of a certain level can be per-
formed correctly. Balance exercises are performed once a 
day every day throughout the intervention.

Upper body exercises

Upper body exercises are incorporated at the end of the 
session (Table 3). Each month, one upper body exercise is 
chosen by the trainer and performed at the end of the group 
session.

Conclusion

Physical activity, in its various blends, increases aerobic 
capacity, muscle mass, strength and endurance by amelio-
rating aerobic conditioning and/or strength [35]. Indeed, 
the most recent recommendations advise people of all 
ages to include a minimum of 30 min of moderate inten-
sity physical activity (such as brisk walking) on most, if not 
all, days of the week [35]. For most people, greater health 
benefits can be obtained by engaging in physical activity 
of more vigorous intensity or longer duration. Notably, in 

older persons, physical activity confers at least the same 
beneficial as in younger individuals [36].

Accumulating evidence supports regular physical activ-
ity, in combination with appropriate nutritional support, as 
the most effective strategy for improving sarcopenia and 
physical function and preventing disability [37]. Neverthe-
less, whether the positive effects of exercise interventions 
can be sustained for an adequate duration of time and main-
tained at sufficient intensity to prevent incident disabilities 
is presently unclear [38, 39].

The SPRINTT trial will provide evidence of the effi-
cacy of long-term moderate-intensity physical activity, as 
part of a MCI, in preventing mobility disability and sev-
eral adverse health outcomes in older persons with physi-
cal frailty and sarcopenia, who are at risk of disability. 
SPRINTT will be the largest and longest trial of its kind 
performed in Europe and its findings are expected to pro-
mote significant advancements in the management of 
frail older persons with sarcopenia from both clinical and 
healthcare perspectives.
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Table 3  Upper-body exercises in SPRINTT

Exercise Execution mode

Exercise 1: Wall push-up Participant stands facing wall approximately 60 cm away and places their palms flat on the wall. Par-
ticipant leans towards the wall, keeping their elbows tucked in until their nose is almost touching 
the wall. After holding this position for 1 s, the participant returns to the starting position until their 
arms are straight (10 repetitions)

Exercise 2: Bicep curl Participant stands or sits in a chair while holding an ankle weight in one hand, with their palm facing 
forward. Keeping the wrist straight, the participant raises their forearm up towards their chest and 
holds this position for 1 s. The participant brings their arm back down slowly, keeping their hands 
facing their chest (10 repetitions)

Exercise 3: Arm raise Participant stands with feet hip-width apart while holding an ankle weight in each hand. The par-
ticipant raises both arms forward into a “Y” position with thumbs facing up. After holding this 
position for 1 s, the participant returns to the starting position (10 repetitions)

Exercise 4: Chair push (triceps extension) Participant sits in a chair with armrests. Participant grabs the arms of the chair with each hand and 
pushes slowly off the chair. After holding this position for 1 s, the participant returns to the starting 
position (10 repetitions)

Exercise 5: Triceps kickback Participant stands with feet hip-width apart while holding an ankle weight in each hand. Participant 
brings their arm back slowly past their hips or as far as comfortable, keeping their elbow straight. 
After holding this position for 1 s, the participant returns to the starting position (10 repetitions)

Exercise 6: Tennis ball squeeze Participant sits holding a tennis ball in one hand. Participant gently squeezes the tennis ball and holds 
the position for 5 s (10 repetitions)

Exercise 7: Lawn mower pull Participant sits with feet shoulder-width apart holding an ankle weight with the hand crossed over to 
the opposite hip with their palm facing inwards. Participant lifts their arm up and across their body 
ending with the palm facing outwards. After holding this position for 1 s, the participant returns to 
the starting position (10 repetitions)

Exercise 8: Seated neck turn Participant sits up straight in a chair with their feet flat on the ground, head facing forward, and a 
towel or pillow supporting the lower back. Participant turns their head slowly to the right as far as 
is comfortable. After holding the position for 1 s, the participant brings their head slowly back to 
the starting position; then, the participant turns their head slowly to the left as far as is comfortable, 
holding the position for 1 s (5 repetitions)
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