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ABSTRACT
Older adults typically exhibit reductions in skeletal muscle maximal strength and the ability to produce force rapidly. These 
reductions are often augmented by concomitant acute and chronic diseases, resulting in attenuated physical performance and 
higher propensity of falls and injuries. With the proportion of older adults in the population increasing, there is an alarming 
need for cost-effective strategies to improve physical performance and combat a multitude of age-related diseases. Surprisingly, 
despite convincing evidence emerging over three decades that strength training can substantially improve maximal strength 
(1RM), rate of force development (RFD) and power, contributing to improved health, physical performance and fall prevention, 
it appears that it has not fully arrived at the older adults' doorsteps. The aim of the current narrative review is to accentuate the 
convincing benefits of strength training in healthy and diseased older adults. As intensity appears to play a key role for improve-
ments in 1RM, RFD and power, this review will emphasize training performed with heavy (80%–84% of 1RM) and very heavy 
loads (≥ 85% of 1RM), where the latter is often referred to as maximal strength training (MST). MST uses loads of ~90% of 1RM, 
which can only be performed a maximum of 3–5 times, 3–5 sets and maximal intentional concentric velocity. Strength training 
performed with loads in the heavy to very heavy domain of the spectrum may, because of the large increases in muscle strength, 
focuses on neural adaptations and relatively low risk, provides additional benefits for older adults and contrasts current guide-
lines which recommend low-to-moderate intensity (60%–70% of 1RM) and slow-moderate concentric velocity. This review also 
provides information on practical application of MST aimed at practitioners who are involved with preventive and/or rehabilita-
tive health care for older adults.

1   |   The Ageing Human and Muscle Strength

Over the past decades, the relative proportion and life expec-
tancy of older adults (> 60 years) has risen considerably, result-
ing in increased disability rates and healthcare needs [1]. Ageing 
is characterized by higher likelihood of numerous diseases, such 
as cardiovascular disease (CVD), pulmonary diseases, cancer, 
musculoskeletal diseases, neuromuscular diseases and sarco-
penia (historically, typically referred to as the loss of skeletal 
muscle mass) [2, 3], leading to increased physical inactivity and 
immobilization [4]. Unfortunately, this potentially has major 

impact on skeletal muscle strength, which is closely related to 
the reduced physical function commonly observed with age-
ing [4]. As the noted demographic changes represents a great 
societal and economic challenge, there is an urgent need for tac-
tics to alleviate the burden placed upon the healthcare system. 
Strength training has large potential to be one such strategy, as 
it may aid the ageing population to stay healthy and independent 
for longer.

Specifically, low muscle strength can predict future mobility 
limitations [5] and risk of falls and fractures [6] and is associated 
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with reduced physical performance [7]. Importantly, high mus-
cle strength is strongly and independently associated with re-
duced risk of all-cause mortality [8–11] and mortality from 
cancer [12]. Maximal muscle strength, often expressed as the 
heaviest external weight that can be lifted successfully once 
(1RM), or maximal isometric force (MVC), declines gradu-
ally from young adulthood to old age, with a distinct acceler-
ation of loss around the sixth decade of life [1]. However, the 
decrease is less pronounced in upper versus lower extremities 
[2]. Interestingly, the ability to produce force rapidly, commonly 
referred to as rate of force development (RFD) and expressed as 
[Δforce/Δtime], and skeletal muscle power (the product of force 
and contraction velocity [force × velocity]) [13, 14] declines on 
a steeper trajectory than the loss of muscle strength [3, 4, 13]. 
The age-related muscle strength deterioration not caused by 
neurological or muscular disease is also typically referred to 
as dynapenia [15]. Collectively, low 1RM, RFD and power pose 
substantial challenges for health and physical performance with 
old age [7, 14, 15].

2   |   Strength Training and Standard Guidelines for 
Healthy and Diseased Older Adults

Strength training is systematic training aimed to improve max-
imal and/or rapid force production (i.e., 1RM and RFD). It is 
characterized from low to high relative intensity (low: < 70%; 
moderate: 70%–79%; heavy: 80%–84%; and very heavy: ≥ 85% 
of 1RM), with the latter implying loads lifted with few repeti-
tions and rest periods lasting 3–4 min or more [5–8]. Thus, the 
terms heavy-very heavy strength training and high-intensity 
strength training are sometimes used interchangeably. Notably, 
a meta-analysis of strength training in older adults found no 
measurable strength improvements to be achieved below a rel-
ative training load of 50% of 1RM [9]. However, some strength 
gains may occur at low intensity if exercises are continued to 
the point of failure [10–12], although even 100 body weight 
squats per day for 4 months did not increase maximal strength 
in older adults, as intensity was likely too low [16]. This suggests 
that volume and intensity are not interchangeable variables. 
Above the threshold intensity, a dose–response relationship has 
been observed, suggesting heavy-very heavy strength training 
(≥ 80% 1RM) to yield greater improvements in muscle strength 
[6, 17–22]. A set conducted at ~90% of 1RM produces greater 
muscle activation than a set at 70% of 1RM [23], which likely is 
of importance to chronic adaptations in neuromuscular func-
tion. Indeed, superior effects have been observed for both 1RM 
and RFD following training at 85%–90% of 1RM of one leg com-
pared to 60%–70% of 1RM for the other leg, within the same 
individuals [24]. Repetitions should preferably also be executed 
with maximal intended velocity (i.e., maximal mobilization of 
force) in the concentric phase to maximally stimulate the neural 
system during the contraction [25].

Despite the likely greater improvements in muscle strength fol-
lowing heavy-very heavy strength training (80–84 and ≥ 85% of 
1RM, respectively), guidelines for healthy older adults appear to 
recommend utilization of moderate-intensity strength training 
[26–29]. Similar guidelines also exist for patients with osteo-
penia or osteoporosis [30], heart conditions and hypertension 
[31–33], chronic obstructive pulmonary disease (COPD) [34] and 

cancer [35], where the recommended strength training intensity 
is ~60%–70% 1RM for ~10–15 repetitions and slow, controlled ex-
ecution of movement. Recognizing numerous studies presenting 
evidence suggesting that healthy and diseased older adults may, 
and should, train with heavier loads than current guidelines, 
granting large enhancements in neuromuscular performance, 
should strength training guidelines be updated? And is it time 
strength training with heavy-very heavy loads is implemented 
in clinical practice? The aim of the present narrative review 
is to explore literature examining the effects and feasibility of 
strength training using heavy-very heavy loads in healthy and 
diseased older adults and provide hands-on, practical guidelines 
for practitioners and individuals with detailed execution of exer-
cises that should be recommended for this population.

3   |   Strength Training in the Ageing Healthy and 
Diseased Population

The first studies utilizing heavy strength training in an elderly 
population (> 65 years) were presented in the late 1980s [36] 
and early 1990s [37, 38]. In the hallmark studies by [37, 39], 
frail nursing home residents of almost 90 years old (mean age 
87 years, range 72–98 years) performed strength training with 
heavy loads of 80% of 1RM, with considerable improvements 
in strength and functional status. Yet, to date, few older adults 
are even aware of the recommendations of incorporating muscle 
strengthening exercises in their weekly activity, and fewer yet 
perform strength training with heavy loads [40–42]. Reasons for 
this may certainly be multifactorial. Explanations may include 
the older population's unfamiliarity with strength training, that 
they assume recreational aerobic activities (e.g., walking, cy-
cling, Pilates, swimming or yoga) to be sufficient for increased 
strength or that it is unsafe to utilize heavy loads [42].

4   |   Low-Moderate Versus Heavy-Very Heavy 
Strength Training

Older adults are consistently documented to exhibit substan-
tial improvements following heavy-very heavy strength train-
ing, with increases of ~0.5%–8.5% in maximal force (1RM or 
isometric maximal voluntary contraction; MVC) per strength 
training session (Figure  1). This results in an impressive 
average increase of ~2.5% per session [6, 10, 17, 19, 21, 22, 
37–39, 43–54]. Importantly, maximal force improvements in 
the included studies indicate that the largest effect sizes are 
observed following heavy-very heavy strength training com-
pared to low-moderate strength training [6, 39, 45, 46]. This is 
supported by a previous study with an intra-individual design, 
in young adults, where very heavy training matched for vol-
ume (total weight lifted) increased strength ⁓40% more com-
pared to moderate training [24]. Notably, even with the very 
heavy loads, few repetitions and limited time expenditure, it 
is also shown to yield similar improvements in size and pro-
portion of Type II muscle fibres as moderate strength training, 
despite a lower volume [6]. However, although there are sev-
eral indications that heavy-very heavy strength training yields 
more strength gain in older adults [55–57], a direct compari-
son between training loads is challenging because control of 
training volume is warranted. In addition, improvements are 
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dependent on baseline strength, such that the largest gains 
physiologically (e.g., kg) and mathematically (%) are expected 
in the most untrained individuals with lowest strength. In 
fact, this was observed in frail and very weak nursing home 
residents [37, 38].

The improvements in maximal force are indeed remarkable, es-
pecially when considering that the yearly age-related decline in 
maximal strength from the fifth decade is about 1% per year. 
Implying, that, for example, a 70-year individual may restore 
maximal muscle strength to the level of young individuals after 
only a few weeks of training. Adding weight to the evidence of 
great strength training–induced responses with advancing age, 
one study showed similar increases in dynamic leg press 1RM in 
older, middle aged, and younger adults following 8 weeks of very 

heavy strength training [21]. Together, these findings suggest 
that heavy-very heavy strength training for older individuals/
patient groups should, at the very least, be included in the rele-
vant guidelines.

The ability to develop force rapidly is considered a key feature 
of muscle strength and is of critical functional importance at 
higher age [58]. In older adults, RFD is reported to increase by 
1%–4.5% per strength training session following heavy-very 
heavy strength training (Figure  2) [6, 22, 44, 47, 50, 53, 54]. 
Accordingly, increases in maximal muscle power of 0.5%–1% per 
session is reported [37, 59]. It should be noted that despite the 
functional relevance of RFD and maximal muscle power, rela-
tively few studies have examined these variables in healthy older 
adults following strength training.

FIGURE 1    |    Lower extremity maximal strength gain per session (%) in older adults (> 60 years) following heavy-very heavy strength training 
(80–84 and ≥ 85% of one repetition maximum, respectively).

FIGURE 2    |    Lower extremity rate of force development gain per session (%) in older adults (> 60 years) following heavy-very heavy strength train-
ing (80–84 and ≥ 85% of one repetition maximum, respectively).
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5   |   Strength Training in Frail and Diseased 
Populations: Is It Safe?

Strength training with heavy-very heavy loads, near 1RM, in 
frail and diseased individuals may seem counterintuitive and 
unsafe. However, this assumption is unsupported by the liter-
ature. In the last three decades, with a convincing number of 
publications in recent years, studies have demonstrated that 
heavy strength training in frail and diseased populations is 
safe and highly effective to improve strength outcomes and 
functional performance (see Table S1: https://doi.org/10.6084/
m9.figshare.25211180) [60–65], even among the oldest-old 
[66]. It is important to note that loads are relative to the indi-
vidual's maximal strength, and as such, in frail and diseased 
populations, 90% of 1RM may only amount to leg press or squat 
training with loads similar, or even less than, an individual's 
bodyweight in the beginning of a training period [64, 67]. In 
such cases, performing strength training with sufficient load 
is of upmost importance to decrease the overall load during 
everyday tasks.

Importantly, if the heavy-very heavy loads and maximal in-
tended velocity of movement is limited to the concentric phase 
during the execution of repetitions, the risk of injuries is consid-
erably reduced [68]. Much like when performing a squat jump, 
the risk of damage is not high when force is being developed, but 
rather on the time of impact during the landing [69]. In contrast, 
if the eccentric phase is fast, such as for a counter movement 
jump, forces may also be quite substantial in the turning phase 
[70]. Therefore, heavy-very heavy strength training should be 
performed with a slow, controlled eccentric movement phase 
and preferably a controlled pause in the movement prior to con-
centric action but can safely include maximal intended velocity 
in the concentric phase. This is the explanation why very heavy 
strength training, few repetitions, and maximal intended veloc-
ity in the concentric phase has proven safe and feasible, even in 
very frail patient populations such as women with osteoporosis 
or osteopenia [71], directly following hip fracture surgery [67], 
cancer patients undergoing adjuvant therapy [72] and stroke 
survivors [73]. In fact, in these studies, the very heavy load was 
even performed from the first training session and onwards.

In patients with CVD, strength training per se may appear 
counterintuitive due to concerns about potential adverse events 
following high haemodynamic pressure; however, Fan et  al. 
[74] observed that combined endurance and strength training 
is more beneficial for aerobic and skeletal muscle performance 
than endurance training alone in stable or/and treated CVD 
patients. Importantly, as blood pressure builds with each rep-
etition, patients with medically stable coronary artery disease 
experience increased haemodynamic response from rest to both 
few repetitions with very heavy loads (4RM) and more repeti-
tions with lower loads (15RM) [75], albeit to substantially greater 
extent after the 15RM training. The application of upper versus 
lower extremity training modality may also be considered, with 
the latter typically producing somewhat less haemodynamic re-
sponse than the former [76]. However, taken together, the data 
suggest that heavy-very heavy strength training results in a 
lower cardiovascular risk than strength training with more rep-
etitions and should therefore be the training modality of choice 
for this patient population.

6   |   Neuromuscular Adaptations Following 
Strength Training

Interestingly, with advancing age, maximal muscle strength and 
RFD decline at a considerably greater rate than muscle mass 
[4, 77–79] because the nervous system play a pivotal role [13, 80]. 
Force production is modulated through efferent neural drive to 
the skeletal muscle, that is, motor unit recruitment and the rate 
at which the motor units can be recruited [81]. Thus, a main tar-
get to prevent strength loss due to age and/or disease should be 
to maintain or increase efferent neural drive. Large increases 
in efferent neural drive have been observed following heavy 
and very heavy strength training [22, 44]. An adaptation that 
is not present following unloaded ballistic training, for exam-
ple, plantar flexion [47]. Even in patients with neurological dis-
eases, such as multiple sclerosis (MS) and Parkinson's disease, 
increased efferent neural drive has been documented following 
very heavy strength training [82, 83]. Importantly, contrary to 
many older adults' beliefs [42], recreational activity is not suffi-
cient to preserve efferent neural drive, likely due to the limited 
involvement of fast motor units. Strength training appears to be 
imperative [84, 85].

Heavy-very heavy strength training has been consistently re-
ported to counteract the loss of muscle cross sectional area 
and muscle volume in older adults [36, 37, 86, 87]. Both Type I 
[36, 38, 86] and Type II fibre areas are documented to increase, 
even after relatively short training interventions of only a few 
months [6, 36, 38, 86]. Interestingly, a preferential increase in 
Type II fibre area was observed by Wang et  al. [6], following 
very heavy strength training in older adults. Moreover, as older 
adults typically experience specific atrophy of Type II fibres, this 
response normalized older adults compared to young adults in 
terms of area-specific muscle fibre distribution. Type II fibres 
have a higher intrinsic force and RFD [88]. Thus, the observed 
gains in Type II fibre area would seem highly beneficial to opti-
mize training-induced gains in and/or maintenance of maximal 
strength and RFD with increasing age. A complete reversal of 
the muscle architecture changes occurring with age appear to 
be possible following strength training, such as increased pen-
nation angle, fibre fascicle length and tendon stiffness [89–91]. 
Altogether, these improvements in the nervous, muscular and 
tendinous systems likely explain the enhanced physical perfor-
mance observed following heavy-very heavy strength training.

7   |   Clinical Implications for Strength Training

7.1   |   Functional Importance of Strength Training

The functional relevance of a high 1RM, RFD and power is par-
ticularly strong for older adults in force-demanding tasks such as 
chair rising and stair climbing [92, 93]. Rising from a chair is cru-
cial for independence in everyday life [94] and when impaired may 
pose a serious limitation with detrimental consequences to phys-
ical and mental health. At some point declining muscle strength 
becomes a serious impediment for activities of daily living, as it 
eventually may result in individuals not being able to get up from 
a seated position without aid [95]. Heavy-very heavy strength 
training can help maintain 1RM and RFD with increasing age, 
or even restore it to a level where it is no longer as debilitating a 
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factor in everyday life, for both healthy and diseased older adults 
[73, 82, 92, 96]. Maintenance of strength and thus functional status 
throughout life is also important for healthy individuals, as it al-
lows continuation of their youthful pattern to be maintained, thus 
preserving a high-quality life for longer.

8   |   Strength Training, Fall Avoidance and Postural 
Stability

Maintaining or improving muscle strength is important for pos-
tural stability and prevention of falls [97]. This is relevant for 
trained and untrained older adults. For the untrained, it limits 
everyday life through avoidance of activity due to fear of falling 
[98] and could cause life-threatening fractures at old age [99]. 
For the trained, it may be important for being able to perform 
exercise as well as recreational and sporting activities. Fall 
situations and many physical activities are characterized by 
time-restricted conditions, where there is less time to produce 
the necessary force for posture correction (< 200 ms) [100], com-
pared to what is normally needed to achieve maximal contrac-
tion force (> 300 ms) [101]. In line with this notion, fallers appear 
to have lower RFD than non-fallers [102]. Notably, heavy-very 
heavy strength training has proven to enhance the RFD in this 
crucial early phase of force production [44, 65]. Likely, maximal 
intended velocity in the concentric phase of strength training 
movement is important to maximize this adaptation due to the 
great involvement of the nervous system. Indeed, very heavy 
strength training with maximal intended velocity in the con-
centric phase has been observed to improve postural stability in 
frail hip fracture patients [67].

9   |   Strength Training and Walking Work 
Efficiency

Several studies have documented a reduced oxygen cost of loco-
motion, following very heavy strength training, across a wide 
array of patient populations [5, 72, 103, 104] as well as for healthy 
older adults [6]. This impact on aerobic endurance performance 
is linked to improved mechanical efficiency of submaximal 
muscle contractions in the trained musculature [7, 105]. Thus, 
activities such as walking at a given speed will become rela-
tively easier. Alternatively, the speed can be increased without 
increasing the overall experienced exertion in relation to before 
very heavy strength training.

10   |   Application of Strength Training in Clinical 
Practice

Heavy-very heavy strength training is documented to be an ex-
cellent and safe strength training format to maximally mitigate 
the loss of force in healthy older adults and numerous patient 
populations. These principles of strength training can easily be 
applied to different target muscles based on an individual's or 
a patient specific limitations and needs. Very heavy strength 
training may be performed using four sets at 4RM (i.e., a load 
that can only be lifted four times), with progressive loading to 
maintain the same relative intensity throughout the training pe-
riod as strength increases. In practical terms, this means that 

if the individual is able to lift five repetitions or more, the re-
sistance should be increased to only allow 4 repetitions in the 
next session. As the intensity is dependent on the individual's 
strength, the same principles can be used to improve the func-
tion of the frailest patients as well as maintain or improve per-
formance in healthy older adults.

The exercise should start with a slow, controlled eccentric phase 
lasting ~2–3 s, followed by a short pause (~1 s), before initiating 
the concentric phase (see Figure  3). In the concentric phase, 
one should aim to move the weight as fast as possible (maxi-
mal intended velocity) [25]. To achieve this, the subject should 
be encouraged to try to perform the concentric contraction as 
explosively as possible, although, due to the heavy weight, the 
actual movement velocity will be slow. This is important to 
note, as prevalence of injuries may be related to uncontrolled 
fast movements, particularly in the eccentric phase [106]. Due 
to the very high load and maximal intended velocity, this way 
of performing very heavy strength training is also referred to as 
maximal strength training (MST).

For exact progress and prescription of training load, one may 
want to assess 1RM prior to the exercise training. However, this 
is not necessary when using a set RM (e.g., 4RM) to limit the 
resistance. Moreover, 4RM can also be used to indicate an in-
crease in maximal strength throughout a training period, as this 
is a weight corresponding to ~90% of 1RM [8]. This also allows 
the individual/patient to start training right away. A typical 
training session begins with a specific warm-up in the exercise 
used by letting the individual warm-up with ~8–10 repetitions at 
a light weight. Based on the relative ease of this first warm-up 
weight, a moderate load is chosen, and the individual lifts an-
other warm-up set of ~6–8 repetitions, before commencing with 
four sets of 4RM. The training sets should be separated by about 
3–4 min of rest. An example of a typical training session is pre-
sented in Figure 4. A video presentation of an MST set can be 
found in the Supporting Information (https://doi.org/10.6084/
m9.figshare.23552085). In addition, strength training frequency 
may vary considerably between studies, and the optimum num-
ber be a question of some debate. However, 2–3 training sessions 
per week is typically applied in most of the included studies, 
with higher frequency associated with larger strength gains 
[107]. This results in a ≥ 48-h break between training sessions, 
which appears sufficient for recovery [108] and safe for the par-
ticipants, based on the reported studies.

11   |   Strength Training to Target the Individual or 
Patients' Specific Limitations

One general recommendation is to perform strength training of 
the lower extremities, as strength reduction is more affected in the 
lower compared to upper extremities with age [109]. Moreover, 
the lower extremities are crucial for locomotion during everyday 
activities. For this purpose, a horizontal leg press may be ideal. 
The leg press is preferred over a free weight squat, as technique 
will minimally limit the intensity of the load. However, the ex-
ercise prescription should consider the main challenges of the 
specific disease or individual. For instance, for patients with os-
teoporosis or osteopenia, which is defined by a low bone mineral 
density and impaired bone quality of the spine and hip [110], 
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axial loading through the spine should be included to stimulate 
bone density enhancement. Hack squat or horizontal leg press, 
where the back can be reclined to ensure loading through the 

spine, is recommended to attain axial loading while at the same 
time limit the impact of technique on using very heavy loads 
[71, 111].

Although, leg press can generally be recommended, the princi-
ples of heavy-very heavy strength training can be employed to 
any exercise or targeted muscle group. Importantly, some dis-
eases or injuries may require other exercises to target an affected 
or impaired muscle or muscle group. Examples may include 
bench press for wheelchair users [112], dorsiflexion for droop 
foot patients or leg abduction following hip surgery [67, 113]. 
Lastly, an intriguing observation is that unilateral very heavy 
strength training may induce adaptations in the untrained, con-
tralateral limb [22]. This principle may be utilized in acute or 
chronic periods of immobilization to limit the loss of function in 
the immobilized limb.

12   |   Conclusion

Despite numerous studies documenting the effectiveness of 
heavy-very heavy strength training to mitigate the age- and 
disease-related decline in muscle strength, the application in 

FIGURE 3    |    A description of the execution of very heavy strength training (maximal strength training [MST]) in a horizontal leg press apparatus. 
(A) Set the weight/resistance to ~90% of 1RM, which can only be lifted four times (i.e., 4RM). Assist the participant from the bottom position to knees 
near extended. Note the start position should be slightly below 90° angle in the knee joint so that the weights do not rest on the weight stack in the 
bottom position where the knee angle should be 90° (see Panel C). (B) Instruct the subject to conduct a slow controlled eccentric movement, lasting 
~2–3 s. (C) Give a clear stop command when angle between tibia and femur is 90°, where a short stop in the movement should be emphasized before 
the next part of the movement. (D) Give a clear and encouraging command to lift the weight by extending the legs. The movement should be done 
with maximal intended velocity. Given the high load the actual movement velocity will be slow. Repeat steps B–D three more times for a total of four 
repetitions. Give the participant 3–4 min rest before the next set. This should be repeated for a total of four sets.

FIGURE 4    |    A typical training session of very heavy strength train-
ing (maximal strength training, MST). The sessions start with two 
warm-up sets at a low-moderate intensity, where 8–10 repetitions are 
performed in the first set and 6–8 repetitions in the final warm-up set, 
before commencing with four training sets of four repetitions maximum 
(4RM). The training sets should be separated by 3–4 min of rest.
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clinical practice seems to be underutilized. Notably, heavy-very 
heavy strength training has the potential to reverse several de-
cades of age-related decline in 1RM, RFD and power in both 
healthy and diseased older adults. The current review high-
lights the positive effects of heavy-very heavy strength training 
for healthy and diseased older adults and the feasibility, safety, 
and clinical implications of such exercise. Specifically, strength 
training with heavy-very heavy loads should be recommended 
for all older adults and implemented in patient care, especially of 
the lower extremities as the strength loss is more pronounced in 
the locomotor muscles with age. This review also gives practical 
instructions on how to conduct a session of strength training, 
using very heavy loads, few repetitions and maximal intended 
velocity in the concentric phase.

Conflicts of Interest

The authors declare no conflicts of interest.

References

1. K. G. Manton, L. S. Corder, and E. Stallard, “Estimates of Change 
in Chronic Disability and Institutional Incidence and Prevalence Rates 
in the U.S. Elderly Population From the 1982, 1984, and 1989 National 
Long Term Care Survey,” Journal of Gerontology 48 (1993): S153–S166.

2. S. Costantino, F. Paneni, and F. Cosentino, “Ageing, Metabolism and 
Cardiovascular Disease,” Journal of Physiology 594 (2016): 2061–2073.

3. D. Adeloye, P. Song, Y. Zhu, et al., “Global, Regional, and National 
Prevalence of, and Risk Factors for, Chronic Obstructive Pulmonary 
Disease (COPD) in 2019: A Systematic Review and Modelling Analysis,” 
Lancet Respiratory Medicine 10 (2022): 447–458.

4. C. Suetta, S. P. Magnusson, N. Beyer, and M. Kjaer, “Effect of Strength 
Training on Muscle Function in Elderly Hospitalized Patients,” 
Scandinavian Journal of Medicine & Science in Sports 17 (2007): 464–472.

5. J. Hoff, A. E. Tjonna, S. Steinshamn, M. Hoydal, R. S. Richardson, 
and J. Helgerud, “Maximal Strength Training of the Legs in COPD: A 
Therapy for Mechanical Inefficiency,” Medicine and Science in Sports 
and Exercise 39 (2007): 220–226.

6. E. Wang, S. K. Nyberg, J. Hoff, et al., “Impact of Maximal Strength 
Training on Work Efficiency and Muscle Fiber Type in the Elderly: 
Implications for Physical Function and Fall Prevention,” Experimental 
Gerontology 91 (2017): 64–71.

7. O. K. Berg, S. K. Nyberg, T. M. Windedal, and E. Wang, “Maximal 
Strength Training-Induced Improvements in Forearm Work Efficiency 
Are Associated With Reduced Blood Flow,” American Journal of 
Physiology. Heart and Circulatory Physiology 314 (2018): H853–H862.

8. T. Tøien, H. Haglo, S. K. Nyberg, et al., “Maximal Strength Training-
Induced Increase in Efferent Neural Drive Is Not Reflected in Relative 
Protein Expression of SERCA,” European Journal of Applied Physiology 
121 (2021): 3421–3430.

9. M. Kamiya, H. Ihira, Y. Taniguchi, et al., “Low-Intensity Resistance 
Training to Improve Knee Extension Strength in Community-Dwelling 
Older Adults: Systematic Review and Meta-Analysis of Randomized 
Controlled Studies,” Experimental Gerontology 172 (2023): 112041.

10. E. Van Roie, C. Delecluse, W. Coudyzer, S. Boonen, and I. Bautmans, 
“Strength Training at High Versus Low External Resistance in Older 
Adults: Effects on Muscle Volume, Muscle Strength, and Force-Velocity 
Characteristics,” Experimental Gerontology 48 (2013): 1351–1361.

11. A. T. Balachandran, Y. Wang, F. Szabo, et  al., “Comparison of 
Traditional vs. Lighter Load Strength Training on Fat-Free Mass, 
Strength, Power and Affective Responses in Middle and Older-Aged 

Adults: A Pilot Randomized Trial,” Experimental Gerontology 178 
(2023): 112219.

12. R. Csapo and L. M. Alegre, “Effects of Resistance Training With 
Moderate vs Heavy Loads on Muscle Mass and Strength in the Elderly: 
A Meta-Analysis,” Scandinavian Journal of Medicine & Science in Sports 
26 (2016): 995–1006.

13. P. Aagaard, C. Suetta, P. Caserotti, S. P. Magnusson, and M. Kjaer, 
“Role of the Nervous System in Sarcopenia and Muscle Atrophy With 
Aging: Strength Training as a Countermeasure,” Scandinavian Journal 
of Medicine & Science in Sports 20 (2010): 49–64.

14. K. F. Reid, E. Pasha, G. Doros, et al., “Longitudinal Decline of Lower 
Extremity Muscle Power in Healthy and Mobility-Limited Older Adults: 
Influence of Muscle Mass, Strength, Composition, Neuromuscular 
Activation and Single Fiber Contractile Properties,” European Journal 
of Applied Physiology 114 (2014): 29–39.

15. B. C. Clark and T. M. Manini, “What Is Dynapenia?,” Nutrition 28 
(2012): 495–503.

16. T. Hirono, S. Kunugi, A. Yoshimura, et  al., “Effects of Home-
Based Bodyweight Squat Training on Neuromuscular Properties in 
Community-Dwelling Older Adults,” Aging Clinical and Experimental 
Research 35 (2023): 1043–1053.

17. N. J. de Vos, N. A. Singh, D. A. Ross, T. M. Stavrinos, R. Orr, and 
M. A. Fiatarone Singh, “Optimal Load for Increasing Muscle Power 
During Explosive Resistance Training in Older Adults,” Journals of 
Gerontology. Series A, Biological Sciences and Medical Sciences 60 
(2005): 638–647.

18. S. Steib, D. Schoene, and K. Pfeifer, “Dose-Response Relationship of 
Resistance Training in Older Adults: A Meta-Analysis,” Medicine and 
Science in Sports and Exercise 42 (2010): 902–914.

19. O. Seynnes, M. A. Fiatarone Singh, O. Hue, P. Pras, P. Legros, and P. 
L. Bernard, “Physiological and Functional Responses to Low-Moderate 
Versus High-Intensity Progressive Resistance Training in Frail Elders,” 
Journals of Gerontology. Series A, Biological Sciences and Medical 
Sciences 59 (2004): 503–509.

20. N. A. Singh, T. M. Stavrinos, Y. Scarbek, G. Galambos, C. Liber, and 
M. A. Fiatarone Singh, “A Randomized Controlled Trial of High Versus 
Low Intensity Weight Training Versus General Practitioner Care for 
Clinical Depression in Older Adults,” Journals of Gerontology. Series A, 
Biological Sciences and Medical Sciences 60 (2005): 768–776.

21. H. T. Kittilsen, S. Goleva-Fjellet, B. I. Freberg, et  al., “Responses 
to Maximal Strength Training in Different Age and Gender Groups,” 
Frontiers in Physiology 12 (2021): 636972.

22. T. Tøien, R. Unhjem, T. S. Oren, A. C. G. Kvellestad, J. Hoff, and 
E. Wang, “Neural Plasticity With Age: Unilateral Maximal Strength 
Training Augments Efferent Neural Drive to the Contralateral Limb in 
Older Adults,” Journals of Gerontology. Series A, Biological Sciences and 
Medical Sciences 73 (2018): 596–602.

23. A. M. Gonzalez, J. J. Ghigiarelli, K. M. Sell, E. W. Shone, C. F. Kelly, 
and G. T. Mangine, “Muscle Activation During Resistance Exercise 
at 70% and 90% 1-Repetition Maximum in Resistance-Trained Men,” 
Muscle & Nerve 56 (2017): 505–509.

24. J. Heggelund, M. S. Fimland, J. Helgerud, and J. Hoff, “Maximal 
Strength Training Improves Work Economy, Rate of Force Development 
and Maximal Strength More Than Conventional Strength Training,” 
European Journal of Applied Physiology 113 (2013): 1565–1573.

25. T. Tøien, T. Malmo, L. Espedal, and E. Wang, “Maximal Intended 
Velocity Enhances Strength Training-Induced Neuromuscular 
Stimulation in Older Adults,” European Journal of Applied Physiology 
122 (2022): 2627–2636.

26. N. Ratamess, B. Alvar, T. Evetoch, T. Housh, W. Kibler, and W. 
Kraemer, “Progression Models in Resistance Training for Healthy 
Adults [ACSM Position Stand],” Medicine and Science in Sports and 
Exercise 41 (2009): 687–708.

 1353921906009, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcsm

.13804 by U
niversity D

egli Studi D
i V

ero, W
iley O

nline L
ibrary on [23/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 of 10 Journal of Cachexia, Sarcopenia and Muscle, 2025

27. W. J. Chodzko-Zajko, D. N. Proctor, M. A. Fiatarone Singh, et  al., 
“American College of Sports Medicine Position Stand. Exercise and 
Physical Activity for Older Adults,” Medicine and Science in Sports and 
Exercise 41 (2009): 1510–1530.

28. WHO, “WHO Guidelines on Physical Activity and Sedentary 
Behaviour: At a Glance,” (2021).

29. Exercise Prescription for Healthy Populations With Special 
Considerations,” in ACSM's Guidelines for Exercise Testing and 
Prescription (Wolters Kluwer, 2018).

30. L. M. Giangregorio, A. Papaioannou, N. J. Macintyre, et  al., “Too 
Fit to Fracture: Exercise Recommendations for Individuals With 
Osteoporosis or Osteoporotic Vertebral Fracture,” Osteoporosis 
International 25 (2014): 821–835.

31. M. F. Piepoli, V. Conraads, U. Corrà, et  al., “Exercise Training in 
Heart Failure: From Theory to Practice. A Consensus Document 
of the Heart Failure Association and the European Association for 
Cardiovascular Prevention and Rehabilitation,” European Journal of 
Heart Failure 13 (2011): 347–357.

32. M. A. Williams, W. L. Haskell, P. A. Ades, et  al., “Resistance 
Exercise in Individuals With and Without Cardiovascular Disease: 
2007 Update: A Scientific Statement From the American Heart 
Association Council on Clinical Cardiology and Council on Nutrition, 
Physical Activity, and Metabolism,” Circulation 116 (2007): 572–584.

33. D. K. Arnett, R. S. Blumenthal, M. A. Albert, et  al., “2019 ACC/
AHA Guideline on the Primary Prevention of Cardiovascular Disease: 
A Report of the American College of Cardiology/American Heart 
Association Task Force on Clinical Practice Guidelines,” Journal of the 
American College of Cardiology 74 (2019): e177–e232.

34. T. W. Storer, “Exercise in Chronic Pulmonary Disease: Resistance 
Exercise Prescription,” Medicine and Science in Sports and Exercise 33 
(2001): S680–S692.

35. K. L. Campbell, K. M. Winters-Stone, J. Wiskemann, et  al., 
“Exercise Guidelines for Cancer Survivors: Consensus Statement From 
International Multidisciplinary Roundtable,” Medicine and Science in 
Sports and Exercise 51 (2019): 2375–2390.

36. W. R. Frontera, C. N. Meredith, K. P. O'Reilly, H. G. Knuttgen, and 
W. J. Evans, “Strength Conditioning in Older Men: Skeletal Muscle 
Hypertrophy and Improved Function,” Journal of Applied Physiology 
(1985) 64 (1988): 1038–1044.

37. M. A. Fiatarone, E. F. O'Neill, N. D. Ryan, et al., “Exercise Training 
and Nutritional Supplementation for Physical Frailty in Very Elderly 
People,” New England Journal of Medicine 330 (1994): 1769–1775.

38. M. A. Fiatarone Singh, W. Ding, T. J. Manfredi, et al., “Insulin-Like 
Growth Factor I in Skeletal Muscle After Weight-Lifting Exercise in 
Frail Elders,” American Journal of Physiology 277 (1999): E135–E143.

39. M. A. Fiatarone, E. C. Marks, N. D. Ryan, C. N. Meredith, L. A. Lipsitz, 
and W. J. Evans, “High-Intensity Strength Training in Nonagenarians, 
Effects on Skeletal Muscle,” JAMA 263 (1990): 3029–3034.

40. H. B. Dalen and K. S. Støren, “Levekårsundersøkelsen EU-SILC 
2021,” Norwegian Statistics Bureau, (2021).

41. NCHS NCfHS, “National Health Interview Survey,” (2018).

42. A. Gluchowski, H. Bilsborough, J. McDermott, H. Hawley-Hague, 
and C. Todd, “‘A Lot of People Just Go for Walks, and Don't Do Anything 
Else’: Older Adults in the UK Are Not Aware of the Strength Component 
Embedded in the Chief Medical Officers' Physical Activity Guidelines-A 
Qualitative Study,” International Journal of Environmental Research 
and Public Health 19 (2022): 10002.

43. G. Scaglioni, A. Ferri, A. E. Minetti, et  al., “Plantar Flexor 
Activation Capacity and H Reflex in Older Adults: Adaptations to 
Strength Training,” Journal of Applied Physiology (1985) 92 (2002): 
2292–2302.

44. R. Unhjem, R. Lundestad, M. S. Fimland, M. P. Mosti, and E. Wang, 
“Strength Training-Induced Responses in Older Adults: Attenuation of 
Descending Neural Drive With age,” Age (Dordrecht, Netherlands) 37 
(2015): 9784.

45. J. Lexell, D. Y. Downham, Y. Larsson, E. Bruhn, and B. Morsing, 
“Heavy-Resistance Training in Older Scandinavian Men and Women: 
Short- and Long-Term Effects on Arm and Leg Muscles,” Scandinavian 
Journal of Medicine & Science in Sports 5 (1995): 329–341.

46. O. K. Berg, O. S. Kwon, T. J. Hureau, et  al., “Maximal Strength 
Training Increases Muscle Force Generating Capacity and the 
Anaerobic ATP Synthesis Flux Without Altering the Cost of Contraction 
in Elderly,” Experimental Gerontology 111 (2018): 154–161.

47. R. Unhjem, T. Tøien, A. C. G. Kvellestad, T. S. Øren, and E. Wang, 
“External Resistance Is Imperative for Training-Induced Efferent 
Neural Drive Enhancement in Older Adults,” Journals of Gerontology. 
Series A, Biological Sciences and Medical Sciences 76 (2021): 224–232.

48. S. N. Aas, M. Breit, S. Karsrud, et al., “Musculoskeletal Adaptations 
to Strength Training in Frail Elderly: A Matter of Quantity or Quality?,” 
Journal of Cachexia, Sarcopenia and Muscle 11 (2020): 663–677.

49. T. C. Scanlon, M. S. Fragala, J. R. Stout, et al., “Muscle Architecture 
and Strength: Adaptations to Short-Term Resistance Training in Older 
Adults,” Muscle & Nerve 49 (2014): 584–592.

50. C. Rodriguez-Lopez, J. Alcazar, C. Sanchez-Martin, et  al., 
“Neuromuscular Adaptations After 12 Weeks of Light- Vs. Heavy-Load 
Power-Oriented Resistance Training in Older Adults,” Scandinavian 
Journal of Medicine & Science in Sports 32 (2022): 324–337.

51. S. H. Tsai, H. C. Cheng, and H. W. Liu, “Supervised High-Load 
Resistance Training for Improving Muscle Strength and Quality in 
Prediabetic Older Adults: A Pilot Randomized Controlled Trial,” 
Geriatric Nursing 48 (2022): 350–355.

52. D. Kraková, A. M. Holwerda, M. W. Betz, et  al., “Muscle Fiber 
Type Grouping Does Not Change in Response to Prolonged Resistance 
Exercise Training in Healthy Older Men,” Experimental Gerontology 
173 (2023): 112083.

53. A. L. Gurjão, L. T. Gobbi, N. H. Carneiro, et al., “Effect of Strength 
Training on Rate of Force Development in Older Women,” Research 
Quarterly for Exercise and Sport 83 (2012): 268–275.

54. P. Caserotti, P. Aagaard, J. B. Larsen, and L. Puggaard, “Explosive 
Heavy-Resistance Training in Old and Very Old Adults: Changes in 
Rapid Muscle Force, Strength and Power,” Scandinavian Journal of 
Medicine & Science in Sports 18 (2008): 773–782.

55. A. Beneka, P. Malliou, I. Fatouros, et  al., “Resistance Training 
Effects on Muscular Strength of Elderly Are Related to Intensity and 
Gender,” Journal of Science and Medicine in Sport 8 (2005): 274–283.

56. I. G. Fatouros, A. Kambas, I. Katrabasas, et al., “Strength Training 
and Detraining Effects on Muscular Strength, Anaerobic Power, and 
Mobility of Inactive Older Men Are Intensity Dependent,” British 
Journal of Sports Medicine 39 (2005): 776–780.

57. I. G. Fatouros, S. Tournis, D. Leontsini, et  al., “Leptin and 
Adiponectin Responses in Overweight Inactive Elderly Following 
Resistance Training and Detraining Are Intensity Related,” Journal of 
Clinical Endocrinology and Metabolism 90 (2005): 5970–5977.

58. K. F. Reid and R. A. Fielding, “Skeletal Muscle Power: A Critical 
Determinant of Physical Functioning in Older Adults,” Exercise and 
Sport Sciences Reviews 40 (2012): 4–12.

59. M. Izquierdo, X. Aguado, R. Gonzalez, J. L. López, and K. Häkkinen, 
“Maximal and Explosive Force Production Capacity and Balance 
Performance in Men of Different Ages,” European Journal of Applied 
Physiology and Occupational Physiology 79 (1999): 260–267.

60. L. E. Ghilarducci, R. G. Holly, and E. A. Amsterdam, “Effects of 
High Resistance Training in Coronary Artery Disease,” American 
Journal of Cardiology 64 (1989): 866–870.

 1353921906009, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcsm

.13804 by U
niversity D

egli Studi D
i V

ero, W
iley O

nline L
ibrary on [23/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



9 of 10

61. N. A. Singh, K. M. Clements, and M. A. Fiatarone, “A Randomized 
Controlled Trial of Progressive Resistance Training in Depressed 
Elders,” Journals of Gerontology. Series A, Biological Sciences and 
Medical Sciences 52 (1997): M27–M35.

62. P. Cormie, K. Pumpa, D. A. Galvão, et al., “Is It Safe and Efficacious 
for Women With Lymphedema Secondary to Breast Cancer to Lift 
Heavy Weights During Exercise: A Randomised Controlled Trial,” 
Journal of Cancer Survivorship 7 (2013): 413–424.

63. S. L. Watson, B. K. Weeks, L. J. Weis, S. A. Horan, and B. R. Beck, 
“Heavy Resistance Training Is Safe and Improves Bone, Function, 
and Stature in Postmenopausal Women With Low to Very Low Bone 
Mass: Novel Early Findings From the LIFTMOR Trial,” Osteoporosis 
International 26 (2015): 2889–2894.

64. S. M. Ntoukas, M. L. McNeely, H. Seikaly, D. O'Connell, and K. S. 
Courneya, “Feasibility and Safety of Heavy Lifting Strength Training 
in Head and Neck Cancer Survivors Post-Surgical Neck Dissection (the 
LIFTING Trial),” Supportive Care in Cancer 31 (2023): 348.

65. H. Haglo, O. K. Berg, J. Hoff, J. Helgerud, and E. Wang, “Maximal 
Strength Training in Patients With Inflammatory Rheumatic Disease: 
Implications for Physical Function and Quality of Life,” European 
Journal of Applied Physiology 122 (2022): 1671–1681.

66. J. Grgic, A. Garofolini, J. Orazem, F. Sabol, B. J. Schoenfeld, and Z. 
Pedisic, “Effects of Resistance Training on Muscle Size and Strength 
in Very Elderly Adults: A Systematic Review and Meta-Analysis of 
Randomized Controlled Trials,” Sports Medicine 50 (2020): 1983–1999.

67. O. K. Berg, J. M. Stutzer, J. Hoff, and E. Wang, “Early Maximal 
Strength Training Improves Leg Strength and Postural Stability in 
Elderly Following Hip Fracture Surgery,” Geriatric Orthopaedic Surgery 
& Rehabilitation 12 (2021): 21514593211015103.

68. T. Toien, H. Pedersen Haglo, R. Unhjem, J. Hoff, and E. Wang, 
“Maximal Strength Training: The Impact of Eccentric Overload,” 
Journal of Neurophysiology 120 (2018): 2868–2876.

69. H. McKay, G. Tsang, A. Heinonen, K. MacKelvie, D. Sanderson, and 
K. M. Khan, “Ground Reaction Forces Associated With an Effective 
Elementary School Based Jumping Intervention,” British Journal of 
Sports Medicine 39 (2005): 10–14.

70. A. Vanezis and A. Lees, “A Biomechanical Analysis of Good and Poor 
Performers of the Vertical Jump,” Ergonomics 48 (2005): 1594–1603.

71. M. P. Mosti, N. Kaehler, A. K. Stunes, J. Hoff, and U. Syversen, 
“Maximal Strength Training in Postmenopausal Women With 
Osteoporosis or Osteopenia,” Journal of Strength and Conditioning 
Research 27 (2013): 2879–2886.

72. R. Cešeiko, S. N. Thomsen, S. Tomsone, et al., “Heavy Resistance 
Training in Breast Cancer Patients Undergoing Adjuvant Therapy,” 
Medicine and Science in Sports and Exercise 52 (2020): 1239–1247.

73. T. R. Hill, T. I. Gjellesvik, P. M. Moen, et  al., “Maximal Strength 
Training Enhances Strength and Functional Performance in 
Chronic Stroke Survivors,” American Journal of Physical Medicine & 
Rehabilitation 91 (2012): 393–400.

74. Y. Fan, M. Yu, J. Li, et al., “Efficacy and Safety of Resistance Training 
for Coronary Heart Disease Rehabilitation: A Systematic Review of 
Randomized Controlled Trials,” Frontiers in Cardiovascular Medicine 
8 (2021): 754794.

75. T. F. Gjovaag, P. Mirtaheri, K. Simon, et  al., “Hemodynamic 
Responses to Resistance Exercise in Patients With Coronary Artery 
Disease,” Medicine and Science in Sports and Exercise 48 (2016): 581–588.

76. J. L. De Oliveira, L. C. Lima, R. V. Barreto, et al., “Cardiovascular 
Responses to Unilateral, Bilateral, Upper, and Lower Limbs Resistance 
Exercise,” International Journal of Exercise Science 16 (2023): 1154–1164.

77. S. A. Bruce, S. K. Phillips, and R. C. Woledge, “Interpreting the 
Relation Between Force and Cross-Sectional Area in Human Muscle,” 
Medicine and Science in Sports and Exercise 29 (1997): 677–683.

78. M. J. Delmonico, T. B. Harris, M. Visser, et al., “Longitudinal Study 
of Muscle Strength, Quality, and Adipose Tissue Infiltration,” American 
Journal of Clinical Nutrition 90 (2009): 1579–1585.

79. T. Hortobágyi, L. Dempsey, D. Fraser, et  al., “Changes in Muscle 
Strength, Muscle Fibre Size and Myofibrillar Gene Expression After 
Immobilization and Retraining in Humans,” Journal of Physiology 524, 
no. Pt 1 (2000): 293–304.

80. A. A. Vandervoort, “Aging of the Human Neuromuscular System,” 
Muscle & Nerve 25 (2002): 17–25.

81. J. Duchateau and R. M. Enoka, “Human Motor Unit Recordings: 
Origins and Insight Into the Integrated Motor System,” Brain Research 
1409 (2011): 42–61.

82. J. Helgerud, S. N. Thomsen, J. Hoff, et  al., “Maximal Strength 
Training in Patients With Parkinson's Disease: Impact on Efferent 
Neural Drive, Force-Generating Capacity, and Functional 
Performance,” Journal of Applied Physiology (1985) 129 (2020): 
683–690.

83. M. S. Fimland, J. Helgerud, M. Gruber, G. Leivseth, and J. Hoff, 
“Enhanced Neural Drive After Maximal Strength Training in Multiple 
Sclerosis Patients,” European Journal of Applied Physiology 110 (2010): 
435–443.

84. T. Tøien, R. Unhjem, O. K. Berg, P. Aagaard, and E. Wang, 
“Strength Versus Endurance Trained Master Athletes: Contrasting 
Neurophysiological Adaptations,” Experimental Gerontology 171 (2022): 
112038.

85. R. Unhjem, M. Nygard, L. T. van den Hoven, S. K. Sidhu, J. Hoff, 
and E. Wang, “Lifelong Strength Training Mitigates the Age-Related 
Decline in Efferent Drive,” Journal of Applied Physiology (1985) 121 
(2016): 415–423.

86. K. Häkkinen, R. U. Newton, S. E. Gordon, et  al., “Changes in 
Muscle Morphology, Electromyographic Activity, and Force Production 
Characteristics During Progressive Strength Training in Young and 
Older Men,” Journals of Gerontology. Series A, Biological Sciences and 
Medical Sciences 53 (1998): B415–B423.

87. C. Suetta, S. P. Magnusson, A. Rosted, et al., “Resistance Training 
in the Early Postoperative Phase Reduces Hospitalization and Leads 
to Muscle Hypertrophy in Elderly hip Surgery Patients—A Controlled, 
Randomized Study,” Journal of the American Geriatrics Society 52 
(2004): 2016–2022.

88. L. Grimby and J. Hannerz, “Firing Rate and Recruitment Order of 
Toe Extensor Motor Units in Different Modes of Voluntary Contraction,” 
Journal of Physiology 264 (1977): 865–879.

89. M. V. Narici and C. N. Maganaris, “Adaptability of Elderly Human 
Muscles and Tendons to Increased Loading,” Journal of Anatomy 208 
(2006): 433–443.

90. N. D. Reeves, M. V. Narici, and C. N. Maganaris, “Effect of Resistance 
Training on Skeletal Muscle-Specific Force in Elderly Humans,” Journal 
of Applied Physiology (1985) 96 (2004): 885–892.

91. N. D. Reeves, M. V. Narici, and C. N. Maganaris, “In Vivo Human 
Muscle Structure and Function: Adaptations to Resistance Training in 
Old Age,” Experimental Physiology 89 (2004): 675–689.

92. R. Unhjem, L. T. van den Hoven, M. Nygård, J. Hoff, and E. Wang, 
“Functional Performance With Age: The Role of Long-Term Strength 
Training,” Journal of Geriatric Physical Therapy 42 (2019): 115–122.

93. H. B. Bårdstu, V. Andersen, M. S. Fimland, T. Raastad, and A. 
H. Saeterbakken, “Muscle Strength Is Associated With Physical 
Function in Community-Dwelling Older Adults Receiving Home 
Care. A Cross-Sectional Study,” Frontiers in Public Health 10 (2022): 
856632.

94. M. A. Hughes, B. S. Myers, and M. L. Schenkman, “The Role of 
Strength in Rising From a Chair in the Functionally Impaired Elderly,” 
Journal of Biomechanics 29 (1996): 1509–1513.

 1353921906009, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcsm

.13804 by U
niversity D

egli Studi D
i V

ero, W
iley O

nline L
ibrary on [23/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 of 10 Journal of Cachexia, Sarcopenia and Muscle, 2025

95. R. Hasegawa, M. M. Islam, S. C. Lee, D. Koizumi, M. E. Rogers, and 
N. Takeshima, “Threshold of Lower Body Muscular Strength Necessary 
to Perform ADL Independently in Community-Dwelling Older Adults,” 
Clinical Rehabilitation 22 (2008): 902–910.

96. S. N. Aas, O. Seynnes, H. B. Benestad, and T. Raastad, “Strength 
Training and Protein Supplementation Improve Muscle Mass, Strength, 
and Function in Mobility-Limited Older Adults: A Randomized 
Controlled Trial,” Aging Clinical and Experimental Research 32 (2020): 
605–616.

97. M. Pijnappels, P. J. van der Burg, N. D. Reeves, and J. H. van Dieen, 
“Identification of Elderly Fallers by Muscle Strength Measures,” 
European Journal of Applied Physiology 102 (2008): 585–592.

98. B. J. Jefferis, S. Iliffe, D. Kendrick, et al., “How Are Falls and Fear 
of Falling Associated With Objectively Measured Physical Activity in a 
Cohort of Community-Dwelling Older Men?,” BMC Geriatrics 14 (2014): 
114.

99. M. Barceló, O. H. Torres, J. Mascaró, and J. Casademont, “Hip 
Fracture and Mortality: Study of Specific Causes of Death and Risk 
Factors,” Archives of Osteoporosis 16 (2021): 15.

100. M. Pijnappels, M. F. Bobbert, and J. H. van Dieën, “Control of 
Support Limb Muscles in Recovery After Tripping in Young and Older 
Subjects,” Experimental Brain Research 160 (2005): 326–333.

101. A. Thorstensson, J. Karlsson, J. H. Viitasalo, P. Luhtanen, and P. V. 
Komi, “Effect of Strength Training on EMG of Human Skeletal Muscle,” 
Acta Physiologica Scandinavica 98 (1976): 232–236.

102. B. E. Fleming, D. R. Wilson, and D. R. Pendergast, “A Portable, 
Easily Performed Muscle Power Test and Its Association With Falls by 
Elderly Persons,” Archives of Physical Medicine and Rehabilitation 72 
(1991): 886–889.

103. T. Karlsen, J. Helgerud, A. Støylen, N. Lauritsen, and J. Hoff, 
“Maximal Strength Training Restores Walking Mechanical Efficiency 
in Heart Patients,” International Journal of Sports Medicine 30 (2009): 
337–342.

104. E. Wang, J. Helgerud, H. Loe, K. Indseth, N. Kaehler, and J. 
Hoff, “Maximal Strength Training Improves Walking Performance in 
Peripheral Arterial Disease Patients,” Scandinavian Journal of Medicine 
& Science in Sports 20 (2010): 764–770.

105. Z. Barrett-O'Keefe, J. Helgerud, P. D. Wagner, and R. S. Richardson, 
“Maximal Strength Training and Increased Work Efficiency: 
Contribution From the Trained Muscle bed,” Journal of Applied 
Physiology (1985) 113 (2012): 1846–1851.

106. P. Baumert, M. J. Lake, C. E. Stewart, B. Drust, and R. M. Erskine, 
“Genetic Variation and Exercise-Induced Muscle Damage: Implications 
for Athletic Performance, Injury and Ageing,” European Journal of 
Applied Physiology 116 (2016): 1595–1625.

107. R. W. Braith, J. E. Graves, M. L. Pollock, S. L. Leggett, D. M. 
Carpenter, and A. B. Colvin, “Comparison of 2 vs 3 Days/Week of 
Variable Resistance Training During 10- and 18-Week Programs,” 
International Journal of Sports Medicine 10 (1989): 450–454.

108. H. Hartmann, K. Wirth, M. Keiner, C. Mickel, A. Sander, and E. 
Szilvas, “Short-Term Periodization Models: Effects on Strength and 
Speed-Strength Performance,” Sports Medicine 45 (2015): 1373–1386.

109. W. R. Frontera, V. A. Hughes, R. A. Fielding, M. A. Fiatarone, 
W. J. Evans, and R. Roubenoff, “Aging of Skeletal Muscle: A 12-Yr 
Longitudinal Study,” Journal of Applied Physiology (1985) 88 (2000): 
1321–1326.

110. J. A. Kanis, L. J. Melton, 3rd, C. Christiansen, C. C. Johnston, and 
N. Khaltaev, “The Diagnosis of Osteoporosis,” Journal of Bone and 
Mineral Research 9 (1994): 1137–1141.

111. M. Nygård, M. P. Mosti, L. Brose, et  al., “Maximal Strength 
Training Improves Musculoskeletal Health in Amphetamine Users in 
Clinical Treatment,” Osteoporosis International 29 (2018): 2289–2298.

112. T. Tørhaug, B. Brurok, J. Hoff, J. Helgerud, and G. Leivseth, “The 
Effect From Maximal Bench Press Strength Training on Work Economy 
During Wheelchair Propulsion in Men With Spinal Cord Injury,” Spinal 
Cord 54 (2016): 838–842.

113. V. S. Husby, J. Helgerud, S. Bjørgen, O. S. Husby, P. Benum, and J. 
Hoff, “Early Maximal Strength Training Is an Efficient Treatment for 
Patients Operated With Total hip Arthroplasty,” Archives of Physical 
Medicine and Rehabilitation 90 (2009): 1658–1667.

 1353921906009, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcsm

.13804 by U
niversity D

egli Studi D
i V

ero, W
iley O

nline L
ibrary on [23/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	Heavy Strength Training in Older Adults: Implications for Health, Disease and Physical Performance
	ABSTRACT
	1   |   The Ageing Human and Muscle Strength
	2   |   Strength Training and Standard Guidelines for Healthy and Diseased Older Adults
	3   |   Strength Training in the Ageing Healthy and Diseased Population
	4   |   Low-Moderate Versus Heavy-Very Heavy Strength Training
	5   |   Strength Training in Frail and Diseased Populations: Is It Safe?
	6   |   Neuromuscular Adaptations Following Strength Training
	7   |   Clinical Implications for Strength Training
	7.1   |   Functional Importance of Strength Training

	8   |   Strength Training, Fall Avoidance and Postural Stability
	9   |   Strength Training and Walking Work Efficiency
	10   |   Application of Strength Training in Clinical Practice
	11   |   Strength Training to Target the Individual or Patients' Specific Limitations
	12   |   Conclusion
	Conflicts of Interest
	References


