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and functional performance. After the interven-
tion, quadriceps muscle thickness, 1RM, and sEMG 
improved in all three groups (all p < 0.05), whereas 
muscle quality improved only in middle-aged and 
older participants (p ≤ 0.001), and MVIC only in mid-
dle-aged and mobility-limited older adults (p < 0.05). 
With a few exceptions, peak power improved in all 
groups from 30–90% 1RM (p < 0.05) both when 
tested relative to pre-training or post-training 1RM 
workloads (all p < 0.05). Both mobility-limited older 
adults and older adults improved their short physi-
cal performance battery score (p < 0.05). Chair stand, 
stair climb, maximal gait speed, and timed up-and-
go performance, on the other hand, improved in all 
three groups (p < 0.05), but no change was observed 
for habitual gait speed and 6-min walk test perfor-
mance. Overall, our results demonstrate that a HVRT 
intervention can build a stronger foundation in mid-
dle-aged individuals so that they can better deal with 
age-related impairments at the same time that it can 
mitigate already present physiological and func-
tional impairments in older adults with and without 
mobility-limitation.
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Abstract  The aim of the present study was to 
compare the neuromuscular, morphological, and 
functional responses to a high-velocity resistance 
training (HVRT) program between three cohorts: 
middle-aged adults (40–55  years, n = 18), healthy 
older adults (> 60 years, n = 18), and mobility-limited 
older adults (n = 8). Participants were tested before 
and after a 4-week control period and then assigned 
to a 12-week HVRT intervention. Investigated out-
comes included ultrasound-derived muscle thickness 
and quality, maximal dynamic strength (1RM), maxi-
mal voluntary isometric contraction (MVIC), and 
muscle activation (sEMG), as well as muscle power 
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Introduction

The number of middle-aged and older adults in the 
population is expanding [1, 2]. As these individuals 
age, a series of physiological declines are observed, 
such as reductions in muscle mass, strength, and 
power [3]. Recent evidence indicates that the annual 
reduction rates in power (~ 3–6%) are higher when 
compared to those of muscle mass and strength 
(~ 1–3%) [4–8]. This considerable muscle power 
loss during the aging process is worrisome because 
power is associated with and is an important pre-
dictor of functional performance in elderly people 
[9–12]. It should be noted, however, that the loss of 
lower limb muscle mass, strength, and power seems 
to begin as early as the fourth decade and, therefore, 
it is important that preventive measures be imple-
mented as soon as possible and not just later in life 
[13, 14].

Progressive resistance training is recommended 
as a safe and effective way to prevent neuromuscular 
impairments and to maintain functional performance 
in individuals over 50  years [15–20]. High-velocity 
resistance training (HVRT), specifically, seems supe-
rior to traditional resistance training for improving 
muscle power [16, 21] and physical functioning [16] 
in these individuals, whereas both training modes 
lead to considerable strength and muscle mass adap-
tations [21–23]. These results may be achieved using 
only low to moderate loads, which may be advanta-
geous for naïve exercisers and those with greater limi-
tations, such as mobility-limited older adults. In fact, 
both middle-aged and older healthy adults [24–28], 
as well as older adults with limited mobility [29–35], 
can increase muscle power and improve functional 
performance after a structured HVRT program.

The majority of previous investigations comparing 
older adults with and without mobility limitations, 
as well as middle-aged adults, are observational in 
nature [9, 36, 37], whereas most experimental tri-
als investigating the effects of HVRT analyzed only 
one of these groups at a time. Collectively, these 
investigations suggest that elderly individuals’ capac-
ity to respond to the training stimuli remains mostly 
preserved [15, 16, 20], but differences in protocols, 
exercises, training volume, intensity, intervention 
duration, and outcomes of interest make it difficult 
to compare adaptations to HVRT in these different 
groups across separate studies.

It was recently proposed that the mechanisms 
involved in the loss of muscle power may differ 
between healthy older adults and those with mobility 
limitations [7]. After a 3-year follow-up period and 
similar reductions in lower limb muscle power, only 
mobility-limited older individuals presented reduc-
tions in muscle mass and strength, whereas only the 
healthy participants showed a reduction in the rate of 
neuromuscular activation of the agonist’s muscles. 
The same research group had already demonstrated 
differences in the associations between lower limb 
muscle power and its determinants (i.e., force and 
velocity) between middle-aged adults, healthy older 
adults, and mobility-limited older adults [37]. That 
is, whereas only force significantly explained the 
variation in muscle power  in the middle-aged par-
ticipants, both force and velocity explained muscle 
power in healthy elderly individuals and only velocity 
in mobility-limited older adults. Collectively, these 
results suggest that velocity’s importance for muscle 
power production increases with both age and sever-
ity of mobility impairment. As such, it is possible 
that even if these different individuals respond simi-
larly to a HVRT program, the mechanisms driving 
the responses may differ according to the group being 
studied.

The magnitude of muscle power gains are similar 
when HVRT is performed using high or low loads 
[34, 38, 39]; however, the relationship between mus-
cle power and functional performance can differ 
according to the relative load in which muscle power 
is measured and the functional test chosen [40]. 
That is, whereas power measured at 40 and 70% of 
one-repetition maximum (1RM) explained the time 
required to climb a flight of stairs and to rise from 
a chair similarly, gait speed was better explained by 
power measured at the lower intensity. Investigating 
how HVRT affects muscle power, force, and velocity 
throughout different percentages of 1RM may, there-
fore, provide additional information to better under-
stand the adaptations, or lack thereof, in certain func-
tional tests [41].

To the best of our knowledge, no prior trial has 
compared HVRT adaptations between these differ-
ent groups of individuals prescribed the same train-
ing program and the possible differences in training 
adaptations. Thus, the aim of the present study was 
to compare the neuromuscular, morphological, and 
functional responses to a HVRT program across three 
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cohorts: middle-aged adults, healthy older adults, and 
mobility-limited older adults. Our working hypothesis 
was that the three groups would improve their neu-
romuscular and morphological measures, whereas 
functional capacity would only improve in the older 
adults’ groups and to a higher degree on the mobil-
ity-limited individuals. In addition, we hypothesized 
that improvements in muscle power  between the 
groups would result from distinct contributions from 
force and velocity. These results have the potential to 
increase our understanding of cohort-specific HVRT 
adaptations and to improve HVRT prescription strate-
gies according to the specific needs of each group.

Methods

Participants

Middle-aged adults (40–55  years) and older adults 
(> 60  years) with and without mobility limitations 
were included in the present investigation. The sam-
ple size was calculated based on the effect size of pre-
vious intervention studies on older adults with mobil-
ity limitations or self-reported limitation [e.g., 42, 43, 
44], as well as on the effect size of a recent meta-anal-
ysis that investigated the effect of HVRT on lower 
limb muscle power in middle-aged and elderly adults 

[20]. Thus, considering α = 0.05, 80% power, and an 
effect size of 0.22, a total sample of 54 individuals, 
18 per group, was estimated. The study was adver-
tised through newspapers and social media. Initial 
contact with potential participants was made through 
telephone pre-screens, during which the inclusion 
and exclusion criteria (Table 1) were reviewed using 
a standardized form; those deemed eligible and that 
remained interested were then invited for an in-person 
interview at the university. Individuals over 60 years 
of age were also asked about possible mobility limita-
tions [i.e., self-reported difficulty in at least one of the 
following tasks: walking 400 m, climbing stairs, lift-
ing and carrying groceries, getting out of the bathtub 
or shopping, 45].

At the university, volunteers answered a health 
questionnaire to verify their eligibility and then 
signed an informed consent form to participate in 
the study, which was approved by the Federal Uni-
versity of Pelotas Ethics Review Board (CAAE: 
13,459,719.0.0000.5313) in accordance with the 
Declaration of Helsinki. During this visit, older 
participants also performed the SPPB, and those 
with a score of ≤ 9 points were classified as being 
mobility-limited for the purpose of the present 
study [46, 47]. To minimize the potential impact of 
differential levels of physical activity, we restricted 
recruitment to untrained subjects (i.e., no recent 

Table 1   Eligibility criteria

Inclusion criteria
   Age between 40 and 55 years or above 60 years
   Self-reported and verified ability to exercise
   No intention to move or travel during the study period
   Mobility-limited older adults: self-reported mobility limitation by telephone, which was verified during the first visit to the labora-

tory (short physical performance battery ≤ 9)
Exclusion criteria
   Inability or refusal to sign the informed consent form
   Cognitive impairment (mini-mental state examination < 23)
   Current or previous participation in structured exercise (> 1 × /week) in the past 6 months
   Stroke, revascularization, deep vein thrombosis, or pulmonary embolism history in the past 12 months
   Cancer requiring treatment in the past 24 months
   Severe cardiovascular disease (class III and IV heart failure, uncontrolled arrhythmia, unstable angina, or use of an implantable 

defibrillator), uncontrolled systemic hypertension (> 160/90 mmHg), a chronic pulmonary disease requiring O2 or corticosteroid 
therapy; kidney disease requiring dialysis or hormone replacement therapy

   Diagnosis of progressive neurological disorders (Parkinson’s, multiple sclerosis, etc.), musculoskeletal disorders, osteoarthritis, or 
rheumatoid arthritis

   Fracture, prosthesis placement, or serious injury in the last 6 months
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training history, as highlighted in Table 1). As part 
of the screening process, we also captured physi-
cal activity patterns via questionnaires. There were 
no notable differences in the weekly levels of self-
reported physical activity among middle-aged, 
older adults, and mobility-limited older adults 
(p > 0.05). All subjects reported levels of activity 
well below the Department of Health and Human 
Services 2018 physical activity guidelines (i.e., 
were physically inactive).

Experimental procedures

The experimental design of the study is shown in 
Fig. 1. All participants attended two familiarization 
sessions. During these sessions, they were intro-
duced to the exercises and tests that they would per-
form with an emphasis on technique and movement 
velocity. Following familiarization and prior to the 
intervention, subjects were tested before (baseline) 
and after (pre-intervention) a 4-week control wash-
in period. In each of these time points, participants 
completed two days of testing. On the first day, 
knee extensors ultrasound images were taken fol-
lowed by knee extension (KE) maximal voluntary 
isometric contractions, KE 1RM, and power tests, 
whereas on the second-day leg press (LP) 1RM 
and power tests were followed by a battery of func-
tional tests. No exercise was scheduled during the 
control period, and participants were advised to 
maintain their normal routine throughout it. 

Participants were then assigned to a 12-week 
HVRT program twice per week, and all outcomes 
were reassessed in three separate visits at least 72 h 
after the last training session (post-intervention). 
The first two sessions were similar to those at the 
baseline and pre-intervention time points, whereas, 
in the third session, participants repeated both KE 
and LP power tests in a counterbalanced order 
using the 1RM load corresponding to the baseline 
time point. All post-intervention tests were com-
pleted within two weeks. Throughout the study, 
both the time (± 2 h) and order of the tests, as well 
as outcome assessors were kept constant, and the 
participants were instructed to avoid the consump-
tion of caffeine/alcohol and the practice of vigor-
ous physical activities in the 24 h preceding them.

Measurements

Ultrasound measures

In the first testing session, subjects reported to the lab 
and rested for 5 min in the supine position [48]. Five 
images from the rectus femoris (RF), vastus interme-
dius (VI), vastus lateralis (VL), and vastus medialis 
(VM) muscles of the right limb were then obtained 
by B-mode ultrasound (Tosbee/SSA-240a, Toshiba®, 
Japan) using a 7.5 MHz linear-array probe positioned 
perpendicularly to the muscle of interest. RF, VI, 
and VL images were obtained at 50% of the distance 
between the lateral condyle and the greater trochanter 
of the femur, whereas VM images were obtained at 
20% of the same distance [49, 50]. Images were ana-
lyzed using the ImageJ software v1.52a (National 
Institutes of Health, Bethesda, USA). RF, VL, and 
VM muscle thicknesses were defined as the distance 
between the superficial and deep muscle aponeurosis, 
whereas VI thickness corresponded to the distance 
between the superficial aponeurosis and the hyper-
echoic interface of the femur. Muscle quality, on the 
other hand, was determined based on the muscles’ 
echo intensity values using a grayscale analysis func-
tion on the ImageJ software, and expressed in arbi-
trary units between 0 (black, higher quality) and 255 
(white, lower quality). For this purpose, in each mus-
cle image a region of interest was selected including 
as much muscle area as possible while avoiding other 
tissues (see Supplementary Fig. 1 for a representative 
ultrasound image). Muscle thickness and echo inten-
sity values are presented for RF, VI, VL, and VM 
individually as the average value between all its five 
images and also for the quadriceps femoris as the sum 
(muscle thickness) and average (echo intensity) of the 
individual muscle values, respectively. Probe posi-
tions were carefully mapped to ensure an identical 
positioning between baseline, pre-intervention, and 
post-intervention time points [51, 52].

Maximal isometric contraction

After the ultrasound measures were taken, partici-
pants undertook a maximal voluntary unilateral knee 
extension isometric contraction (MVIC) test. They 
were positioned on the knee extension machine 
(NEWFIT®, Cascavel, Brazil) at 90º of hip and knee 
flexion and were instructed to exert maximal force as 
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fast as possible while receiving strong verbal encour-
agement. Each participant had three attempts last-
ing ~ 5 s, and 2 min were allowed between attempts. 

The maximal isometric force was measured using a 
load cell (Miotec®, Porto Alegre, Brazil) with 200 
kgf capacity.

Fig. 1   Experimental design of the study. 1RM, one-repetition 
maximum test; MVIC, maximal voluntary isometric con-
traction; sEMG, surface electromyography; KE, knee exten-
sion; LP, leg press. *for the exercises beyond KE and LP, 

initial training loads were determined based on predicted 
%1RM (BRZYCKI, 1993); †2 min between sets; ‡ loads were 
increased by 5% after week 6
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Surface EMG measures

Neuromuscular activation of the RF and VL muscles 
and biceps femoris (BF) antagonist coactivation were 
measured during the MVIC test using surface elec-
tromyography (sEMG; Miotool400, Miotec®, Porto 
Alegre, Brazil). Briefly, Ag/AgCl electrodes (Medi-
trace®, Mansfield, Canada) were positioned in bipo-
lar configuration (30 mm interelectrode distance) on 
the muscle belly of each muscle in participants’ right 
limb following established recommendations [53], 
and a reference electrode was also placed on the tibial 
tuberosity. Electrode positions were carefully mapped 
to ensure an identical positioning between baseline, 
pre-intervention, and post-intervention time points 
[51, 52].

Both force and sEMG signals were collected using 
the MiotecSuite software (Miotec®, Porto Alegre, 
Brazil) and stored for subsequent analysis on Lab-
View 2019 (National Instruments, Austin, United 
States). Force signals were filtered using a low-pass 
fifth-order Butterworth digital filter at a cutoff fre-
quency of 8  Hz, and sEMG signals were band-pass 
filtered by a fifth-order Butterworth digital filter at 
a frequency range set between 20 and 500  Hz. The 
maximal isometric force (kgf) and the root mean 
square value of the sEMG signal (μV) were then 
determined in the highest 1-s epoch of the force–time 
signal.

Maximal dynamic strength

Maximal dynamic strength was measured via bilat-
eral KE and LP 1RM tests (New Fitness®, São 
Paulo, Brazil), as shown in Fig.  1. Participants first 
performed a 10 repetitions warm-up set at a load 
equivalent to 50% of their estimated 1RM, which 
was determined during familiarization, and the resist-
ance was increased until only one repetition could be 
performed using appropriate technique and range of 
motion. After each attempt, resistance was adjusted 
based on the Lombardi scale (1989). 1RM load (in 
kg) was determined in no more than five attempts 
separated by 3  min intervals. To ensure a reliable 
measure, both KE and LP range of motion were reg-
istered during the baseline sessions using a custom-
built device similar to the one applied by Radaelli 
et  al. [28] and replicated during both pre- and post-
intervention time points.

Muscle power

Following completion of the 1RM tests, participants 
rested for 20–30 min and then performed KE and LP 
power testing by completing one repetition with each 
load corresponding to 30, 40, 50, 60, 70, 80, and 90% 
1RM with 1 min intervals between each set [10, 45, 
54]. Participants were instructed to perform the con-
centric phase of each repetition as fast as possible and 
the eccentric phase in 2  s [45]. For each repetition, 
the peak velocity, force, and power were determined 
during the concentric portion of the exercises using 
a linear position transducer (Chronojump BoscoSys-
tem®, Barcelona, Spain) attached to the weight stack 
on the KE machine and perpendicular to the motion 
trajectory on the LP machine sled to ensure a direct 
vertical displacement in both exercises. [30]. Simi-
lar to the 1RM test, both KE and LP range of motion 
were registered during the baseline sessions using the 
same custom-built device and were replicated during 
both pre- and post-intervention time points. In addi-
tion, during post-intervention assessments, power 
tests were performed both at 30–90% of the post- 
and pre-intervention 1RM loads in separate visits, as 
shown in Fig. 1 [55], to assess changes in both rela-
tive and absolute power.

Functional performance

Short physical performance battery  The SPPB is 
a validated, widely employed test to assess functional 
capacity due to its strong association with disability 
and mobility limitation, and because it is also a pre-
dictor of institutionalization and mortality [46, 56]. 
The battery is based on three different tasks: static 
balance, gait speed, and chair stand. For the static 
balance test, participants were instructed to stand for 
10  s in three different positions, feed side-by-side, 
semi-tandem stance, and tandem stance. Gait speed 
was measured based on the time required for the 
participants to walk a 4-m distance at their habitual 
gait speed, and chair rise performance was measured 
through the time required for participants to rise from 
a chair (0.43 m high) and return to the seated position 
five times as fast as possible. Based on objective crite-
ria, each task receives a score between 0 and 4 points, 
and the sum of the individual scores determines the 
final SPPB score ranging from 0 to 12 (lower values 
indicate worse functional performance).

GeroScience (2022) 44:1175–11971180
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Gait speed  Although gait speed is part of the SPPB 
test, it is also an individual predictor of disability 
and all-cause mortality [57–59] and, therefore, it was 
also measured separately in the present study. Par-
ticipants were instructed to walk a 10-m distance at 
their habitual and maximal gait speeds [60, 61] in 
separated trials. To avoid acceleration and decelera-
tion interference, a 1-m distance both before and after 
the 10-m track was provided. The time required to 
cover the distance was measured using a stopwatch, 
and the corresponding gait speed was determined in 
m·s−1. Each participant had two attempts per speed 
with 1 min interval between them, and the best result 
was used for analysis. The use of a long-distance in 
comparison to the SPPB (10 vs. 4 m), as well as addi-
tional testing maximal gait speed, aims to provide a 
greater sensitivity to discriminate between the three 
groups investigated [60].

Chair stand  The chair stand test is also part of the 
SPPB battery, however, we chose to measure it sepa-
rately to better discriminate the groups investigated 
and also to eliminate possible ceiling effects [as pre-
viously suggested by 62]. Participants began seated 
on a chair (0.43  m height) with both arms crossed 
over their chest and feet shoulder-width apart and 
were instructed to rise up as many times as possible in 
30 s. Only one attempt of this test was performed, and 
the number of repetitions was used for the analysis. 
The major difference between this specific test and 
the chair stand in the SPPB is its focus on maximal 
repetition number in a standardized amount of time, 
as opposed to the SPPB, which defines a standardized 
number of repetitions with time allowed to vary as the 
dependent variable. Additionally, this 30  s test ena-
bles some assessment of short-term fatigue.

Stair climb  Participants were instructed to climb a 
flight of stairs (10 steps, 17 cm each) as fast as pos-
sible, without using the handrails. The time required 
to complete the task was measured using a stopwatch 
from the moment the participants put their foot on 
the first step to when both feet were on the last step. 
Each participant had two attempts with 1 min inter-
val between them, and the best time was used for 
analysis.

Timed up and go  Agility and dynamic balance 
were assessed using the timed up and go (TUG) test. 

The test began with participants seated on a chair, and 
a cone positioned 3 m away in front of them [63]. At 
the investigator’s command, participants rose from 
the chair, walked as fast as possible without running 
around the cone, and returned to the initial seated 
position. The time required to perform the task was 
measured using a stopwatch, and the lower value 
between two attempts was used in the analysis.

6‑min walk test  The test was performed on a 30-m 
flat surface in which participants were instructed 
to walk back and forth as many times as they could 
for 6 min. Incentives were provided every min (e.g., 
“You are doing well, there is X min left”). Partici-
pants performed the test once and the total distance 
covered was used in the analysis.

Training program

After baseline testing, participants underwent a 
12-week HVRT program, which is shown in detail 
in Fig.  1. Participants exercised twice per week 
on non-consecutive days, and all exercise sessions 
were supervised by trained instructors (2:1 ratio). 
After a 10-min warm-up containing general and 
specific warm-up activities with submaximal loads 
(i.e., horizontal bike and leg press or knee exten-
sion), participants performed 1–3 sets of 8–10 repe-
titions of 5 different exercises (see Fig. 1 for volume 
progression). The exercises were leg press, bilateral 
knee extension, seated plantar flexion, horizontal 
chest press, and seated row. All individuals were 
instructed to perform the concentric phase of move-
ments as fast as possible and the eccentric phase in 
2 s while maintaining exercise range of motion.

Exercise intensity was prescribed based on the 
1RM percentage measured during the leg press and 
knee extension exercises, and on the estimated 1RM 
percentage for the remaining exercises [64], which 
was determined during the familiarization session 
[as performed in 65]. Specifically, the first weekly 
session was performed at 40% 1RM and the second 
session at 60% 1RM. In addition, the load for each 
exercise was increased by 5% after the sixth week 
of training to account for strength adaptations.
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Statistical analysis

Data are reported as mean ± standard deviation (SD) 
unless stated otherwise. Training-related adaptations 
in the outcomes between pre- and post-training time 
points were tested using generalized estimating equa-
tion models (GEE), and group main effects were ana-
lyzed using Bonferroni’s post hoc. To confirm the 
efficacy of the control wash-in period, GEE and Bon-
ferroni’s post hoc were also used to compare the out-
comes between the control and baseline time points. 
In the case of a significant interaction, within-group 
and between-group effects were further tested using 
Bonferroni’s post hoc. In addition, Cohen’s d effect 
sizes were determined and classified as small (≥ 0.2), 
moderate (≥ 0.5), large (≥ 0.8), and very large (≥ 1.3), 
as suggested by Sullivan and Feinn (2012). Finally, 
to gain a better insight on HVRT regenerative capac-
ity, outcomes from the mobility-limited older adults’ 
group that were found to be significantly increased 
after the intervention were compared to the pre-train-
ing values of the older adults group using independ-
ent-samples t-tests to verify if the training effect was 
sufficient to bring about a more functional phenotype. 
The same was also performed for comparing older 
and middle-aged adults. All analyses were performed 
using SPSS (v. 25.0., IBM, USA) with a significance 
level set at α = 0.05.

Results

The study workflow is shown in Fig. 2, and the char-
acteristics of the participants included in the analysis 
are presented in Table  2. Initial contact was made 
through telephone pre-screens with 180 individuals, 
58 of which were deemed as potentially eligible and 
invited for an in-person interview. Of these, nine were 
excluded for not meeting the inclusion criteria, and 
four declined to participate. Thus, forty-five individu-
als, including 19 middle-aged adults (40–55  years), 
18 older adults (> 60  years), and 8 mobility-limited 
older adults (> 60  years), volunteered to participate 
and were included in the study. Although a second 
recruitment wave was scheduled to achieve the esti-
mated sample size for the mobility-limited older 
adults’ group, the COVID-19 pandemic and the 
restrictions imposed by it made it impractical/unfeasi-
ble to fulfill this goal.

Except for two participants in the middle-aged 
group, there were no other dropouts throughout the 
intervention. Of these, one woman was transferred 
to another city prior to baseline testing, and one had 
a back injury not related to the intervention at the 
second week of training. Thus, 43 participants com-
pleted the training program, and 44 with pre-inter-
vention data were included in the analyses. Training 
compliance, i.e., the degree to which participants 
adhered to an assigned treatment protocol, was high 
and corresponded to 90.7 ± 7.3%, 94.4 ± 5.5%, and 
90.6 ± 10.1% for middle-aged, older, and mobility-
limited older adults, respectively. More specifically, 
participants attended 952 (92.2 ± 7.3%) of the 1032 
planned training sessions, of which 950/952 (99.8%) 
were completed. Finally, twenty-five adverse events 
from thirteen participants (4 middle-aged, 4 older 
adults, and 5 mobility-limited older adults) were 
registered throughout the intervention. The majority 
were classified as mild (n = 14) or moderate (n = 7) 
and were mostly related to musculoskeletal condi-
tions, such as muscle soreness. In addition, only 7 
events were considered definitely related to the inter-
vention, of which 4 resulted in acute modifications to 
the training session (the reader is referred to Supple-
mentary Chart 1 for a detailed list of adverse events).

Control period

With the exception of LP and KE 1RM (p = 0.007 
and p = 0.001, respectively), LP peak power at 50% 
(p = 0.025) and 70% (p = 0.021), KE peak power 
at 30% (p = 0.019), quadriceps muscle thickness 
(p = 0.005, older adults’ group only), and 30STS 
performance (p = 0.003), no other differences were 
observed between baseline and pre-intervention 
results (all > 0.05). In addition, despite being statis-
tically different, effect sizes for the aforementioned 
outcomes were found to be mostly trivial or small. 
Readers are referred to Supplementary Table 1 for a 
detailed description of the control period results.

Ultrasound measures

Quadriceps muscle thickness results are presented in 
Fig. 3A, whereas individual muscle results are avail-
able in Supplementary Fig.  2. Quadriceps muscle 
thickness increased in all three groups (p < 0.001) 
after training and a group main effect followed by 
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post hoc analyses showed that middle-aged adults 
had greater muscle thickness compared to both older 
adults (p = 0.027) and mobility-limited older adults 
(p < 0.001). No difference was found between the two 
older groups (p = 0.100).

Quadriceps muscle quality results are presented in 
Fig. 3B, whereas individual muscle results are availa-
ble in Supplementary Fig. 3. When pooled together as 
a single quadriceps measure, an improvement in mus-
cle quality, as indicated by a reduction in echo inten-
sity, was only found in the middle-aged (p < 0.001) 

and older adults (p = 0.001), whereas mobility-limited 
older adults’ quadriceps muscle quality remained 
unchanged (p = 0.653). Moreover, although no differ-
ence was observed between older adults and mobil-
ity-limited older adults before training (p = 0.171), 
after the intervention the former had a significantly 
greater muscle quality than the latter (p = 0.001), 
both of which had lesser muscle quality compared 
to middle-aged participants pre- (p = 0.027 and 
p < 0.001, respectively) and post-training (p = 0.001 
and p < 0.001, respectively).

Fig. 2   Study workflow
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Table 2   Characteristics of 
the included participants at 
baseline

SBP, systolic blood 
pressure; DBP, diastolic 
blood pressure; SPPB, 
short physical performance 
battery score at baseline

MID (n = 18) OLD (n = 18) LIM (n = 8)

Mean ± SD Mean ± SD Mean ± SD
Age (years) 48.9 ± 14.2 68.9 ± 6.5 77.3 ± 8.2
Height (m) 1.67 ± 0.09 1.66 ± 0.09 1.64 ± 0.07
Body mass (kg) 73.3 ± 13.1 74.5 ± 14.7 70.2 ± 12.8
Body mass index 26.2 ± 3.1 26.9 ± 4.3 25.9 ± 2.6
Waist circumference (cm) 86.8 ± 9.9 93.7 ± 12.8 91.2 ± 9.6
SBP (mmHg) 120.0 ± 14.2 126.0 ± 17.3 128.2 ± 20.1
DBP (mmHg) 76.3 ± 9.8 71.4 ± 8.1 67.0 ± 8.8
SPPB (score) 11.8 ± 0.5 11.5 ± 0.7 8.1 ± 1.0
Sex 9F & 9 M 9F & 9 M 3F & 5 M

Fig. 3   Quadriceps femoris 
muscle thickness (A) and 
echo intensity (B) responses 
to 12 weeks of high-veloc-
ity resistance training in 
middle-aged (MID), older 
(OLD) and mobility-limited 
older (LIM) participants. 
* = post different than pre 
(all p < 0.05); † = LIM 
different than MID (all 
p < 0.05); ‡ = LIM different 
than OLD (all p < 0.05); 
§ = OLD different than MID 
(all p < 0.05). Values are 
(mean ± SD)
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Maximal isometric contraction

MVIC and sEMG data are shown in Table  3. Both 
middle-aged adults and mobility-limited older adults 
improved their maximal isometric strength after the 
intervention (p = 0.007 and p < 0.001, respectively), 
but no difference was found in the older adults’ group 
(p = 0.212). For the sEMG data, however, both VL 
and RF RMS sEMG increased in all three groups 
post-training (p = 0.14 and p = 0.032), whereas no 
effect was observed in BF sEMG (p = 0.081). Further, 
the mobility-limited older adults’ group was found to 
have a lower MVIC strength than middle-aged (pre: 
p < 0.001; post: p = 0.005), but not older adults (pre: 
p = 0.085; post: p = 0.379). VL sEMG also differed 
between middle-aged and mobility-limited older 
adults (p = 0.032), but RF sEMG was not different 
between any of the groups (p > 0.05). BF sEMG, on 
the other hand, was lower in the mobility-limited 
older adults group compared to both middle-aged 
(p = 0.003) and older adults (p = 0.044).

Maximal dynamic strength

Leg press and knee extension 1RM data are presented 
in Fig. 4. In both exercises, 1RM improved after the 
intervention in all groups (all p < 0.001). For LP, both 
pre- and post-intervention mobility-limited older 
adults had lower 1RM performance when compared 
to both middle-aged (p < 0.001) and older adults 
(p = 0.032), whereas no differences were observed 
between the other two groups (p = 0.094). Conversely, 
although the mobility-limited older adults group 
had a lower KE 1RM than middle-aged (p < 0.001) 
and older adults (p = 0.050) pre-intervention, they 

differed only from the middle-aged group (p < 0.001) 
post-intervention.

Muscle power

For brevity, only peak power results are presented 
herein. For a comprehensive presentation of KE and 
LP peak velocity and force results assessed using 
both pre- and post-training 1RM loads, readers are 
referred to Supplementary Figs. 4–7.

When power was assessed at intensities rela-
tive to the post-intervention 1RM load (Fig.  5A–C), 
an increase in peak power output was observed for 
all groups from 40 to 80% 1RM (p < 0.05) in the 
KE exercise, but only middle-aged and older par-
ticipants increased peak power at 30% (p < 0.05). No 
improvements were found at 90% 1RM (p > 0.05). 
Mobility-limited older adults had a lower peak power 
output compared to the other two groups, both pre- 
and post-training at all loads (i.e.. 30–90% 1RM, 
p < 0.05), whereas older adults had lower power out-
put than middle-aged participants at 30% and from 
50 to 80% 1RM (p < 0.05). An interaction at 40% 
1RM revealed that although there was no difference 
between middle-aged and older adults at pre-training 
(p > 0.05), the former had a higher power output at 
post (p < 0.05). No between-group differences were 
found at 90% 1RM (p > 0.05). In the LP exercise 
(Fig. 5D-F), peak power increased in all groups from 
30–90% 1RM (p < 0.05) and, similar to the KE exer-
cise, mobility-limited older adults had a lower power 
output than middle-aged adults and older adults in all 
loads both pre- and post-training (p < 0.05). No dif-
ferences were found between middle-aged and older 
adults (p > 0.05).

Table 3   Maximal isometric strength and electromyographic responses to 12 weeks of high-velocity resistance training

MVIC, maximal knee extension voluntary isometric contraction; VL, vastus lateralis; RF, rectus femoris; BF, biceps femoris; sEMG, 
surface electromyography (root mean square). * = post greater than pre (all p < 0.05); † = LIM lower than MID (p < 0.05); ‡ = LIM 
lower than OLD (p < 0.05). Values are (mean ± SD)

Middle-aged adults (n = 18) Older adults (n = 18) Mobility-limited older adults 
(n = 8)

Pre Post Pre Post Pre Post

MVIC (kgf) 33.9 ± 13.0 37.4 ± 17.2* 26.9 ± 9.8 27.8 ± 8.7 19.9 ± 6.5† 22.8 ± 7.5*†

VL sEMG (µV) 384.0 ± 290.6 414.2 ± 299.8* 284.8 ± 102.4 302.8 ± 131.8* 209.99 ± 67.9 229.2 ± 87.8*†

RF sEMG (µV) 283.1 ± 231.0 343.4 ± 349.1* 219.4 ± 82.0 231.3 ± 101.1* 180.9 ± 84.4 190.6 ± 122.1*
BF sEMG (µV) 74.6 ± 38.5 78.8 ± 45.6 54 ± 17.7 66.8 ± 27.9 43.8 ± 13.4†‡ 42 ± 18.7†‡
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When power adaptations were analyzed at inten-
sities relative to pre-intervention 1RM (Fig. 6), peak 
power was found to be improved in all groups from 
30–90% 1RM (p < 0.05) in both KE (Fig. 6A–C) and 
LP (Fig.  6D–F). When compared to middle-aged 
adults, mobility-limited older adults and older adults 
had lower KE peak power both pre- and post-training 
from 30 to 90% 1RM (p < 0.05), whereas peak power 
was also lower in 30%, 50%, and 60% 1RM in the 
mobility-limited older adults group compared to the 
older adults (p < 0.05). In the LP exercise, mobility-
limited older adults had peak power values that were 
lower than those of middle-aged (p < 0.05) and older 
adults (p < 0.05) in all intensities analyzed. The only 

difference between middle-aged and older adults 
in the LP was found at 30% 1RM, where although 
the groups were different at pre-training (p < 0.05), 
no difference was evident after the intervention 
(p > 0.05).

Functional performance

Short physical performance battery  As expected 
per design, mobility-limited older participants had 
a lower SPPB score at pre-training (7.9 ± 0.4) when 
compared to both middle-aged (11.9 ± 0.1, p < 0.05) 
and older adults (11.4 ± 0.7, p < 0.05) (Fig. 7). Older 
adults also differed from middle-aged adults’ scores 

Fig. 4   Leg press (A) 
and Knee extension 
(B) maximal dynamic 
strength (1RM) response to 
12 weeks of high-velocity 
resistance training in 
middle-aged (MID), older 
(OLD) and mobility-limited 
older (LIM) participants. 
* = post greater than pre (all 
p < 0.05); † = LIM lower 
than MID (p < 0.001) and 
OLD (p = 0.032); ‡ = LIM 
lower than MID (p < 0.001). 
Values are (mean ± SD)
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(p < 0.05). After training, both mobility-limited 
older adults (7.9 ± 1.1 vs. 10.8 ± 1.3, p < 0.05) and 
older adults (11.4 ± 0.7 vs. 11.9 ± 0.3, p < 0.05) 
improved their score but not middle-aged participants 
(11.9 ± 0.1 vs. 11.9 ± 0.1, p > 0.05). No difference 
was observed between older and middle-aged adults 
at post-training (p > 0.05), but mobility-limited older 
adults remained different from both the other two 
groups (p < 0.05). It should be noted that seven out 

of the eight mobility-limited older participants would 
not have been classified as mobility-limited after the 
intervention, whereas the remaining participant had a 
borderline score (i.e., 9 points).

Chair stand  Prior to the intervention, middle-aged 
adults performed better at the 30STS test (Fig.  8A) 
than older adults (18.7 ± 3.4 vs. 14.8 ± 3.3 reps, 
p < 0.05) and mobility-limited older adults (11.3 ± 2.1 

Fig. 5   Knee extension (A–C) and Leg press (D–F) peak 
power responses to 12 weeks of high-velocity resistance train-
ing in middle-aged (A, D), older (B, E), and mobility-limited 
older (C, F) participants based on 1RM at the time of testing. 

* = greater than pre (p < 0.05); † = middle-aged adults greater 
than mobility-limited older adults (p < 0.05); ‡ = older adults 
greater than mobility-limited older adults (p < 0.05); § = mid-
dle-aged adults greater than older adults (p < 0.05)

Fig. 6   Knee extension (A–C) and Leg press (D–F) peak 
power responses to 12 weeks of high-velocity resistance train-
ing in middle-aged (A, D), older (B, E) and mobility-limited 
older (C, F) participants based on pre-intervention 1RM loads. 

* = greater than pre (p < 0.05); † = middle-aged adults greater 
than mobility-limited older adults (p < 0.05); ‡ = older adults 
greater than mobility-limited older adults (p < 0.05); § = mid-
dle-aged adults greater than older adults (p < 0.05)
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reps, p < 0.05), whilst older adults also had a bet-
ter performance than those participants with mobil-
ity-limitation (p < 0.05). All groups improved their 
30STS performance after training (p < 0.05), but 
the three groups still remained different from each 
other (middle-aged adults: 20.4 ± 3.5 reps, older 
adults: 15.8 ± 3.2 reps, mobility-limited older adults: 
13.4 ± 2.0 reps, all p < 0.05).

Stair climb  Similar to the 30STS test, middle-aged 
adults had a better performance at the stair climb test 
(Fig.  8B) compared to the older adults (4.13 ± 0.44 
vs. 4.58 ± 0.49 s, p < 0.05) and mobility-limited older 
adults (7.04 ± 1.65, p < 0.05). After training, a time 
point effect revealed that all three groups reduced the 
time necessary to perform the task (p < 0.05), which 
remained different from one another (middle-aged 
adults: 3.65 ± 0.5 s, older adults: 4.29 ± 0.58 s, mobil-
ity-limited older adults: 6.16 ± 1.62 reps, all p < 0.05).

Gait speed  Habitual gait speed (Fig.  8C) differed 
between all three groups both pre- (middle-aged: 

1.54 ± 0.16  m·s−1, older adults: 1.36 ± 0.16  m·s−1, 
mobility-limited older adults: 1.23 ± 0.14  m·s−1, 
p < 0.05) and post-training (middle-aged adults: 
1.52 ± 0.17  m·s−1, older adults: 1.42 ± 0.13  m·s−1, 
mobility-limited older adults: 1.26 ± 0.13  m·s−1, 
p < 0.05), but no training effect was observed 
(p > 0.05). Maximal gait speed (Fig.  8D), on the 
other hand, improved in all groups after the interven-
tion (middle-aged: 2.19 ± 0.37 vs. 2.26 ± 0.24  m·s−1, 
older adults: 1.97 ± 0.40 vs. 2.02 ± 0.36  m·s−1, 
mobility-limited older adults: 1.56 ± 0.21 vs. 
1.63 ± 0.16 m·s−1). In addition, both middle-aged and 
older adults were faster than the mobility-limited par-
ticipants (p < 0.05), which were not different from one 
another (p > 0.05).

Timed up‑and‑go  TUG performance (Fig. 8E) was 
also different between the groups both before (mid-
dle-aged: 5.4 ± 0.6 s, older adults: 6.4 ± 0.9 s, mobil-
ity-limited older adults: 8.9 ± 1.9  s, p < 0.05) and 
after the intervention (middle-aged adults: 4.9 ± 0.5 s, 
older adults: 6.3 ± 0.9 s, mobility-limited older adults: 

Fig. 7   Short physical performance battery (SPPB) response to 
12  weeks of high-velocity resistance training in middle-aged 
(MID), older (OLD) and mobility-limited older (LIM) partici-
pants. SPPB total score ranges from 0 to 12 points, with higher 

scores reflecting better function. * = post greater than pre for 
the OLD (p = 0.005) and LIM (p < 0.001) groups; † = LIM 
lower than MID (p < 0.001); ‡ = LIM lower OLD (p = 0.032); 
§ = OLD lower than MID (p < 0.001). Values are (mean ± SD)
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8.1 ± 1.5 s, p < 0.05). A time point effect revealed that 
all groups improved their performance in response to 
training (p < 0.05).

6‑min walk test  No training effect was observed 
for the 6-min walk test (p > 0.05) (Fig.  8F). Nev-
ertheless, the test was able to differentiate the 
groups both pre- (middle-aged: 646.5 ± 68.6  m, 
older adults: 553.0 ± 58.3  m, mobility-limited older 
adults: 441.2 ± 74.9  m, p < 0.05) and post-training 

(middle-aged adults: 652.8 ± 66.4  m·s−1, older 
adults: 559.2 ± 50.4 m, mobility-limited older adults: 
466.4 ± 86.9 m, p < 0.05).

Comparison with more functional, but untrained, 
individuals

Mobility‑limited older adults vs. older adults  As 
detailed in Supplementary Table 4, several outcomes 
that were found to be significantly different between 

Fig. 8   30 s sit-to-stand (A), stair climb (B), habitual (C), and 
maximal (D) gait speed, as well as timed up-and-go (E) and 
6-min walk (F) test responses to 12  weeks of high-velocity 
resistance training in middle-aged (MID), older (OLD), and 

mobility-limited older (LIM) participants. * = post greater 
than pre in all groups (p < 0.05); † = LIM worse than MID (all 
p < 0.05); ‡ = LIM worse OLD (all p < 0.05); § = OLD worse 
than MID (p < 0.001). Values are (mean ± SD)
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the groups prior to the intervention were no longer 
different when the post-training results of the mobil-
ity-limited participants were compared to older adults 
pre-training values. As an example, performance in 
both the SPPB (11.4 ± 0.7 vs. 7.9 ± 1.1, p < 0.001) 
and STS30 (14.8 ± 3.3 vs. 11.3 ± 2.1, p = 0.010) 
tests, although better in the older adults’ group pre-
training, were not different post-training neither in the 
SPPB (11.4 ± 0.7 vs. 10.8 ± 1.3, p = 0.111) nor STS30 
(14.8 ± 3.3 vs. 13.4 ± 2.0, p = 0.264) test. These 
results were also accompanied by a clear reduction in 
the between-group effect size for several of the neuro-
muscular and functional tests from large to moderate 
or even small.

Older adults vs. middle‑aged adults  When older 
adult’s post-training results were compared to those 
of the middle-aged group at pre-training the major-
ity of outcomes that were found to differ between 
the groups previous to the training program became 
non-significant (Supplementary Table  5). As an 
example, differences in both LP 1RM (189.1 ± 68.9 
vs. 145.0 ± 40.0, p = 0.026) and quadriceps EI 
(103.1 ± 7.9 vs. 109.4 ± 7.0, p = 0.016) were not 
observed at post-training neither for LP (189.1 ± 68.9 
vs. 179.2 ± 48.5, p = 0.623) or for quadriceps EI 
(103.1 ± 7.9 vs. 104.6 ± 7.0, p = 0.565). These results 
were also accompanied by a clear reduction in the 
between-group effect size for several of the neuro-
muscular and functional tests from large to moderate 
or moderate to small.

Discussion

The main finding of the present study was that the 
majority of outcomes investigated improved simi-
larly in the three groups investigated, including the 
functional measures in middle-aged adults. It is 
also noteworthy that, after just 12  weeks of HVRT, 
mobility-limited older adults remarkably improved 
their performance on the SPPB test, with most of 
them changing their functional classification after the 
intervention. These results highlight the potential of 
HVRT at improving neuromuscular and morphologi-
cal outcomes, as well as at impacting the functional 
capacity of these individuals.

Performance measures are predictive of inci-
dent disability [46, 47, 57], and those individuals 

classified as mobility-limited are at higher risk of 
developing it [3, 47]. Measures to prevent functional 
impairments, therefore, are necessary to avoid, or 
at least mitigate,  these risks. In the present study, 
a short HVRT intervention was shown to improve 
SPPB performance in mobility-limited older adults 
by almost three points on average. Considering that 
a one-point increase is typically considered as a 
clinically meaningful  difference [66], the observed 
effect (d = 2.55) is substantial. More importantly, 
at the end  of the training period just one individ-
ual was still classified as mobility-limited, whereas 
all the remaining participants surpassed the 9-points 
cut-off value (see Fig. 7).

Despite these improvements, however, the mobil-
ity-limited group still scored lower at the SPPB test 
when compared to the middle-aged and older adults, 
the latter which also improved its score after the 
intervention to the point that it was no longer dif-
ferent from the middle-aged group anymore. These 
results are in line with previous investigations that 
typically observed a more robust increase in individu-
als with mobility limitations [8–35%, e.g., 29, 31, 32, 
34] compared to healthy older individuals [3–7%, 25, 
67] and underscore that a more prolonged interven-
tion might be necessary to bring functional capacity/
mobility back to a level that is comparable/closer to 
that of middle-aged adults if this is indeed possible.

Improvements in SPPB were also accompanied 
by several positive adaptations in the other func-
tional tests performed. These results are encourag-
ing because these tests are typically related to distinct 
functional capacities, such as agility and dynamic 
balance (TUG) and lower body strength (30STS 
and SC) [66]. Although widely employed in healthy 
elderly individuals, the number of studies investigat-
ing HVRT functional adaptations beyond the SPPB 
battery in mobility-limited older adults is relatively 
scarce. Added to the differences in training proto-
cols such as intensity, volume, and exercises, a com-
parison between the previous studies that investigated 
these groups separately makes it difficult to draw a 
conclusion related to potential differences in adapta-
tions to individuals of different functional statuses. 
Here, we demonstrate that based on the same HVRT 
program, and contrary to what was expected, the 
three groups were able to comprehensively improve 
their functional capacity. The fact that no time point 
by group interaction was observed also suggests 
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that these improvements occurred at the same rate 
between the groups.

Moreover, except for maximal gait speed, all 
other functional outcomes were able to differenti-
ate between the groups, including middle-aged and 
older adults, suggesting that a reduction in functional 
capacity may already occur previous to older age, 
even in apparently healthy individuals. This notion 
is in line with several impairments already observed 
during the transition from middle to older age, such as 
reductions in muscle mass, strength, and power [13, 
14], which are commonly associated with functional 
capacity and found to be predictors of incident dis-
ability. On the bright side, however, our results dem-
onstrate that it is possible to build a stronger founda-
tion in the younger individuals so that they can better 
deal with age-related impairments at the same time 
that it is possible to mitigate and even revert already 
installed mobility-disability in at-risk populations.

These positive functional improvements were, as 
expected, accompanied by both neuromuscular and 
morphological adaptations. Recent evidence suggests 
a reduction of 3 to 6% per year in muscle power out-
put in healthy and mobility-limited older individuals 
[4, 6, 7]. Here, we showed that 12 weeks of HVRT 
resulted in ~ 31.6 and 30.5% increase in LP peak 
power output when assessed based on the post-train-
ing 1RM load, and ~ 37.9 and 43.2% when testing was 
repeated using the same loads as pre-training in the 
aforementioned groups. Thus, our results demonstrate 
that 3  months of HVRT were able to improve what 
would have been lost in 5 to 14  years due to aging 
and/or disuse. Cross-sectional and longitudinal data 
also indicate that power output is reduced as early as 
the fourth or fifth decade of life [e.g., 13, 69]. Mid-
dle-aged individuals in the present study increased 
LP peak power output by ~ 22.5 and 34.2% on aver-
age in the same conditions mentioned above for the 
other groups. Accordingly, in addition to mitigating 
the detrimental effects of aging, HVRT also seems to 
provide a robust physiological reserve to middle-aged 
adults, likely allowing these individuals to better cope 
with the events related to senescence later in life.

Interestingly, the abovementioned improvements 
were observed throughout the entire 1RM spectrum 
analyzed, that is from 30–90% 1RM, even though 
the training program involved only low to moderate 
loads. Previous data suggest that distinct functional 
tasks may be more related to the power output at 

different percentages of 1RM. As an example, gait 
speed appears to be more associated with power out-
put at lower loads, whereas chair rise performance 
was more associated with power at higher loads [40, 
70],  Considering that  power output is a key deter-
minant of functional capacity [3], the improvements 
in peak power throughout the whole 1RM spectrum 
analyzed may help explain the beneficial  effects 
observed in the different functional tasks applied. 
More importantly, these results  greatly exceed the 
estimated minimal clinically important improvement 
and substantial  improvement for LP power output in 
mobility-limited older adults, approximately 10% 
and  18%, respectively, at both 40% and 70% 1RM 
[71],which is in agreement with the meaningful func-
tional improvements observed.

A more detailed analysis indicates that, when KE 
and LP power tests were performed using post-inter-
vention 1RM loads, improvements in all loads inves-
tigated were mostly driven or related to changes in 
the force component (Supplementary Figs. 7 and 8). 
Although no improvements were noted in the veloc-
ity component, it is important to consider that in this 
condition the repetitions were performed using much 
higher loads. Thus, the fact that all three groups were 
able to maintain velocities similar to pre-intervention 
values should be seen as an important adaptation. 
When post-training power tests were carried out using 
loads relative to the pre-intervention 1RM test, on the 
other hand, marked improvements were observed in 
the velocity component and to a lower extent in force 
(Supplementary Figs.  9 and 10). Since during sev-
eral daily life activities such as walking, rising from 
a chair, or restoring balance, the external resistance 
imposed on the individual remains relatively con-
stant, this latter result has an important functional and 
practical significance [72].

Muscle power is typically found to be more asso-
ciated with functional capacity than muscle strength. 
Notwithstanding this, muscle strength is a well-
known independent predictor of mortality and dis-
ability and is especially important for weight-bearing 
activities. After the intervention, all training groups 
improved LP and KE 1RM. The capacity of middle-
aged and healthy older adults to respond to resistance 
training containing a power component has already 
been established for quite some time [73, 74]. How-
ever, in these classic studies, only a portion of the 
training volume was actually performed explosively 
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(~ 25%), whereas the rest was completed using work-
loads and movement velocities typically employed in 
traditional resistance training. Here, we demonstrate 
that even middle-aged individuals are able to improve 
considerably their maximal dynamic strength while 
using only low to moderate loads performed as fast 
as possible, at least in the short term. Substantial 
improvements were also found in the mobility-limited 
older group, in line with previous investigations [29, 
32, 35, 43, 75–77].  Of note, although mobility-lim-
ited older participants still had lower KE 1RM values 
compared to middle-aged adults after the  interven-
tion, the former was not found to be different from 
older adults post-training. This highlights the capac-
ity of HVRT to recover a healthier phenotype in these 
individuals.

Several age-related changes in the nervous system 
may compromise the ability of older individuals to 
fully drive the motor pool [36, 78]. Although some 
data suggest that peak sEMG amplitude is relatively 
well preserved during maximal isometric contrac-
tions [78], it has previously been demonstrated that 
neuromuscular activation is impaired in some older 
adults, especially those with limited mobility [79] and 
that this may contribute to age-related weakness. Our 
results partially agree with this notion by showing an 
impaired VL activation and MVIC force in mobility-
limited individuals compared to middle-aged adults. 
More importantly, we were able to show a training 
effect on both VL and RF sEMG amplitude for all 
the groups investigated, which were accompanied by 
improvements in MVIC for middle-aged and mobil-
ity-limited participants, but not the well-functioning 
older adults. Considering the significant improve-
ments observed on maximal dynamic strength and 
power output for all the three groups, testing specific-
ity may at least partially explain the lack of effect for 
the older adults [78, 79].

With respect to antagonist coactivation, BF sEMG 
was found to be lower in mobility-limited older 
adults than in the other two groups. At first, this 
result is counterintuitive, as it would be expected to 
be higher in the former. However, it should be noted 
that BF results were reported in absolute values, as 
we were unable to normalize the sEMG amplitude 
to that of a knee flexion maximal isometric contrac-
tion. Although the lack of normalization might hin-
der comparison between the groups, within-group 
comparison does not suggest a training effect on 

antagonist coactivation and, thus, training-related 
adaptations in muscle strength, power, and function 
were likely not related to changes in coactivation. 
This notion is in line with cross-sectional data indi-
cating that changes in coactivation were not respon-
sible for deficits in dynamic force production when 
comparing middle-aged and older adults with and 
without limitations [36].

Ultrasound-derived measures have been frequently 
used to investigate characteristics of skeletal muscle 
morphology [80]. In the present study, we showed 
an increase in quadriceps muscles thickness in the 
three groups investigated, suggesting that all groups 
were able to improve muscle size in response to the 
intervention. Percent changes and effect sizes, how-
ever, indicate that the hypertrophic ability of mobil-
ity-limited older adults’ muscle might be reduced in 
comparison to the other groups. Notwithstanding this, 
our results are in line with those of Radaelli et al. [28] 
and Nogueira et al. [81], who also showed an increase 
in quadriceps muscle thickness in response to 12 and 
10 weeks of HVRT in healthy older men and women. 
Muscle quality, on the other hand, only improved in 
middle-aged and older adults. This might be related 
to, or be suggestive of, an impaired intramuscular 
environment or remodeling capacity in mobility-
limited individuals. Higher echo intensity values 
are believed to be reflective of greater intramuscular 
adiposity and fibrous tissue content [82, 83], both of 
which may hinder muscle function and metabolism 
[80]. Another possibility is that periods longer than 
12 weeks of training may be necessary for improve-
ments to be evident in this population, which is sup-
ported by the small, but significant increases in mus-
cle quality noted in some of the individual muscles 
(Supplemental Fig. 3).

Remarkably, no difference in quadriceps muscle 
thickness was observed between older individuals 
with and without mobility limitations. Previous lon-
gitudinal data evidenced that only mobility-limited 
older adults, but not healthy older adults, showed 
reductions in muscle mass after a 3-year follow-
up period and, accordingly, muscle thickness was 
expected to be reduced in those with mobility limi-
tations [7]. Considering the large differences in func-
tional capacity and power observed previous to the 
intervention between the groups, our results seem to 
advocate the notion that altered neuromuscular func-
tion is the critical early determinant of muscle power 
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loss with aging, as suggested by Reid et  al. [7]. In 
addition, it has recently been shown that RF and VL 
cross-sectional area and echo intensity values were 
not predictive of fast gait speed in older individuals, 
which led the authors to suggest a potential dissocia-
tion between skeletal muscle morphology and gait 
speed [84]. The absence of an effect on quadriceps 
echo intensity, coupled with marked functional per-
formance improvements, is suggestive that improve-
ments in skeletal muscle morphology markers may 
not be a pre-requisite to improve functional capacity 
in the short term, at least in the mobility-limited older 
adults. Nevertheless, skeletal muscle has important 
endocrine, metabolic and signaling functions [e.g., 
85, 86], and the mechanisms behind the fact that 
mobility-limited older adults were able to improve 
muscle size, but not quality deserves further attention.

Our results are reinforced by the control period 
used, which confirms the overall stability of our 
measures independently of the training group inves-
tigated and demonstrates that our familiarization 
procedures were adequately employed prior to the 
intervention. More important, these results support 
the conclusion that improvements observed after the 
intervention period were indeed a direct result of the 
exercise regimen employed. In addition, the interven-
tion was effective with few adverse events directly 
related to training reported. Only three of the events 
definitely or possibly related to training were judged 
as moderate, whereas the remaining eight events were 
judged as mild. Furthermore, practically none of the 
events reported resulted in changes and/or absences 
to the training program (i.e., 950 of 952 administered 
sessions were completed). Considering that most 
HVRT investigations do not fully report on adverse 
events, our data can assist in understanding aspects 
related to the safety and implementation of HVRT 
interventions.

Limitations

Potential limitations should be considered when inter-
preting the results of the current investigation. First, 
caution is needed when extrapolating our results to 
severely limited individuals, as our sample included 
only individuals with mild to moderate limitations in 
mobility. The isometric testing condition might also 
have limited our capacity to observe potential training 

effects in both agonist and antagonist neuromuscular 
activation, as agonist activation amplitude deficits 
seem to be more evident at higher movement veloci-
ties [36]. In addition, sEMG amplitude data were not 
corrected to account for the influence of subcutaneous 
adipose tissue, even though no difference was previ-
ously found between original and corrected sEMG 
values when comparing middle-aged and older adults 
with and without mobility-limitation [36]. Another 
possible limitation is the order of the loads used dur-
ing the power tests, which was not randomized for 
logistic reasons. Although unlikely, performance on 
the final loads might have been influenced by the 
previous ones. Previous data also suggests that nutri-
tional status may influence muscle response to exer-
cise, and the presence of a dietary control may have 
provided a greater insight into the morphological 
results observed, especially in the mobility-limited 
participants [87]. Notwithstanding this, participants 
were appropriately instructed to maintain their eating 
habits throughout the duration of the study. Finally, 
although we were unable to reach the estimated sam-
ple size for the mobility-limited older adults’ group, 
the statistical model adopted (i.e., GEE) seemed 
capable of differentiating this group from the others 
(e.g., Fig. 8), while also highlighting the presence (or 
lack thereof) of training-related effects when it dif-
fered from the other groups (e.g., Fig.  3). We also 
provided a comprehensive report of both within- and 
between-group effect sizes (Suppl. Tables  2 and 3), 
which should allow readers to have a more informed 
understanding of our findings.

Conclusions

Overall, our results demonstrate that a HVRT inter-
vention can build a stronger foundation in middle-
aged individuals so that they can better deal with 
age-related impairments at the same time that it can 
mitigate already present physiological and func-
tional impairments in older adults with and without 
mobility-limitation.
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