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The present study determined the effects of muscular endurance strength training on

maximum strength and power, functional capacity, muscle activation and hypertrophy

in older men and women. Eighty-one men and women acted as an intervention group

while 22 acted as non-training controls (age range 64–75 y). Intervention training

included super-sets (i.e., paired exercises, immediately performing the second exercises

following completion of the first) with short rest intervals (30–60 s between sets) at an

intensity of 50–60% one-repetition maximum (1-RM) for 15–20 repetitions. Concentric

leg press actions measured maximum strength (1-RM) and concentric peak power.

Functional capacity was assessed by maximum speed walking tests (i.e., forward walk,

backward walk, timed-up-and-go, and stair climb tests). Quadriceps muscle activation

was assessed by surface electromyogram and twitch interpolation technique. Vastus

lateralis cross-sectional area was measured by panoramic ultrasound. Compared to

control, the intervention groups increased maximum strength (1-RM; men: 10 ± 7% vs.

2± 3%, women: 14± 9% vs. 1± 6% both P< 0.01) and vastus lateralis cross-sectional

area (men: 6 ± 7% vs. −3 ± 6%, women: 10 ± 10% vs. 0 ± 4% both P < 0.05). But

there were no between-group differences in peak power, muscle activation or functional

capacity (e.g., stair climb; men: −5 ± 7% vs. −4 ± 3%, women: −5 ± 6% vs. −2 ± 5%

both P > 0.05). While benefits occurred during muscular endurance strength training,

specific stimuli are probably needed to target all aspects of age-related health.

Keywords: aging, resistance, hypertrophy, intensity, walking, stair climb, timed-up-and-go, rest interval

INTRODUCTION

Combating the age-associated loss of strength, power and muscle mass through strength training is
of great importance to maintain functional capacity (Raj et al., 2010) and prevent certain diseases
(e.g., Srikanthan and Karlamangla, 2011). There is an abundance of literature supporting the use of
progressive high-load strength training to increase strength andmuscle mass (Fiatarone et al., 1990;
Häkkinen et al., 1998; Harridge et al., 1999; Walker et al., 2014). In addition to strength and muscle
mass, important aspects of function and health that may be compromised during aging, such as
power and rate of force development that are important factors in functional capacity (Bassey et al.,
1992; Steib et al., 2010), can be enhanced through strength training in older individuals (Henwood
and Taaffe, 2005; Lovell et al., 2010).
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There is emerging evidence that low-load strength training
may be similarly effective to high-load training in previously
untrained older adults for gains in strength and muscle mass
(Taaffe et al., 1996; Tanimoto and Ishii, 2006; Van Roie et al.,
2013), which is reflected by results of a recent meta-analysis
(Csapo and Alegre, 2016). Furthermore, results of another meta-
analysis suggest that improvements in systolic blood pressure
and other markers of metabolic syndrome were more likely to
be favorable when the training program included a higher total
number of repetitions and was of longer duration (>10 weeks)
(Strasser et al., 2010). These findings may indicate that a better
overall impact (i.e., broader range of adaptations) may occur
during strength training that is defined as muscular endurance
strength training; i.e., moderate-loads (40–60% of maximum),
∼10–15 repetitions per sets and is particularly characterized
by very short inter-set rest periods (∼30–60 s; Clayton et al.,
2015).

Certainly the prospect of combating several facets of impaired
age-related functional capacity and metabolic health within one
training regime is an attractive notion. Indeed, Campos et al.
(2002) demonstrated that a “high rep” group performing 20–
28 repetitions for two sets (1 min rest) improved maximum
strength, muscular endurance and aerobic capacity, giving a
broader range of improvements compared to the “low and
intermediate rep” groups who performed 3–5 repetitions for
four sets (3 min rest) and 9–11 repetitions for three sets (2 min
rest), respectively. However, Walker et al. (2015) demonstrated
that performing contractions in a controlled manner (i.e., 2 s
concentric and 2 s eccentric) during training did not lead to
improvements in leg press maximum concentric peak power
in older individuals. Given that lower-limb extension power is
an important determinant of functional capacity (Bassey et al.,
1992), it may be thatmoderate-loadmuscular endurance strength
training is not best suited to improve power and perhaps
functional capacity in turn.

To the authors’ knowledge no study has investigated the
effects of moderate-load muscular endurance strength training
on neuromuscular performance and functional capacity in
older individuals. Consequently, before any recommendations
regarding training program design can be provided effects on
the aforementioned performance and neuromuscular outcome
measures must be determined. Therefore, the aim of the
present study was to determine the effects of a 12-week
moderate-load muscular endurance strength training period
on maximum strength and power, muscle activation and
muscle mass and functional capacity in both older men and
women.

MATERIALS AND METHODS

Trial Design
This was a randomized, four-group parallel study. The study
was conducted according to the Declaration of Helsinki and was
approved by the ethical committee of the University of Jyväskylä,
Finland. Participants were measured before and after a 12-week
intervention or control period.

Participants
Participants were healthy 65–75-year-old men and women.
Exclusion criteria were; (1) regular aerobic exercise (>180 min
week), (2) any previous strength training experience, (3) Body
Mass Index>37, (4) serious cardiovascular disease or lower-limb
injuries/disease that may lead to complications during exercise
or affect the ability to perform testing and training, (5) use of
walking aids, (6) use of medication that affect neuromuscular or
endocrine systems, (7) previous testosterone-altering treatment,
and (8) smoking. Although classed as “healthy,” most participants
were taking some form of medication for various conditions,
in particular high blood pressure and/or high cholesterol in
several cases. Typical medications that were taken included;
blood pressure medication (experimental n = 28 and control
n = 7), cholesterol medication (experimental n = 15 and
control n = 4), blood glucose medication (experimental n = 6
and control n = 0), thyroid medication (experimental n = 11
and control n = 0) and beta-blockers (experimental n = and
control n= 2).

Participant Flow and Baseline Data
The recruitment process and exclusion of participants is shown
in Figure 1. Initially, advertisement letters were posted to 2,000
individuals in the Jyväskylä region whose contact details were
randomly selected by the Population Register Centre, Finland.
Potential participants registered to the study by completing an
online researcher-designed questionnaire (n = 454) containing
information regarding leisure-time physical activity levels
(min·week), general health/medical history and current
medications. After assessing the eligibility of the registered
individuals for lower-limb injuries and physical activity levels,
potential participants were invited to an information session
(n= 148). Each participant was carefully informed of the study
design and potential risks before the study, after which they
provided written consent (n = 116). Prior to measurements,
the participants were examined by a physician including a
resting electrocardiogram and were cleared to perform rigorous
exercise (n= 108).

As this arm of the study is part of a larger randomized
controlled trial (NCT02413112), with 3 intervention groups
performing different interventions after the completion of
this initial 12-week period, the sample size of the intervention
and control groups are not equivalent here. After testing,
data was checked and due to technical failure several
participants’ electromyography and voluntary activation
level data were excluded from the analysis (as noted in
Figure 1). Baseline characteristics of the participants in
each group are shown in Table 1, with the only differences
observed between men and women in height and body
mass.

Adverse Events
There were no adverse effects reported during the training and
testing processes; one control subject had a recurrence of a
previous illness during the study.
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FIGURE 1 | Flow chart of study enrolment, allocation and analysis. EMG, electromyography; VA, voluntary activation level.

TABLE 1 | Baseline characteristics and leisure-time physical activity of the subjects (mean ± SD).

Experimental groups Control groups

Men (n = 35) Women (n = 46) Men (n = 12) Women (n = 10)

Age (years) 69.8 ± 2.4 68.6 ± 2.0 69.9 ± 2.8 69.0 ± 2.7

Height (m) 1.76 ± 0.04 1.61 ± 0.05* 1.74 ± 0.04 1.59 ± 0.04*

Body mass (kg) 88.7 ± 13.4 72.7 ± 10.9* 81.3 ± 7.3 65.4 ± 8.1*

Body mass index (kg·m2) 28.8 ± 4.0 27.9 ± 4.0 26.8 ± 2.3 25.7 ± 2.7

Physical activity (min·week) 95 ± 63 105 ± 59 101 ± 56 115 ± 70

*Difference compared to men, P < 0.05.

Randomization
After baseline testing, the remaining participants (n = 106)
were allocated an identification number and a computer-
generated random number sequencer was used to allocate each
participant into one of four groups. Block randomization was
performed for the first 100 participants selected, ensuring that
each group contained 25 participants. Thereafter, the remaining
non-allocated 6 participants were randomly allocated to the
intervention groups. For the purposes of the present study, the
three intervention groups were combined since they all followed
the same initial intervention.

Familiarization Session
Approximately 7 days before testing the participants visited the
laboratory to become familiarized with all test protocols. Here,

all test devices were set according to individual participant’s
anthropometry and practice trials were performed. Electrode
locations for electromyography (EMG) recordings were marked
by indelible ink tattoo to allow accurate replacement during all
test sessions. Participants were required to perform these tests
with perfect technique by the cessation of the session, with 5–
10 warm-up contractions performed prior to maximal effort
trials. The participants were also allowed 2–3 practice trials of
each functional capacity test at the end of the session. The same
instructions and performance requirements were followed in the
familiarization session as the following performance tests.

Intervention
The intervention group performed muscular endurance strength
training twice-per-week for 12 weeks with at least 48 h between
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sessions and each session was supervised by experienced gym
instructors. All exercises were performed on commercially
available weight-stack strength equipment (Precor Vitality
SeriesTM, Precor Inc., UK). The 12-week program was divided
into a 4-week initiation phase and an 8-week super-set training
phase (Table 2). The primary goal of the initiation phase was to
teach the participants correct technique for all exercises and to
progressively increase the loads used so that a true 16-RM load
would be determined in week 4. The primary goal of the super-
set phase was to limit rest periods to challenge the anaerobic
and aerobic energy systems to maintain work output. Intensity
for all upper and lower-limb exercises was ∼50–60% 1-RM.
This type of training program is in-line with those classified as
muscular endurance strength training (Clayton et al., 2015), and
consists of lower load, higher number of repetitions per set and
reduced inter-set/exercise rest periods in comparison to typical
high-intensity strength training interventions in the literature.
All subjects were required to perform all repetitions using a
tempo of 2 s concentric and 2 s eccentric phase and the selected
load was aimed to induce volitional concentric failure in the final
repetition of the final set. Therefore, the precise load was adjusted
between-sets if the supervisor observed that it was too light or too
heavy to perform the exercise in such a way as to fulfill these aims.
All participants were required to complete at least 21 out of 24
training sessions prior to testing. Participants in the non-training
control group were instructed to maintain their normal physical
activity throughout the study period. All participants recorded
their daily leisure-time physical activity levels in diaries.

Primary Outcome Measures
Dynamic Leg Press Strength
Concentric bilateral leg press one-repetition maximum (1-RM)
and maximum concentric peak power was measured∼7 d before
and after the 12-week training period. Briefly, following warm-
up, single repetitions with increments of 5 kg were performed
until the participants could no longer fully extend their hips
and legs (full extension = 180◦). Each trial was separated by 1.5
min. Thereafter, half of the identified 1-RM load (50% 1-RM)
was removed and participants performed three leg press trials
separated by 1 min of rest. Here, the participants were instructed
to extend the hips and knees “as fast as possible” and peak power
was calculated over a period of 50 ms using customized scripts
and the following equation;

concentric peak power = (load× 9.81)× (displacement/time)

All data was relayed to a pc via an AD converter (Micro 1401,
Cambridge Electronic Design, UK) and recorded using Signal
4.04 software (Cambridge Electronic Design, UK). Data was
sampled at 2,000Hz and filtered by a 10-Hz low-pass filter
(fourth-order Butterworth) and the best trials were used in
further analyses.

Functional Capacity
Four maximal walking tests performed were included in the
assessment of functional capacity; (1) 7.5m forward walk, (2)
7.5m backward walk, (3) Timed Up-and-Go test (TUG), and

(4) loaded 10-stair climb test. Participants were instructed to
perform the tests “as fast as possible without compromising
safety.” Each test was recorded by photocells except TUG, which
used a contact mat positioned under the chair to determine rise
from and return to the chair. The best performance from two
acceptable trials was used in the analyses and the sum result from
both directions was used for TUG. The participants were not
allowed to use their arms to assist in the chair rise or return.
During the 10-stair climb test, the participants carried one bag
of 5 kg (women) or 10 kg (men) and were instructed to maintain
an extended elbow position and prevent arm-swinging during the
ascent.

Secondary Outcome Measures
Isometric knee Extension and Plantarflexion Strength
Unilateral isometric knee extension force of the right leg was
measured using a custom-built isometric force chair. Inelastic
straps were used to secure the participant with both hip and
knee angles of 110◦. Participants were instructed to kick “as fast
and as hard as possible” and maintain their maximum force
for ∼3 s. The force signal was sampled as described in the
leg press trials with the highest force used in further analysis.
Three trials were performed with a fourth trial performed if
improvements were more than 5%. Thereafter, two additional
maximum isometric knee extension trials were performed with
femoral nerve stimulation delivered during the force plateau and
2 s after contraction cessation (see section Voluntary Activation
Level). Maximum force was measured and then converted to
torque by taking into account the lever arm distance from the
knee joint-center to the ankle strap (KEMVC).

Bilateral isometric plantarflexion force was assessed in a seated
position by a custom-built plantarflexion device with knees flexed
to ∼90◦ using similar methods to Unhjem et al. (2015). The
balls of the feet were positioned on a shelf connected to the
strain gauge (90◦ ankle joint-angle) and the knees were held in-
place by a cushioned board. Participants performed 3–4 isometric
plantarflexion actions following the same instructions as for
the knee extension trials. Maximum force was measured and
then converted to torque by taking into account the lever arm
distance from the ankle joint-center to the shelf connected to
the strain gauge (PFMVC). Torque was also normalized to the
cross-sectional area of the measured muscles that influence these
actions (KEnorm and PFnorm).

Maximum Voluntary Muscle Activity
Bipolar Ag/AgCl electrodes (5mm diameter, 20mm inter-
electrode distance, common mode rejection ratio >100 dB,
input impedance >100 M�, baseline noise <1 µV rms) were
positioned following shaving and skin abrasion on the vastus
lateralis (VL) and medialis (VM) of the right leg according to
SENIAM guidelines. Raw EMG signals were sampled at 2,000Hz
and amplified at a gain of 500 (sampling bandwidth 10–500Hz).
Raw signals were sent from a hip-mounted pack to a receiving
box (Telemyo 2400R, Noraxon, Scottsdale, USA), then were
relayed to an AD converter (Micro1401, Cambridge Electronic
Design, UK) and recorded by Signal 4.04 software (Cambridge
Electronic Design, UK). Offline, EMG signals were band-pass
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TABLE 2 | Twelve-week experimental strength training protocol.

Weeks Session 1 Session 2

Exercise Set × reps Rest periods Exercise Set × reps Rest periods

1–4 Leg press 2 × 16–20 60 s between sets, 120–180 s

between exercises

Leg press 2 × 16–20 60 s between sets, 120–180 s

between exercises

Knee extension Knee extension

Knee flexion Knee flexion

Chest press Shoulder press

Lat pulldown Seated row

Tricep pushdown Bicep curl

Ab curl Seated calf-raise

Back extension Ab curl

Back extension

5–12 Leg press + chest press 3 × 14–16 0 s between super-sets, 30 s

between sets, 120–180 s

between exercises

Leg press + seated row 3 × 14–16 0 s between super-sets, 30 s

between sets, 120–240 s

between exercises

Knee extension + lat pulldown 3 × 14–16 Knee extension + shoulder

press

2 × 14–16

Knee flexion + tricep pushdown 2 × 14–16 Knee flexion + bicep curl 3 × 14–16

Ab curl + back extension 2 × 14–16 Seated calf-raise + shoulder

raise

2 × 14–16

Ab curl + back extension 2 × 14–16

Reps, repetitions; Lat, Latissimus dorsi; Ab, abdominal. Session 1 refers to the first session performed each week, while Session 2 refers to the following session of the same week.

These sessions were separated by at least 48 h rest.

filtered at 20–350Hz and root mean square was obtained from
approx. 65◦ to full leg extension (i.e., 180◦) during dynamic leg
press (1-RM and maximum power) actions. Values are taken
from the best trials in each performance measure.

Voluntary Activation Level
Rectangular pulses (400V) of 200 µs were delivered by a
constant current stimulator (Model DS7AH, Digitimer Ltd.,
UK) to the femoral nerve of the right leg through 5 cm2 self-
adhesive electrodes (Polar Trode, Niva Medical Ltd., Espoo,
Finland) placed in the femoral triangle either side of the nerve,
which was identified by palpating and identifying the femoral
artery. Current intensity was gradually increased until no further
increases were observed in peak-to-peak M-wave amplitude
of VL and VM. To ensure maximal activation, an additional
20% current was used during subsequent stimulations. Single
twitches were delivered in a resting condition to determine
peak-to-peak maximum M-wave amplitude and duration. Single
twitches were also delivered about the maximum torque during
isometric knee extension trials and 2 s after contraction cessation
to determine voluntary activation level according to Merton’s
(1954) interpolated twitch technique, as previously described
(Walker et al., 2014).

Muscle Cross-Sectional Area
Muscle cross-sectional area (CSA) measurements of the right leg
were taken 1–2 days prior to dynamic leg press performance
tests and 6–7 days after the final training session to account for
any exercise-induced swelling. CSA of the vastus lateralis, vastus
intermedius, gastrocnemiusmedialis and lateralis was assessed by

B-mode axial-plane ultrasound (model SSD-α10, Aloka Co Ltd.,
Tokyo, Japan) using a 10 MHz linear-array probe (60mm width)
coated with water-soluble transmission gel with the extended-
field-of-view mode (23Hz sampling frequency). Indelible ink
tattoos on the medial and lateral sides of the target muscles
ensures accurate replacement of scanning track. Oriented in the
axial-plane, the probe was moved manually with a slow and
continuous movement from medial to lateral along a marked
line on the skin. Great care was taken to diminish compression
of the muscle tissue. Images were obtained throughout the
movement. As the orientation of each image relative to adjacent
images is known, the software builds a composite image. Four
panoramic CSA images were taken at; (1) 50% femur length
from the lateral aspect of the distal diaphysis to the greater
trochanter and (2) 30% lower-limb length from the lateral
articular cleft between the femur and tibia condyle to the lateral
malleolus following methods used by Walker et al. (2016) for
the quadriceps and Rosenberg et al. (2014) for the gastrocnemii.
Upon visual inspection of the composite images three were
selected to undergo further analysis. CSA was determined by
manually tracing along the border of each muscle using Image-
J software (version 1.37, National Institute of Health, USA). The
mean of the two closest values for each muscle were taken as the
CSA result.

Total Body Composition
Participants fasted overnight for 12 h and were instructed to
drink 0.5 l of water 1 h beforemeasurements. After determination
of height by a fixed wall-mounted scale, participants underwent
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full body scanning by dual-energy X-ray absorptiometry (DXA)
in minimal clothing (LUNAR Prodigy Advance with encore
software version 9.3, GE medical systems, USA). The legs were
separated by a polystyrene block and secured by inelastic straps
about the ankles. Total body fat mass and fat-free mass, as well as
fat-freemass of the legs was determined using software-generated
analysis.

Sample Size
The sample size was estimated from the reported effect sizes in
Liu and Latham’s (2009) meta-analysis for maximum strength
and functional capacity. To ensure an 80% probability that
a treatment difference could be detected for a 5% level of
significance, a sample size of 18 and 22 in each group was
necessary to detect changes in strength and functional capacity,
respectively.

Statistical Methods
All data are presented as means and standard deviations (±SD).
All statistical methods were performed using IBM SPSS statistics
24 software. The Kolmogorov-Smirnov test was used to test
normality and Levene’s test was used to analyze homogeneity
of variance. One-way analysis of variance with Bonferroni
post-hoc tests was used to assess differences between the sex
groups at baseline. Thereafter, statistical analyses were performed
separately for men and women. All outcome measures were
assessed using analysis of covariance (ANCOVA; 2 time × 2
group) with baseline values and the change in leisure-time
physical activity used as covariates and Bonferroni post-hoc tests.
Between-group ANCOVA-derived (adjusted) mean differences,
p-values and 95% confidence intervals (CI) are reported. Also, to
determine whether within-group changes were significant, paired
t-tests were used on absolute values with delta% values reported.
Effect sizes (Hedges’ g) were calculated for the unadjusted
mean differences between the intervention and control groups,
where small (<0.3), medium (0.3–0.8), and large (>0.8) effect
sizes were identified. Statistical significance was accepted when
P < 0.05.

Performance for the whole group (i.e., intervention and
control) during the familiarization session was; 1-RM: ∼97%,
peak power: ∼100%, KEMVC ∼99%, PFMVC ∼107% of the
baseline values. Reliability for the performancemeasures between
the familiarization session and baseline measures were; 1-RM
0.97 and 5.5%, peak power 0.94 and 11.2%, KEMVC 0.89 and 9.6%,
PFMVC 0.87 and 9.7%, forward walk 0.82 and 6.3%, backward
walk 0.81 and 8.3%, TUG 0.89 and 3.2%, 10-stair climb 0.96
and 3.2%, and CSA 0.94 and 4.2% for Intra-class correlation
coefficient (r) and coefficient of variation (%), respectively.

RESULTS

Intervention Adherence
Adherence to the intervention was 97 ± 4%; with nine subjects
completing 21 of the allocated training sessions, ten subjects
completing 22, twenty-one subjects completing 23 and forty-one
subjects completing all 24 sessions.

Strength and Muscle Activity
Inmen (Table 3), a significantmain effect for group was observed
for leg press 1-RM (F = 11.4, P = 0.002, 95% CI = 1.9–7.5)
with training-induced improvements of 10 ± 7% (P < 0.001). A
significant main effect for group was also observed in maximum
isometric knee extension torque (F = 4.7, P = 0.036, 95%
CI = 0.5–15.0) with improvements of 7 ± 9% (P < 0.001).
In women (Table 4), a significant main effect for group was
observed for leg press 1-RM (F = 9.0, P = 0.004, 95% CI = 1.7–
8.7) with significant training-induced improvements of 14 ± 9%
(P < 0.001).

The effect sizes for the mean difference between groups
in 1-RM showed large effects favoring intervention in both
sexes and a medium effect favoring intervention in KEMVC in
men (Figure 2). No significant main effects were observed in
isometric plantarflexion torque (absolute or normalized to CSA)
or in maximum concentric peak power with 50% 1-RM in
men or women (Tables 3, 4). Also, no significant main effects
were observed for any surface EMG measurement, voluntary
activation level or M-wave duration of the quadriceps in either
men or women (Tables 3, 4).

Functional Capacity
As all groups improved functional capacity performance in all
tests similarly, no significant main effects were observed in either
men or women (Tables 3, 4).

Body Composition and Muscle Mass
In men (Table 3), a significant main effect for group was
observed for leg fat-free mass (F = 4.4, P = 0.042, 95% CI
= 0.02–0.7) with training-induced improvements of 2 ± 5%
(P = 0.017). A significant main effect for group was also
observed in vastus lateralis CSA (F = 7.6, P = 0.009, 95%
CI = 0.2–1.1) with improvements of 6 ± 7% (P < 0.001).
In women (Table 4), a significant main effect for group was
observed for vastus lateralis CSA (F = 5.6, P = 0.022, 95%
CI = 0.1–1.2) with training-induced improvements of 10 ±

10% (P < 0.001). A significant main effect for group was
also observed for vastus intermedius CSA (F = 5.1, P =

0.029, 95% CI = 0.1–1.4) with improvements of 3 ± 8%
(P = 0.040).

The effect sizes for the mean difference between groups in
vastus lateralis CSA showed large effects favoring intervention in
both sexes andmedium and small effects favoring intervention in
leg fat-free mass and vastus intermedius CSA inmen and women,
respectively (Figure 2). There were no significant main effects for
total fat-free mass, total fat mass or gastrocnemius medialis and
lateralis CSA in men or women (Tables 3, 4).

Leisure-Time Physical Activity
In women, leisure-time physical activity increased more in
the control group compared to the intervention group (mean
difference 84.7 min week, P = 0.005, 95% CI = 27–141,
Table 4). There difference in the change in leisure-time physical
activity in the men did not reach the level of statistical
significance.
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TABLE 3 | Outcome measures before and after the study and between-group comparisons in the men (mean ± SD).

Before After 1 ANCOVA

Exp. Con. Exp. Con. Exp. Con. Adj. mean

diff.

P-value 95% CI

STRENGTH

Leg press 1-RM (kg) 141 ± 27 139 ± 17 153 ± 24 143 ± 16 12 ± 8 3 ± 4 4.72 0.002 1.89 to 7.54

Leg press peak power (W) 1,633 ± 373 1,612 ± 310 1,621 ± 336 1,719 ± 252 −12 ± 270 107 ± 180 −36.4 0.418 −126 to 53

KEMVC (Nm) 198 ± 32 192 ± 37 212 ± 31 193 ± 40 14 ± 18 1.7 ± 13 7.77 0.036 0.5 to 15.0

KEnorm (Nm·cm2 ) 5.69 ± 1.25 5.58 ± 1.24 5.85 ± 1.24 5.81 ± 1.38 0.2 ± 0.8 0.2 ± 0.3 −0.18 0.901 −0.31 to 0.27

PFMVC (Nm) 378 ± 66 343 ± 85 393 ± 83 375 ± 77 15 ± 39 32 ± 44 −5.1 0.528 −21.3 to 11.1

PFnorm (Nm·cm2) 20.7 ± 3.1 20.1 ± 5.8 21.1 ± 3.9 21.6 ± 5.0 0.5 ± 2.4 1.5 ± 2.8 −0.61 0.219 −1.6 to 1.6

MUSCLE ACTIVITY

1-RM VL (µV) 196 ± 84 181 ± 60 240 ± 96 202 ± 58 44 ± 44 21 ± 32 3.17 0.708 −13.9 to 20.3

1-RM VM (µV) 198 ± 76 233 ± 81 244 ± 110 246 ± 81 47 ± 57 12 ± 56 0.56 0.957 −20.7 to 20.6

Power VL (µV) 213 ± 106 193 ± 79 245 ± 110 207 ± 71 33 ± 51 14 ± 62 11.20 0.316 −11.2 to 33.6

Power VM (µV) 189 ± 72 236 ± 84 232 ± 109 269 ± 124 42 ± 74 33 ± 78 4.72 0.769 −27.6 to 37.1

Voluntary activation (%) 93.3 ± 3.7 95.2 ± 3.0 93.5 ± 3.6 95.9 ± 2.6 0.4 ± 3.2 0.8 ± 2.4 −1.17 0.152 −2.81 to 0.47

M-wave duration (ms) 9.9 ± 2.9 11.4 ± 2.1 9.9 ± 2.9 11.0 ± 2.1 −0.03 ± 2.6 −0.47 ± 0.9 0.37 0.519 −0.78 to 1.52

BODY COMPOSITION

Total FFM (kg) 62.0 ± 7.1 60.0 ± 3.4 62.8 ± 6.8 60.3 ± 3.7 0.8 ± 1.5 0.2 ± 0.7 0.33 0.240 −0.3 to 0.9

Leg FFM (kg) 19.4 ± 2.3 19.3 ± 0.9 19.8 ± 2.3 19.2 ± 1.6 0.4 ± 0.9 -0.1 ± 1.0 0.38 0.042 0.02 to 0.7

Fat mass (kg) 26.2 ± 8.2 21.7 ± 5.7 25.4 ± 8.1 21.9 ± 5.6 −0.9 ± 1.6 0.2 ± 1.6 −0.10 0.765 −0.8 to 0.6

VL CSA (cm2) 16.7 ± 2.6 14.7 ± 1.8 17.7 ± 3.1 14.3 ± 2.0 0.9 ± 1.2 -0.5 ± 0.9 0.64 0.009 0.17 to 1.1

VI CSA (cm2) 19.7 ± 5.2 19.2 ± 3.0 20.3 ± 5.0 18.6 ± 2.5 0.6 ± 2.7 −0.6 ± 1.2 0.76 0.118 −0.2 to 1.72

GM CSA (cm2) 12.5 ± 2.6 11.9 ± 2.5 12.7 ± 3.0 11.8 ± 2.8 0.2 ± 0.9 −0.1 ± 0.8 0.18 0.293 −0.16 to 0.52

GL CSA (cm2) 6.4 ± 1.7 5.6 ± 1.8 6.4 ± 1.6 5.8 ± 1.8 0.09 ± 1.1 0.2 ± 0.4 0.11 0.560 −0.27 to 0.49

FUNCTIONAL CAPACITY

Forward walk (s) 2.72 ± 0.41 2.55 ± 0.42 2.57 ± 0.35 2.43 ± 0.25 −0.15 ± 0.23 −0.17 ± 0.24 0.03 0.495 −0.06 to 0.12

Backward walk (s) 3.52 ± 0.72 3.24 ± 0.52 3.21 ± 0.49 3.06 ± 0.31 −0.31 ± 0.40 −0.22 ± 0.31 0.04 0.583 −0.12 to 0.21

Timed-up-and-go (s) 8.68 ± 1.04 8.36 ± 0.84 8.14 ± 0.83 8.05 ± 0.67 −0.54 ± 0.47 −0.47 ± 0.37 −0.03 0.696 −0.19 to 0.13

Stair climb (s) 3.08 ± 0.37 3.00 ± 0.40 2.91 ± 0.29 2.93 ± 0.36 −0.17 ± 0.22 −0.11 ± 0.11 0.00 0.996 −0.08 to 0.08

Leisure-time PA (min·week) 95 ± 63 101 ± 56 153 ± 132 138 ± 96 58 ± 121 44 ± 88 17.3 0.655 −60.4 to 94.9

The bolding depicts statistical significance (P < 0.05).

DISCUSSION

The present study demonstrated that training with moderate-
loads and short inter-set rest intervals, aimed to improve
muscular endurance, was capable of increasing maximum
strength and muscle mass of the knee extensors in previously
untrained older men and women. Nevertheless, this type of
strength training did not enhance maximum concentric peak
power, functional capacity or muscle activation, as measured by
surface EMG and the twitch interpolation technique compared to
the control group.

Lower-limb maximum strength and muscle mass levels are

important to maintain during aging (Raj et al., 2010; Srikanthan
and Karlamangla, 2011), andmuscle mass is generally accepted to

be the greatest predictor of maximum strength (Maughan et al.,
1983). It is difficult to compare improvements between studies

that utilize different strength tests and training methodologies

along with participants that have different ages and physical
activity and health backgrounds. Nevertheless, the moderate-
load muscular endurance strength training program used in

the present study induced statistically significant increases of
∼10 and ∼14% in 1-RM in men and women, respectively
and also ∼7% in KEMVC in men. A meta-analysis (Steib
et al., 2010) showed that training with heavier loads (>75% 1-
RM) elicited greater gains in strength than moderate (55–75%
1-RM) or low (<55% 1-RM) loads. Despite this, other muscular
endurance/circuit training interventions have demonstrated
improvements of∼22–45% inmaximum strength over a 12-week
period (Kalapotharakos et al., 2005; Gine-Garriga et al., 2010;
Romero-Arenas et al., 2013), which are of a similar magnitude
to high-load strength training interventions (12–134%) over 10–
12 weeks of training (Häkkinen et al., 1998; Harridge et al.,
1999; Walker et al., 2014). An interesting finding was observed
by Van Roie et al. (2013), when comparing two different low-
load protocols to a high-load protocol. The addition of a higher
intensity for the last portion of repetitions led to similar gains in
1-RM as the high-load, low-repetition protocol. One important
factor that might separate the present study’s findings from
those of Van Roie et al. (2013) is the level of neuromuscular
fatigue induced by the loading, which is known to influence
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TABLE 4 | Outcome measures before and after the study and between-group comparisons in the women (mean ± SD).

Before After 1 ANCOVA

Exp. Con. Exp. Con. Exp. Con. Adj. mean

diff.

P-value 95% CI

STRENGTH

Leg press 1-RM (kg) 88 ± 19 95 ± 20 99 ± 19 96 ± 20 12 ± 8 1 ± 6 5.21 0.004 1.72 to 8.7

Leg press peak power (W) 769 ± 221 862 ± 226 893 ± 227 834 ± 219 123 ± 179 −28 ± 90 49.7 0.237 −34 to 133

KEMVC (Nm) 120 ± 27 127 ± 29 130 ± 29 130 ± 33 11 ± 14 3 ± 16 0.9 0.795 −5.9 to 7.8

KEnorm (Nm·cm2 ) 4.7 ± 1.4 4.7 ± 0.9 4.9 ± 1.5 4.9 ± 1.2 0.2 ± 0.9 0.2 ± 0.9 −0.1 0.671 −0.6 to 0.4

PFMVC (Nm) 251 ± 49 256 ± 50 263 ± 52 255 ± 51 12 ± 36 −2 ± 26 2.5 0.777 −15.2 to 20.2

PFnorm (Nm·cm2) 18.0 ± 4.6 17.8 ± 3.1 18.5 ± 4.7 18.3 ± 3.5 0.4 ± 2.4 0.6 ± 2.0 −0.23 0.755 −1.7 to 1.3

MUSCLE ACTIVITY

1-RM VL (µV) 73 ± 41 81 ± 31 85 ± 41 86 ± 25 11 ± 23 6 ± 16 0.02 0.997 −11.2 to 11.2

1-RM VM (µV) 81 ± 50 102 ± 45 96 ± 48 116 ± 30 14 ± 27 14 ± 37 0.06 0.993 −13.6 to 13.7

Power VL (µV) 73 ± 39 79 ± 26 84 ± 39 92 ± 32 11 ± 23 12 ± 17 2.81 0.622 −8.6 to 14.3

Power VM (µV) 85 ± 50 95 ± 42 97 ± 50 115 ± 40 12 ± 39 20 ± 36 −7.91 0.391 −26.3 to 10.5

Voluntary activation (%) 93.3 ± 4.5 95.2 ± 3.0 92.2 ± 5.2 96.0 ± 2.6 −1.1 ± 3.3 0.8 ± 2.4 −0.67 0.550 −2.9 to 1.6

M-wave duration (ms) 11.1 ± 2.5 11.4 ± 3.7 11.0 ± 2.4 10.7 ± 2.6 −0.1 ± 2.5 −0.5 ± 0.9 −0.303 0.641 −1.6 to 1.01

BODY COMPOSITION

Total FFM (kg) 42.3 ± 4.3 40.7 ± 3.7 42.7 ± 4.0 40.7 ± 4.0 0.4 ± 0.8 −2.4 ± 0.7 0.21 0.313 −0.2 to 0.61

Leg FFM (kg) 13.3 ± 1.6 12.9 ± 1.5 13.6 ± 1.6 13.0 ± 1.6 0.3 ± 0.5 0.09 ± 0.4 0.15 0.285 −0.13 to 0.42

Fat mass (kg) 29.2 ± 7.7 24.2 ± 6.4 28.6 ± 7.8 24.0 ± 6.1 −0.6 ± 1.2 −0.2 ± 1.0 −0.04 0.896 −0.66 to 0.58

VL CSA (cm2) 12.8 ± 2.5 12.6 ± 2.0 13.9 ± 2.7 12.6 ± 2.1 1.2 ± 1.2 −0.02 ± 0.5 0.66 0.022 0.1 to 1.2

VI CSA (cm2) 15.1 ± 2.7 15.1 ± 3.3 15.4 ± 2.9 14.2 ± 2.6 −0.1 ± 3.4 −1.0 ± 1.3 0.73 0.029 0.08 to 1.4

GM CSA (cm2) 9.8 ± 2.1 9.8 ± 1.6 10.0 ± 2.1 9.7 ± 1.5 0.2 ± 0.8 −0.1 ± 0.5 0.12 0.560 −0.28 to 0.52

GL CSA (cm2) 4.8 ± 1.5 4.7 ± 1.1 4.8 ± 1.4 4.5 ± 0.9 0.01 ± 0.5 −0.2 ± 0.6 0.12 0.340 −0.13 to 0.37

FUNCTIONAL CAPACITY

Forward walk (s) 3.22 ± 0.49 2.95 ± 0.32 3.08 ± 0.42 2.95 ± 0.4 −0.14 ± 0.24 0.01 ± 0.24 0.02 0.735 −0.09 to 0.13

Backward walk (s) 4.93 ± 1.45 4.13 ± 0.9 4.22 ± 1.14 3.86 ± 0.79 −0.71 ± 0.65 −0.27 ± 0.64 0.02 0.885 −0.23 to 0.27

Timed-up-and-go (s) 9.88 ± 1.56 8.94 ± 0.65 9.20 ± 1.26 8.72 ± 0.85 −0.68 ± 0.69 −0.21 ± 0.37 −0.002 0.986 −0.29 to 0.28

Stair climb (s) 3.67 ± 0.86 3.19 ± 0.49 3.45 ± 0.73 3.14 ± 0.51 −0.22 ± 0.24 −0.05 ± 0.16 0.001 0.996 −0.09 to 0.09

Leisure-time PA (min·week) 105 ± 59 115 ± 70 121 ± 88 263 ± 67 14 ± 91 123 ± 109 −84.7 0.005 −141 to −27

The bolding depicts statistical significance (P < 0.05).

gains in strength and muscle mass. Lighter loads require a much
greater number of repetitions to induce volitional failure, and
studies showing similar improvements between high- and low-
loads are those with a much greater number of repetitions per
set and performed with an unequal amount of total work (e.g.,
findings of Campos et al., 2002 vs. Mitchell et al., 2012). The
present study utilized short inter-set rest intervals rather than
a very high number of repetitions per set to progress the level
of neuromuscular fatigue taking the participants closer, but not
exactly, to volitional failure. Therefore, there was perhaps a
lower stimulus for increased strength andmuscle mass compared
to studies inducing a greater level of neuromuscular fatigue.
Ultimately, the results of the present study appear to be at
the lower end of the range of improvements in maximum
strength.

Regarding muscle hypertrophy, both men and women of the
intervention groups in the present study significantly increased
their VL CSA by ∼6 and ∼10%, respectively. Furthermore, leg
fat-free mass (∼2%) and VI CSA (∼3%) significantly increased
in men and women, respectively. The VL result is once again

a lower magnitude of adaptation than we previously reported
(∼12–17%, Walker et al., 2014) over 10 weeks of high-load
strength training assessed using the same ultrasound methods
in older men. It appears that high-loads may be more effective
for muscle hypertrophy in previously untrained older individuals
(Kalapotharakos et al., 2004; Csapo and Alegre, 2016), however,
the CSA gains of the present study are within the range of gains
observed from high and moderate-load interventions of previous
studies (∼10%, Harridge et al., 1999;∼9%, Häkkinen et al., 1998;
∼7%, Kalapotharakos et al., 2004). Consequently, statistically
significant increases in maximum strength and muscle mass
occur during moderate-load muscular endurance strength
training in previously untrained older individuals despite being
of a slightly lower magnitude compared to high-load strength
training. These are positive results of the present study and show
that resistance training primarily targeting muscular endurance
(along with associated health benefits) can also elicit robust
increases in strength and muscle mass, which are the primary
advantages of performing strength training over other exercise
modes.
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FIGURE 2 | Hedges’ g effect size (95% confidence intervals) for the unadjusted mean differences between intervention (men and women) and control groups.

KEMVC, maximum isometric knee extension torque; PFMVC, maximum isometric plantarflexion torque; LFFM, leg fat-free mass; VLCSA, vastus lateralis

cross-sectional area; VICSA, vastus intermedius cross-sectional area; TUG, Timed-Up-and-Go test.

Conversely, maximum concentric peak power of the lower
limbs assessed by performance with 50% 1-RM load did not
demonstrate significant improvements in the present study
in either men or women. This finding is in-line with the
hypothesis that performing slow, controlled movements during
training does not lead to gains in power (Walker et al., 2015).
Furthermore, Steib et al. (2010) showed that power training is
more effective to improve peak power than controlled velocity
strength training, although it should be noted that this result
was based on only a few studies. Although the present study
found no significant group-level differences in peak power, our
muscular endurance training program may have been effective
in improving peak power in some individuals. There was a
significant negative correlation between baseline peak power
and its change during the intervention (r = −0.46, P < 0.001,
n = 103). As the older women were weaker than the men
at baseline (potentially due to less exposure of strengthening
activities in daily living), this may help to explain the favorable

effect of intervention observed from Hedge’s g analyses (P <

0.05, Figure 2). These observations raise the possibility that the
study may have been underpowered to determine statistically
significant between-group differences for this variable (sample
size was based on maximum strength and functional capacity
estimates) and power development could be a focus of future
studies. Nevertheless, since there were no statistically significant
differences from control and that power (improvement) is an
important determinant of functional capacity (Bassey et al., 1992;
Steib et al., 2010), the lack of change in peak power may have
influenced our findings regarding functional capacity.

A large number of strength training intervention studies
have shown parallel improvements in maximum strength and
functional capacity (Schwartz and Evans, 1995; Kalapotharakos
et al., 2005; Holviala et al., 2006; Gine-Garriga et al., 2010; Coetsee
and Terblanche, 2015; Sundstrup et al., 2016). However, the
present study’s intervention did not induce a different response
compared to control in the four maximum walking speed tests
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included. It is possible that the performance at baseline in
the present study was not a true maximum and that further
familiarization sessions may have been needed (Amarante do
Nascimento et al., 2013) to extinguish improvements due to
learning and confidence. Indeed, Holviala et al. (2006) showed
that improvements from a control period of 2 weeks prior to
intervention were ∼8 and ∼5% for maximum 10m walking
speed and 10-stair climb tests, respectively. The magnitude of
improvement in the intervention groups in the present study
(range: −3.8 to −13.2%) were similar compared to results of
some previous studies (range −1 to −7%: Holviala et al., 2006;
Coetsee and Terblanche, 2015) but lower than others (range−13
to −32%: Kalapotharakos et al., 2005; Gine-Garriga et al., 2010;
Sundstrup et al., 2016). Further potential differences between
studies that may also partly explain the results could be the
age/activity level of the participants, type and duration/number
of sessions of strength training, as well as statistical tests used.
Another factor that should be considered is the measurement
variance and statistical power to detect differences. In the
present study, sample size estimates determined that group size
should be 22 for an 80% probability level. When separating
men and women into different groups, the present study
therefore possibly lacked the required number of subjects in
the control groups (12 men and 10 women) to detect possible
differences.

The present study observed no significant changes in either
surface EMG amplitude during leg press 1-RM and maximum
concentric power actions or in voluntary activation level assessed
by the twitch interpolation technique during isometric knee
extension trials. While these methods have been questioned
regarding their validity (surface EMG amplitude: Farina et al.,
2014) and sensitivity (twitch interpolation technique: Herbert
and Gandevia, 1999) to determine adaptation in muscle
activation, it is notable that no changes were observed in
the present study. Previous studies have observed evidence of
increased maximum muscle activation in the knee extensors of
older individuals following strength training (Häkkinen et al.,
1998; Knight and Kamen, 2001; Walker et al., 2014; Unhjem
et al., 2015). However, to the authors’ knowledge no other study
has investigated the effect of moderate-load muscular endurance
strength training on measures of muscle activation. As there
were also no changes in M-wave duration, this may indicate
that there were no alterations in fiber type composition or
propagation of the action potential, which would be considered as
muscular adaptation but adaptations within themuscle have been
suggested to influence surface EMG amplitude (Arabadziev et al.,
2014). Since it is generally accepted that adaptations within the
neural system do occur upon the initiation of strength training

(Moritani and deVries, 1979), it may be that alterations in muscle
activation were specific to the trained action and not necessarily
during maximum force or velocity actions. Therefore, further
studies are needed in order to fully understand the effects of
moderate-load muscular endurance strength training on muscle
activation in older adults.

In conclusion, the present study demonstrated that a
prolonged period of moderate-loadmuscular endurance strength
training increases maximum strength and muscle mass of the
knee extensors in both older men and women. However, this
type of strength training was not sufficient to elicit improvements
in maximum concentric peak power or muscle activation, as
measured by the twitch interpolation technique and surface
electromyography or reduce fat mass. Also, this type of strength
training did not improve functional capacity as measured by
several maximum speed walking tests. Therefore, the present
study’s muscular endurance strength training intervention did
not improve several aspects of age-related health simultaneously.
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