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Introduction

During the ageing process, muscle mass, muscle force and power production decline progres-
sively [1-3]. This decline is more pronounced in power and rapid force production than in
maximal force or muscle mass [3, 4]. In addition, the ability to generate a high amount of
power enables individuals to perform better on everyday activities, such as rising from a chair
and climbing stairs [5]. In reactive motor tasks, such as balance recovery following sudden per-
turbations, muscle force needs to be generated in short time frames [6]. Consequently, reduced
lower-limb power and slowing of force production have been proposed as important predic-
tors of age-related deterioration in functional performance and should be targeted in exercise
programs for older adults.

Resistance exercise has been widely recognized as an effective strategy to improve muscle
mass, muscle strength and functional performance in older adults. The majority of interven-
tions prescribed slow-speed resistance exercise with 1-4 sets of about 8-15 repetitions at mod-
erate to high loads for at least 2x/week, in line with previous international recommendations
[7]. Although the benefits are well documented, limited improvements in power and rate of
force production have been reported when exercises are typically performed at slow and con-
trolled speeds [8]. As mentioned above and supported by recent insights and exercise guide-
lines, there are important arguments to justify the inclusion of explosive type of resistance
exercise in older adults [9, 10]. Machine-based resistance exercise performed with an explosive
concentric phase followed by a controlled, slower eccentric phase is feasible, even in institu-
tionalized elderly [11]. This type of explosive resistance exercise has shown greater effects on
functional performance than traditional slow-speed resistance exercise [12, 13].

However, human locomotion rarely involves pure concentric movements, but consists of
rapidly coupled eccentric-concentric multi-joint muscle actions, known as stretch-shortening
cycle (SSC) activities. Fast eccentric-concentric transition in a SSC movement facilitates subse-
quent power generation through storage and reutilization of elastic energy [14]. Therefore,
multi-joint SSC movements represent a mechanism behind optimal power production. This is
an important argument for the use of plyometric training, which specifically targets multi-
joint SSC, in older adults, especially considering that the utilization of elastic energy becomes
gradually impaired due to neural and structural changes in aged muscles [15, 16].

Plyometric training elicits numerous positive changes in neural and musculoskeletal sys-
tems, muscle function and performance of healthy individuals (for a review, see [17]). How-
ever, this training modality has primarily been used in athletes and/or young adults, while
limited research exists on plyometric training for older adults [18]. In addition, knowledge on
the potential adverse events of such high-impact training is lacking, as papers often fail to com-
ment on feasibility and injuries [19].

Therefore, we designed a 12-week multi-joint plyometric exercise program (PLYO) for
older men. This program was age-adapted to maximize feasibility by slowly progressing from
slow speed exercises over submaximal to maximal jumps, using only low-intensity drills,
allowing using wall bars for support and introducing short breaks between every jump. Its
effects on muscle strength, muscle power, jump performance and functional capacity were
compared to a traditional resistance training program (RT) and a walking program (WALK).
The walking group was considered a control group, as the exercise was not likely to improve
muscle strength or power, but did consist of low-load eccentric-concentric lower-limb move-
ments that might already affect functional performance. As a secondary outcome, the feasibil-
ity of the plyometric exercise program was investigated. We hypothesized that PLYO would
improve more on muscle power, jump performance and functional performance than RT and
WALK and that the program would be feasible in healthy community-dwelling older men.
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Methods
Trial design

This randomized trial was designed as a parallel-group study, with three different exercise
interventions. The intervention duration was 12 weeks. Outcome measurements were
obtained at baseline (pre-intervention, from February to March 2018) and within one week
after the last exercise session (post-intervention, from May to June 2018). The study was
approved by the Human Ethics Committee Research UZ/KU Leuven in accordance with the
declaration of Helsinki. All subjects provided written informed consent.

Subjects

Community-dwelling older men aged 65 to 80 years were recruited through advertisements in
local newspapers. Exclusion criteria were unstable cardiovascular disease, neurological disor-
ders, cognitive malfunctioning, severe knee or hip problems, previous rupture of the Achilles
tendon and systematic engagement in (resistance) exercise in the 12 months prior to participa-
tion. In total, 42 men (age: 69.4 + 3.8 years, body mass: 82.7 £ 10.5 kg, body height: 174.8 + 6.4
cm, BMI: 27.1 + 3.2 kg/m?) were found eligible and agreed to participate in the study (Fig 1).

Randomization

Subjects were randomly assigned to one of three intervention conditions by block randomiza-
tion (block size of 3): traditional resistance training (RT, n = 14), plyometric exercise (PLYO,
n = 14) or walking (WALK, n = 14). Allocation ratio was 1:1:1. In RT, two subjects were not
able to perform baseline measurements because of recurrent headache or muscle injury so
they were excluded from the study (Fig 1).

Exercise protocols

Resistance training protocol. Subjects exercised three times weekly on non-consecutive
days over a period of 12 weeks (total of 36 sessions). Exercise sessions were performed in small
groups of maximum four subjects and were supervised by at least one expert. Session duration
was about 35 minutes. After a standard 15-minute warm-up on a cycle ergometer (Techno-
gym, Bike Excite) at self-selected resistance and 70-80 revolutions per minute, three exercises
for the lower-limb muscles were performed: the bilateral leg press and straight-legged calf
raises (both on the plate-loaded linear leg press, Life Fitness Signature Series) and leg extension
(Life Fitness Optima Series). These exercises were chosen because they train the muscles
responsible for triple extension in the lower-limb (i.e. knee extensors, hip extensors and plan-
tar flexors), a multi-joint movement that is crucial in daily life activities such as walking and
stair climbing. Training variables and progression are shown in Table 1. Subjects were
instructed to perform the last set to concentric failure. When they were able to perform more
repetitions than the prescribed training zone, the load was increased in the next exercise ses-
sion. The rest period between sets and exercises was one minute and at least two minutes,
respectively. At the end of the exercise session, basic static stretching exercises were performed
for the trained muscle groups.

Plyometric exercise protocol. Similar to RT, training sessions (35-minute duration) in
PLYO were performed three times weekly on non-consecutive days for 12 weeks in small
groups of maximum four subjects and supervised by at least one expert. The warm-up con-
sisted of 10-minutes of cycling, followed by plyometric warm-up exercises: 4 x 10m high knee
skips, 4 x 10m sideways skips and 8 consecutive hops with short contact times. The core pro-
gram similarly consisted of three exercises, using the same muscle groups (triple extension) as
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[ Enrollment ] Assessed for eligibility (n=101)

i Excluded (n=59)

i+ Not meeting inclusion criteria (n=29)
i« Declined to participate (n= 29)

1+ Other reasons (planned surgery, n=1)

Randomized (n=42)

[ Allocation

)

A 4 A 4 A 4

Allocated to PLYO (n=14) Allocated to RT (n=14) Allocated to WALK (n=14)
+ Received intervention (n=14) + Received intervention (n=12) + Received intervention (n=14)

+ Did not receive intervention
(recurrent headache n=1;
muscle injury n=1)

[ Follow-up ]
v \ 4 A\ 4
+ Discontinued intervention + Discontinued intervention + Discontinued intervention
(knee pain, n=1; muscle strain, (lower back pain, n=1) (n=0)
n=2)
[ Analysis ]
A 4 A\ 4 \ 4
+ Analysed (n=11) + Analysed (n=11) + Analysed (n=14)

Fig 1. Flowchart of the study. PLYO = plyometric training; RT = resistance training; WALK = walking.
https://doi.org/10.1371/journal.pone.0237921.g001

in RT: two unilateral exercises, i.e. forward step-up (jump) and lateral step-up (jump), and one
bilateral exercise, i.e. countermovement jump. Exercise intensity progressively increased every
three weeks (see Table 1). The rest period between sets and exercises was one minute and at
least two minutes, respectively, in all training phases. From week 1-3, exercises were per-
formed at regular speed without jumping, i.e. either stepping up on a box (20-30-40 cm) in for-
ward or lateral direction or performing a squat (body mass with or without weight vest) with
bouncing movement at the lowest point. Weight vests (5-10 kg) were only used for the squat
exercise prior to progressing to jumping. From week 4-6, all exercises progressed to submaxi-
mal jumping with a short eccentric phase before all jumps (i.e. SSC action) (Fig 2) and weight
vests were no longer used as the squat exercise progressed to a countermovement jump exer-
cise. Subjects were instructed to have a short 5s-break between the repetitions to ensure proper
performance and to avoid fatigue. From week 7-9, subjects were instructed to jump as explo-
sively and as high as possible in every jump, with 5s-breaks between the repetitions. From
week 10-12, both step-up jumps were performed consecutively (no breaks between
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Table 1. Training variables for the resistance training (RT) and plyometric (PLYO) training program.

Sets Repetitions ‘ External load | Break between repetitions Inter-set rest Performance
RT (leg press, straight-legged calf raise, leg extension)
Week 1-4 2 12-15 12-15RM / 1 min. 3s ecc- 3 sec conc
Week 5-8 3 10-12 10-12RM / 1 min. 3s ecc- 3 sec conc
Week 9-12 4 8-10 8-10RM / 1 min. 3s ecc— 3 sec conc
PLYO (forward step-up, lateral step-up, countermovement jump)
Week 1-3 2 15-20 BM* / 1 min. Regular speed, no jump
Week 4-6 3 8-12 BM 5s 1 min. Fast ecc-submax. jump
Week 7-9 4 6-8 BM 55 1 min. Fast ecc-max. jump
Week 10-12 4 6-8 BM / 1 min. Fast ecc-max. jump

* Progression of intensity during week 1-3 in PLYO was based on subjects’ feelings of muscle fatigue: forward and lateral step-up: increase in step height (to maximum

40 cm); squat: adding weight vest of 5 to 10 kg.

BM = body mass; RM = repetition maximum (last set performed to concentric failure in RT); ecc = eccentric.

https://doi.org/10.1371/journal.pone.0237921.t001

1. Forward step-up jump

2. Lateral step-up jump

—— —— Y —
(

3. Countermovement jump

Fig 2. Visual representation of the three plyometric exercises from week 4 to 6.

https://doi.org/10.1371/journal.pone.0237921.9002
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Table 2. Walking program (prescribed number of steps per day).

level
1

O |00 [N | U W N

(SRS T ™1 U U I JUU DY pUI pUI pUIgy g
N = S|l Nl |n|bk|w (o=

23

N

[S2ENE SRR SN

day 1
1000**
1000*
1000
1500
1500
2000
2000
2500
3000
3000
4000
4000
4000
6000
6000
8000
8000
8000
8000
10000
10000
10000
10000

*1 resting break allowed,

**2 resting breaks allowed.

day 2

1000**
1000*
1000

1000

1500

1500

2000

2000

2000

3000

day 3
1000**
1000*
1000
1500
1500
2000
2000
2500
3000
3000
3000
4000
4000
4000
4000
4000
4000
8000
6000
5000
7000
10000
10000

day 4

1000**
1000*
1000
1000
1500
1500

2000

day 5

1000**
1000*
1000
1500
1500

2000

2000

2500

3000

3000

4000

4000

4000

6000

6000

6000

8000

day 6

1000**
1000*
1000
1000
1500
1500

2000

2000

2000

3000

8000
10000
10000
10000
10000
10000

day 7

1000**
1000*
1000

1500

1500

2000

2000

2500

3000

3000

3000

4000

4000

4000

4000

4000

4000

sessions per week
7

W W W W W W ks (BRI NN NN NN

volume per week

7000
7000
7000
9000
10500
12500
14000
14000
16000
18000
14000
16000
16000
20000
20000
22000
24000
24000
24000
25000
27000
30000
30000

N represents the number of subjects with the respective level as starting level of the program. Every week, subjects increased one level until the 12-week intervention was

finished.

https://doi.org/10.1371/journal.pone.0237921.t1002

repetitions, short contact times) and as high as possible. The countermovement jumps were
preceded by a two pre-hops, the second one with countermovement to load both ankle and

hip/knee joints. In all exercise phases, subjects were allowed to use wall bars for support if

needed and were instructed to stop the exercise when feeling unable to perform maximally. At
the end of the exercise session, basic static stretching exercises were performed for the trained
muscle groups.

Walking protocol

The walking program was adapted from a 10-week progressive individualized walking pro-
gram, described in detail in previous work [20], by adding two additional weekly schedules to
complete a 12-week program (see Table 2). Briefly, subjects were assigned to a starting level of
the walking program based on the results of a 6-minute walk test at baseline. Each walking
schedule prescribed walks of a certain number of steps on 3-7 days a week, depending on the
starting level. Training volume was progressively increased weekly to a maximum of walks of
10000 steps performed three times weekly. Subjects received their personalized walking sched-
ule and a pedometer. They were instructed to walk at a moderate and comfortable pace that
increased breathing and heart rate without restricting the ability to talk. Subjects were allowed

to perform their walks at home, but were encouraged to engage in group walks that were
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provided three times weekly at the training facility. All subjects were asked to document their
walk sessions, including the amount of steps performed, in a diary. Diaries were reviewed by
the research team when subjects joined the on-site group walks (on average once per week) or
at least once every two weeks through contact via e-mail or telephone.

Outcome measurements

Feasibility. Feasibility of the exercise protocols were assessed by the following criteria:
recruitment rate, exercise session adherence, number of drop-outs, acceptability and adverse
events [21]. Recruitment rate was calculated as the number of study subjects divided by the
total number of individuals that showed an initial interest in study participation. Adherence
rate was calculated as the number of training sessions performed divided by the recommended
training frequency (3x/week for 12 weeks, 36 sessions for PLYO and RT; 3-6x/week for 12
weeks, 41-56 sessions for WALK). Given that subjects in WALK could potentially perform
more sessions than recommended, which was not the case for PLYO and RT, we additionally
corrected the adherence rate in WALK. More specifically, the corrected adherence rate in
WALK was calculated by excluding any exercise sessions above the weekly prescribed number
of exercise sessions. For example, if a subject performed 5 exercise sessions instead of 4 in a
certain week, adherence was corrected to 100% instead of 125% for that week. The number of
drop-outs was recorded, including the time of and the reason for drop-out. All subjects were
asked to report any adverse events during the intervention.

Acceptability was evaluated through a short questionnaire completed 2-weekly in RT and
PLYO only. The questionnaire consisted of 5 questions answered on a 11-point Likert scale
(ranging from 0 = ‘not at all. . " to 10 = ‘very. . ."): (1) How much did you enjoy the exercises
while doing them? (2) How proud are you that you were able to complete these exercises? (3)
How confident are you that you will be able to complete these exercises in the next training
session? (4) How motivated are you to complete these exercises in the next training session?
(5) How feasible do you think that these exercises are for people of your age? The first four
questions were employed previously in similar populations [22, 23], while question 5 was
added. In week 12, a sixth question was added to the questionnaire: (6) How likely is it that
you will engage in similar exercise programs after the end of the intervention? The question-
naire in week 12 was also provided to the subjects of WALK. Internal consistency of the 5-item
questionnaire was good, with a Cronbach’s o coefficient of 0.79. Therefore, we calculated the
mean of the 5 items into one global scale representing acceptability of the intervention
program.

Leg press one-repetition maximum. Leg press one-repetition maximum (1-RM) was
assessed on the plate loaded linear leg press device (Life Fitness Signature Series). In accor-
dance with previous research [22], the assessment started with a standardized warm-up of 8
repetitions at 50% of the estimated 1-RM, followed by 5 repetitions at 70% of the estimated
1-RM. After this warm-up, single lifts with progressively heavier loads were performed until
failure. To standardize, these lifts were performed as concentric lifts only, starting in a knee
and hip joint angle of 90° and 65° respectively (full extension = 180°). Rest periods between
warm-up sets and between single attempts were 1 to 5 minutes. The heaviest successful lift (in
kg) was determined as 1-RM.

Force production and jump performance. A sledge apparatus was used to assess leg-
extensor force production and jump performance [24]. The inclination of the sledge was 20°
to horizontal and the seat was inclined backwards (130°). A force platform was built in perpen-
dicular to the jumping direction (Fig 3) and a velocity sensor was attached to the seat of the
sledge. The force platform consisted of four S style load cells (YZC-516, capacity of 300kg
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Fig 3. Sledge apparatus with a force platform built in perpendicular to the jumping direction and a speed sensor attached to the seat of the sledge.
Position A represents the lowest position in the isometric tests and in the squat jumps, position B represents the flight phase during jumps.

https://doi.org/10.1371/journal.pone.0237921.g003

each) that were attached to a custom-built platform. Prior to attachment to the platform, each
of the load cells was calibrated with a weight of 155kg. In addition, the platform was calibrated
by measuring the unloaded condition prior to each test. The velocity sensor consists of a per-
manent magnet DC motor riding along with the seat. A wheel running on a rail next to the
seat of the sledge drives the motor shaft. That way the motor acts as a generator, producing a
current linear with the rotational velocity. Calibration was done by measuring the current
while running the wheel at different velocities. Rotational velocity was measured with an elec-
tronic pulse counter (HP53131A) counting the pulses of a temporarily added pulse generator
on the shaft. The current was measured with a high precision multimeter (HP34405A). Linear
regression analysis showed a R* of 0.9998 between current and velocity. The shoulders and
hips were stabilized with a 4-point seatbelt. Subjects wore standard flat non-cushioning shoes
to minimize the cushioning effect during explosive movements.

The test protocol consisted of explosive isometric voluntary contractions, squat jumps (S]),
countermovement jumps (CM]), and drop jumps (DJ). Prior to all tests, 2 to 4 practice trials
were allowed. All tests were performed three times. All data were relayed to a pc via an AD
converter (Micro 1401, Cambridge Electronic 180 Design, UK) and recorded using Signal 4.03
software (Cambridge Electronic Design, UK). Data (time, force and velocity) were sampled at
1000Hz and force data were filtered using a fourth-order low-pass Butterworth filter with a
70Hz cut-off frequency. The best trial (maximal force, maximal rate of force development or
highest jump) was used for further analyses.

Explosive isometric multi-joint leg-extensor contractions were performed unilaterally with
the right leg while the sledge was locked in position. The knee joint angle was set at 90° and
the hip angle at 70°. The point of force application was aligned with the head of the fifth meta-
tarsal. Subjects were instructed to push as fast and as hard as possible and maintain their maxi-
mum force for approximately 3s. The start of the force-time curve was defined as the first
point where the force exceeded body weight by 3% and where the increase in force after 50ms
was at least 50N (to ensure the start of a slope). Maximal force (N) was defined as the highest
mean 500 ms epoch (rolling average) over the force-time curve. The rate of force development
(N/s) was defined as the linear slope of the force-time curve and was measured from the onset
of movement until 100 ms (RFD0-100).

In the bilateral SJ, subjects jumped with the sledge as high as possible from a squatting posi-
tion (90° knee flexion and 70° hip angle, same position as isometric tests) without counter-
movement by performing a fast upward movement. If the test leader visually detected a
countermovement, the jump was repeated. The start of the jump was defined as the first point
where the force exceeded body weight by 3% and the increase in velocity exceeded 0.02 m/s
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after 300 ms. Any jump preceded by a countermovement, defined as a drop in velocity of at
least -0.02 m/s in the 400 ms preceding the start of the jump, was deleted from the analyses.

In the bilateral CM], subjects jumped as high as possible by starting from an extended knee
joint position and performing a fast downward movement to about 90° knee flexion and 80°
hip flexion, immediately followed by a fast upward movement. The start of the jump was
defined as the first point where the force dropped below body weight by 3% and the decrease
in velocity dropped below -0.02 m/s after 300 ms.

Bilateral drop jumps were performed as three maximal consecutive jumps. Feet were placed
lower on the force plate to allow for continuous jumps on the forefoot (hip joint angle of 130°
in extended position). Subjects were asked to reverse the downward velocity as soon as possible
after landing on the force platform into an upward one. The second and third jump were used
as maximal drop jump performances. The start of the second or third jump was defined as the
point of landing (time point before force > 10N) after the first or second flight phase.

For the jump tests, instantaneous power was calculated as the product of force and velocity.
Instantaneous position of the chair was derived from the velocity signal. The following param-
eters were calculated: (1) jump height (m), i.e. the difference between the maximal value of the
position-time curve and the position at take-off (point before force < 10N); (2) contraction
time (s), i.e. the time from the start of the jump until take-off; (3) eccentric time (s) (for CM]
and DJ), i.e. the time from the start of the jump until velocity > 0; (4) concentric time (s) (for
CM] and DJ), i.e. the time from the end of the eccentric phase until take-off; (5) reactive
strength index (RSI, mm/s, for DJ), i.e. jump height (in mm) divided by contraction time; (6)
concentric peak power (watt) (Ppeak), i.e. the highest value of the power-time curve in the
concentric phase; and (7) concentric rate of power development (RPD, watt/s), i.e. the linear
slope of the power-time curve from start until peak in the concentric phase.

All settings of the sledge and subjects’ positioning were identical at baseline and post inter-
vention. Comparison of familiarization and baseline measurements showed that coefficients of
variation (CV, in %) ranged from 5.7% to 18.9% for all parameters measured with the sledge
apparatus. Additional reliability values are reported in S1 and S2 Tables. Acceptable reliability
was determined as an intraclass correlation coefficient (ICC) > 0.60 [25] and a CV < 15%
[26].

Functional performance. Functional performance was assessed by a test battery, consist-
ing of a 6-minute walk test (6MWT), a 10m fast walk, a 5-repetition sit-to-stand (5xSTS) test
and a 6-step stair ascent (SA) test.

In the 6MWT, subjects were asked to walk a 20m course (back and forth) at a fast but com-
fortable pace, and the total distance covered (m) was noted. In the 10m fast walk test, subjects
were asked to walk as fast as possible. Time (s) was registered through timing gates (Racetime2
Light Radio, Microgate, IT). During the 5xSTS and SA test, data were collected by means of
3D accelerometry positioned at the lower back (DynaPort MoveTest, McRoberts, The Hague,
NL). Sampling rate was 100Hz and data were analyzed using commercially available software
(DynaPort MoveTest, McRoberts, The Hague, NL). In the 5xSTS, subjects were instructed to
perform five sit-to-stand cycles as fast as possible with the arms crossed over the chest. Total
STS duration (from start until the fifth standing position) in seconds was calculated from the
accelerometer data [27]. Mean power (watt) was calculated for each single sit-to-stand transi-
tion and the highest mean power output was used in the analyses. In the SA test, subjects
ascended a flight of 6 stairs as fast as possible without using the handrail. Total SA duration (s)
and mean power (watt) during the rise phase (defined as vertical velocity > 0.1m/s) of each
single step were calculated. The highest mean power output was used in the analyses. For more
detailed information on the calculation of power by means of 3D accelerometry, see previous
work [28].
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The 6MWT was performed once and all other functional tests twice. The best result was
used in the analyses.

Statistical analyses

One-way analysis of variance with Bonferroni post hoc testing was used to test for baseline dif-
ferences and for differences in exercise adherence between groups. Non-parametric statistics
were used for the questionnaire variables (ordinal scales). Between-group differences on the
acceptability questionnaire were assessed with Mann-Whitney U (two groups) or Kruskal-
Wallis tests (three groups) at all points in time. Time-effects were assessed with Friedman
tests. Fisher’s exact test was used to check for differences in the number of drop-outs between
groups.

To assess between-group differences in changes over time for the performance variables,
linear mixed-model analysis with an unstructured covariance structure was used, with time as
repeated factor and group as fixed factor. Post hoc analyses were conducted for within-group
changes and to determine which groups differed in changes. Because of the risk for type II
errors, these post hoc analyses were performed when the time effect or the time by group inter-
action effect showed at least a trend (p < 0.1) towards significance. In order to test the normal-
ity assumption for multilevel regression models, we checked for all models whether the
residuals were normally distributed by means of Shapiro-Wilk tests. If a dependent variable
was non-normally distributed, a log or square-root transformation was conducted. Only when
these transformations did not result in normality, non-parametric tests were used as alterna-
tive. In that case, time effects from baseline to post intervention were analyzed with Friedman
tests, and within-group changes from baseline to post were analyzed with Wilcoxon-signed
rank tests. Percent changes from baseline to post were calculated and then used in Kruskal-
Wallis tests to determine differences in changes between groups, with Mann-Whitney U
tests as post hoc tests. The following parameters were not normally distributed: SA duration
and power (non-parametric), STS duration (log transformation), SJ jump height and contrac-
tion time (non-parametric), CM] concentric time (log transformation), D] RPD (log
transformation).

Cohen’s d effect sizes for between-group differences in percent changes from baseline to
post-intervention were calculated. This was done for the variables that showed a significant
difference in change between groups. Thresholds 0.20, 0.50 and 0.80 were used to interpret
small, medium and large effect sizes [29].

All statistical tests were executed with SPSS software version 25 (SPSS Inc., Chicago, IL).
Level of significance was set at p < 0.05.

Results

Table 3 shows the baseline characteristics of the subjects in each group.

Feasibility

In total, 101 older men were assessed for eligibility. Twenty-nine men declined to participate
and thirty-two were excluded (for reasons, see flowchart in Fig 1). Recruitment rate was
39.6%.

Of the 40 subjects that started the study, three in PLYO (one in week 5, two in week 6) and
one in RT (in week 11) dropped out. The number of drop-outs was not different between
groups (p = 0.190). Reasons for drop-out were knee pain (PLYO, n = 1), muscle strain in the
m. gastrocnemius during the forward or sideways step-up exercise (PLYO, n = 2) and lower
back pain (RT, n = 1). Other minor adverse effects included knee pain (n =4 PLYO, n = 1 RT),
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Table 3. Means + SD for baseline characteristics of the subjects.

Characteristic RT (N=12) PLYO (N =14) WALK (N = 14) p-value

Age (years) 68.2+2.7 69.6 £ 3.3 70.5+5.1 0.334
Body height (cm) 170.1£54 175.6 £5.8 177.6 + 6.5* 0.008
Body mass (kg) 81.1+9.9 86.1 £ 11.8 80.2 + 10.2 0.305
BMI (kg/mz) 28.0£2.8 279 +3.5 254 +2.8 0.060

RT = resistance training; PLYO = plyometric training; WALK = walking.
p-values: results of one-way analysis of variance.
*Significant difference with RT (p < 0.05).

https://doi.org/10.1371/journal.pone.0237921.t003

mild muscle soreness (n = 5 PLYO, n = 4 RT), pain in glutes (n = 1 RT, n = 1 WALK), pain in
feet (n = 1 WALK). Three subjects in PLYO, six in RT and twelve in WALK did not report any
side effects over the 12-week period.

Exercise session adherence was higher in WALK (106.7 + 18.6%) than in PLYO
(79.8 £ 23.3%, p = 0.001) and RT (91.9 + 8.4%, p = 0.137). However, when the adherence rate
in WALK was corrected by excluding any exercise sessions above the weekly prescribed num-
ber, adherence in WALK dropped to 93.1 + 7.8 and was no longer different from PLYO or
WALK (p = 0.052). In addition, when subjects who dropped out were deleted from the analy-
sis, adherence increased to 91.2 + 4.4% in PLYO and 93.9 + 4.8% in RT. The number of on-site
group walks attended was 12.4 + 9.6 (ranging from 1 to 29), which corresponds to once per
week on average. Group size during these walks was 4 + 2 subjects.

Acceptability of the exercise program was very high in both groups, with no difference
between groups and no change over time (all p > 0.05). All subjects indicated that they were
likely to engage in similar exercise programs in the future, apart from two subjects in RT, who
gave a neutral answer (5/10) (Table 4).

Performance outcomes

Analyses on baseline differences revealed that PLYO showed higher STS power than RT,
PLYO produced more concentric power in S] and CM] than WALK, and RT had shorter con-
centric times during CMJ than WALK. Given that PLYO improved most on power production

Table 4. Means + SD for questionnaire variables on acceptability of the exercise program.

Variables RT PLYO WALK p-value
Acceptability of the program
Week 2 82+ 1.1 8.5+0.7 0.379
Week 4 8.1+13 82+1.0 0.935
Week 6 82+13 83+1.0 0.853
Week 8 82+14 8.6 £0.6 0.510
Week 10 83+1.1 8.8+0.6 0.289
Week 12 8.4+0.8 8.5+0.6 8.6+ 1.0 0.729
Likelihood of participation in similar exercise programs in the future
Week 12 8.0+1.38 9.1+1.0 8.8+ 1.7 0.305

RT = resistance training; PLYO = plyometric training; WALK = walking.

p-values: results of Mann-Whitney U tests (two groups) or Kruskal-Wallis tests (three groups).

https://doi.org/10.1371/journal.pone.0237921.t1004
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Table 5. Estimated means and SE at baseline (pre-) and posttest and % change (+SD) for leg press one repetition maximum, leg-extensor maximal isometric force
and rate of force development in the three intervention groups.

RT PLYO WALK Statistics
Mean |SE % Mean |SE % Mean |SE % Time Time x group
1-RM (kg) Pre | 1942| 14.6 175.7 | 13.6 162.1 | 13.6
Post | 244.3| 15.125.0+10.0°f | 211.8| 14.2|23.0+13.6"t| 161.7 | 14.1|29+13.7 | F(1,31.1) =72.0; F (2,31.1) = 20.5;
p < 0.001 p <0.001
MVC (N) Pre | 815.7| 32.8 787.9 | 30.4 7253 | 304
Post | 862.1 31.7|6.8+10.7" 807.3| 30.2|29+7.1 727.7 | 29.3|-02£9.7 | F(1,32.9)=4.0; F(2,32.9)=13;
p =0.053 p=0.285
RFD0-100 Pre |2982.2|282.0 2638.7 | 261.1 2632.8 | 261.1
(Ns) Post | 2717.0 | 254.2 | -6.1 £25.0 | 2887.0 | 245.7 | 4.3 £ 15.7 2507.0 | 234.6 | -4.0 £24.5 | F(1,33.3) = 1.1; F(2,33.3) = 1.0;
p=0.301 p=0.374

Statistics of Linear Mixed Models analyses.
*Significant change from pre to post (p < 0.05);
"Significant difference with WALK (p < 0.05).

PLYO = plyometric training, RT = resistance training, WALK = walking, MVC = maximal voluntary contraction, RFD = rate of force development.

https://doi.org/10.1371/journal.pone.0237921.t005

(see later) and that the comparison of RT and WALK was not the focus of this research, no
corrections for these baseline differences were conducted.

Jump data from one subject in PLYO were deleted due to not being able to perform the
tests in the correct manner and all performance data from one in WALK due to the influence
of illness during testing.

1-RM, force production and jump performance. Leg press 1-RM improved similarly in
RT and PLYO and significantly more than in WALK (p < 0.001, d = 1.84 (RT vs WALK) and
d =147 (PLYO vs WALK)) (Table 5). The explosive isometric leg-extensor test did not show
any time-by-group interaction effects. However, RT was the only group that increased maxi-
mal force (p = 0.028). There was no within-group change for RFD (Table 5). PLYO improved
the most on jump performance. For an overview of the results, see S3-S5 Tables. With regard
to SJ, PLYO was the only group that improved jump height (p = 0.017) (Fig 4A), reduced con-
traction time (p = 0.059) and exerted more power (both Ppeak and RPD) post-intervention
(p < 0.05) (Fig 4B-4D). This improvement in contraction time and RPD was significantly dif-
ferent from WALK (p = 0.026, d = 0.98 and p = 0.014, d = 1.06 respectively). Similar results
were found for CM]J. In PLYO, overall contraction time reduced because of a reduction in
eccentric time, jump height increased and more concentric power was produced (p < 0.05).
Overall contraction time and eccentric time improved significantly more in PLYO than in
both RT and WALK (all p < 0.05, d ranged from 1.05 to 1.44), while jump height improved
significantly more in PLYO than in RT (p = 0.030, d = 1.16) (Fig 4A-4D). With regard to D],
PLYO was the only group that significantly increased jump height (Fig 4A) and RSI, and these
increases were greater than in WALK (p = 0.017, d = 0.57 and p = 0.006, d = 0.98 respectively).
In addition, PLYO was able to produce more power (Ppeak) in the concentric phase post-
intervention. This gain in Ppeak was significantly different from both RT (p = 0.014, d = 1.14)
and WALK (p = 0.001, d = 1.13) (Fig 4D).

Functional performance. Both 10m fast walk and 6MWD improved similarly in all
groups, while STS duration did not change. No time-by-group interaction effect was found for
STS power (p = 0.405), although only RT (p = 0.018) and PLYO (p = 0.011) showed a within-
group gain. Interestingly, stair-climbing performance, represented by stair ascent duration
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Fig 4. Estimated means and SE for jump height (A), contraction time (B), eccentric time (C), concentric peak power (Ppeak)
(D) at baseline and post 12-weeks of plyometric training (PLYO), resistance training (RT) and walking (WALK) in squat
jump (SJ), countermovement jump (CMJ) and drop jump (DJ). “Significant change from pre to post (p < 0.05); Significant
difference with WALK (p < 0.05); % Significant difference with RT (p < 0.05).

https://doi.org/10.1371/journal.pone.0237921.9004
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Table 6. Estimated means and SE at baseline (pre-) and posttest and % change (+SD) for functional performance in the three intervention groups.

10m fast walk Pre
(s) Post
6MWD (m) Pre
Post
SA duration (s) | Pre
Post
SA power Pre
(watt) Post
STS duration Pre
(s) Post
STS power Pre
(watt) Post

RT
Mean |SE
4.50 | 0.23
423 | 0.21
579.6 |21.9
618.9 |23.9
1.64 | 0.13
1.67 | 0.10
846.4 | 66.7
825.7 | 64.2
8.44 | 042
8.90 | 0.42
291.7 | 18.7
329.6 |18.3

PLYO WALK Statistics
% Mean |SE % Mean |SE % Time Time x group
4.41| 0.21 4.42 | 0.21
-5.3+9.2* 412 | 0.20|-5.5+8.6* 4.12| 0.19|-6.5+7.2* | F(1,34.3) =23.2; F (2,34.3) =0.02;
p < 0.001 p=0.983
600.6 | 20.2 604.2 |20.2
6.7 £6.5" 635.0 | 224 |6.1+49" 6312 | 22.1 |44+3.8° |F(1,32.0) =44.2; F (2,32.0) = 0.5;
p <0.001 p =0.596
1.95| 0.12 1.96 | 0.12
21£95 171 0.09|-10.1£12.1%% | 1.85| 0.09 |-4.8%7.6" | x> (1) =4.2;p =0.040 x* (2) = 6.0; p = 0.049
(np) (np)
854.9 |61.8 7534 | 61.8
-15+9.8 | 9619 |60.7 |18.0+23.8"% | 7741 |59.3 |2.0+150 |¥x*(1)=0.1;p=0.739 ¥ (2) = 4.8;p=0.089
(np) (np)
8.06 | 0.41 9.25| 0.38
54 +10.8 842 | 040 /48+75 9.38| 0.40|1.6+12.6 | F(1,31.9) =4.6; F(1,31.9) =0.5;
p = 0.040 p=0.601
3702 |17.3 316.7 | 17.3
14.6 £19.1* | 410.6 |17.7 |12.9+9.2* 3319 | 169 |58+16.3 |F(1,32.2)=13.3; F(1,32.2)=0.9;

p = 0.001

p =0.405

Statistics of Linear Mixed Models analyses; stair ascent duration and power were not normally distributed and non-parametric (np) tests were performed and reported

for these variables; STS duration was not normally distributed and log transformed for the analyses. For easier interpretation, non-transformed data means are reported

for all variables.

*Significant change from pre to post (p < 0.05)
* Significant difference with RT (p < 0.05)
PLYO = plyometric training, RT = resistance training, WALK = walking, 6 MWD = 6-minute walk distance, SA = stair ascent, STS = sit-to-stand.

https://doi.org/10.1371/journal.pone.0237921.t006

and power, improved significantly more in PLYO than in RT (p < 0.05,d = 1.12 and d = 1.07
respectively) (Table 6).

Discussion

This study developed and implemented a 12-week age-adapted and progressive plyometric

exercise program for community-dwelling older men and compared its effects to traditional

resistance training and walking. Primary outcomes were muscle strength, muscle power, jump
performance and functional capacity. In addition, the feasibility of the plyometric training pro-
gram was investigated. The results show that (1) PLYO is more effective than RT and WALK
for improving muscle power (Ppeak and RPD) and jump performance (jump height and con-
traction time), (2) PLYO is equally effective compared to RT for improving muscle strength
(1I-RM), (3) all interventions equally improve walking performance, but PLYO seems favorable
for stair climbing performance, and (4) older men seem to accept the PLYO program to a simi-
lar extent as either the RT or WALK program, although risk for injuries might be greater in
PLYO.

In line with previous findings [24, 30, 31] and the principle of training specificity, plyomet-
ric exercise resulted in more optimal jump performance than traditional resistance training or
walking. In all jumps, PLYO improved jump height post-intervention (6.9-17.5%) and this
coincided with an increase in concentric power production (both Ppeak and RPD) and a
decrease in (eccentric) contraction time. In other words, PLYO was able to jump higher and
more powerfully, while needing less time to jump. We should acknowledge that ICC appeared
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poor for the duration of the eccentric phase in the countermovement jump (0.48), even though
CV% was good (9.7%). However, we should keep in mind that our reliability values are based
on a comparison between familiarization and baseline measurements. In subjects that are new
to jump tests, we can expect an improvement in jump strategy, i.e. a faster eccentric time and/
or faster transition from eccentric to concentric movement, from familiarization to baseline.
The ICC quantifies the between-subject variance in relation to the total variance, which also
contains the variance within subjects [25]. As the variance within subjects will increase in case
of a learning effect from familiarization to baseline, a lower ICC value will be obtained, espe-
cially when between-subject differences in means are small. This result should therefore be
interpreted with caution and replication in future studies is warranted.

Although we can only speculate on the underlying mechanisms behind improved jumping
performance, Hoffren-Mikkola et al. [30] demonstrated that improvements in jumping perfor-
mance after plyometric exercise were achieved with shorter operating lengths of the m. gas-
trocnemius and, therefore, increased fascicle stiffness and improved tendon utilization [30]. In
addition, Piirainen et al. [24] reported no increase in muscle activity of the triceps surae during
explosive isometric tests after plyometric exercise, suggesting that mechanisms other than
improved voluntary drive, such as increased utilization of elastic energy and/or stretch reflex
activity, may be responsible for enhanced jump performance [24]. With regard to muscle
architectural changes, 6 weeks of plyometric training has been shown to result in increased
muscle thickness, fascicle length and pennation angle, which likely contributed to the observed
changes in power [32].

In the current study, we did not observe a significant increase in leg-extensor RFD after
either plyometric or resistance exercise. Such null findings should be set in context with
respect to the body position specificity of the test and training exercises: a significant increase
in RFD may be more likely if the test is more body position-specific or if training is performed
with the intent to rapidly contract muscles [33]. Although RT included dynamic leg press
training and a multi-joint isometric leg press set-up was used to assess RFD, training was per-
formed bilaterally while testing unilaterally. In contrast, part of the training in PLYO was per-
formed unilaterally, but in different body positions regarding knee-joint angle. We should
however note that the percent change does seem to point out an exercise-induced improve-
ment in PLYO, but this improvement was not significant because of a large variability in train-
ing responses and small sample size. Coefficient of variation (18.9%) was high, but that is quite
typical in early phase RFD, even in young adults [34]. A longer time interval of 0-200 ms was
considered (CV of 9.9%), but as it did not lead to any different conclusions, we decided not to
include this information in the results section for brevity. In line with the results on RFD, no
time-by-group interaction effect was found for isometric MVC, although RT was the only
group that improved.

To our knowledge, limited reports exist on changes in 1-RM after plyometric exercise in
older adults. Bolam et al. (2016) reported no increase in leg press 1-RM after 9 months of plyo-
metric exercises performed at high (40-80 jumps) or moderate (20-40 jumps) dose 4x/weekly
in middle-aged and older men. However, these findings might have been related to the limited
adherence rates (i.e. 53-65%) [35]. On the contrary, Correa et al. [36] reported similar gains in
knee-extension 1-RM after 6 weeks of plyometric compared to traditional resistance exercise.
Both groups followed the same 6-week program of generalized strength training prior to divi-
sion in two exercise groups. Gains in 1-RM from week 6 to 12 were similar (+20-21%)
between groups [36]. This is in line with our findings, showing that short-term plyometric
exercise is able to induce similar gains in leg press 1-RM as traditional resistance exercise. This
gain in 1-RM might be linked to muscle architectural changes (i.e. increased muscle thickness
and pennation angle) and improved muscle recruitment, as found previously after 6 weeks of
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plyometric training in older men [32]. Although the long-term effects should be investigated,
these results show that PLYO is beneficial over RT for improving muscle power and jump per-
formance without compromising gains in strength, at least when older individuals begin a
high-intensity (resistance or plyometric) training program.

Improved (rapid) power production in PLYO was hypothesized to result in a greater gain
in functional capacity compared to RT and WALK [12, 13, 36]. However, this hypothesis was
only partly confirmed. Walking performance (10m fast walk and 6MWD) equally improved in
RT, PLYO and WALK, and to a similar extent (4.4-6.7%) as previously reported after resis-
tance exercise [22] or walking [20]. 5xSTS duration did not change significantly in either of
the groups. This test was probably not challenging or training-specific (i.e. no SSC) enough in
our sample of older men, as all subjects were classified as not mobility-limited
(6MWD > 400m). Although 5xSTS duration did not change, the highest mean power output
in a single sit-to-stand transition improved in both RT and PLYO. This result was not influ-
enced by gains in body mass, as there was no correlation between gains in power and in body
mass nor a significant gain in body mass post-intervention. Interestingly, PLYO showed a
greater improvement in stair climbing performance than RT. This result was not surprising,
given that PLYO improved power production in the leg-extensor (i.e. knee- and hip-extensor)
muscles, which play a dominant role in developing the power needed to progress from one
step to the next during stair ascent [37, 38]. In addition, the forward step-up (jump) exercises
in PLYO are mechanically very similar to stair climbing, enhancing the potential of inducing
training-specific adaptations. As stair climbing is one of the most demanding functional tasks
in older adults, improvements are crucial in maintaining independence.

It should be noted that some of our key findings of between-group differences (i.e. results
on stair ascent and squat jump) are based on non-parametric analyses. However, in most
cases, non-parametric tests are considered to have lesser statistical power than parametric
analyses, meaning that the latter are more likely to detect an effect when it actually exists.
Parametric analyses of our non-normally distributed parameters resulted in the same conclu-
sions, which indicates towards the robustness of our results.

A secondary aim of this study was to assess the feasibility of plyometric exercise in healthy
older men. Recruitment rate was 39.6%, which is acceptable and in line with recruitment rates
of (resistance) exercise trials in similar populations [22, 23, 39]. Exercise adherence was very
high (>80%) in all individuals, except in the four dropouts, independent of training group.
Subjects in WALK appeared to have higher adherence rates than the other groups, with some
individuals even exceeding the recommended amount of training sessions. This might have
been caused by the self-report in that group, with subjects noting down every daily life walk
instead of solely the walks as part of the training program. When adherence rates in WALK
were corrected by excluding any sessions above the prescribed training frequency, adherence
was similar in all groups.

Acceptability of the exercise program was very high in both PLYO and RT, demonstrating
that plyometric exercise is at least perceived by healthy older men as being feasible (and to a
similar extent as resistance exercise). All subjects in PLYO indicated that they were likely to
participate in similar exercise programs in the future. However, as shown previously, this
intention to participate in future programs appears to have limited predictive value for actual
long-term exercise behavior [40]. Also, inevitable in research with volunteers, a self-selection
bias might have occurred, by only including highly motivated subjects in the intervention. In
addition, subjects might have tended to give socially desirable answers to the questionnaires.
Acceptability should therefore be investigated in larger study samples to confirm these
findings.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237921  August 25, 2020 16/22


https://doi.org/10.1371/journal.pone.0237921

PLOS ONE

An age-adapted plyometric exercise program in older men

Although our subjects seemed to enjoy the plyometric exercise program and considered it
to be feasible, we cannot ignore the adverse events. Two in particular need further attention:
knee pain and muscle strain of the m. gastrocnemius. Five out of 14 subjects in PLYO reported
some kind of knee pain during the exercise program. In one subject, this was related to a non-
treated knee injury in the past and not specifically caused by the training program. In three
subjects, knee pain was only reported once in the beginning weeks of the exercise program
and disappeared later on. This might have been related to the height of the box (up to 30-40
cm) during step-up exercises, which may have caused an unfavorable knee joint angle (more
flexed), or poor technique (e.g. inversion at the knee, corrected when inspected by supervi-
sors). Height of the box was reduced once subjects progressed to jumping (20-30 cm) and
knee pain was no longer reported. In only one subject, knee pain was sufficiently severe to
cause a drop-out. It is not clear whether this pain was caused by the stepping exercises as such
or by the impact of the landing phase during jumping. A more severe adverse event, causing
two subjects to drop out, was a strain in the m. gastrocnemius. In both cases, the injury
occurred in the second phase of the plyometric program (week 5 or 6), in which slight, sub-
maximal jumps were performed to familiarize with the exercises. The injuries did not seem to
be caused by insufficient warm-up, nor by excessive fatigue, as they occurred in set 3 or set 6
(out of the total exercise volume of 9 pre-programmed sets). Importantly, the strain occurred
during the concentric phase of either the forward or the sideways step-up jump. These are
both unilateral exercises in which the calf muscles are part of the prime movers. Considering
that both subjects could be classified as obese (BMI of 30.5 and 33.45 kg/m” respectively), the
calf muscles had to comply with high absolute loading forces. Excessive body weight in combi-
nation with a likely decrease in gastrocnemius fascicle length [15] and Achilles tendon stiffness
[15, 41] with ageing inevitably increases the risk of muscle injuries during such exercises.

With this in mind, we should reflect on the proper design and exercises to be included in a
plyometric exercise program for older adults. To be able to compare the effects of a plyomet-
ric-only protocol to traditional resistance exercise, we did not include a preparation phase of
resistance training before introducing jumps. It can be argued that a proper periodization
design is warranted, starting with traditional resistance exercise aimed to induce hypertrophy
and maximal strength gains, before progressing to explosive-type of exercises. However, we
did progress slowly from slow-speed exercises without jumping over submaximal jumps to
maximal jumps. The three plyometric exercises are all considered to be low-intensity drills
[42]. Countermovement jumps have been used multiple times in exercise programs for healthy
older adults without any adverse events [43, 44]. Step-up exercises were chosen considering
their beneficial effects on muscle strength and functional performance [23] and their resem-
blance to stair climbing, i.e. one of the most demanding functional tasks for older adults. In
addition, the lateral step-up jumps were already used in older women without any adverse
events [36]. Subjects in our study were recommended to use wall bars if necessary (both to
reduce intensity and the balance component), but only one subject chose to do so. Training
volume per session, in plyometrics typically expressed as total number of foot contacts, was
limited to recommended guidelines for beginners (i.e. 80 to 100) [42] and even decreased with
increasing training intensity to keep injury risk to the minimum. Adequate recovery, i.e.
between repetitions (5 s, consecutive jumps only in last training phase), between sets (1 min.),
between exercises (at least 2 min.) and between training sessions (48 - 72h), was provided
[42]. Although we did not measure markers of muscle damage, subjects in PLYO did not
report excessive muscle soreness after training. However, given that plyometric exercise inter-
ventions in older adults remain scarce in literature, more research is urgently needed to set the
appropriate training dose (volume, intensity, frequency, duration) [18] and exercises for opti-
mizing gains in power and functional capacity and for minimizing injury risk. In addition, we
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should acknowledge that it is challenging to quantify exercise intensity (i.e. both mechanical
load and neuromuscular demand) [45] and fatigue during plyometric exercises, although it
would definitely be of added value to optimize training dose.

Based on the findings of the current study, people might question whether it really is worth
doing more stressful plyometric jump training as opposed to regular walking. Aside from
training-specific gains in strength, power, jump and stair climbing performance, more ‘neu-
tral’ functional performance tests (i.e. walking and STS) do not seem to improve as robustly.
However, the following aspects need to be considered. Firstly, it should be noted that the rela-
tionship between muscle power and functional performance is curvilinear [5]. Hence, for low
levels of muscle power, the improvement in power leads to a substantial improvement in func-
tional performance. However, above a certain level of baseline muscle power, further increases
in power do not lead to further increases in the parameters usually assessed to register func-
tional performance (e.g. STS ability). Our subjects were well-functioning older men with rela-
tively high baseline levels of muscle power, which might explain the null findings with regard
to STS ability. Notwithstanding, any improvement in muscle power in well-functioning older
adults should be recognized as important, even if it does not result in further improvements in
functional performance. Higher levels of muscle power can at least postpone the drop below
the disability threshold. Secondly, ST ability is subject to a ceiling effect in well-functioning
adults, as noted previously [28]. Instead of questioning the beneficial effect of plyometric exer-
cise on functional performance, it may be necessary to question whether traditional functional
performance tests are sensitive enough to capture changes in well-functioning older adults.
Jumping is a more sensitive measure of power performance than chair rising [46]. Even
though jumping is not an activity that older adults do on a regular basis, the inability to jump
is related to poorer self-reported health, more comorbidities, worse cognitive functioning,
more limitations in daily life activities and higher fall incidence [47]. Thirdly, intensity is not
something to be feared, as discussed by Hunter et al. [48] and commented by Gentil et al. [49].
Ageing is associated with both a decline in type II fiber size and in the ability to activate these
fibers [50, 51], resulting in decreased strength and power production. To train these type II
fibers, high efforts are needed, either through using relatively high loads (as in RT), performing
exercises at high velocity (as in PLYO) or training to momentary failure [49]. According to
Henneman’s size principle, walking at comfortable pace is not sufficient to target the type II
fibers and is therefore incapable of countering this age-related decline.

Considering the cost-benefit of our plyometric exercise program, we cannot claim that
plyometric training is better than concentric-only machine-based power training, as previ-
ously performed by several research groups [13, 52]. While concentric-only machine-based
power training or alternative plyometric training with machines designed to limit the impact
of the landing phase (e.g. [24, 32]) might be considered a safer modality for older adults,
adverse events in the current study did not seem to be the result of high impact during landing.
Because of differences in the design of the traditional resistance exercise protocol as reference,
in the study population and in measurement outcomes, it is also difficult to compare our
results to previous findings in machine-based power training [13, 52]. What we can say is
that both plyometric and machine-based power training will improve power and functional
performance in older adults previously unaccustomed to systematic training, although the
mechanisms behind these improvements are very likely training-mode specific. While neuro-
muscular improvements due to machine-based power training are mainly attributable to
improved voluntary neural drive, plyometric training seems to result in a better utilization of
the advantaged provided by the SCC [24]. Both aspects are vulnerable to age-related deteriora-
tion [15, 16, 51] and deserve attention in exercise programs for older adults.
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To conclude, plyometric exercises are beneficial over traditional resistance training for
improving muscle power, jump and stair climbing performance without compromising gains
in muscle strength. This form of training seems feasible in older men, although proper supervi-
sion is warranted and caution is advised when applying unilateral exercise drills because of a
potential increase in the risk for calf muscle injuries. Box heights of 20-30 cm are feasible for
step-up jumps in older men, but higher heights might result in more reports of knee pain
because of unfavorable knee-joint angles. Given the beneficial performance-related effects of
plyometric exercise in older adults, future research should focus on optimizing the training
dose, exercise drills and periodization schemes.
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