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ABSTRACT

Rapid force production and its transmission to the skeleton are important factors in movements
that involve the stretch-shortening cycle. Plyometric exercises are known to augment this cycle
and thereby improve the neuromechanical function of the muscle. However, the training
exercises that maximize translation of these gains to sports performance are not well defined. We

discuss ways to improve this transfer.

SUMMARY FOR TABLE OF CONTENTS: This perspective for progress article examines
the most appropriate plyometric exercises and training modalities to optimize the transfer of

training adaptations to sport performance.

KEY WORDS
Jump height; Explosive force; Stretch-shortening cycle; Rate of force development; Reactivity

index; Tendon stiffness; Ground contact time

KEY POINTS

e Plyometric exercises are known to augment the efficacy of the stretch-shortening cycle and
thereby improve the neuromechanical function of the muscle during fast “reactive-type”
movements.

e The improvement in performance can be explained by adaptations within both the nervous

system and the muscle-tendon complex after several weeks of plyometric training.
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e In addition to the total training volume, the magnitude of these adaptations appears to be
specific to the individual’s characteristic and experience, the type of plyometric exercises,
and the specific training modalities employed.

e In this perspective for progress paper, we highlight several gaps in the existing literature to
be addressed in future studies, with particular focus on the transfer of training gains to

specific sport disciplines.
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INTRODUCTION

Plyometric exercises are commonly included in the training programs of athletes involved in
sport activities as a means to increase “explosive” force (i.e., rate of force development or RFD)
(1-3). These exercises are utilized to enhance the neuromechanical function of the muscle during
the “stretch-shortening cycle”. This cycle, which is involved in most fast and reactive
movements and in particular in sport activities, comprises a rapid stretch of an active muscle-
tendon unit before it performs a shortening contraction [see 4]. By increasing the magnitude of
muscle-tendon loading during the stretching (lengthening) phase of the cycle and by improving
the transition between this phase and the following shortening phase (5), plyometric exercises
can acutely increase the amount of force, power, and RFD produced by the muscle compared
with a shortening contraction alone (4,6,7).

Although review articles have documented that repeated workouts with plyometric exercises
can improve athletic performance, such as sprinting and jumping events (1,2,8—10), contrasting
results in performance gains and adaptations in both muscle activity and characteristics of the
muscle-tendon unit have been reported between studies (1). Among other variables, the differing
adaptations may depend on individual characteristics, jumping modalities, type of ground surface,
training volume, and periodization (Figure 1). In addition, the type of exercise used to assess the
improvement in performance (identical or different from sport-specific movements) and its
combination with other training modalities can influence the magnitude and specificity of the
adaptations (1,9). However, how isolated training gains translate into improved sports

performance is currently not well known.
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The primary objective of this perspective for progress article, therefore, is to discuss the most
relevant plyometric exercises and training modalities that may optimize the transfer into enhanced

sports performance.

DETERMINANTS OF EXPLOSIVE FORCE

The rate at which force is produced and transmitted to the skeleton (i.e., RFD) during
isometric and shortening contractions is a major determinant of athletic performance (e.g.,
punches in boxing or karate, kicking, force impulse in sprinting, etc) in which the time to
develop force is so brief (<200 ms) that only a fraction of the maximal force can be produced.
The RFD is often used as an index of “explosive” force for such actions (11-13). The RFD is
influenced by several factors such as the intensity of voluntary activation (12,14,15), the speed-
related properties of the muscle (11,16,17) and the characteristics of the series elastic component
of the muscle-tendon unit (18,19). The relative contribution of these variables to the
instantaneous force produced vary during the time course of the contraction (11,17).
Furthermore, in multi-joint actions, such as in jumps, the force produced results from the
sequential involvement of synergistic muscles (i.e., coordination). In contrast, the RFD during
longer duration actions (> 300 ms), such as for the leg extensor muscles during the squat jump
(SJ), is not an exclusive predictor of vertical jump height (20) and it appears that the contribution
of the maximal force capacity becomes increasingly more important than the other variables (20—
23).

Most movements, however, typically involve an initial stretch of the muscle-tendon unit as
muscle is activated before it shorten subsequently (i.e., stretch-shortening cycle); (4). A classic

example of this action is the lengthening and then shortening of the muscle-tendon unit of the
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plantar flexors and knee extensors after foot strike in running. At initial foot contact with the
ground (braking phase), the leg extensor muscles must resist to the impact and subsequent
stretch, which is immediately followed by a shortening contraction (propulsive phase). The
efficacy of this strategy was studied by Kawakami and colleagues (24) when they compared the
behavior of muscle fascicles as measured by ultrasonography in the medial gastrocnemius during
rapid plantarflexion performed against a load with or without countermovement of the ankle
joint. Kawakami et al. (21) observed a gradual shortening of the gastrocnemius medialis fascicles
throughout the extension of the ankle joints when the action was executed without
countermovement (propulsive phase only). In contrast, the muscle fascicles experienced an
initial stretch when the ankle was flexed during the start of the countermovement before
remaining at a nearly constant length (isometric contraction) for most of the dorsiflexion phase,
and finally performing active shortening as the ankle extended. Nonetheless, faster stretch-
shortening actions (<200-250 ms; (25,26)) and higher impact load, such as during the ground
contact phase in drop jumps, are characterized by brief isometric phase between the braking and
propulsive phases, at least in mono-articular muscles fascicles [see 4, 22]. Indeed, different
behaviors in fascicle length changes not only between mono (soleus) and biarticular (medial
gastrocnemius) muscles but also drop jumps from different heights have been reported (22).
These observations underline the task specificity of the changes in fascicle length and thereby,
the adjustments that can be elicited in different types of the stretch-shortening cycle.

Several neuromuscular processes have been suggested to explain the superior muscle
performance during the stretch-shortening cycle. First, the muscle becomes more fully activated
after an initial lengthening due to the increase in time to develop force relative to a shortening

contraction performed from a resting condition (27,28) and the potential benefit of residual force
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enhancement mechanism (29). As a consequence, the area under the force-length curve is
greater during the stretch-shortening cycle due to the greater force generated at the onset of the
stretching (lengthening) phase which in turn, allows greater storage of elastic energy in the
muscle-tendon unit (21). Second, the energy stored in the series elastic components of the
muscle-tendon unit during the stretch phase is reused, as in a spring, during the subsequent
shortening contraction (4,24). Third, the stretch reflex elicited at the onset of the contact phase of
a high impact load (e.g., drop jump) augments the excitatory synaptic input to motor neurons at
the beginning of the propulsive phase (4,30-32). Although, the relative contribution of these
neuromechanical factors to the enhanced performance of the stretch-shortening cycle is still
under discussion, as it can vary between different types of actions (slow vs. fast stretch-
shortening cycle; with or without impact, load intensity), muscle groups (mono vs. pluri-
articular) and training status of individuals. Furthermore, for movements during which muscle
pre-activation is present before ground contact (e.g. running, drop jump), its intensity can
modulate joint stiffness at ground contact and thereby the relative contribution of these

mechanisms during the subsequent stretch-shortening cycle (4).

CHARACTERISTICS OF PLYOMETRIC EXERCISES

Plyometric exercises were first introduced by Verkhosansky (33) in the training programs of
athletes involved in power events as a means to increase "reactive" force production (34). These
exercises appear to augment the efficacy of the stretch-shortening cycle and thereby the

performance of athletes, by increasing muscle-tendon loading during the braking phase and by
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decreasing the duration of the transition between the braking and propulsive phases (i.e.,
coupling time; see below; 5).

Although plyometric exercises can target either lower or upper limb muscles, a classic
exercise used to increase vertical jump height is the drop jump exercise. It involves a vertical
jump that is performed immediately after a dropping down from an elevated surface. We will
mainly focus on the vertical jump in this article because it has been studied frequently and is

more easily standardized than other jump types.

Optimal jump height

Although jump height is increased when the drop height is increased, there is an optimum in
the acute augmentation in performance. This can be easily observed by comparing drop jumps
executed from increasing heights, which increases the mechanical load during the braking phase.
The height of the vertical jump (rebound) after ground contact first increases with drop height, to
reach a maximum, and then decline (breaking point) for higher drop heights (Figure 2A; (35—
37)). In parallel, contact time increases gradually with increasing drop heights (Figure 2B;
(36,37)) due to the longer time needed to resist (brake) the increasing vertical impact forces at
ground contact and to produce maximal impulse (force-time integral) during the propulsive
phase (38). These attributes are sometimes used to determine a ‘“reactivity” index, which is
computed as the ratio of the maximal jump height attained relative to the contact time (Figure
2C; (36,37)). This index characterizes the ability to produce high forces with the leg extensors

during a brief period of time (i.e., reactive force production; (36,37)).
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The optimal drop height for maximal jumping performance raises the question of which
factors are responsible for the decline in performance beyond that height? A first explanation is
the tolerance to high impact loads and thus the ratio between the individual resistive force
capacity and the amount of mechanical load produced by both the impact force (peak vertical
ground reaction force) and the intervention of the stretch reflex (4,31). It has been proposed that
high mechanical loads during the braking phase can produce slipping or detachment of cross-
bridges between myofilaments (4). Despite the limitation of the ultrasonographic method, this
hypothesis is indirectly supported by recording the changes in fascicle length in the medial
gastrocnemius under submaximal and extreme impact loads. In the latter condition, muscle
fascicles showed a sudden increase in length immediately after ground contact but not with lower
impact loads (39). This sudden increases in fascicle length is considered indicative of the critical
stretch load beyond which muscle fascicles lose their capacity to utilize effectively muscle-
tendon elasticity (4). Importantly, this response appears to differ slightly among synergistic
muscles (e.g., increasing drop height may result in specific length change patterns of the
fascicles of the bi-articular medial gastrocnemius but not of the mono-articular soleus; see (25)).
Indeed, a slight increase in knee flexion due to increasing landing impacts can influence the
fascicles length of the medial gastrocnemius but not of the soleus.

Another factor that can influence the optimal drop height is the variation in the neural control
of the stretch-shortening cycle. It has been observed that the amplitude of the plantar flexor EMG
activity increases gradually before ground contact (pre-activation phase) for drop jumps of
increasing heights (~20-100 cm; see (40,41)). This modulation appears to be preprogrammed by
the CNS (feedforward control) in anticipation of the expected ground reaction force, thereby

controlling the compliance of the limbs at landing (42—44). This adjustment appears to differ
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across tasks and to depend on the individual’s training status (see below; (31)). The observation
of a decline in EMG activity during the pre-activation phase, just before ground contact of
“extreme” drop jumps (>70 cm) in some studies (25,40) but not all (30) or in untrained
individuals (40), may be indicative of a preventative strategy to limit the magnitude of stress
forces on the muscle-tendon unit during landing.

During the braking phase, the EMG amplitude which is influenced by both central and short-
latency stretch reflex differs between the training status of individuals. In untrained individuals, a
high pre-activation EMG activity is often followed by a low EMG activity during the braking
phase whereas in trained individuals, the opposite is observed (40). The first EMG peak after
touch-down strongly relies on Ia-afferent feedback (short-latency stretch-reflex) as indicated by
concurrent increases in Hoffmann-reflex amplitude (45). Furthermore, in trained individuals,
soleus EMG amplitude in the first ~50 ms after ground contact increases with drop height (from
20 to 60 cm) but decreases at greater heights (80 cm) (see (30,36)). Regardless of the exact
source of this decrease in EMG amplitude during the braking phase, these changes suggest either
a decreased facilitation from muscle spindles or an increased inhibition acting at pre- and post-
synaptic sites of the motor neuron pool (for more detailed explanations, see (31)).

In practical context, the optimal jump height and reactivity index can either occur at the same
or different drop heights. More often, maximal jump performance peaks at higher drop heights
than the reactivity index (Figure 2; (46)). Because the main objective of such drop jump
exercises is to improve reactive force, training height that maximizes the reactivity index is often
chosen. However, the adopted strategy can depend on the requirements of the sport discipline
(see below). For example, peak jump height in elite track & field athletes is obtained at greater

drop heights for triple jumpers (80-100 cm) than for sprinters (40-60 cm) (see (47)). This
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difference emphasizes the capacity of triple jumpers to optimize the stretch-shortening cycle
performance relative to the mechanical loads encountered in their athletic discipline (~15 times

body weight).

Landing technique

The type of jump performed, particularly the landing technique, can influence jump
performance. For example, minimizing the amount of knee flexion during ground contact (i.e.,
bounce-type drop jump) increases the peak reaction forces at the knee and ankle joints and the
force transmitted by the Achilles tendon relative to those observed during larger knee-flexion
jumps [i.e. CMJ drop jump] (see (48)). It is likely that the stress force generated in the bi-
articular gastrocnemius at ground contact during bounce-type drop jump is greater than during
jumps with more knee flexion. For example, the gastrocnemii are stretched at a shorter length
during the CMJ, thereby reducing the load on the Achilles tendon (37,49) but, however,
increasing the stress on the patellar tendon at landing compared with bounce-type drop jump
during which knee angle is nearly fully extended. Therefore, it is expected that these two landing
techniques (bounce-type drop jump and CMIJ-type drop jump) involve contrasting adaptations in

Achilles and patellar tendon properties (see (37)).

Other jumping conditions

Coaches must also consider the type of stance (bilateral vs. unilateral) when the athlete is
jumping and the direction of the applied vertical and horizontal forces according to the
specificity of the sport discipline. Indeed, as the control of balance and coordination differ

between one-legged and two-legged jumps and the direction of the applied forces, the intensity
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and the timing of activation of the involved muscles vary according to the type of stance (50). In
addition to the potential effect of bilateral deficit (51), the greater load (body weight) applied on
a single leg during unilateral compared with bilateral jumps likely influences the amount of
stress exerted on the tendons.

The ground surface (athletic track, rubber floor, sprung surface, grass and sand) may further
influence jumping performance. It was recently reported that drop jumps from 40 cm onto sand,
for example, reduces jump height (~20%), vertical reaction force, and power output, but
increases RFD, work, knee-joint range of motion, and peak ankle angular velocity during the
downward phase (52). Due to the greater compliance of sand relative to a rigid surface, it can
provide injury prevention under demands for large energy expenditure (53). Although training on
a compliant surface can reduce injury risk, jumping on harder surfaces allow a more reactive
jump and briefer contact time. Consequently, the preferred jump surface should depend on the
objective of the training program and on the specific requirements of the sporting activity. Hard
surfaces are preferred for most athletic disciplines, such as sprinting and jumping, whereas
compliant surfaces (sand or foam mat) are better suited for training of beach volleyball players
and some gymnastic activities, for example.

As indicated in Figure 1, these characteristics must be considered when attempting to
optimize the transfer of plyometric training adaptations to sport performance (i.e., concept of
specificity of the adaptations; (54,55)). This concept predicts that the closer the training routine
mimics the desired outcome (i.e., a specific exercise task to match a performance criterion), the
better will be the outcome (Hawley 2008). The next sections will illustrate some of these specific

adaptations in response to plyometric training.
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PLYOMETRIC TRAINING

A training program that includes plyometric exercises can improve vertical jump height (see
(2,9,56)) and athletic performance (e.g., sprinting and jumping events; (1)). Although plyometric
training can also reduce the incidence of injuries (57) and improve bone mineral content, density,
and structural properties (58,59), at least during childhood and adolescence, our perspective

article focuses on the neuromuscular characteristics that influence drop jump performance.

Drop jump performance

Many studies have reported that a few weeks (> 4 weeks) of plyometric training can increase
vertical jump height substantially (up to ~30%) when assessed by drop jumps testing (for
reviews, see (1,2,56)). The influence of plyometric training on ground contact time, however, is
variable as found to be reduced (36,37,60), unchanged (37,61) or augmented (36) depending on
the average drop height used during training, the height chosen for testing, and the landing
technique (see below). For example, Laurent and colleagues (37) observed a reduction in contact
time during a 20-cm drop jump but not during higher drop heights (40 and 60 cm), after 10
weeks of hopping and drop jump (from 30-40 cm) exercises. Similarly, Taube and colleagues
(36) reported a reduction in contact time when all plyometric exercises during training were
performed from a low and similar height as the testing conditions (30 cm), but an increased
duration when training also included drop jumps from higher heights (50 and 75 cm). This effect
was observed in both studies despite participants being instructed to minimize ground contact
time during training. The results of these two studies indicate that drop jumps performed from

low to moderate heights favor the reduction in contact time. In contrast, the reactivity index
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usually increases, regardless of the drop height utilized during training (Figure 3; 30,31). In
addition, most studies have found that the RFD for the knee extensor muscles increased after
jump training that included plyometric exercises (62—66). Collectively, these data indicate that

plyometric training is an effective method to augment explosive force production.

Specificity of landing technique

Drop jumping technique strongly influences the mechanical output of muscles (67), the
duration of the braking phase, and the contact time, which distinguishes between fast (<250 ms)
or slow (>250 ms) stretch-shortening cycles (26). However, most studies rarely report whether
participants performed slow (CMJ-type) or fast (bounce-type) drop jumps during training. This
oversight likely explains why the classic meta-analysis of Markovic (56) found that the effects of
plyometric training were slightly greater for the slow stretch-shortening cycle (pooled data: 8.7%
and 7.5% in CMJ with or without arm swing, respectively) than for the drop jump (4.7%).
Moreover, the meta-analysis concluded that the increase in jump height was similar for the SJ
(4.7%) after plyometric training. Another study reported that 6 weeks of jump training (60
jumps/session, 2 sessions/week) comprising 80% of CMJ jumps was more effective than 80% of
drop jumps in non-professional women volleyball players (61). Although both training protocols
substantially increased jump height, the CMJ training was significantly more effective in all
jump types (17% vs. 7% on average). The conclusion of this study was that CMJ training was
more effective than DJ training in enhancing jump height in women volleyball players
presumably because the slower stretch-shortening cycle during CMJs seems to be more specific

for these players and tasks.

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



€202/}1/80 uo

187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

MADUYOIAXFOHISABZIYTM+eyNIO! | WNOTZ L ABYHJSSHINAUE AQ ISSO-WSOB/WO" MM| S[BUINOI//:diY WOJ) peapeojumo(

Based on the findings discussed in the preceding paragraph, it is obvious that training results
must be discussed in terms of the specificity principle. It appears that the CMJ drop jump is more
effective than the bounce drop jump at increasing CMJ jump height (49). In contrast, training
with drop jumps appears more effective than CMIJs or SJs at increasing the speed of the fast
stretch-shortening cycle (1,68,69).

Few plyometric studies have compared the influence of the landing techniques on jumping
performance. One exception was the study by Laurent and colleagues (37) in which they
compared the influence of 10 weeks of training (200-400 jumps/session; 2 sessions/week) with
either of two different jumping techniques. One group performed all jumping exercises (height of
the boxes 30-40 cm) while minimizing knee flexion at landing and trying to minimize contact
time (bounce-type drop jump). The second group executed the jumping exercises by braking the
downward movement after ground contact by quickly flexing the knees to 80-90° and then
jumping as high as possible (CMJ-type drop jump). This study indicates the two different
jumping techniques stressed the Achilles tendon differently (43), which resulted in an increase in
tendon stiffness for the group that performed the bounce drop jump. Moreover, the increase in
jump height and decrease in contact time for the 20-cm drop jump was greater after the bounce
drop jump compared with the CMJ drop jump (37). In contrast, there was no difference between
the two techniques when drop jumps were performed from higher drop heights (40 and 60 cm).
However, jump height during the CMJ increased to a greater extent after training with CMJ-type
drop jump (17.5%) than bounce-type drop jump (11.8%).

Similarly, a 4-week training program (10 sets of 10 jumps, 3 sessions/week) compared the
gains achieved by 19 young basketball players trained with either of the two techniques (bounce

drop jump vs. CMJ drop jump; Pechlivanos et al. Unpublished data, 2023). The outcomes
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included jumping ability (SJ, CMJ, CMJ with arm swing, drop jumps from 20 cm and 40 cm)
and the biomechanical characteristics of the knee extensors and plantar flexors. One group
performed 50-cm drop jumps with the knee always flexed (knee angle ranged from 90° to 120°)
at landing, and the other group performed 30-cm drop jumps with a more extended knee angle at
landing (ranged from 130° to 170°). The group that trained with bounce drop jumps increased the
maximal jump height during drop jumps from 20 cm (+10%) and 40 cm (+12%), but decreased
during SJ height (-4%). In contrast, the group that trained with CMJ drop jump technique
increased jump height in SJ (+10%) and CMJ (+11%), but decreased jump height during the 40-
cm drop jump (-7%). The group that trained with the CMJ drop jumps did not improve isokinetic
and isometric strength of the plantar-flexor muscles after training, whereas the group that trained
with bounce drop jumps increased their force at some angular velocities and positions.

Together the findings of these two studies suggest that the jumping technique elicits specific
adaptations in neuromuscular function of the involved muscle-tendon units and potentially in

muscle synergies primarily involved in the exercise used during training.

Muscle-tendon length

Another aspect of the training specificity is the determination of the optimal joint angle at
ground contact as an index of the length of the muscle-tendon unit. In sprinting, for example,
modifying the ankle range of motion toward greater muscle lengths may increase the medial
gastrocnemius contribution and thus the force developed during plantar flexion. Sprint start
performance, for example, was improved by increasing the contribution of the medial
gastrocnemius, without changing the duration of the pushing phase, when the initial muscle

length was increased by lowering the front block angle from 70 to 30 degrees (70). In jumping,
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medial gastrocnemius produces a large proportion of the plantar flexors force when its length
remains close to the optimum range (71). Thus, the amount of force produced by this muscle is
greater when the muscle-tendon unit operates at a length close to its maximal force potential.
One way to train the plantar flexor muscles at longer length, closer to the optimal length for
force production (i.e., knee fully extended and ankle dorsiflexed at 15-20 degrees (72) and to
increase the excursion range of the muscle-tendon unit during drop jumps is to land on an
inclined surface. To that end, Kannas and colleagues (73) compared two groups of active men
performing a 4-week plyometric training (8 sets of 10 jumps/session; 4 sessions/week) with the
instruction “to jump as fast and as high as possible”, either on a level or an inclined surface.
Ankle hopping on the inclined surface resulted in greater improvements in jump height during
fast drop jump executed from heights of 20 cm (+17%) and 40 cm (+14%), compared with
hopping on the level surface (5% for both heights) (73). These changes were accompanied by a
greater EMG activity of the medial gastrocnemius during the propulsive phase of the drop jump.
In addition, plyometric training on an inclined surface was associated with a greater strain of the
aponeurosis and the tendon, with greater range of motion at the ankle joint and stretch of the
muscle-tendon unit. As a previous biomechanical analysis of hopping in these two conditions
demonstrated that the fascicle length of the medial gastrocnemius was longer during the initial
contact with the ground but reached similar length at the end of the braking phase, these findings
suggest that muscle fascicles operate at a more optimal length during the initial contact to resist
the impact load (74). Based on these observations, inclined hopping may be more effective
compared with hopping on a level surface, because of a more optimal muscle function and

presumably an increased recoil of the elastic energy stored in the muscle-tendon unit.
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Another way to train the plantar flexor muscles at their optimal length and to overload the
Achilles tendon during plyometric training is to use specifically designed shoes (thick rubber
platform of ~4 cm attached under the front of the soles; so-called strength shoes). The few
studies that have tested the effects of a training program (8-10 weeks, 2-3 sessions/week) with
these shoes have found no advantage over normal shoes in sprinting and jumping abilities
(75,76); unpublished data from one of the authors). Nonetheless, more studies are needed to
explore this feature more carefully and to further analyze the optimal length of adaptation for

other muscles among the leg extensors with regard of plyometric training.

Type of ground surface

As already mentioned, training for sports performed on compliant surface (e.g., sand for beach
volley) may benefit from matching the surface stiffness (53). Although few studies have
investigated the differences in biomechanical adaptations between plyometric training performed
on rigid and compliant surfaces (52), they have all indicated that jump-related performances can
be increased after training on both surfaces (77-79). For example, the study of Ahmadi and
colleagues (78) found that an 8-week plyometric program in women volley ball players increased
drop jump height to a greater extent when the training exercises were done on a rigid surface
than on sand, but the opposite was observed for the CMJ. Similarly, Ojeda-Aravena and
colleagues (79) observed a greater improvement in jump and power performances by rugby
players after a 4-week plyometric training performed on sand than on a rigid surface, but only for
CMJ tested with arms swing. In contrast, no change was found for the other jump types (SJ and
CM]J without arm swing) for different ground surfaces. This finding suggests that the increase in

CMJ height may have reflected an improvement in jumping technique, as the contribution of arm
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swing is more important when jumps are performed on a compliant surface. Together, these
studies suggest that plyometric training on compliant surfaces improves jump performance for
slow stretch-shortening cycle exercises, such as CMJs, whereas training on a more rigid surface
is more appropriate to increase performance of fast (high impact) stretch-shortening cycle
exercises, such as drop jumps. However, the training effects were tested only on a rigid surface
(force platform), with no evaluation of the training specificity on the two ground surfaces.

Further work is needed to address this point.

Neuromechanical adaptations

Adaptations that occur in both the nervous system (spinal and supraspinal), including muscle
synergies and intensity of activation, and the muscle-tendon complex can explain the specific
increase in performance (jump height & reactivity index) in response to a training program that
includes plyometric exercises (Figure 1). In some studies (36,62,65), but not all (80), part of the
increase in drop jump height after several weeks of plyometric training has been attributed to
neural adaptations, as estimated by surface EMG amplitude. As with training-related changes in
contact time, the effect on muscle activation varies across the different phases of the jump. While
most studies have reported no change in pre-activation EMG (pre-landing phase), contrasting
changes were observed for the EMG activity recorded in the leg extensor muscles during ground
contact. For example, findings for the plantar flexors have included: (1) no change in EMG
activity during both the braking and propulsive phases (61); (2) no change during the braking
phase but an increase during the propulsive phase (36,80); and (3) an increase during the braking
phase with no change (36) or decrease (60) during the propulsive phase. Also, Hirayama et al.

(60) found that the increase in EMG activity of the triceps surae during the braking phase was
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accompanied by a reduced EMG of the antagonist muscle (tibialis anterior). Although care
should be taken when interpreting surface EMG signals (81), the findings nevertheless show, at
least for the contact time, that the contrasting adaptations may depend on the average dropping
height used during training (36). For example, in the study by Taube and colleagues (30), the
soleus EMG activity increased mainly during the braking phase for training with drop jumps
performed from a low height (30 cm) but during the propulsive phase when training incorporated
also drop jumps from higher heights (50 and 75 cm). These divergent neural adaptations likely
contribute to optimize jump performance specifically to the conditions encountered during
training (30).

In addition to possible increases in muscle contractile kinetics (80), an increase in tendon
stiffness after plyometric training has been reported by some (37,82-84), but not all studies
(80,85). The contrasting findings are often explained by differences in the loading intensity (drop
height) and the landing technique (degree of knee flexion), which can differently modulate the
mechanical stress generated at the muscle-tendon complex (see below; (37,48)), but also the
volume of jumps performed in each session and the total duration of the training program (86,87).
As plyometric training for a few weeks (< 10 weeks) does not change the cross-sectional area
(CSA) of the Achilles tendon, the increase in tendon stiffness likely arises from intrinsic structural
changes in the tendon (84). Because a stiffer tendon recoils elastic energy and transmits force to
the skeleton more quickly (18,60,82), such an adaption improves the efficacy of the stretch-
shortening cycle and thereby drop jump performance. Tendon stiffness, together with changes in
neuromuscular activity and optimization of muscle-tendon interaction (36,60,62,65), appear to be
important factors for increasing the height of jumps with low impact forces (i.e. CMJ).

Nevertheless, the lack of statistically significant association between the gains in Achilles tendon
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stiffness and jump height at higher drop heights (40 and 60 cm) after plyometric training (37), may
be explained by differences in neural (31,45) and mechanical (39) adaptations or between muscle
and tendon stiffness as a function of the drop height. In addition, as plyometric training can induce
muscle hypertrophy (80,88), increase muscle pennation angle (89) and maximal force
(37,62,64,80,83), at least in moderately trained individuals, these adaptations likely increase their
capacity to resist high impact loads at landing and thus augment the efficacy of the stretch-
shortening cycle [see 4].

The different adaptations elicited by plyometric exercise training using low and high impact
loads underscore the specificity of the neuromuscular and tendon adaptations to the conditions in
which the plyometric exercises are performed. This conclusion has important implications for the
choice of plyometric exercises used during training and consequently the transfer of the training

gains to different sport disciplines.

PERSPECTIVES FOR PROGRESS

Although the number of studies performed on plyometric training in the last 20 years has
increased substantially (9), many variables still need to be investigated to determine how to
maximize the gains and their transfer to specific sport disciplines. As several variables have been

addressed in a recent meta-analysis (3), we focus on four fundamental and practical issues.

Index of reactivity

Many studies have mainly examined the influence of plyometric training on maximal jump

height attained during classical jumps, such as SJ, CMJ with and without arm swing, and drop
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jump. Although this parameter is important in some sports for which maximal height reached
during a vertical jump is a major determinant of the performance (e.g., volleyball, ski jumping),
in many other sport disciplines (e.g., athletic events), athletes are required to maximize the
vertical impulse (ground reaction force-time integral) in minimal time. For example, the contact
time in elite athletes is ~100 ms when sprinting at maximal speed and ~120-130 ms during long
jump take-off, which indicates that the time to produce force is less than that required to achieve
maximal force (>300 ms; (9,10,83)). In sports that involve lesser velocities (tennis, basketball,
etc.), a brief contact time (reactive force) during testing exercises is also an important factor for
performance. Such performances can be characterized by the reactivity index (jump
height/contact time), provided the athlete attempts to maximize jump height. Another key metric
when jump performance is performed on a force platform is the RFD (10). These measures
provide an index of explosive force and are more informative for monitoring training progress
than maximal height attained during a vertical jump. In that context, augmented feedback (i.e.,
referring to feedback that originates from an external source such as jump height, contact time,
etc), was shown to be beneficial to maximize drop jump performance, notably in elite athletes
(91). Interestingly, this improvement, associated with a stimulating motivation and an external
focus of attention, was observable in both acute and long-term training, but was not influenced

by the amount of feedback provided during the training period (90).

Stance and jump direction
The type of stance (bilateral vs. unilateral) and direction of the plyometric jumps (vertical vs.
horizontal) are additional factors to consider for training and testing. In most studies, training has

been performed during two-legged exercises in a vertical direction. Although this training
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condition is relevant for some sports (e.g., volleyball, basketball, hopping during sparring in
combat sports, gymnastics), other sporting activities involve one-legged actions with a
significant horizontal component (e.g., sprinting and horizontal jumping in athletic) or a
combination of the two (e.g., basketball, soccer, rugby, tennis, badminton). These jump
conditions should be mimicked during training and tested to evaluate the magnitude of the
transfer of training gains. We recognize that it is more difficult to test accurately the efficacy of a
training program during one-legged exercises in horizontal directions due to the greater relative
influence of technique. Such tests require a prolonged period of familiarization to identify the
specific muscle synergies and neural adaptations (54,55,92), which depend on the type of action
(bilateral vs. unilateral; see (93,94)), and changes in the muscle-tendon complex as a function of
training duration (74,95) and level of mechanical stress (37,87,96). With regard to muscle
synergies a particular attention should be paid on sex specificities as they appear to differ during

locomotion (97).

Intensity

There is also some uncertainty over the influence of drop height on the gains in performance.
Drop height manipulates the intensity of a plyometric exercise by influencing the stress
generated on the involved muscles, connective tissue, and joints (98). Few studies have
investigated the influence of the drop height used during training on the increase in jump
performance (36,48,99). Among these studies, Taube and colleagues (36) reported a significant
increase in jump height regardless of drop height (30, 50 and 75 cm) when plyometric exercises
included drop jumps from these three heights, but not when all jumps were performed from the

lowest height only (30 cm). Although, the average reactivity index increased similarly (14%)
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after the two training programs, the ground contact time was reduced when drop jumps were
executed from the lowest height (30 cm) only but increased when jumps were executed from the
three different heights. These results indicate that a program of drop jumps performed from
higher heights influence preferentially the increase in jump height but it is at the expense of an
increased contact time. In contrast, in the study by Laurent and colleagues (31), the reactivity
index was not changed significantly in moderately trained individuals (students in physical
education) when drop jumps were assessed from higher drop height (40 and 60 cm), but this
index increased more by training with jumps from lower heights and brief reactive landings that
reduce contact time. Together, these studies indicate that the magnitude of the adaptations among
the variables that characterize jump performance (jump height, contact time, reactivity index) are
specifically influenced by the drop height used during plyometric training.

It should be noted, however, that some elite athletes (e.g., long and triple jumpers) achieve a
maximal reactivity index at higher drop heights (Figures 2 and 3; see also (47)). Moreover, drop-
jump training (2 sessions/week for 8 weeks) performed from the height that elicited the maximal
reactivity index (60 cm), in combination with classical strength training, increased the reactivity
index from drop heights of 20 to 80 cm with minimal change in contact time (Figure 3). In
agreement with this specific training effect, a greater improvement was found for the drop height
(60 cm) that was used during training (Figure 3). Although these data were acquired from a
single athlete and he performed concurrent plyometric and strength training, the results
nevertheless indicate specific adaptations based on the drop height used during training.

To accommodate the uncertainty over the optimal height to maximize neuromuscular and
tendon adaptations, periodization of various type of plyometric exercises is often used by

coaches. For example, they favor high ground impacts at the expense of relatively brief contact
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time during the general preparation period of a training season (38). In this instance, the
objective is to generate a high-level of stress in the involved muscles during the braking phase of
the jump. In the more specific preparation period (pre-competitive and competitive phases), the
approach is to use drop jumps executed from heights equal or lower than the optimal height at
which the reactivity index is obtained in sports involving brief contact times. In many sports,
jump training is combined with other types of strength-related methods (classical strength
training, eccentric or dynamic training, contrast loading, electrostimulation; Figure 1; (1,9)).
Although some studies have investigated such combination programs (66,100,101), the
effectiveness of these strategies warrants further investigations.

Additional studies are needed to define the plyometric exercises (type of jump) that maximize
the gains for specific sport disciplines but also to personalize the training program (athlete vs.
moderately trained individual; Figure 1). In addition to the type of ground surface (see above),
the type of shoes, especially the recent running shoes that incorporate carbon-fiber plate and
which appear to be helpful in improving athletic performance, should be also considered in

future studies.

Dose-response

In addition to drop height, the training volume (number of jumps/session and total number of
sessions) is also considered as an important stimulus for adaptations elicited by plyometric
training but the optimal dose-response is uncertain (9). The meta-analysis conducted by de
Villarreal and colleagues (102) led to the conclusion that individuals with more sporting
experience achieve greater increases in vertical jump height than those in either good or poor

physical condition. They also found that training programs of more than 10 weeks and 20
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sessions performed at a frequency of ~2 sessions per week with high-intensity exercises and
more than 50 jumps per session were most effective at improving performance. However, some
studies reported that training frequency might not be as important as the overall training volume
(8). Furthermore, a combination of jump types (SJ, CMJ, and drop jumps) is recommended to
maximize jumping gains rather than using a single type of jump (102).

In many studies, the number of jumps per session appears relatively modest compared with
the number performed by elite athletes (200-400 jumps/session). However, it is mainly jump
coordination (neural adaptations) that improves jump height and reactivity index in novice
individuals after a brief plyometric training program. As with strength training, the number of
jumps per session should not be a major reason for early increases in performance. In contrast,
structural adaptations, such as increases tendon stiffness, require a greater number of jumps. For
example, both jump performance (maximal height & reactivity index) and Achilles tendon
stiffness were increased after a total volume of ~6.000 - 7.000 jumps (37,83), whereas only jump
height was augmented after ~ 4.800 jumps (80). Although additional studies are needed to
determine the optimal dose-response relative to participant experience, structural adaptations can
be considered as a marker of the minimal number of jumps necessary depending on the intensity

of the drop jump (36) and the landing technique (37).

Conclusion

Although plyometric exercises are widely used in sport and a growing number of studies have
examined the acute and long-term adaptations of this training method, much remains to be
learned for optimizing the neuromechanical adaptations induced by plyometric training and to

transfer performance gains into specific sport disciplines. In addition, more studies are also
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needed to evaluate the risks incurred by this training method and the conditions under which it is

practiced.

Acknowledgment
We thank Professor Roger M. Enoka for editing a draft version of the article.
Funding: No specific funding was received for this paper. Disclosure of conflicts of interest:

The authors have no conflict of interest to disclose

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



€202/}1/80 uo

187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

MADUYOIAXFOHISABZIYTM+eyNIO! | WNOTZ L ABYHJSSHINAUE AQ ISSO-WSOB/WO" MM| S[BUINOI//:diY WOJ) peapeojumo(

References

1.

Markovic G, Mikulic P. Neuro-musculoskeletal and performance adaptations to lower-
extremity plyometric training. Sport Med. 2010;40(10):859-95.

Stojanovi¢ E, Risti¢ V, McMaster DT, Milanovi¢ Z. Effect of plyometric training on
vertical jump performance in female athletes: a systematic review and meta-analysis.
Sport Med. 2017;47(5):975-86.

Ramirez-Campillo R, Moran J, Chaabene H, Granacher U, Behm DG, Garcia-Hermoso A,
et al. Methodological characteristics and future directions for plyometric jump training
research: A scoping review update. Scand J Med Sci Sports. 2020;30(6):983-97.

Komi P V, Nicol C. Stretch-Shortening Cycle of Muscle Function. In: Komi PV, editor.
Neuromuscular Aspects of Sport Performance. Oxford: Wiley-Blackwell; 2011; 2010. p.
15-31.

Bosco C, Tarkka I, Komi P V. Effect of elastic energy and myoelectrical potentiation of
triceps surae during stretch-shortening cycle exercise. Int J Sports Med. 1982;3(3):137—
40.

Cavagna GA, Citterio G. Effect of stretching on the elastic characteristics and the
contractile component of frog striated muscle. J Physiol. 1974;239(1):1-14.

Finni T, Ikegawa S, Lepola V, Komi P V. Comparison of force-velocity relationships of
vastus lateralis muscle in isokinetic and in stretch-shortening cycle exercises. Acta
Physiol Scand. 2003 Apr;177(4):483-91.

de Villarreal ESS, Gonzdlez-Badillo JJ, Izquierdo M. Low and moderate plyometric
training frequency produces greater jumping and sprinting gains compared with high

frequency. J Strength Cond Res. 2008;22(3):715-25.

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



€202/}1/80 uo

187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

MADUYOIAXFOHISABZIYTM+eyNIO! | WNOTZ L ABYHJSSHINAUE AQ ISSO-WSOB/WO" MM| S[BUINOI//:diY WOJ) peapeojumo(

10.

11.

12.

13.

14.

15.

16.

Ramirez-Campillo R, Alvarez C, Garcia-Hermoso A, Ramirez-Vélez R, Gentil P, Asadi
A, et al. Methodological characteristics and future directions for plyometric jump training
research: a scoping review. Sport Med. 2018;48(5):1059-81.

Oxfeldt M, Overgaard K, Hvid LG, Dalgas U. Effects of plyometric training on jumping,
sprint performance, and lower body muscle strength in healthy adults: A systematic
review and meta-analyses. Scand J Med Sci Sports. 2019 Oct;29(10):1453-65.

Andersen LL, Aagaard P. Influence of maximal muscle strength and intrinsic muscle
contractile properties on contractile rate of force development. Eur J Appl Physiol.
2006;96(1):46-52.

Duchateau J, Baudry S. Maximal discharge rate of motor units determines the maximal
rate of force development during ballistic contractions in human. Front Hum Neurosci.
2014;8.

Maffiuletti NA, Aagaard P, Blazevich AJ, Folland J, Tillin N, Duchateau J. Rate of force
development: physiological and methodological considerations. Eur J Appl Physiol.
2016;116(6):1091-116.

de Ruiter CJ, Kooistra RD, Paalman MI, de Haan A. Initial phase of maximal voluntary
and electrically stimulated knee extension torque development at different knee angles. J
Appl Physiol. 2004 Nov;97(5):1693-701.

Del Vecchio A. Neuromechanics of the Rate of Force Development. Exerc Sport Sci Rev.
2023;51(1).

Harridge SDR, Bottinelli R, Canepari M, Pellegrino MA, Reggiani C, Esbjornsson M, et
al. Whole-muscle and single-fibre contractile properties and myosin heavy chain isoforms

in humans. Pfliigers Arch. 1996;432(5):913-20.

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



€202/}1/80 uo

187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

MADUYOIAXFOHISABZIYTM+eyNIO! | WNOTZ L ABYHJSSHINAUE AQ ISSO-WSOB/WO" MM| S[BUINOI//:diY WOJ) peapeojumo(

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Folland JP, Buckthorpe MW, Hannah R. Human capacity for explosive force production:
neural and contractile determinants. Scand J Med Sci Sports. 2014;24(6):894-906.
Bojsen-Mgller J, Magnusson SP, Rasmussen LR, Kjaer M, Aagaard P. Muscle
performance during maximal isometric and dynamic contractions is influenced by the
stiffness of the tendinous structures. J Appl Physiol. 2005;99(3):986-94.

Waugh CM, Korff T, Fath F, Blazevich AJ. Rapid force production in children and adults:
mechanical and neural contributions. Med Sci Sports Exerc. 2013;45(4):762-71.

Miller JD, Fry AC, Ciccone AB, Poggio J. Analysis of Rate of Force Development as a
Vertical Jump Height Predictor. Res Q Exerc Sport. 2022;1-8.

Saliba L, Hrysomallis C. Isokinetic strength related to jumping but not kicking
performance of Australian footballers. J Sci Med Sport. 2001;4(3):336—47.

Tillin NA, Pain MTG, Folland J. Explosive force production during isometric squats
correlates with athletic performance in rugby union players. J Sports Sci. 2013
Jan;31(1):66-76.

McLellan CP, Lovell DI, Gass GC. The role of rate of force development on vertical jump
performance. J Strength Cond Res. 2011;25(2):379-85.

Kawakami Y, Muraoka T, Ito S, Kanehisa H, Fukunaga T. In vivo muscle fibre behaviour
during counter-movement exercise in humans reveals a significant role for tendon
elasticity. J Physiol. 2002;540(2):635-46.

Sousa F, Ishikawa M, Vilas-Boas JP, Komi P V. Intensity-and muscle-specific fascicle
behavior during human drop jumps. J Appl Physiol. 2007;102(1):382-9.

Schmidtbleicher D. Training for power events. In: Komi PV, editor. Strength and power in

sport. 1992. p. 381-95.

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



€202/}1/80 uo

187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

MADUYOIAXFOHISABZIYTM+eyNIO! | WNOTZ L ABYHJSSHINAUE AQ ISSO-WSOB/WO" MM| S[BUINOI//:diY WOJ) peapeojumo(

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

van Ingen Schenau GJ, Bobbert MF, de Haan A. Does elastic energy enhance work and
efficiency in the stretch-shortening cycle? J Appl Biomech. 1997;13(4):389-415.

Bobbert MF, Casius LJR. Is the effect of a countermovement on jump height due to active
state development? Med Sci Sports Exerc. 2005 Mar;37(3):440-6.

de Campos D, Orssatto LBR, Trajano GS, Herzog W, Fontana H de B. Residual force
enhancement in human skeletal muscles: A systematic review and meta-analysis. J Sport
Heal Sci [Internet]. 2022;11(1):94-103. Available from:
https://www.sciencedirect.com/science/article/pii/S209525462100065X

Komi P V, Gollhofer A. Stretch reflexes can have an important role in force enhancement
during SSC exercise. J Appl Biomech. 1997;13(4):451-60.

Taube W, Leukel C, Gollhofer A. How Neurons Make Us Jump: The Neural Control of
Stretch-Shortening Cycle Movements. Exerc Sport Sci Rev. 2012;40(2).

Dyhre-Poulsen P, Simonsen EB, Voigt M. Dynamic control of muscle stiffness and H
reflex modulation during hopping and jumping in man. J Physiol. 1991 Jun;437:287-304.
Verkhoshansky Y. Depth jumping in the training of jumpers. Track Tech. 1973;51:60-1.
Young WB, Wilson CJ, Byrne C. A comparison of drop jump training methods: effects on
leg extensor strength qualities and jumping performance. Int J Sports Med.
1999;20(05):295-303.

Komi P V, Bosco C. Utilization of stored elastic energy in leg extensor muscles by men
and women. Med Sci Sports. 1978;10(4):261-5.

Taube W, Leukel C, Lauber B, Gollhofer A. The drop height determines neuromuscular
adaptations and changes in jump performance in stretch-shortening cycle training. Scand J

Med Sci Sports. 2012;22(5):671-83.

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



€202/}1/80 uo

187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

MADUYOIAXFOHISABZIYTM+eyNIO! | WNOTZ L ABYHJSSHINAUE AQ ISSO-WSOB/WO" MM| S[BUINOI//:diY WOJ) peapeojumo(

37.

38.

39.

40.

41.

42.

43.

44.

Laurent C, Baudry S, Duchateau J. Comparison of plyometric training with two different
jumping techniques on achilles tendon properties and jump performances. J Strength Cond
Res. 2020;34(6):1503-10.

Gollhofer A, Schmidtbleicher D. Muscle activation patterns of human leg extensors and
force-time characteristics in jumping exercises under increased stretching load. In: de
Groot G, Hollander A, Huijing P van IS, editor. Biomechanics XI A. Free University
Press, Amsterdam; 1988. p. 143—7.

Ishikawa M, Niemela E, Komi P V. Interaction between fascicle and tendinous tissues in
short-contact stretch-shortening cycle exercise with varying eccentric intensities. J Appl
Physiol. 2005;99(1):217-23.

Schmidtbleicher D, Gollhofer A. Neuromuskuldre Untersuchungen zur Bestimmung
individueller =~ BelastungsgroBen  fiir  ein  Tiefsprungtraining.  Leistungssport.
1982;12(4):298-307.

Santello M, McDonagh MJIN. The control of timing and amplitude of EMG activity in
landing movements in humans. Exp Physiol. 1998;83(6):857-74.

Arampatzis A, Schade F, Walsh M, Briiggemann G-P. Influence of leg stiffness and its
effect on myodynamic jumping performance. J Electromyogr Kinesiol. 2001;11(5):355—
64.

Avela J, Komi P V, Santos PM. Effects of differently induced stretch loads on
neuromuscular control in drop jump exercise. Eur J Appl Physiol Occup Physiol.
1996;72(5):553-62.

Horita T, Komi P, Nicol C, Kyroldinen H. Interaction between pre-landing activities and

stiffness regulation of the knee joint musculoskeletal system in the drop jump:

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



€202/}1/80 uo

187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

MADUYOIAXFOHISABZIYTM+eyNIO! | WNOTZ L ABYHJSSHINAUE AQ ISSO-WSOB/WO" MM| S[BUINOI//:diY WOJ) peapeojumo(

45.

46.

47.

48.

49.

50.

51.

52.

implications to performance. Eur J Appl Physiol. 2002;88(1):76—84.

Leukel C, Gollhofer A, Keller M, Taube W. Phase-and task-specific modulation of soleus
H-reflexes during drop-jumps and landings. Exp brain Res. 2008;190(1):71-9.

Byrne PJ, Moran K, Rankin P, Kinsella S. A comparison of methods used to identify
‘optimal’drop height for early phase adaptations in depth jump training. J Strength Cond
Res. 2010;24(8):2050-5.

Enoka RM, Duchateau J. Muscle function: strength, speed, and fatigability. In: Zoladz JA,
editor. Muscle and exercise physiology. Elsevier; 2019. p. 129-57.

Bobbert MF, Mackay M, Schinkelshoek D, Huijing PA, van Ingen Schenau GJ.
Biomechanical analysis of drop and countermovement jumps. Eur J Appl Physiol Occup
Physiol. 1986;54(6):566—73.

Marshall BM, Moran KA. Which drop jump technique is most effective at enhancing
countermovement jump ability, ‘countermovement” drop jump or “bounce” drop jump? J
Sports Sci. 2013;31(12):1368-74.

Van Soest AJ, Roebroeck ME, Bobbert MF, Huijing PA, van Ingen Schenau GJ. A
comparison of one-legged and two-legged countermovement jumps. Med Sci Sports
Exerc. 1985;17(6):635-9.

Plesa J, Kozinc Z, Smajla D, Sarabon N. The association between reactive strength index
and reactive strength index modified with approach jump performance. PLoS One.
2022;17(2):e0264144.

Giatsis G, Panoutsakopoulos V, Kollias IA. Drop jumping on sand is characterized by
lower power, higher rate of force development and larger knee joint range of motion. J

Funct Morphol Kinesiol. 2022;7(1):17.

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



€202/}1/80 uo

187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

MADUYOIAXFOHISABZIYTM+eyNIO! | WNOTZ L ABYHJSSHINAUE AQ ISSO-WSOB/WO" MM| S[BUINOI//:diY WOJ) peapeojumo(

53.

54.

55.

56.

57.

38.

59.

60.

61.

Giatsis G, Kollias I, Panoutsakopoulos V, Papaiakovou G. Volleyball: Biomechanical
differences in elite beach-volleyball players in vertical squat jump on rigid and sand
surface. Sport Biomech. 2004;3(1):145-58.

Duchateau J, Baudry S. Training Adaptation of the Neuromuscular System. In: Komi P V,
editor. Neuromuscular Aspects of Sport Performance. 2010. p. 216-53.

Sale DG. Neural adaptation to resistance training. Med Sci Sports Exerc. 1988;20(5
Suppl):S135-45.

Markovic G. Does plyometric training improve vertical jump height? A meta-analytical
review. Br J Sports Med. 2007;41(6):349-55.

Lephart SM, Abt JP, Ferris CM, Sell TC, Nagai T, Myers JB, et al. Neuromuscular and
biomechanical characteristic changes in high school athletes: a plyometric versus basic
resistance program. Br J Sports Med. 2005;39(12):932-8.

G6mez-Bruton A, Matute-Llorente A, Gonzédlez-Agiiero A, Casajis JA, Vicente-
Rodriguez G. Plyometric exercise and bone health in children and adolescents: a
systematic review. World J Pediatr. 2017;13(2):112-21.

Witzke KA, Snow CM. Effects of polymetric jump training on bone mass in adolescent
girls. Med Sci Sports Exerc. 2000;32(6):1051-7.

Hirayama K, Iwanuma S, Ikeda N, Yoshikawa A, Ema R, Kawakami Y. Plyometric
Training Favors Optimizing Muscle-Tendon Behavior during Depth Jumping. Front
Physiol. 2017;8:16.

Kyrolainen H, Hakkinen K, Komi PV, Kim DH, Cheng S. Prolonged power training of
stretch shortening cycle exercises in females neuromuscular adaptation and changes in

mechanical performance of muscles. J Hum Mov Stud. 1979;17(1):9-22.

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



€202/}1/80 uo

187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

MADUYOIAXFOHISABZIYTM+eyNIO! | WNOTZ L ABYHJSSHINAUE AQ ISSO-WSOB/WO" MM| S[BUINOI//:diY WOJ) peapeojumo(

62.

63.

64.

65.

66.

67.

68.

69.

Behrens M, Mau-Moeller A, Bruhn S. Effect of plyometric training on neural and
mechanical properties of the knee extensor muscles. Int J Sports Med. 2014;35(02):101—
19.

Hikkinen K, Alen M, Komi P V. Changes in isometric force- and relaxation-time,
electromyographic and muscle fibre characteristics of human skeletal muscle during
strength training and detraining. Acta Physiol Scand. 1985;125(4):573-85.

Kyréldinen H, Avela J, McBride JM, Koskinen S, Andersen JL, Sipild S, et al. Effects of
power training on muscle structure and neuromuscular performance. Scand J Med Sci
Sports. 2005;15(1):58—64.

Grosset J-F, Piscione J, Lambertz D, Pérot C. Paired changes in electromechanical delay
and musculo-tendinous stiffness after endurance or plyometric training. Eur J Appl
Physiol. 2009;105(1):131-9.

Matavulj D, Kukolj M, Ugarkovic D, Tihanyi J, Jaric S. Effects of pylometric training on
jumping performance in junior basketball players. J Sports Med Phys Fitness.
2001;41(2):159-64.

Bobbert MF. Drop jumping as a training method for jumping ability. Sport Med.
1990;9(1):7-22.

Holcomb WR, Lander JE, Rutland RM, Wilson GD. The effectiveness of a modified
plyometric program on power and the vertical jump. J Strength Cond Res. 1996;10(2):89—
92.

Wilson GJ, Newton RU, Murphy AJ, Humphries BJ. The optimal training load for the
development of dynamic athletic performance. Med Sci Sports Exerc [Internet].

1993;25(11):1279-86. Available from: http://europepmc.org/abstract/ MED/8289617

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



€202/}1/80 uo

187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

MADUYOIAXFOHISABZIYTM+eyNIO! | WNOTZ L ABYHJSSHINAUE AQ ISSO-WSOB/WO" MM| S[BUINOI//:diY WOJ) peapeojumo(

70.

71.

72.

73.

74.

75.

76.

77.

78.

Guissard N, Duchateau J, Hainaut K. EMG and mechanical changes during sprint starts at
different front block obliquities. Med Sci Sports Exerc. 1992;24(11):1257-63.

Bobbert MF, van Ingen Schenau GJ. Coordination in vertical jumping. J Biomech.
1988;21(3):249-62.

Kawakami Y, Ichinose Y, Fukunaga T. Architectural and functional features of human
triceps surae muscles during contraction. J Appl Physiol. 1998;85(2):398—404.

Kannas TM, Kellis E, Amiridis IG. Incline plyometrics-induced improvement of jumping
performance. Eur J Appl Physiol. 2012;112(6):2353-61.

Kannas TM, Kellis E, Amiridis IG. Biomechanical Differences Between Incline and Plane
Hopping. J Strength Cond Res. 2011;25(12).

Porcari JP, Pethan SM, Ward K, Fater D, Terry L. Effects of training in strength shoes on
40-yard dash time, jumping ability, and calf girth. J Strength Cond Res. 1996;10:120-3.
Ratamess NA, Kraemer WIJ, Volek JS, French DN, Rubin MR, Gomez AL, et al. The
effects of ten weeks of resistance and combined plyometric/sprint training with the
Meridian Elyte athletic shoe on muscular performance in women. J Strength Cond Res.
2007;21(3):882-7.

Impellizzeri FM, Rampinini E, Castagna C, Martino F, Fiorini S, Wisloff U. Effect of
plyometric training on sand versus grass on muscle soreness and jumping and sprinting
ability in soccer players. Br J Sports Med. 2008;42(1):42-6.

Ahmadi M, Nobari H, Ramirez-Campillo R, Pérez-Gémez J, Ribeiro AL de A, Martinez-
Rodriguez A. Effects of plyometric jump training in sand or rigid surface on jump-related
biomechanical variables and physical fitness in female volleyball players. Int J Environ

Res Public Health. 2021;18(24):13093.

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



€202/}1/80 uo

187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

MADUYOIAXFOHISABZIYTM+eyNIO! | WNOTZ L ABYHJSSHINAUE AQ ISSO-WSOB/WO" MM| S[BUINOI//:diY WOJ) peapeojumo(

79.

80.

81.

82.

83.

84.

85.

86.

87.

Ojeda-Aravena A, Azocar-Gallardo J, Campos-Uribe V, Baez-San Martin E, Aedo-Muioz
EA, Herrera-Valenzuela T. Effects of plyometric training on softer vs. Harder surfaces on
jump-related performance in rugby sevens players. Front Physiol. 2022;13:941675.

Kubo K, Morimoto M, Komuro T, Yata H, Tsunoda N, Kanehisa H, et al. Effects of
plyometric and weight training on muscle-tendon complex and jump performance. Med
Sci Sports Exerc. 2007;39(10):1801.

Keenan KG, Farina D, Maluf KS, Merletti R, Enoka RM. Influence of amplitude
cancellation on the simulated surface electromyogram. J Appl Physiol. 2005;98(1):120—
31.

Burgess KE, Connick MJ, Graham-Smith P, Pearson SJ. Plyometric vs. isometric training
influences on tendon properties and muscle output. J strength Cond Res. 2007;21(3):986.
Fouré A, Nordez A, Cornu C. Plyometric training effects on Achilles tendon stiffness and
dissipative properties. J Appl Physiol. 2010;109(3):849-54.

Wu Y, Lien Y, Lin K, Shih T, Wang T, Wang H. Relationships between three potentiation
effects of plyometric training and performance. Scand J Med Sci Sports. 2010;20(1):e80—
6.

Fouré A, Nordez A, Guette M, Cornu C. Effects of plyometric training on passive stiffness
of gastrocnemii and the musculo-articular complex of the ankle joint. Scand J Med Sci
Sports. 2009;19(6):811-8.

Ramirez-Campillo R, Andrade DC, Izquierdo M. Effects of plyometric training volume
and training surface on explosive strength. J Strength Cond Res. 2013;27(10):2714-22.
Wiesinger H-P, Kosters A, Miiller E, Seynnes OR. Effects of increased loading on in vivo

tendon properties: a systematic review. Med Sci Sports Exerc. 2015;47(9):1885.

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



€202/}1/80 uo

187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

MADUYOIAXFOHISABZIYTM+eyNIO! | WNOTZ L ABYHJSSHINAUE AQ ISSO-WSOB/WO" MM| S[BUINOI//:diY WOJ) peapeojumo(

88.

89.

90.

91.

92.

93.

94.

95.

Malisoux L, Francaux M, Nielens H, Theisen D. Stretch-shortening cycle exercises: an
effective training paradigm to enhance power output of human single muscle fibers. J
Appl Physiol. 2006;100(3):771-9.

Ramirez-delaCruz M, Bravo-Sanchez A, Esteban-Garcia P, Jiménez F, Abian-Vicén J.
Effects of plyometric training on lower body muscle architecture, tendon structure,
stiffness and physical performance: a systematic review and meta-analysis. Sport Med.
2022;8(1):1-29.

Aagaard P, Simonsen EB, Andersen JL, Magnusson P, Dyhre-Poulsen P. Increased rate of
force development and neural drive of human skeletal muscle following resistance
training. J Appl Physiol. 2002;93(4):1318-26.

Keller M, Lauber B, Gehring D, Leukel C, Taube W. Jump performance and augmented
feedback: Immediate benefits and long-term training effects. Hum Mov Sci [Internet].
2014;36:177-89. Available from:
https://www.sciencedirect.com/science/article/pii/S0167945714000633

Aagaard P, Simonsen EB, Trolle M, Bangsbo J, Klausen K. Specificity of training
velocity and training load on gains in isokinetic knee joint strength. Acta Physiol Scand.
1996 Feb 1;156(2):123-9.

Secher NH. Isometric rowing strength of experienced and inexperienced oarsmen. Med
Sci Sports. 1975;7(4):280-3.

Taniguchi Y. Relationship between the modifications of bilateral deficit in upper and
lower limbs by resistance training in humans. Eur J Appl Physiol Occup Physiol.
1998;78(3):226-30.

Kubo K, Ohgo K, Takeishi R, Yoshinaga K, Tsunoda N, Kanehisa H, et al. Effects of

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



€202/}1/80 uo

187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

MADUYOIAXFOHISABZIYTM+eyNIO! | WNOTZ L ABYHJSSHINAUE AQ ISSO-WSOB/WO" MM| S[BUINOI//:diY WOJ) peapeojumo(

96.

97.

98.

99.

100.

101.

102.

1sometric training at different knee angles on the muscle-tendon complex in vivo. Scand J
Med Sci Sports. 2006 Jun;16(3):159-67.

Bohm S, Mersmann F, Arampatzis A. Human tendon adaptation in response to
mechanical loading: a systematic review and meta-analysis of exercise intervention
studies on healthy adults. Sport Med - Open. 2015;1(1):7.

Besson T, Macchi R, Rossi J, Morio CYM, Kunimasa Y, Nicol C, et al. Sex Differences
in Endurance Running. Sport Med [Internet]. 2022;52(6):1235-57. Available from:
https://doi.org/10.1007/s40279-022-01651-w

Ebben WP, Simenz C, Jensen RL. Evaluation of plyometric intensity using
electromyography. J Strength Cond Res. 2008 May;22(3):861-8.

Bedi JF, Cresswell AG, Engel TJ, Nicol SM. Increase in jumping height associated with
maximal effort vertical depth jumps. Res Q Exerc Sport. 1987;58(1):11-5.
Ramirez-Campillo R, Gallardo F, Henriquez-Olguin C, Meylan CMP, Martinez C,
Alvarez C, et al. Effect of vertical, horizontal, and combined plyometric training on
explosive, balance, and endurance performance of young soccer players. J Strength Cond
Res. 2015;29(7):1784-95.

Ramirez-Campillo R, Burgos CH, Henriquez-Olguin C, Andrade DC, Martinez C,
Alvarez C, et al. Effect of unilateral, bilateral, and combined plyometric training on
explosive and endurance performance of young soccer players. J Strength Cond Res.
2015;29(5):1317-28.

de Villarreal ES-S, Kellis E, Kraemer WJ, Izquierdo M. Determining Variables of
Plyometric Training for Improving Vertical Jump Height Performance: A Meta-Analysis.

J Strength Cond Res. 2009;23(2).

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

MADUYOIAXFOHISABZIYTM+eyNIO! | WNOTZ L ABYHJSSHINAUE AQ ISSO-WSOB/WO" MM| S[BUINOI//:diY WOJ) peapeojumo(

€202/}1/80 uo

Figures

Figure 1. Diagram representing the main parameters to be taken into account to maximize the
effect of plyometric training in a specific sport discipline. First, the movement-related
characteristics of the sport discipline must be determined by analyzing the type of stretch-
shortening cycle, ground surface and the individual level of expertise (NB: age is not considered
in this article). Based on this analysis, training prescription should include the exercises
characteristics (comprising their modalities of execution) and the training program (workload
and its total volume, as well as the periodization and combination of plyometric training with
other strength-related methods). This training process, if adequately planned, will produce
specific neuromechanical adaptations that will result in specific improvements of sport
performance.

Figure 2. Vertical jump height (A), ground contact time (B) and reactivity index (jump
height/ground contact time; C) during bounce-type drop jumps performed from heights ranging
from 20 to 100 cm in an elite pole vaulter (best performance Sm 70). Note that peak jump height
was achieved at a greater drop height (60 cm) than the reactivity index (40 cm).

Figure 3. Change in the reactivity index as a function of the drop height in a young long jumper
(best performance of ~7 m) after an 8-week training program consisting in bounce-type drop
jumps (~100 jumps per session; 2 sessions/week) performed mostly from the same height (60
cm). Although this index increased regardless of the drop height (from 20 to 80 cm), a greatest
increase was obtained at the same drop height (60 cm) than the one used during training (shown
by the arrow). Note that regardless of drop height, the increased reactivity index after training
results mainly from an increased jump height with minimal change in contact time. This result

emphasizes the specificity of the adaptation as a function of the drop height.

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



€202/}1/80 uo

187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

MADUOINXFOHISABZIUTM+BYNIO} | WNOTZ | ABHJOSHNQUE AQ JSSE-LUSOR/WOD MM|'S[BUINO/:AIY L) POPEOIUMOQ

Figure 1

Sport discipline

Movement characteristics , / ‘L .

Stretch-shortening cycle Ground surface Individual characteristics
- Slow vs. fast - Rigid vs. compliant - Athlete
- Impact load - Level vs. inclined - Novice
Training prescription | 1
Exercise characteristics Training program

Landing technique & surface
Stance & jump direction
Intensity / drop height
Obstacle / box spacing

Sets & repetition number

Interset rest periods

Training frequency & total duration
Combination with other methods

Neuromechanical adaptations \ /

Types of adaptations
Neural activation
Muscle force & tendon stiffness
Muscle-tendon interaction

Transfer to sport discipline l

Specific sport improvement

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.




Figure 2

L

a8}

<

1
100

4o £
® L
B
&
4o D
© o
=
= Q.
15 8
(=]
- S
N
| 1 1 ]
wn (=] wn o
“ @ N N
o (=] (=] o
(swywo) xapul AJjiA1oRaY
(=3
-
o
Je E
® .8
By
=
42 2
© 9
K —
= Q.
R m
(]
Jdo
o~
L 1 1 |
(=] (=] (=] [=]
wn < el N
- - - -
(sw) awny 3oe3UOD
(=]
-
o
€
42 S
et
=
deo @
© N
=
P Q.
43S 2
(]
Jdo
o~
L 1 1 ]
w (=] w [=}
< A ™ ™

(wo) ybray dwnp

Downloaded from http://journals.lww.com/acsm-essr by BhDMf5ePHKav1zEoum1tQfN4a+kJLhEZgbsIHo4XMiOhCyw
CX1AWnYQp/IIQrHD3i3D00dRYyi7TvSFI4Cf3VC1y0abggQZXdgGj2MwlZLel= on 08/11/2023

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



€202/}1/80 uo

187ZIMNZIDBPXZOBBAROA LOAEIOYIASALLIAHPO0AEIEAHIDII/ADOAUMY XD

M/(QHO!V\]XVOH|SC]BZELF|(‘)1+E‘17N}01LLUHOEZL/\E’){Hdeg}\/\]aua /(q JSSS-LUSDE’/LUOD'N\M|'S|EUJHO[//‘Zd11L,| woJ} pspeojumoq

Figure 3

0.35

-O- Before
-o— After training

0.30f

Reactivity index (cm/ms)

0.25F

| i i I
20 40 60 80

Drop height (cm)

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



