
REVIEW ARTICLE

Understanding Vertical Jump Potentiation: A Deterministic
Model

Timothy J. Suchomel1 • Hugh S. Lamont2
• Gavin L. Moir1

� Springer International Publishing Switzerland 2015

Abstract This review article discusses previous postac-

tivation potentiation (PAP) literature and provides a

deterministic model for vertical jump (i.e., squat jump,

countermovement jump, and drop/depth jump) potentia-

tion. There are a number of factors that must be considered

when designing an effective strength–power potentiation

complex (SPPC) focused on vertical jump potentiation.

Sport scientists and practitioners must consider the char-

acteristics of the subject being tested and the design of the

SPPC itself. Subject characteristics that must be considered

when designing an SPPC focused on vertical jump poten-

tiation include the individual’s relative strength, sex,

muscle characteristics, neuromuscular characteristics, cur-

rent fatigue state, and training background. Aspects of the

SPPC that must be considered for vertical jump potentia-

tion include the potentiating exercise, level and rate of

muscle activation, volume load completed, the ballistic or

non-ballistic nature of the potentiating exercise, and the

rest interval(s) used following the potentiating exercise.

Sport scientists and practitioners should design and seek

SPPCs that are practical in nature regarding the equipment

needed and the rest interval required for a potentiated

performance. If practitioners would like to incorporate PAP

as a training tool, they must take the athlete training time

restrictions into account as a number of previous SPPCs

have been shown to require long rest periods before

potentiation can be realized. Thus, practitioners should

seek SPPCs that may be effectively implemented in train-

ing and that do not require excessive rest intervals that may

take away from valuable training time. Practitioners may

decrease the necessary time needed to realize potentiation

by improving their subject’s relative strength.

Key Points

Previous literature suggests that vertical jump

potentiation may be due to two primary factors

including the characteristics of the individual and the

design of the strength–power potentiating complex.

Subject characteristics that must be considered when

seeking vertical jump potentiation are the

individual’s relative strength, sex, muscle

characteristics, neuromuscular characteristics,

current fatigue state, and training background.

Aspects of the strength–power potentiating

complexes that must be considered for vertical jump

potentiation are the potentiating exercise, level and

rate of muscle activation, volume load completed,

the ballistic or non-ballistic nature of the potentiating

exercise, and the rest interval(s) used following the

potentiating exercise.

1 Introduction

Postactivation potentiation (PAP) is a topic that has

become the subject of frequent investigation within

strength and conditioning literature. PAP has been defined
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as an acute enhancement of muscle performance as a result

of contractile history and is considered the basis of com-

plex training [1]. Topics that have been investigated within

the PAP literature include underlying physiological

mechanisms, various potentiating stimuli, the rest interval

following a stimulus, characteristics of the subjects, and the

electromyography or muscle activation differences fol-

lowing a stimulus. Through the use of PAP, researchers

have attempted to identify stimuli that will acutely improve

the subjects’ performance (e.g., jumping, sprinting, agility,

lifting, etc.). By identifying stimuli that may acutely

improve performance, it may be possible to use PAP as a

training stimulus. This review will focus on vertical

jumping as the performance measure.

Previous research has indicated that the optimal condi-

tions (i.e., type of exercise, exercise volume, exercise load,

rest interval) for vertical jump potentiation are highly

individualistic [2–6]. Thus, it appears that the characteris-

tics of the subjects using various potentiation protocols

may have a large effect on whether or not potentiation is

realized. Specifically, previous research has indicated that

the subject’s relative strength level, sex, muscle charac-

teristics, and training background may alter the effect of

PAP on subsequent performances [7–11]. Although some

characteristics may have a greater impact on vertical jump

potentiation, it is important to take as many of the subject’s

characteristics into account as possible when considering

the use of potentiation complexes within training or

competition.

PAP is the basis of complex training. Complex training

has been defined as a method of training that involves

completing a resistance exercise before performing an

exercise that is biomechanically similar [1, 10, 12]. It is

believed that the use of complex training will allow par-

ticipants to perform power exercises at a higher intensity

[13–16], potentially leading to a greater chronic training

stimulus if utilized repeatedly during specific blocks of

training. Previous research has suggested that the enhanced

training stimulus produced by complex training may result

in superior performance gains longitudinally compared

with normal training [14, 15, 17–19]. Protocols designed to

produce a potentiated state have been termed strength–

power potentiating complexes (SPPCs) [1, 7]. Specifically,

SPPCs involve the performance of a high force or high

power movement prior to a subsequent high power or high

velocity movement (e.g., heavy back squats prior to drop

jumps). An abundance of lower extremity SPPCs have

been investigated with the intent to produce a potentiated

state in which a subject can acutely improve their subse-

quent performance during various explosive movements

such as jumping. However, it should be noted that different

types of muscle actions during potentiation protocols may

elicit varying effects on the subsequent explosive

performances [8]. While some SPPCs have produced an

enhanced jumping performance, others have not (Tables 1,

2, 3). There are a number of reasons as to why certain

SPPCs may not produce an enhanced subsequent jumping

performance, which makes designing an effective SPPC a

trying task. In order to effectively design an SPPC, further

understanding of jump potentiation is necessary.

Several underlying physiological mechanisms have been

proposed to be components of the PAP phenomenon,

including increased phosphorylation of myosin light chains

[20–25], increased recruitment of higher order motor units

[26–29], changes in the active muscle’s pennation angle [8,

30], and increased muscle stiffness [14, 31, 32]. Although

several different underlying physiological mechanisms

exist, it is possible that they interact concurrently to produce

a change in subsequent vertical jump performance. How-

ever, it is possible that the subject’s characteristics and the

design of the SPPC may alter the magnitude of the influence

of a given underlying mechanism to a greater extent than

another. For example, the use of heavier loads during an

SPPC will likely promote the recruitment of higher order

motor units as compared with lighter loads [33]. Ultimately,

the combination of the subject’s characteristics and SPPC

will affect the underlying mechanisms of potentiation that

will produce a positive or negative change in the force pro-

duction characteristics of the vertical jump (Fig. 1). It is clear

that further understanding of how the subject’s characteris-

tics and the design of the SPPC interact to produce a change

in performance is needed.

One of the most common methods of assessing an ath-

lete’s performance is the monitoring of vertical jump per-

formance (i.e., squat jump, countermovement jump, or drop/

depth jump) [34]. The squat jump, countermovement jump,

and drop/depth jump have been previously described by

Bobbert and colleagues [35, 36]. Briefly, a squat jump is a

vertical jump in which an individual starts from a relatively

low position (i.e., flexed hips, knees, and ankles), holds the

position for a short period of time to reduce or eliminate the

influence of the stretch-shortening cycle before explosively

pushing into the ground to reach a maximum height. A

countermovement jump begins from a standing position

from which the athlete lowers quickly to a self-selected

position before immediately extending their hip, knee, and

ankle joints to achieve a maximum jump height. Finally, a

drop/depth jump is typically performed from a raised surface

or position where the individual falls (i.e., drops) due to

gravity to land on their feet before performing rapid

absorptive flexion followed immediately by explosive

extension to achieve maximum jump height. While the drop

and depth jump were grouped due to their similarity, it

should be noted that each exercise has unique characteristics

with the drop jump including a stiff landing, decreased

contact time, and reduced power and jump height, while the
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Table 1 A summary of studies that have investigated the effects of various protocols on squat jump potentiation

Study N (training

status)

Intervention Rest interval(s) Results

Arabatzi

et al. 2014

[38]

58 (TR) 3 9 3 s MVC squats 20 s, 4 min : RFD as age increased in both males and females

: SJ performance only in men

No effect on SJ performance in teen-male, boy, and

female groups

: RFD in both adult and teen-male groups

No change in RFD in children

Cilli et al.

2014 [39]

35 (TR) Dynamic warm-up exercises while fixed to a

cable-cross machine with 2, 4, 6, 8, and 10 %

bodyweight resistance

NS : SJ height after all % ages

No difference in : SJ height between % ages

: SJ peak force after 8 %

Kavanaugh

et al. 2011

[40]

14 (RT) 3 9 30s static squat at 120–130� knee angle

with or without WBV at 30 Hz and 3 mm

amplitude

5 min No difference in SJ height, peak force, PP, or RFD

during SJ with 0 or 20 kg

Requena

et al. 2011

[41]

14 (TR) 10 s MVC of knee extensors 5 min Strong correlation between SJ height and twitch peak

torque potentiation (r = 0.64)

Rittweger

et al. 2000

[42]

37 (NS) Exhaustive squat exercise with 40 % of body

mass with and without WBV at 26 Hz with

6 mm amplitude

*10, 15, 20 s,

15 min

; SJ height at 10 and 15 s after WBV

Ronnestad,

2009 [43]

17 (RT,

UT)

WBV protocols at 20, 35, and 50 Hz with

3 mm amplitude or no WBV

NS : SJ peak average power after 50 Hz in both

recreationally trained and untrained subjects

No differences in SJ peak average power after WBV at

20 and 35 Hz

Seitz et al.

2014 [44]

18 (TR) 1 9 3 back squats at 90 % 1RM 15 s, 3, 6, 9,

12 min

; SJ power at 15 s for both strong and weak groups

: SJ power at 3, 6, 9, 12 min in strong group

: SJ power at 6, 9, 12 min in weak group

Smilios et al.

2005 [45]

10 (TR) 3 9 5 half-squats at 30 % 1RM (A)

3 9 5 half-squats at 60 % 1RM (B)

3 9 5 jump squats at 30 % 1RM (C)

3 9 5 jump squats at 60 % 1RM (D)

1, 5, 10 min

after each set

: SJ height after 1st set with B

Suchomel

et al. 2015

[46]

13 (TR) 1 9 2 ballistic concentric-only half-squats at

90 % 1RM

Immed, 1, 2, 3,

4, 5, 6, 7, 8,

9, 10 min

: SJ PP, but no differences between rest intervals

No main effect differences in SJ peak force, net

impulse, or RFD

Suchomel

et al. 2015

[47]

15 (TR) 1 9 2 ballistic concentric-only half-squats at

90 % 1RM (A)

1 9 2 non-ballistic concentric-only half-squats

at 90 % 1RM (B)

Control (C)

2 min Greater : in SJ height, PP, and allometrically scaled

PP during A compared with B and C

No differences in SJ height, PP, and allometrically

scaled PP between B and C

Suchomel

et al. 2015

[48]

16 (TR) 1 9 2 ballistic concentric-only half-squats at

90 % 1RM (A)

1 9 2 non-ballistic concentric-only half-squats

at 90 % 1RM (B)

Immed, 1, 2, 3,

4, 5, 6, 7, 8,

9, 10 min

Strong subjects : SJ height and allometrically scaled

PP earlier and to a greater extent compared with

weak subjects during both A and B

Sygulla and

Fountaine

2014 [49]

29 (TR) 1 9 3 back squats at 90 % 1RM 5 min No difference in SJ height or PP

Weber et al.

2008 [50]

12 (TR) 1 9 5 back squats at 85 % 1RM 3 min : Peak and mean jump height and force of 7

consecutive SJs

Young and

Elliott 2001

[51]

14 (TR) 3 9 5 s MVC of plantar flexors and knee

extensors

4 min No difference in SJ performance

: increase or increased, ; decrease or decreased, Immed immediately following intervention, MVC maximal voluntary contraction, NS training status or

rest interval not specified, PP peak power, RFD rate of force development, RM repetition maximum, RT subjects reported as recreationally trained, SJ

squat jump, TR subjects who have trained at least twice per week for 1 year or athletes, UT untrained subjects who have not participated in any resistance

training over the previous year, WBV whole-body vibration
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depth jump includes increased compliance and contact time,

but a greater power output and jump height [37]. Due to its

use as a common performance test, vertical jump perfor-

mance (e.g., height, peak power, rate of force development,

etc.) appears to be a criterion measurement to determine

whether or not performance increased, decreased, or was

unchanged following different training interventions.

Potentiation literature has followed suit as a number of

studies have investigated the effect of various potentiation

protocols on subsequent squat jump (Table 1), counter-

movement jump (Table 2), and drop/depth jump perfor-

mances (Table 3). While many of the studies reported an

enhanced vertical jump performance, others did not. In order

to design an effective SPPC, practitioners must understand

the factors involved within the SPPC, but also understand

how these factors interact with the characteristics of the

subjects using the SPPC. Therefore, the purpose of this

review is to discuss previous PAP literature and propose a

deterministic model for vertical jump potentiation.

2 Literature Search Methodology

Original and review journal articles were retrieved from

electronic searches of PubMed and Medline (EBSCO)

databases. Additional searches of Google Scholar and rel-

evant bibliographic hand searches with no limits of lan-

guage of publication were also completed. The search

strategy included the terms postactivation potentiation,

strength–power potentiating complex, complex training,

vertical jump, squat jump, countermovement jump, drop

jump, and depth jump. The last month of the search was

August 2015.

3 Deterministic Model

There are two main factors that must be considered when

the goal is to potentiate a vertical jump: the characteristics

of the subject who is being tested and the design of the

SPPC itself. Each factor will be discussed in more detail in

the following sections. Using concepts from previous

research that have examined vertical jumping, muscle

function, and factors of PAP [8, 114, 115], the following

deterministic model for vertical jump potentiation is pro-

posed (see Fig. 1).

4 Subject Characteristics

The first half of the deterministic model focuses on the

characteristics of the subjects that may affect the ability to

potentiate a type of vertical jump. Previous research has

indicated that characteristics that may alter the effect of PAP

on subsequent jump performances include the subject’s

absolute and relative strength, sex of the individual, their

training background, and muscle characteristics [7–11].

4.1 Strength

Much of the existing potentiation literature has indicated

that stronger subjects demonstrate a greater potential to use

PAP more effectively to acutely enhance their performance

as compared with their weaker counterparts [44, 48, 55, 81,

100, 116, 117]. Several studies indicated that individuals

with greater relative strength levels may be able to dissi-

pate fatigue faster when using SPPCs, allowing them to

display an enhanced subsequent performance earlier as

compared with weaker subjects [44, 48, 118]. Specifically,

stronger and weaker subjects potentiated post-stimulus at

3 min compared with 5 min [44], immediately compared

with 2 min [48], and 5 min compared with 15 min [118],

respectively. Further research suggests that stronger sub-

jects will develop fatigue resistance to high loads as an

adaptation to repeated high load training [7]. Therefore,

higher levels of relative strength may benefit an individual

who is considering using SPPCs in their training programs.

From a practical standpoint, practitioners should be aware

that individuals with the ability to back squat at least twice

their body mass have a greater potential to exhibit jump

potentiation compared with weaker individuals [44, 47, 48,

119, 120]. Although there is evidence to counter the notion

that greater relative strength levels relate to an individual’s

ability to potentiate [93, 111, 121], Miyamoto et al. [122]

reported that an individual can enhance their ability to

potentiate after getting stronger. Additional research has

indicated that the ability to squat 1.7 times one’s body mass

[55] or 2.0 times one’s body mass [44, 47, 48, 119, 120]

will result in a greater likelihood of potentiation during

subsequent jump performance(s) and a greater magnitude

of potentiation. Therefore, it appears that lower relative

strength levels may result in decreased potentiation and a

longer duration for potentiation to exceed the level of

fatigue. However, this may be altered as relative strength

levels increase, resulting in greater potentiation and a more

rapid decrease in fatigue.

4.2 Sex

When designing an SPPC for athletes, practitioners should

consider if the protocol can be beneficial for both male and

female participants. From a fiber composition standpoint,

previous researchers have indicated that no statistical dif-

ferences existed between males and females in fiber-type

distribution of the vastus lateralis muscle [123]. However,

other researchers have indicated that men possess a greater

T. J. Suchomel et al.
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Table 2 A summary of studies that have investigated the effects of various protocols on countermovement jump potentiation

Study N (training

status)

Intervention Rest interval

(s)

Results

Andrews et al.

2011 [52]

19 (TR) 3 9 3 back squats at 75 % 1RM

3 9 3 hang clean at 60 % 1RM

3 min Hang clean protocol more effective at

maintaining CMJ height across 3 sets

compared with back squat protocol

Armstrong

et al. 2010

[53]

90 (NS) Various WBV protocols including different

frequencies (30, 35, 40, 50 Hz) and amplitude

(2–4 or 4–6 mm) for 1 min

1, 5, 10, 15, 20,

25, 30 min

No differences in CMJ height over time

between groups, frequencies, and

amplitudes

: CMJ height at 5 and 10 min for whole

group

Batista et al.

2011 [54]

23 (TR) 1 or 3 5-s MVCs of leg press 4 min No differences in CMJ height or take-off

velocity existed between groups

Berning et al.

2010 [55]

21 (TR,

UT)

Functional isometric squat with 150 % 1RM 4, 5 min : CMJ height in trained subjects

No difference in CMJ height in untrained

subjects

Bogdanis

et al. 2014

[56]

14 (TR) 3 9 3 s MVC half-squat (A)

Equal impulse of:

Concentric-only half-squats at 90 % 1RM (B)

Eccentric half-squats at 70 % 1RM (C)

15 s, 2, 4, 6, 8,

10, 12, 15,

18, 21 min

: in CMJ performance as compared with

baseline performance after A

No change in CMJ performance after B or C

compared with baseline values at any time

point

Bomfim Lima

et al. 2011

[57]

10 (TR) 2 9 5 DJs from 0.75 m 5, 10, 15 min : CMJ height at 15 min compared with

baseline and 5 min

Boullosa et al.

2013 [58]

12 (RT) 1 9 5 half-squats at 5RM (A)

1 9 5 half-squats at 5RM with 30 s cluster (B)

1, 3, 6, 9,

12 min

No main effects for CMJ parameters

: Peak power after B at 1 min

: Peak power after A at 9 min

Boullosa and

Tuimil,

2009 [59]

12 (TR) Université de Montréal Track Test

Time limit at maximal aerobic speed

2, 7 min : CMJ height after Université de Montréal

Track Test at 2 min and 7 min

: CMJ height after time limit at maximal

aerobic speed only at 2 min

Boyd et al.

2014 [60]

10 (TR) 1 9 1 functional isometric half-squat at 150 %

1RM

1 9 3 half-squats at 150 % 1RM

2, 5, 8, 11 min No differences between protocols in peak

force, power, displacement, velocity at any

time point

: Peak force following squat protocols for

combined condition CMJ data

; Peak power following squat protocols for

combined condition CMJ data

Burkett et al.

2005 [29]

29 (TR) 1 9 5 CMJ at 75 % 1RM CMJ height

1 9 5 LCMJ (10 % bodyweight) onto box

2 min : CMJ height after weighted CMJ

Burns et al.

2015 [61]

19 (RT)

18 (TR)

1 9 2-min static squat at 120� of knee flexion

with or without WBV at 30 Hz with 13-mm

amplitude

Immed No difference in CMJ performance between

conditions

No condition 9 group interaction effects for

any CMJ performance measure

Chaouachi

et al. 2011

[62]

12 (TR) 1 9 10 half-squats at 70 % 1RM

1 9 5 half-squats at 70 % 1RM

1 9 5 half-squats at 85 % 1RM

1 9 3 half-squats at 85 % 1RM

1 9 3 half-squats at 90 % 1RM

1 9 1 half-squats at 90 % 1RM

1, 2, 3, 5, 10,

15 min

No differences between protocols in CMJ

height, peak power, force, velocity, or

mean power at any time point

Chattong

et al. 2010

[63]

20 (TR) CMJs onto box with 5, 10, 15, and 20 %

bodyweight weighted vest (A)

CMJs without weighted vest (B)

2 min : CMJ height following both A and B

No differences in CMJ height between A and

B
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Table 2 continued

Study N (training

status)

Intervention Rest interval

(s)

Results

Chen et al.

2013 [64]

10 (TR) 1 9 5 DJs

2 9 5 DJs

2, 6, 12 min : CMJ height at 2 min compared with

pretest, 6 min, and 12 min

: CMJ height at 6 min compared with

12 min

No difference in CMJ height between

protocols

Chiu and

Salem, 2012

[65]

13 (TR) 3–4 9 2 snatch pulls at progressive barbell

loads

3 min after

each set wave

: CMJ height midway through the sets and

following all the sets compared with

baseline

Cilli et al.

2014 [39]

35 (TR) Dynamic warm-up exercises while fixed to a

cable-cross machine with 2, 4, 6, 8, and 10 %

bodyweight resistance

NS : CMJ height after all % ages

: CMJ height after 10 % compared with 6

and 8 %

No difference in CMJ peak force at any

% age

Clark et al.

2006 [66]

9 (TR) 1 9 6 LCMJs with 20 kg (A)

1 9 6 LCMJs with 40 kg (B)

4 min : LCMJ height after B compared with A

: LCMJ peak power after B compared with

A in 2nd and 3rd sets

Comyns et al.

2006 [5]

18 (TR) 1 9 5 back squats at 5RM 30 s, 2, 4,

6 min

No change in CMJ peak force

; CMJ flight time in entire group and women

at 30 s and 6 min

No sex differences

Cormie et al.

2006 [67]

9 (RT) 30-s WBV at 30 Hz with 2.5 mm amplitude Immed, 5, 15,

30 min

: CMJ height Immed after WBV compared

with sham treatment

No differences in EMG of VL, VM, and BF

between protocols

Crewther

et al. 2011

[68]

9 (TR) 1 9 3 back squats at 3RM 15 s, 4, 8, 12,

16 min

; CMJ height at 15 s and 16 min

: CMJ height at 4, 8, 12 min

: Relative changes in CMJ height

Crum et al.

2012 [69]

20 (TR) 3 9 1 concentric-only quarter squats with 50 %

1RM (A)

3 9 1 concentric-only quarter squats with 65 %

1RM (B)

30 s, 3, 5, 10,

15 min

No differences in CMJ displacement, peak

power output, peak force, or RFD between

A and B

de Villarreal

et al. 2007

[70]

12 (TR) 2 9 4 back squats at 80 % 1RM, 2 9 2 back

squats at 85 % 1RM (A)

2 9 4 back squats at 80 % 1RM, 2 9 2 back

squats at 90 % 1RM, and 2 9 1 back squats

at 95 % 1RM (B)

3 9 5 back squats at 30 % 1RM (C)

3 9 5 CMJs with optimal load (D)

5 min, 6 h : CMJ height after A and B at 5 min

: Loaded CMJ height after A and B at 5 min

No difference in CMJ or LCMJ after C

: CMJ power after D

: LCMJ height at 5 min and 6 h after D

Dinsdale and

Bissas, 2010

[71]

12 (TR) 1 9 3 hang clean at 90 % 1RM combined with

different rest intervals

Control

Immed, 1, 2, 3,

4, 5, or 6 min

No change in CMJ height or peak power

after control, 1, 4, 5, or 6 min

; CMJ height after Immed, 2-, and 3-min rest

period protocols

El Hage et al.

2011 [72]

17 (RT) 1 9 3 half-squats at 85 % 1RM (A)

1 9 5-s MVC half-squat at 90� knee angle with

100 % 1RM (B)

Immed, 2,

4 min

; CMJ performance Immed, 2, and 4 min

after A compared with baseline

; CMJ performance Immed and 4 min after

B compared with baseline

No difference in CMJ performance 2 min

after B compared with baseline

Esformes

et al. 2013

[73]

27 (TR) 1 9 3 back squats at 3RM

1 9 3 quarter-squats at 3RM

5 min : CMJ height, impulse, peak power, and

flight time

T. J. Suchomel et al.
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Table 2 continued

Study N (training

status)

Intervention Rest interval

(s)

Results

Esformes

et al. 2010

[74]

13 (TR) 3 9 3 half-squats at 3RM

3 9 24 plyometric bounds and hops

5 min No difference in CMJ displacement, peak

power, or peak vertical force

Greater displacement following half-squats

compared with plyometrics

Evetovich

et al. 2015

[75]

27 (TR) 1 9 3 back squats at 3RM 5 min : CMJ height, impulse, peak power, and

flight time

Evetovich

et al. 2015

[75]

20 (TR) 1 9 3 back squats at 85 % 1RM 8 min No difference in responses between sexes

: CMJ height and horizontal jump distance

Faigenbaum

et al. 2006

[76]

18 (TR) Dynamic warm-up (A)

Weighted vest dynamic warm-up with 2 %

bodyweight (B)

Weighted vest dynamic warm-up with 6 %

bodyweight (C)

2 min : CMJ height after A and B, but not after C

French et al.

2003 [77]

14 (TR) 3 9 3-s or 5-s MVC of knee extensors Immed No changes in CMJ performance

Fukutani et al.

2014 [78]

8 (TR) Heavy: 1 9 3 back squats at 90 % 1RM

Moderate: 1 9 3 back squats at 75 % 1RM

60 s : CMJ height after both heavy and moderate

conditions, but greater : after heavy

Garcia-

Pinillos

et al. 2015

[79]

30 (TR) 4 9 3 9 400 m runs 2 min : CMJ height after sets 1, 3, and 4, but not

after set 2

: CMJ peak power after all sets

: CMJ peak force after all sets

Gonzalez-

Rave et al.

2009 [80]

24 (UT) 3 9 4 half-squats at 85 % 1RM (A)

3 9 4 half-squats at 85 % 1RM and 3 static

stretches held for 15 s (B)

NS No differences in CMJ height between A and

B

Gourgoulis

et al. 2003

[81]

20 (NS) 1 9 2 half-squats at 90 % 1RM Immed No difference in power

: CMJ height

Hanson et al.

2007 [82]

30 (TR) 1 9 8 back squats at 40 % 1RM

1 9 4 back squats at 80 % 1RM

5 min No effect on CMJ performance

Hilfiker et al.

2007 [83]

13 (TR) 1 9 5 modified DJs from 60 cm 1 min : CMJ power as compared with control

Hirayama,

2014 [84]

14 (TR) 1 9 1 at 20, 40, 60, 80 % 1RM and 6-s MVC

half-squat

1 min after

each set

: CMJ height after 60 %, 80 %, and MVC

squats

: CMJ height after MVC squat vs 60 % and

80 % squats

: CMJ height after 80 % squat vs 60 % squat

Jensen and

Ebben, 2003

[85]

21 (TR) 1 9 5 back squats at 5RM 10 s, 1, 2, 3,

4 min

; CMJ height at 10 s

No effect at 1–4 min

Jones and

Lees, 2003

[86]

8 (TR) 1 9 5 back squats at 85 % 1RM Immed, 3, 10,

20 min

No main effects for CMJ performance or

EMG activity

Khamoui

et al. 2009

[87]

16 (TR) 1 9 2–5 back squats at 85 % 1RM 5 min No effect on CMJ height or take-off velocity

; Force and impulse
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Table 2 continued

Study N (training

status)

Intervention Rest interval

(s)

Results

Kilduff et al.

2011 [88]

9 (TR) 1 9 3 back squats at 87 % 1RM Immed, 4, 8,

12, 16 min

: Peak power and jump height at 8 min than

all other time intervals

; Peak power and jump height Immed after

squats

: Peak vertical and horizontal force after

squats compared with swim-specific warm-

up

Kilduff et al.

2008 [89]

20 (TR) 3 9 3 back squats at 87 % 1RM 15 s, 4, 8, 12,

16, 20,

24 min

; Jump height 15 s

: Power output, RFD, and jump height at

8 min than all other time intervals

Kilduff et al.

2007 [6]

23 (TR) 1 9 3 back squats at 3RM 15 s, 4, 8, 12,

16, 20 min

; CMJ at 15 s

: CMJ at 8–12 min

Lamont et al.

2010 [90]

21 (RT) 1 9 30-s WBV at 30 Hz

3 9 10-s WBV at 30 Hz

1 9 30-s WBV at 50 Hz

3 9 10-s WBV at 50 Hz

2, 7.5, 17 min No difference in CMJ height between

protocols

: % change of CMJ height after 3 9 10 s at

50 Hz compared with 30 s at 30 Hz

No difference in power or relative power

between protocols

Latorre-

Román et al.

2014 [91]

16 (TR) 4 9 3 9 400 m runs 2 min : CMJ height after set 1, but not after other

sets

Lowery et al.

2012 [92]

13 (TR) 1 9 5 back squats at 56 % 1RM

1 9 4 back squats at 70 % 1RM

1 9 3 back squats at 93 % 1RM

Immed, 0, 2, 4,

8, 12 min

No change in CMJ power after 56 % squats

; CMJ power Immed after 70 % and 93 %

squats

: CMJ power 4 min after 70 % squats

:CMJ power 4, 8 min after 93 % squats

No difference in CMJ height and power

between 70 % and 93 % squats

Mangus et al.

2006 [93]

11 (TR) 1 9 1 half-squat at 90 % 1RM half-squat (A)

1 9 1 quarter-squat at 90 % 1RM quarter-squat

(B)

3 min No difference in CMJ performance

compared with control condition after A or

B

McCann and

Flanagan,

2010 [3]

16 (TR) 1 9 5 back squats at 5RM

1 9 5 hang clean at 5RM

4, 5 min : CMJ height after subjects used optimal

condition

: CMJ height after 4 min compared with

baseline

No main effect difference in CMJ height

after 5 min

No time effect differences in CMJ height

No sex differences in CMJ height or peak

force

Mitchell and

Sale, 2011

[94]

11 (TR) 1 9 5 back squats at 5RM 4 min : CMJ height and peak twitch

Moir et al.

2011 [95]

11 (TR) 1 9 3 back squats at 90 % 1RM

1 9 12 back squats at 37 % 1RM

2 min No difference in CMJ height or vertical

stiffness between protocols

Mola et al.

2014 [96]

22 (TR) 1 9 3 back squats at 3RM 15 s, 4, 8, 12,

16, 20 min

No difference in CMJ peak power or height

between experimental and control

No time effect existed for peak power and

jump height
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Table 2 continued

Study N (training

status)

Intervention Rest interval

(s)

Results

Naclerio et al.

2014 [97]

15 (TR) 1 9 3 back squats at 80 % 1RM with or

without WBV at 40 Hz with 1.963-mm

amplitude

3 9 3 back squats at 80 % 1RM with or

without WBV at 40 Hz with 1.963-mm

amplitude

1, 4 min No main effects for

condition 9 volume 9 rest period

interaction for CMJ

: CMJ after 4 min compared with 1 min

: CMJ height for non-vibration at low

volume, but not low volume

Needham

et al. 2009

[98]

20 (TR) Static stretching (A)

Dynamic stretching (B)

Dynamic stretching with dumbbell front squats

with 20 % body mass (C)

3, 6 min : CMJ height after C compared with A and B

at 3 and 6 min

Reardon et al.

2014 [99]

11(RT) 3 9 10 back squats at 75 % 1RM

3 9 3 back squats at 90 % 1RM

1 9 1 back squat at 100 % 1RM

8, 20 min No change in CMJ height, peak power, or

average power for any protocol

Requena et al.

2011 [41]

14 (TR) 10-s MVC of knee extensors 5 min Strong correlation CMJ height and twitch

peak torque potentiation (r = 0.61)

Rixon et al.

2007 [100]

30 (TR,

RT, UT)

3 9 3-s MVC squat (A)

1 9 3 half-squat at 3RM (B)

3 min : CMJ height and power after A

: CMJ power compared with pretest

Robbins and

Docherty,

2005 [101]

16 (RT) 3 9 7-s MVC squat 4 min No effect on CMJ performance

Ronnestad,

2009 [43]

17 (RT,

UT)

WBV protocols at 20, 35, and 50 Hz with

3-mm amplitude or no WBV

NS : CMJ peak average power after 50 Hz in

UT, but not RT

No differences in CMJ peak average power

after WBV at 20 and 35 Hz

Scott and

Docherty,

2004 [102]

19 (TR) 1 9 5 back squats at 5RM 5 min No acute or linear improvement in CMJ

performance

Smilios et al.

2005 [45]

10 (TR) 3 9 5 half-squats at 30 % 1RM (A)

3 9 5 half-squats at 60 % 1RM (B)

3 9 5 jump squats at 30 % 1RM (C)

3 9 5 jump squats at 60 % 1RM (D)

1, 5, 10 min

after each set

No change in CMJ height with A

: CMJ height after 1st and 2nd sets with B

: CMJ height after 1st and 2nd sets with C

: CMJ height after 2nd and 3rd sets with D

Sortiropoulos

et al. 2010

[103]

26 (TR) 1 9 5 half-squats at 25 % 1RM, 1 9 5 half-

squats at 35 % 1RM (A)

1 9 5 half-squats at 45 % 1RM, 1 9 5 half-

squats at 65 % 1RM (B)

3 min No difference between groups A and B in

CMJ height or power

Stieg et al.

2011 [104]

17 (TR) 1 9 0, 3, 6, 9, or 12 DJs from individualized

height

10 min No main effect differences in condition,

time, or relative ground reaction forces

existed

; CMJ height after 9 DJs compared with 0, 3,

and 6 DJs

Till and

Cooke,

2009 [105]

12 (TR) 1 9 5 deadlifts at 5RM

1 9 5 tuck jumps

3 9 3s MVC knee extension at 90�

7, 8, 9 min No difference in CMJ height or average CMJ

height for any protocol

Tobin and

Delahunt,

2014 [106]

20 (TR) 2 9 10 ankle hops, 3 9 5 70-cm hurdle jumps,

and 5 DJs from 50 cm

1, 3, 5 min : CMJ height and peak force at 1, 3, 5 min

Tsolakis and

Bogdanis,

2011 [107]

23 (TR) 3 9 3-s MVC knee extensions (A)

3 9 5 tuck jumps (B)

Immed, 4, 8,

12 min

: CMJ power in men vs no change in women

after A

; Peak leg power at 8 and 12 min after A

; CMJ power at 8 and 12 min after B
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percentage of type II fibers [124] and greater cross-sec-

tional area of type II fibers compared with females [100,

124]. Because type II fibers are more likely to exhibit

potentiation compared with type I fibers [24, 26, 124–129],

it is possible that men are more likely to potentiate in

response to an appropriate stimulus, but also display a

greater degree of potentiation compared with women.

However, the extant literature reveals mixed results. Some

researchers have reported no statistical differences existed

in lower body potentiation [3, 5, 85, 111], whereas other

researchers have indicated that males and females display

various potentiation differences, typically with men

showing greater potentiation compared with women [107,

124, 130, 131]. It is unclear, however, whether or not these

differences existed due to relative strength differences

between men and women. Although the research that has

investigated whether or not the sex of the subjects deter-

mines if potentiation may occur is inconclusive, there is

little doubt that the vast majority of potentiation research

has investigated SPPCs with male subjects. Thus, further

research may be warranted to determine if the same

potentiation protocols may be used effectively with male

and female subjects.

4.3 Muscle Characteristics

An individual’s muscle characteristics may dictate whether

or not they will enhance their jump performance following

a potentiating stimulus. Although the existing literature

investigating the influence of other factors on potentiation

contains mixed findings, this does not appear to be the case

with the information regarding the muscle characteristics

of individuals. All of the existing studies support the

notions that type II (fast twitch) muscle fibers are better

able to express potentiation than type I (slow twitch)

muscle fibers and that individuals who possess a greater

percentage of type II fibers are more likely to potentiate

and potentiate to a greater extent than those who are type I

dominant [24, 26, 124–129]. Because the characteristics of

the target muscles appear to be an important aspect to

consider when designing SPPCs, the difficult task becomes

identifying individuals who are type II dominant. However,

several studies have reported that stronger individuals tend

to have a greater percentage of type II muscle fibers [132–

134]. Therefore, assessing muscular strength and possibly

gaining strength may be beneficial prior to using SPPCs in

order to ensure the effectiveness of the protocol.

Table 2 continued

Study N (training

status)

Intervention Rest interval

(s)

Results

Turner et al.

2011 [108]

12 (RT) 30s WBV in half-squat at 0, 30, 35, 40 Hz with

8-mm amplitude

NS No difference in CMJ height between any of

the protocols

: CMJ height pre-post after WBV at 40 Hz

Veligekas

et al. 2013

[109]

13 (TR) 3 9 3-s MVC squat at knee angle of either 91�
or 139�

15 s, 3, 6, 9,

12 min

: Peak isometric force with 139� vs 91�
MVC squats

: CMJ performance after 139� MVC squats

at 3, 6, 9, 12 min

No change in CMJ performance after 91�
MVC squats

West et al.

2013 [110]

36 (TR) 3 9 3 back squats at 87 % 1RM 8 min : CMJ peak power after both active and

passive recovery

: Delta and % change in peak power after

passive recovery as compared with active

recovery

Witmer et al.

2010 [111]

24 (TR,

RT)

1 9 3 back squats at 70 % 1RM 3, 6, 9, 12, 15,

18, 21, 24,

27, 30 min

No difference in CMJ height or stiffness

compared with control for either sex

No difference in responses between men and

women

Young et al.

1998 [112]

10 (TR) 1 9 5 half-squat at 5RM 4 min : LCMJ height

: increase or increased, ; decrease or decreased, BF biceps femoris, CMJ countermovement jump, DJ drop jump, EMG electromyography,

Immed immediately following intervention, LCMJ loaded countermovement jump, MVC maximal voluntary contraction, NS training status or

rest interval not specified, RFD rate of force development, RM repetition maximum, RT subjects reported as recreationally trained, TR subjects

who have trained at least twice per week for 1 year or athletes, UT untrained subjects who have not participated in any resistance training over the

previous year, VL vastus lateralis, VM vastus medialis, WBV whole-body vibration
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As previously mentioned, the pennation angle of an

individual’s active muscles may be considered as one of

the primary mechanisms of PAP [8, 30]. The orientation

of an individual’s fibers within a muscle may affect the

transmission of forces to tendons and bones [135, 136].

Mahlfeld et al. [30] indicated that the pennation angle of

the vastus lateralis was statistically decreased 3–6 min

following three, 3-s maximal voluntary contractions

(MVC). A second study reported changes in pennation

angle for the rectus femoris and vastus lateralis following

moderate intensity (i.e., three sets of ten repetitions at

75 % 1RM), high intensity (i.e., three sets of three rep-

etitions at 90 % 1RM), and 1RM squat protocols [99].

However, their results indicated that minimal potentiation

was observed with little change in vertical jump height,

peak power, or mean power reported. It should be noted,

however, that a statistically significant moderate rela-

tionship (r = -0.35) was reported between mean vertical

jump power and vastus lateralis pennation angle 8 min

post-stimulus. A decreased pennation angle may allow for

a greater mechanical advantage leading to enhanced force

transmission to the tendon and bone [135, 136]. However,

it is possible that potentiating exercise may result in an

increase in connective tissue/tendon compliance that may

counter the increases in the transmission of forces due to

decreases in pennation angle [137]. There is little doubt

that further research on this topic is required; however,

one cannot discount the individual variability of resting

pennation angle, change in pennation angle, and connec-

tive tissue/tendon compliance following a potentiating

stimulus and how this may affect performance within an

SPPC.

Table 3 A summary of studies that have investigated the effects of various protocols on drop/depth jump potentiation

Study N (training

status)

Intervention Rest

interval(s)

Results

Bergmann

et al. 2013

[113]

12 (RT) 8 9 10 maximal bilateral hops with 30 s between

sets

Immed, 30 s

between

sets

: DJ height after hops

No difference in DJ contact time or ankle

and knee angles between hops and

control

Comyns et al.

2007 [12]

12 (TR) 1 9 3 back squats at 65 % 1RM (A)

1 9 3 back squats at 80 % 1RM (B)

1 9 3 back squats at 93 % 1RM (C)

4 min ; DJ contact time after C

: Vertical leg spring stiffness after C

; Flight time after A, B, and C

; Reactive strength index after B

No change in peak force

de Villarreal

et al. 2007

[70]

12 (TR) 2 9 4 back squats at 80 % 1RM, 2 9 2 back squats

at 85 % 1RM (A)

2 9 4 back squats at 80 % 1RM, 2 9 2 back squats

at 90 % 1RM, and 2 9 1 back squats at 95 % 1RM

(B)

3 9 5 back squats at 30 % 1RM (C)

3 9 5 CMJs with optimal load (D)

5 min, 6 h : DJ height after A and B at 5 min and 6 h

No difference in DJ after C

: DJ height at 5 min and 6 h after D

French et al.

2003 [77]

14 (TR) 3 9 3-s or 5-s MVC of knee extensors Immed : DJ height, peak force, and acceleration

impulse after 3-s MVCs

No change in DJ after 5-s MVCs

Jones and

Lees, 2003

[86]

8 (TR) 1 9 5 back squats at 85 % 1RM Immed, 3,

10, 20 min

No main effects on DJ performance

: Biceps femoris activity during

propulsive phase of DJ

Naclerio et al.

2014 [97]

15 (TR) 1 9 3 back squats at 80 % 1RM with or without

WBV at 40 Hz with 1.963-mm amplitude

3 9 3 back squat s at 80 % 1RM with or without

WBV at 40 Hz with 1.963-mm amplitude

1, 4 min No main effects for

condition 9 volume 9 rest period

interaction for best DJ variables

: best DJ height after 4 min compared

with 1 min

: Best DJ height during WBV in both low

and high volume conditions

Young and

Elliott,

2001 [51]

14 (TR) 3 9 5-s MVC of plantar flexors and knee extensors 4 min No difference in DJ performance

: increase or increased, ; decrease or decreased, CMJ countermovement jump, DJ drop jump, Immed immediately following intervention, MVC

maximal voluntary contraction, RM repetition maximum, RT subjects reported as recreationally trained, TR subjects who have trained at least

twice per week for 1 year or athletes, WBV whole-body vibration
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4.4 Neuromuscular Factors

One element of the PAP phenomenon which is often

alluded to, but rarely shown in complex human perfor-

mance-based models, is reflex potentiation (RP). Reflex

potentiation can appear as a result of increased sensory

discharge sensitivity within type Ia afferents, decreased

sensory discharge failure at type Ia afferents, or a prefer-

ential lowering of higher order motor unit activation

thresholds [8, 138]. Such characteristics have been shown

in a number of studies utilizing single joint MVC, with or

without the addition of electrical stimulation (twitch

interpolation) [139–141]. Although the reflexive contribu-

tion to the gross PAP state appears to be small, inhibition in

the form of postactivation depression within such reflex

pathways may have a significant negative impact upon

movements reliant upon a stretch-shortening cycle (e.g.,

countermovement jump, drop/depth jump) [22, 140–147].

Although it is currently unclear whether muscular respon-

ses observed during single joint tasks would be elicited

during multi-joint tasks due to the task dependency of the

mechanical behavior of both uniarticular and biarticular

muscles [148], RP would appear to be an important tran-

sient neuromuscular phenomenon which needs to be con-

sidered within the proposed deterministic model of vertical

jump potentiation. As action type and movement specificity

appear to affect motor unit recruitment and discharge rates

differently [139, 141, 145, 149, 150], RP may therefore be

produced at different degrees of magnitude. Maximal

voluntary contractions, heavy load dynamic contrast

external resistance, loaded and unloaded ballistic jumps,

neuromuscular electrical stimulation, and whole-body

vibration (WBV) may provide the central and peripheral

nervous systems with varying degrees of challenges and

unique ratios of PAP to fatigue [22, 139, 140, 142, 145,

147, 149–151].

Mechanistically, RP can be assessed by way of EMG,

with both changes in reflex latency as well as frequency

spectra characteristics following PAP [22, 140, 145, 146,

149, 152, 153]. Researchers have shown a lowering of the

Fig. 1 Deterministic model for vertical jump potentiation. CON

concentric muscle action, CSA cross-sectional area, ECC eccentric

muscle action, ISO isometric muscle action, MU motor unit, MVC

maximal voluntary contraction, PAP postactivation potentiation,

Plyos plyometric exercise, RFD rate of force development, ROM

range of motion, SPPC strength–power potentiation complex, SSC

stretch-shortening cycle, WBV whole-body vibration
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activation thresholds for sub-populations of higher order

motor units during corrective reflexive tasks [8, 11, 33].

Such a phenomenon has led some researchers to suggest

that increasing type Ia afferent spindle sensitivity prior to

the performance of a lower extremity movement utilizing

the stretch-shortening cycle could increase the resultant

muscle activation within the same musculature [146, 149].

Such increased reflex activation in conjunction with the

primary volitional activation could lead to greater force and

rates of force development [22, 140, 144, 149, 150, 152].

The time course of RP, if present, appears to be correlated

strongly with Hoffman reflex (H-reflex) up-regulation and/

or depression following PAP activity [23, 27, 145, 146,

150]. The H-reflex is an externally induced reflex response

from type Ia afferents in response to low–moderate inten-

sity electrical stimulation [145, 146, 150]. As with fiber

composition and training status, H-reflex patterns appear to

be highly individualized with differences seen between

endurance-trained versus strength/power-trained individu-

als [154–156]. In a previous review covering the PAP

phenomenon, Tillin and Bishop [8] proposed that primary

sites of PAP and concurrent fatigue were different based

upon isometric versus dynamic-based interventions. The

same authors proposed that MVC-based PAP interventions

resulted primarily in peripheral-based PAP (at the site of

the muscle) and central-based fatigue (within the brain and

spinal cord). Heavy load and ballistic type movements

were proposed to induce central-based PAP with peripheral

fatigue. This would suggest that both modes of PAP could

affect the central nervous system, but heavy load dynamic

contrast external resistance and ballistic movements may

have a greater relative impact upon RP [139, 144, 149,

151]. WBV has been proposed by some authors to bring

about RP leading to improvements in countermovement

jump height and power output [146, 147, 150, 157], while

others suggest this is not the case [22, 142, 144]. An initial

increase in type Ia afferent muscle spindle discharge has

been shown followed by reduction and transient suppres-

sion following WBV exposure [22, 140, 144–146, 152,

153]. A supercompensatory rebound in Ia afferent activity

could lead to increased alpha motor neuron discharge,

decreased Ia afferent discharge failure, reduced sensitivity

at the Renshaw cell (inter-neuron) level, or a reduction in

the required descending drive from the primary motor

cortex (M1) to maintain a similar force, or rate of force

development level [140, 142, 145, 146, 150, 152].

Reflex potentiation coupled with reduced neural inhi-

bition at the spinal cord level could result in greater alpha

motor neuron firing frequency and motor unit synchro-

nization [146, 149, 150]. Such transient effects in con-

junction with increased phosphorylation of myosin

regulatory light chains, localized muscle temperature, and

inter- and intra-muscular coordination patterns would

appear to account for the key neuromuscular factors behind

the PAP phenomenon [22, 141–144, 150, 157]. As these

factors appear to have different levels of susceptibility to

facilitation and fatigue, and varying time courses of peak

and plateaued effects, individualized ‘trial and error’

treatments may be warranted. In practice, utilizing SPPCs

following or partly incorporated into ‘dynamic warm-up’

activities could transiently facilitate neural, myogenic, and

metabolic/hemodynamic characteristics of PAP resulting in

significant acute improvements in jump performance [22,

140–142, 144, 146, 147, 150, 157].

4.5 Training Background

The training background of subjects may also determine

how they respond to various SPPCs. Several studies have

examined the potentiation differences between athletes and

non-athletes [116, 117, 158]. Chiu et al. [116] indicated

that athletes improved their peak power to a greater extent

than recreationally trained subjects during countermove-

ment and concentric-only jump squats following five sets

of one back squat repetition at 90 % 1RM. This may be due

to the athletes developing resistance to high load fatigue as

an adaptation to their training [7]. Similar results were

found by Hamada et al. [158], who indicated that Canadian

national team triathletes produced statistically greater peak

torque during MVC in both the elbow extensors and plantar

flexors as compared with sedentary subjects following

maximal twitch contractions. A recent meta-analysis sup-

ports the findings of the above research, indicating that

athletes displayed greater potentiation effects (d = 0.81)

compared with trained subjects (d = 0.29) and untrained

subjects (d = 0.14) [159]. Collectively, these studies

indicate that potentiation favors athletes over non-athletes.

Beyond performance measures, there is a paucity of

research that has examined how various physical attributes

differ between athletes and non-athletes in regard to

potentiation. As shown here, the strength levels and muscle

characteristics of an individual may dictate the ability of

the subject to realize potentiation following a potentiating

exercise. Thus, it should be noted that the training back-

ground of the subjects is just one of many factors that must

be considered in regard to potentiation as indicated above

(Fig. 1).

5 Strength–Power Potentiating Complex

The second portion of the proposed deterministic model

focuses on the design of the SPPC. In order to design an

effective SPPC, sport scientists and practitioners must

consider all aspects that contribute to any variability that

may affect an individual’s ability to potentiate.
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Specifically, sport scientists and practitioners should con-

sider the choice of exercise(s) that is/are used as a poten-

tiating stimulus, the volume load of the protocol, the

muscle groups involved, the characteristics of the move-

ment to be potentiated, the type of muscle action used

during the stimulus and subsequent activity, the period of

time between the conclusion of the warm-up and the sub-

sequent performance, and the performance level of the

athletes [9, 159–161]. The design of an SPPC ultimately

produces a state of preparedness for subsequent activity.

Preparedness may be defined as the summation of fitness

and fatigue responses to a stimulus (fitness–fatigue rela-

tionship), where fitness includes the underlying mecha-

nisms allowing performance and fatigue includes the

factors that limit performance [162]. However, as dis-

played in Fig. 1, a number of factors within the SPPC itself

can greatly affect whether or not the state of preparedness

will lead to an enhancement or a decrement in perfor-

mance. By taking into account as many aspects as possible,

a sport scientist or practitioner may be able to more

effectively design an SPPC.

5.1 Potentiating Exercise

Tables 1, 2 and 3 display the research that has examined

the acute effects of many different types of exercise on

subsequent squat jump, countermovement jump, or drop/

depth jump performance. Although the exercise protocols

may differ, the type of exercise typically falls within one of

two categories: dynamic or static. Examples within the

scientific literature that examined dynamic potentiating

exercise include squatting movements, plyometrics,

weightlifting movements, WBV, throwing implements,

intermittent exercise, running and/or cycling, movements

with weighted vests, leg press, and several miscellaneous

exercises. In contrast, static potentiating exercise may

include MVC, but also WBV. A recent review indicated

that ballistic exercise as a potentiation stimulus may pro-

duce performance improvements of 2–5 % [163]; however,

no further published information exists on any of the other

outlined types of exercise. Practitioners designing SPPCs

should consider how biomechanically similar the potenti-

ating exercise and the subsequent exercise are in terms of

the kinematic and kinetic variables associated with the

movements and the muscle actions involved. For example,

practitioners should choose a potentiating exercise in

which the muscle actions and joint angles used are similar

to those in the subsequent exercise [47].

5.2 Ballistic versus Non-Ballistic Movements

The nature in which the potentiating exercise is performed

may alter the PAP effects displayed in subsequent

performances. Previous research has indicated that ballistic

movements produce greater muscle activation as compared

with similar movements that are non-ballistic [164]. Further

research has indicated that an exercise performed in a bal-

listic manner may produce greater power outputs than the

same exercise performed in a non-ballistic manner [165].

Three studies have examined the potentiation differences

between a ballistic exercise (i.e., hang clean or power clean)

and a non-ballistic exercise (i.e., back squat) [3, 52, 166].

Although one study indicated that there were no differences

in the potentiation effects between the hang clean and back

squat [3], the remaining studies indicated that the hang clean

[52]and power clean [166] produced statistically greater

potentiation effects than the back squat. It should be noted

that neither of these studies used the same absolute load

between the exercises, which may effectively alter the nec-

essary forces and rate of force production needed to complete

the exercise, the individual’s level of fatigue, and exercise

mechanics (e.g., muscle actions and joint angles). This in

turn may lead to different degrees of potentiation. Recent

research examined the differences in potentiation following

the same potentiating exercise performed in either a ballistic

or non-ballistic manner using the same absolute load [47,

48]. Collectively, the results indicated that ballistic con-

centric-only half-squats enhanced subsequent squat jump

height, absolute peak power, and allometrically scaled peak

power to a greater extent compared with concentric-only

half-squats performed in a non-ballistic manner. For further

information regarding the use of ballistic exercise within

SPPCs, readers are directed to a recent review by Maloney

and colleagues [163].

5.3 Volume Load

Previous researchers have indicated that the type, volume,

intensity, and the duration of exercise and recovery may

determine whether fatigue or potentiation is dominant over

the other at various rest intervals [159, 167]. Thus, an aspect

of each potentiation protocol that cannot be overlooked is the

volume load completed prior to the subsequent vertical

jump(s). Using the theoretical model of the interaction

between fatigue and potentiation provided by Sale [11],

Tillin and Bishop [8] expanded the model and indicated that

two windows may exist to realize potentiation effects with

regard to the volume load of the potentiating stimulus. If the

volume load of the potentiating stimulus is low, but has

sufficient intensity, it is likely that a decreased amount of

fatigue will result and potentiation may be realized earlier

(i.e., window 1). In contrast, if the volume load is high,

greater fatigue may be present and a longer rest interval may

be required to realize potentiation (i.e., window 2). Previous

research has indicated that multiple sets of exercise produced

a statistically greater effect size than a single set [159].
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However, it should be noted that the volume load completed

by the subjects must be large enough to stimulate the

underlying mechanisms of PAP, but volume loads that are

too large may result in excessive fatigue that may mask the

potential benefits of PAP [168].

5.4 Rest Interval

Following a potentiation protocol, a state of both fatigue and

potentiation is present [10, 11, 168, 169]. The interaction

between fatigue and potentiation may be modeled acutely on

the fitness–fatigue paradigm [170], where the subsequent

performance(s) is/are the result of the interaction of fatigue

and fitness after-effects that result following the potentiating

exercise. In this case, the potentiating exercise raises the

‘preparedness’ (i.e., the difference between fitness and fati-

gue) of the subject for the subsequent performance(s) [7].

The rest interval length used within the SPPC may determine

whether or not an enhanced performance is realized. Previ-

ous research has indicated that fatigue may dominate over

potentiation in the early stages of recovery following the

potentiating exercise [8]. Thus, if the rest interval is too short,

fatigue may mask the benefits of potentiation [50, 171].

Conversely, if the rest interval is too long, the optimal

potentiation effects may dissipate, which may lead to no

changes in performance. In this regard, several studies

indicated that fatigue dissipates faster than preparedness

[128, 172, 173].

Previous research has indicated that potentiation effects

may last from 2 to 20 min post-stimulus [100, 116, 125,

174]. Wilson and colleagues [159] indicated that the

potentiation effects that existed between 3–7 min

(d = 0.54) and 7–10 min were statistically greater than

those that existed at rest intervals longer than 10 min

(d = 0.02). A second meta-analysis supports these findings

and indicated that a negative medium and a small effect

size existed at rest intervals of 0–3 min and those[16 min,

respectively [175]. In addition, positive medium and small

effect sizes existed at rest intervals of 8–12 min and

4–7 min, respectively. Because the type, intensity, and

duration of exercise may determine if fatigue or potentia-

tion is dominant over the other [167], it is likely that each

potentiation complex has an optimal rest interval where the

greatest potentiation effects occur. However, practitioners

should note that individualized rest periods may be needed

in order to provide the optimal training stimulus [2–6, 48].

6 Conclusions and Practical Applications

The deterministic model proposed within this review may

aid sport scientists and practitioners who hope to develop

effective SPPCs for various populations. There are a

number of factors that must be considered when designing

an effective SPPC. Not only do sport scientists and prac-

titioners have to consider the potentiating exercise and the

subsequent exercise, but they must also consider the

characteristics of the individuals who will use the SPPCs in

training and/or competition. The subject characteristics that

must be considered when seeking vertical jump potentia-

tion are the individual’s absolute and relative strength, sex,

muscle characteristics, neuromuscular characteristics, and

training background. In addition, the aspects of the SPPC

that must be considered for vertical jump potentiation are

the potentiating exercise, volume load completed, the

ballistic or non-ballistic nature of the potentiating exercise,

and the rest interval(s) used following the potentiating

exercise. The extent to which some of these factors affect

one another may still be up for debate; however, the use of

SPPC with certain subjects and the design of certain SPPC

may be questioned given the findings of previous research.

For example, using a specific SPPC with weaker subjects

may not be ideal as the likelihood of producing an

enhanced training response is less than that of stronger

subjects who use the same protocols. Furthermore, during

the development of an SPPC to elicit an enhanced coun-

termovement jump performance, the practitioner should

consider the inclusion of an eccentric muscle action, but

should also consider the load and joint angles used with the

potentiating exercise.

The design of SPPCs should be practical in nature with

regard to the equipment needed and the rest interval

required for the potentiation of a subsequent performance.

A number of protocols within Tables 1–3 used WBV to

enhance vertical jump performance; however, sport scien-

tists and practitioners should question how economical the

use of WBV on machines is in a practical setting. With

regard to team sports using WBV, it is unlikely that an

athletic department will allocate the necessary funds to

purchase a sufficient number of WBV platforms to be used

in training while free weights are already present. Practi-

tioners must also consider the rest interval needed to realize

potentiation using certain protocols. For example, meta-

analyses have indicated that the optimal period to realize

potentiation is 7–12 min post-stimulus [159, 175]. Even if

the practitioners were to use the earliest rest interval of

7 min, it should be questioned whether an SPPC that

requires individuals to wait 7 min before a subsequent

performance occurs is actually practical. With athlete-

training-time restrictions, such as the accountable hours

enforced by the National Collegiate Athletic Association,

practitioners who would like to incorporate PAP as a

training tool must seek SPPCs that may be effectively

implemented in training and that do not require excessive

rest intervals that may take away from valuable training

time. It should be noted that practitioners may decrease the
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necessary time needed to realize potentiation by improving

their subject’s relative strength [44, 47, 48, 118, 122]. This

may allow for the use of SPPCs within athletic events when

time may be a limiting factor (e.g., track and field heats and

attempts).
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