
REVIEW ARTICLE

Accentuated Eccentric Loading for Training and Performance:
A Review

John P. Wagle1 • Christopher B. Taber2 • Aaron J. Cunanan1 • Garett E. Bingham1
•

Kevin M. Carroll1 • Brad H. DeWeese1 • Kimitake Sato1 • Michael H. Stone1

Published online: 5 July 2017

� Springer International Publishing AG 2017

Abstract Accentuated eccentric loading (AEL) prescribes

eccentric load magnitude in excess of the concentric pre-

scription using movements that require coupled eccentric

and concentric actions, with minimal interruption to natural

mechanics. This method has been theorized to potentiate

concentric performance through higher eccentric loading

and, thus, higher concentric force production. There is also

evidence for favorable chronic adaptations, namely shifts

to faster myosin heavy chain isoforms and changes in IIx-

specific muscle cross-sectional area. However, research

concerning the acute and chronic responses to AEL is

inconclusive, likely due to inconsistencies in subjects,

exercise selection, load prescription, and method of pro-

viding AEL. Therefore, the purpose of this review is to

summarize: (1) the magnitudes and methods of AEL

application; (2) the acute and chronic implications of AEL

as a means to enhance force production; (3) the potential

mechanisms by which AEL enhances acute and chronic

performance; and (4) the limitations of current research and

the potential for future study.

Key Points

Accentuated eccentric loading (AEL) prescribes

eccentric load magnitude in excess of the concentric

prescription using movements that require coupled

eccentric and concentric actions, with minimal

interruption to natural mechanics.

The current research concerning both the acute

responses and chronic adaptations to AEL is

inconclusive, but suggests it may be a superior

method by which to enhance strength and power

performance.

Due to the potential benefits, but inconsistency and

paucity of current literature, it would be

advantageous for future research to first examine the

acute response to practically applicable means and

magnitudes of AEL.

1 Introduction

It has been well documented that progressive resistance

training programs enhance force and power production

capabilities [1, 2]. These improvements are largely attrib-

uted to changes in skeletal muscle cross-sectional area

(CSA) and an array of neuromuscular adaptations [3–6].

Traditional loading prescribes equivalent absolute loads for

the concentric and eccentric portion of an exercise, but it

should be noted that skeletal muscle is capable of as much

as 50% more force production during maximum eccentric

contractions compared to concentric contractions [7–9].

Therefore, loads encountered during traditional resistance
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exercise loading are limited by concentric strength, leading

practitioners to turn to alternative methods in order to more

optimally prescribe intensity relative to the force genera-

tion capabilities of eccentric muscle action.

Researchers and practitioners have employed eccentric-

only training in an attempt to properly load the eccentric

action by eliminating the limitation of concentric force

production. The skeletal muscle response is largely pro-

portional to the magnitude of mechanical stimulus and a

larger response has been observed in eccentric-only train-

ing, especially with regard to strength and size changes

[10, 11]. Further, selective recruitment of high-threshold

motor units has been observed in eccentric-only training

[12]. However, eccentric-only training may be limited in its

transfer to sport due to a lack of task-specificity and limited

involvement of the stretch-shortening cycle (SSC) [10, 13].

Therefore, it is logical for researchers and coaches to seek

a training means that applies an overload during eccentric

action, but also enhances specificity and employs the SSC,

especially considering the involvement of the SSC in a wide

variety of sporting actions. Accentuated eccentric loading

(AEL) prescribes eccentric loads in excess of the concentric

prescription of movements that require coupled eccentric

and concentric actions, while creating minimal interruption

in the natural mechanics of the selected exercise. For

example, a coach may load a back squat to a prescribed

weight for the eccentric portion, and then manually remove

the weight prior to the initiation of the concentric action.

This method has been theorized to enhance adaptation

through higher eccentric loading and, thus, higher eccentric

and concentric force production. With this method of

training, there is evidence for shifts to faster myosin heavy

chain (MHC) isoforms and more favorable changes in IIx-

specific muscle CSA [14, 15]. These changes have often

been accompanied by improvements in force and power

production [15–21]. Furthermore, previous findings report

favorable changes in jumping and throwing actions, sug-

gesting AEL may transfer well to sport tasks and perfor-

mance when applied to both strength and plyometric training

exercises [22–29]. However, research concerning the acute

and chronic responses to AEL is currently inconclusive,

likely due to inconsistencies in subjects, exercise selection,

load prescription, and method of providing AEL loading

strategy [14, 15, 17, 20–23, 27, 29–34].

Therefore, the purpose of this review is to examine

potential mechanisms and applications of AEL as a training

intervention. The review summarizes: (1) the magnitudes

and method of loading; (2) the acute and chronic impli-

cations of AEL as a means to enhance maximal strength

and explosive performance; (3) the potential mechanisms

by which AEL enhances acute and chronic performance;

and (4) the limitations of current research and the potential

for future study.

2 Literature Search Methods

The search was conducted in December 2016 using the

following databases: EBSCO, Google Scholar, PubMed,

ScienceDirect, and SPORTDiscus. There were no limita-

tions regarding publication date. Three authors indepen-

dently and separately conducted the search and retrieval of

manuscripts through the search terms ‘‘accentuated

eccentric load,’’ ‘‘eccentric accentuated load,’’ ‘‘enhanced

eccentric load,’’ and ‘‘eccentric overload.’’ Only original

empirical articles published in peer-reviewed journals with

full document availability were considered for review. A

total of 30 original papers met these criteria, with papers

utilizing flywheel resistance excluded from consideration.

This exclusion was due to the inherent dependency of the

flywheel eccentric load on concentric output and the cur-

rent lack of research quantifying progressive load under

this method.

3 Loading Considerations

Prior studies have utilized various implements to apply

AEL, including elastic bands, counterbalance weight sys-

tems, weight releaser devices, computer-driven adjust-

ments, and manual adjustments by either the athlete or

practitioner. The chosen implementation appears depen-

dent on practicality, the magnitude of eccentric load pre-

scription, or desired outcome. For example, lower

magnitude AEL prescriptions tend to use manual adjust-

ments by either the coach or the athlete, while higher

magnitude AEL prescriptions use weight releasers or are

technology driven. However, there has been little consis-

tency in the existing literature regarding the magnitude of

eccentric overload or the resulting rate of eccentric phase

descent for the exercise prescribed. Differences in these

loading considerations likely alter the stimulus of AEL and

may have implications for acute performance and chronic

adaptations. Therefore, a discussion of loading considera-

tions—primarily the magnitude and the means of applica-

tion—and their effects is warranted. Theoretically, AEL

should increase the subsequent concentric action following

acute application of eccentric overload, but changes will

likely be directly related to the characteristics and context

of application. Further, it is plausible that the magnitude of

the load may have a more profound influence on adaptation

based on previously established neuromuscular and archi-

tectural changes observed from high intensity eccentric

contractions [10, 12, 35–39].

Supramaximal loading, which prescribes an eccentric

load in excess of concentric 1RM, is the most commonly

utilized strategy of AEL. The rationale is based upon the
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higher force generation capabilities and selective recruit-

ment of high threshold motor units during eccentric muscle

actions, potentially eliciting neuromuscular responses

leading to desired adaptations, which will be discussed

later in further detail [12, 39]. Saxton and associates pro-

vide a theoretical basis for supramaximal eccentric loading

to potentially induce greater changes in muscle CSA

through increased tension or metabolic damage [40]. Sev-

eral investigations have attempted to substantiate the

potential implications of supramaximal AEL to improve

strength, force output, or muscle CSA [14–20, 30, 33, 34].

Despite a theoretical basis, supramaximal AEL has

yielded inconsistent results regarding acute responses and

chronic adaptations. Favorable acute changes in maximal

strength performance have been demonstrated [16, 17]. For

example, Doan and associates found significantly enhanced

concentric performance in the bench press using supra-

maximal AEL in moderately trained males [17]. They used

weight releasers to impart an eccentric overload equivalent

to 105% concentric 1RM [17]. The concentric prescriptions

started at 100% of preliminarily tested concentric 1RM,

followed by attempts with progressively increased con-

centric loads of 2.27, 4.55, and 6.82 kg if prior attempts

were successful. Doan and colleagues provide some of the

earliest evidence of the potentiating effect that supramax-

imal AEL may have on subsequent concentric perfor-

mance. Some theoretical mechanisms that may contribute

to performance improvements resulting from supramaxi-

mal eccentric loading include attenuated reflex inhibition

or increased myosin light chain (MLC) phosphorylation

[41, 42]; however, supramaximal eccentric loading may

require careful consideration. Contractile history can have

both fatiguing and potentiating effects on skeletal muscle

performance [43]. Providing a stimulus that elicits poten-

tiating effects without fatiguing the athlete is one of the

challenges facing supramaximal AEL prescription [44].

Ojasto and Häkkinen reported that subsequent 1RM and

concentric force production both significantly decreased

using a range of supramaximal AEL (105–120% eccentric

overload) in the bench press [20]. They proposed this

decline in performance was partially due to fatigue and

suggest the potential need to use smaller eccentric loads

[20]. These inconsistent results and methods in the litera-

ture using supramaximal AEL require further investigation,

but also have led to the study of other AEL strategies,

particularly in more recent studies.

The magnitude of the eccentric load during submaximal

AEL is prescribed relative to the concentric movement;

however, the eccentric overload does not exceed concentric

1RM. This relative loading strategy is often used in situa-

tions where changes in explosive and plyometric perfor-

mance are anticipated [20, 22–26]. Submaximal AEL may

also include movements more common in sports and has

more consistently yielded favorable performance

enhancements compared to supramaximal AEL, especially

in acute interventions. Ojasto and Häkkinen found peak

power and neuromuscular activity were both enhanced

through submaximal AEL, but was not related to a specific

submaximal prescription [20]. Though a range of sub-

maximal AEL conditions were used (eccentric/concentric:

60/50% 1RM, 70/50% 1RM, 80/50% 1RM, 90/50% 1RM),

the load condition where the highest peak power outputs

and muscle activation were subject specific [20]. There-

fore, there may be an individualized response to AEL, with

factors such as training experience, age, strength-level, or

physiological characteristics influencing the outcomes.

Sheppard and Young, instead of prescribing relative per-

centages, prescribed submaximal AEL with fixed absolute

loads of 20, 30, and 40 kg over a 40-kg concentric load

[29]. Subsequent bar displacement and peak acceleration

values of the bench throw were both significantly higher

following AEL [29]. In accordance with the findings of

Ojasto and Häkkinen, a notable finding of this study [29] is

that the AEL prescription yielding the greatest performance

enhancement appears to be dependent on maximal strength,

with stronger subjects requiring greater eccentric overload

to elicit optimal concentric performance.

Increased velocity during the eccentric phase enhances

force production and power output during the subsequent

concentric phase [45, 46]. The rapid eccentric phase of

plyometric exercises may be further enhanced via AEL,

with observed improvements in concentric force produc-

tion, jump height, and throw performance [25, 29, 47].

Accentuated eccentric loading strategies that overload the

eccentric portion of plyometric exercises, though fitting

within the scope of the operational definition of AEL of the

present review, may potentiate concentric performance

primarily via increasing the rate of the eccentric phase [48],

which could be considered an interruption to the natural

mechanics of the movement. Increasing the eccentric load

during plyometric movements may increase the rate of

eccentric force production and impulse of the SSC, sub-

sequently enhancing concentric force and power output

[49, 50]. Overloading plyometric exercises is an advanced

application of AEL, as the athlete needs to have the

capability to store and return elastic energy quickly during

the concentric portion of the jump with minimal amorti-

zation phase [51, 52]. This may require higher levels of

strength and connective tissue development, and therefore

such an application of AEL may be more appropriate for

more advanced athlete populations.

One potential implementation involves elastic bands,

which can be used to increase eccentric velocity during

countermovement (CMJ) and drop jumps [22, 23]. Accen-

tuated eccentric loading estimated to provide an additional

resistance equivalent to 30% of body mass during the
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eccentric phase of the CMJ increased peak power (23.21%),

peak concentric force (6.34%), peak concentric velocity

(50.00%), and jump height (9.52%) compared to standard

CMJ in resistance and plyometric trained subjects [23].

Elastic bands providing downward tension during the drop

and eccentric phases of the drop jump increased eccentric

impulse, eccentric rate of force development (RFD), and

quadriceps muscle activity in a manner similar to increased

drop jump height [22]. Aboodarda and colleagues suggest

that the use of elastic bands during drop jumps may sub-

stitute for increases in drop height, theoretically minimizing

injury risk associated with high drop heights [48]. However,

if the center of mass is still accelerating similarly due to the

elastic bands when compared to a higher drop height, the

ground reaction forces may still be similar. Moore and

associates provide a more precise AEL application in the

jump squat, examining the potentiating effects eccentric

overloads of 20, 50, and 80% of back squat 1RM coupled

with a concentric phase held constant at 30% of back squat

1RM [31]. The load spectrum used by this group failed to

provide supporting evidence that AEL acutely enhanced

force, velocity, or power outputs of the concentric phase of

the jump squat [31]. The lack of observed potentiation may

be due to the subjects’ lack of familiarity with jumping

tasks. Though the subjects were resistance trained, there

was no indication as to whether plyometric training was

included in their training prior to participation in the study

[31]. This is in contrast to the subjects in the study by

Aboodarda and colleagues, who were participating in both

resistance training and plyometric training prior to study

involvement [22].

Like supramaximal AEL, the lack of consensus using

submaximal AEL may be due to subject and methodolog-

ical differences between studies, such as means (e.g.,

weight releasers, manual adjustment) or magnitude of

eccentric overload. From a practical standpoint, decisions

regarding implementation of AEL may be driven by fea-

sibility just as much as supporting evidence. Some methods

may be financially restrictive, overly cumbersome, or have

little application or transfer to athletic performance. These

limitations notwithstanding, existing research suggests the

magnitude of AEL should, to some extent, reflect the

strength level of the subject and exercise selection in

addition to the desired effects. Researchers have typically

used supramaximal eccentric overloads during strength and

hypertrophy training, yielding mixed results. With similar

levels of consistently favorable outcomes, submaximal

eccentric overloads are typical in studies examining

explosive performance or power output. Therefore, iden-

tifying and determining the influence of potential factors

may allow for more precise and individualized submaximal

AEL prescription. Coaches and practitioners, then, must

first consider the most practical and suitable method and

load prescription strategy for the desired performance

outcome given the population being trained.

4 Performance Implications for Accentuated
Eccentric Loading (AEL)

4.1 Maximum Strength

As previously discussed, AEL has been suggested as a

potential training modality for athletes due to an associa-

tion with improvements in force production [17, 21], RFD,

[23] velocity [27], power [23], athletic performance,

[23, 27] and injury prevention [53]. Force production

underpins all of the aforementioned enhancements to per-

formance and completion of both general and specific skills

[54]. The limited number of studies using AEL to improve

force production have provided varying results apparently

due to differing protocols used in the investigations

(Tables 1, 2). In a 7-day study by Hortobagyi and col-

leagues, the investigators demonstrated twofold greater

strength gains in the knee extensors using an additional

40–50% eccentric overload compared to traditional loading

in untrained females [47]. The drastic strength gains (27%)

observed during this study may be due to the novelty of

stimulus applied to an untrained population. Such results

should be explored further as the adaptive responses may

have been similar between AEL and traditional loading

with a longer training period. Doan and colleagues pro-

vided additional evidence, finding increases in bench press

1RM of 2.27–6.80 kg in the subjects using supramaximal

AEL of 105% of concentric 1RM during the eccentric

phase compared to the traditional loading [17]. As previ-

ously discussed, the acute enhancement of force production

capabilities observed may be induced via several potential

mechanisms, including increased calcium sensitivity and

increased neural drive due to the eccentric overload pro-

vided by AEL [42]. However, AEL conditions during

attempts to potentiate force production acutely must con-

sider the fatigue elicited by the selected AEL strategy

[43, 44].

Demonstrating the potential importance of load pre-

scription as it relates to maximal strength expression,

Ojasto and Häkkinen performed a bench press protocol that

employed AEL in the bench press with physically active

males [20]. This protocol compared four different loading

schemes for the eccentric portion with 100, 105, 110, and

120% of the concentric 1RM and failed to show

improvements in concentric 1RM with AEL compared to

an isokinetic loading protocol. Though relatively strong

subjects were used, it appears that the eccentric overload

spectrum employed by Ojasto and Häkkinen elicited a

detrimental effect on maximal strength expression, likely
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due to fatigue. In this design, subjects first had to determine

their bench press 1RM under traditional loading, then

proceed to the prescribed AEL condition to ascertain if that

enhanced their maximal strength levels for that day. By

completing two separate maximal strength evaluations

within the same session, it is likely that the potentiating

effects observed by Doan and colleagues would not be

present, and subjects instead saw a decrease in maximal

strength performance related to acute fatigue [17, 20, 44].

Overall, acute intervention with AEL (Table 1) has yielded

inconsistent results regarding maximal concentric force

production, at least in part due to study design, load pre-

scription, or population used. Acute maximal strength

enhancement via AEL has sound theoretical basis and

should be further explored. Further study of acute inter-

ventions using AEL may elucidate optimal loading strate-

gies to potentiate maximal strength and may provide a

framework by which to explore chronic adaptations.

Longer term studies exploring the effects of AEL on

strength (Table 2) have also yielded multiple outcomes

depending on protocol, duration, and subjects’ character-

istics. Godard and colleagues found non-statistically sig-

nificant increases in concentric knee extensor strength

favoring AEL (eccentric/concentric: 120/80% 1RM) com-

pared to traditional loading (80% 1RM) [18]. Further,

significant changes in thigh girth were observed under both

isokinetic and AEL conditions. Due to the greater observed

changes in strength, such findings may suggest that AEL

imparted greater degrees of neural adaptation while elic-

iting similarly favorable changes in muscle morphology.

However, it is difficult to assign sound rationale or prac-

tical application to the changes observed, as the subject

pool consisted of untrained males and females that were

not grouped for analysis, thereby limiting the depth of the

observations. Also using untrained subjects, Kaminski and

colleagues provided evidence that AEL may impart greater

strength gains in the hamstrings, using an eccentric over-

load equivalent to 100% concentric 1RM paired with a

concentric load equivalent to 40% 1RM [19]. After only

6 weeks of training, significant improvements in relative

and absolute strength levels were observed in the leg curl

compared to traditional loading. Due to the brevity of the

study and the improvement in relative strength, it is likely

that subjects experienced minimal changes in morphology

and the favorable strength outcomes may be primarily

explained by neural alterations.

Supporting such a hypothesis, Brandenburg and Doch-

erty made similar comparisons of strength and muscle

morphology changes between AEL and isokinetic loading

in moderately trained males over 9 weeks [16]. The AEL

condition used an eccentric load of 110–120% 1RM and a

concentric load of 75% 1RM, performing three sets of ten

repetitions to concentric failure. The isokinetic loading

protocol, however, used four sets of ten repetitions to

concentric failure at an absolute intensity of 75% 1RM

[16]. Unlike the findings of Godard and colleagues, Bran-

denburg and Docherty observed no changes in muscle CSA

within either training group, suggesting that the strength

changes can likely be attributed to decreased neural inhi-

bition and subsequent increases in motor unit discharge

rate, leading to higher levels of voluntary activation and

increased strength capabilities without changes in mor-

phology [55]. This is supported by the findings of Walker

and associates, who observed significant increases in vol-

untary muscle activation under AEL in the vastus lateralis,

vastus medialis, and superficial quadriceps with no differ-

ences in CSA following a 10-week protocol [21]. The

increase in voluntary activation may explain the higher

percent change in isometric strength with AEL compared

to traditional loading in the leg extension [21].

Despite the seemingly robust application of the potential

mechanisms and adaptations to AEL, exercise selection may

limit the transfer of training effects to sporting actions and

athlete populations [16, 21]. An investigation by Yarrow and

associates is one of the only examples of AELusing exercises

that typically appear in sport training regimens (i.e., back

squat and bench press), albeit with untrained male subjects

[34]. The researchers found similar increases of 10% for the

bench press concentric 1RMand22%for the squat concentric

1RM under both AEL (100–121% eccentric overload) and

traditional loading. Though the outcomes are similar when

considered superficially, Yarrow and colleagues used atypi-

cal concentric loads within the AEL condition (up to 49%

1RM), where the traditionally loaded condition had more

appropriate loads (up to 75% 1RM) [56]. Therefore, consid-

ering the findings of other investigations, it is reasonable to

speculate that strength improvements for the AEL condition

would have been greater had the concentric workloads been

equalized [16, 18, 21]. It is also noteworthy that the AEL

group achieved similar results with a lower total volume

load—this difference resulted from the completion of one less

set per session in the AEL group compared to the traditional

loading group. Nevertheless, it is possible that AEL may be

more work efficient compared to traditional loading and may

elicit similar strength gains compared to traditional loading.

Thus, one potential application of AEL may be to retain

maximum strength while emphasizing higher movement

velocities or reducing volume load due to other training

stressors. Overall, chronic training studies using AEL have

elicited favorable changes in strength, primarily due to

advantageous changes in neural drive and secondarily to

changes in muscle morphology. However, due to the incon-

sistent nature of study design and the paucity of literature

using exercise selection typical of athletic populations, fur-

ther investigations are warranted to determine the chronic

effects of AEL. Given the varying nature of the findings, it is
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important first to identify the acute responses and potential

mechanisms that would support the chronic changes in

maximal strength observed in the longer term studies.

4.2 Explosive Performance

AEL has been used to examine changes in explosive per-

formance and is commonly investigated using static jumps,

CMJs, drop jumps, and throws. Sheppard and Young [29]

demonstrated that greater concentric performance in the

bench throw can be achieved through the addition of

eccentric loading. Regarding explosive performance, the

main finding of this investigation comes in the significant

changes in peak acceleration across all eccentric overload

conditions [29]. Aboodarda and associates [23] used three

different CMJ conditions to assess the effects of enhanced

eccentric loading on CMJ performance. Only the CMJ

condition using an additional 30% of body mass provided

via band-induced tensile force, increased vertical ground

reaction forces (6.34%), power output (23.21%), net impulse

(16.65%), and jump height (9.52%) compared to the body

weight CMJ condition. In a follow-up study, this time

investigating drop jumps, Aboodarda and associates [22]

found greater eccentric impulse and RFD using an additional

30% of body mass provided via band-induced tensile force,

but no difference in drop jump performance compared to

traditional drop jumps. Aboodarda and colleagues [22, 23]

observed different outcomes despite virtually identical pro-

tocols. One potential cause may be the difference in exercise

selection, where Aboodarda and associates [22] utilized drop

jumps instead of CMJs [23] in the initial investigation. In

this regard, differences in participant strength levels were

not considered in either study, which would greatly influ-

ence jump performance, especially in the drop jump, where

stronger subjects are more likely to be able to store and

reutilize elastic energy as well as have a shorter amortization

phase [22, 23, 52, 57–59]. Further, the latter study imple-

mented an aerobic-emphasis warm-up, possibly affecting the

potentiation effects of the intervention.

The ability to quickly return stored elastic energy is an

especially important consideration in using AEL for

explosive performance. Moore and colleagues [31] used

jump squats equal to 30% of the subjects’ back squat 1RM

with additional eccentric loading of 20, 50, and 80% of the

back squat 1RM, failing to produce acute changes in force,

velocity, or power in resistance-trained men. The large

range of motion required in jump squats paired with the

high magnitude eccentric load selection may have been

inappropriate in eliciting favorable explosive performance

outcomes, possibly due to lengthening the amortization

phase and subsequently limiting the use of the SSC for

concentric potentiation [51, 52]. In a study of elite male

volleyball players, Sheppard, Newton, and McGuigan [28]

compared the effects of AEL on a countermovement vol-

leyball block jump versus traditional volleyball block jump

performance, where arm swing was limited. Contrary to

Moore and colleagues [31], the investigators found statis-

tically greater jump height, peak power, and peak velocity

(p\ 0.05) for the AEL group, with moderate magnitude

effect sizes (ES = 0.1–0.4). The difference in findings may

be due to the aforementioned influence of exercise selec-

tion and loading methodology on the SSC. Sheppard and

colleagues [28], using an absolute eccentric overload of

20 kg, allowed for minimal interruption in the natural

mechanics of the block jump through their chosen AEL

application of dropping dumbbells, which allow for a rapid

return of stored energy and enhanced jump performance

[51, 52].

Bridgeman and colleagues also used AEL drop jumps to

potentiate jump performance [25]. Considering each sub-

ject’s optimal drop height, five drop jump repetitions were

completed under each of four dumbbell loading conditions,

consisting of no load, 10, 20, or 30% additional eccentric

load [25]. After each loading condition the athletes com-

pleted three CMJs at 2, 6, and 12 min rest. Bridgeman and

colleagues found that drop jumps with additional load

equivalent to 20% body mass produced significantly

greater CMJ height and peak power after 2 and 6 min

compared to the 12-min trials [25]. This indicates that not

only are there optimal loading conditions for potentiating

effects on power performance, but there may be a time-

dependent window that these effects can be realized. In the

lone study exploring chronic explosive performance

changes with AEL, Sheppard and associates demonstrated

increases in displacement (11%), velocity (16%), and

power (20%) in high-achieving volleyball players follow-

ing AEL CMJs compared to bodyweight CMJs [27].

Despite the paucity of investigations regarding the chronic

adaptations to AEL related to explosive performance, it has

been previously demonstrated that higher eccentric veloc-

ities elicit greater changes in power and SSC utilization

[60, 61]. Eccentric overload prescribed for plyometric

movements may add to the gravitational forces, causing a

shorter eccentric duration, and thus causing more favorable

explosive performance adaptations. As is the case with

acute changes in explosive performance, there would likely

be a requisite relative strength level necessary to maintain

the efficacy of advanced means like AEL in this context.

5 Potential Mechanisms to Acute AEL

5.1 Neural

The exact contributions of the nervous system during AEL

that acutely improve performance have yet to be fully
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elucidated, but several have been postulated. Lesser

recruitment and discharge rates have been observed during

eccentric action when compared to concentric under sim-

ilar absolute loading conditions, which provides justifica-

tion for higher magnitude eccentric loading [62, 63].

Additionally, higher loading of the eccentric phase may

increase force production during the concentric phase via

enhanced neural drive [31]. Enhanced neural drive may be

due in part to enhanced motor cortex activation compen-

sating for spinal inhibition during eccentric action [64].

This response is similar under both maximal and sub-

maximal loading conditions, indicating that the nervous

system employs unique activation strategies during

eccentric contractions [36].

For example, higher or faster eccentric loading via AEL

may allow for the incorporation and selective recruitment

of high threshold motor units during the eccentric con-

traction leading to a greater force production during the

subsequent concentric muscle action. It has been docu-

mented that during eccentric contractions, selective

recruitment of high threshold motor units may be possible,

leading to greater eccentric force production by contribu-

tion of larger motor unit pools [12]. Further, muscle may

function closer to its optimal length and at reduced short-

ening velocities through tendon elongation during the

eccentric phase, which minimizes muscle fiber lengthening

[65, 66]. It is also likely that elastic energy stored in the

series and parallel elastic components during the eccentric

phase may be used during the concentric phase [46, 49, 67].

This increased tension and stretch initiates another favor-

able neuromuscular mechanism by which AEL acts—

stimulation of Type Ia afferent nerves, inducing a myotatic

reflex that enhances the subsequent concentric contraction

[49].

In addition to increased neural drive and selective

recruitment of high threshold motor units, eccentric

lengthening may lead to other alterations in recruitment

strategies compared to concentric muscle actions

[31, 36, 38]. These strategies may be related to smaller

motor-evoked potentials, delayed motor-evoked potentials,

delayed motor-evoked potential recovery time, and reduced

H-reflex responses [68]. Due to reduced activity in the

motor cortex and the spinal cord during active muscle

lengthening, the resultant response is decreased motor-

evoked potentials and H-reflex responses [37, 69]. Fur-

thermore, during submaximal and maximal contractions

the electromyographic muscle activity displays a special-

ized motor unit activation pattern during lengthening

compared with shortening [37]. These altered patterns

associated with lengthening suggest a task-specific differ-

ence between concentric and eccentric actions [6]. More-

over, due to task-specific differences in contraction type,

the inclusion of AEL may provide a unique stimulus

leading to greater neural adaptation compared with tradi-

tional loading. This task-specific neural adaptation may

transfer favorably to sporting movements involving

eccentric muscle action, such as SSC.

5.2 Metabolic and Endocrine

Existing literature on the hormonal and metabolic

responses to AEL is also limited. Yarrow and associates

[33, 34] found no differences in concentrations or

responses for total and bioavailable testosterone or growth

hormone following either AEL (eccentric/concentric:

100/40% 1RM) or traditional loading (52.5% 1RM con-

centric) of bench press and squat exercise in a pair of

studies [33, 34]. However, there was an observed statis-

tically significant decrease in bioavailable testosterone at

all time points (15, 30, 45, and 60 min) in the initial design

[33] and at all but one time point (15 min) post-training in

the follow-up study [34] under both loading conditions.

This may indicate that more testosterone was bound to

androgen receptors, which would subsequently stimulate

protein synthesis and is consistent with previous findings

regarding resistance training [70]. Metabolically, Yarrow

and colleagues first observed a statistically greater

increase in blood lactate concentration after AEL com-

pared to traditional loading [33]. This finding supports the

results of Ojasto and Häkkinen [32], who reported a trend

for higher blood lactate concentrations with progressively

higher AEL loads ranging from 80–100% concentric 1RM

prescribed in the eccentric phase with concentric pre-

scription held constant at 70% 1RM. Although these

results did not reach statistical significance, this group also

discussed the potential of an individualized response to

different AEL intensities based on maximal strength level,

as a significant correlation was found between the loading

condition that yielded the highest lactate response and

relative strength ratio [32]. Though higher lactate accu-

mulations have been consistently observed, Yarrow and

associates [34] expanded their consideration to lactate

recovery in their follow-up design, observing a statistically

significant improvement at 45 and 60 min post-training in

AEL compared to isokinetic loading, all while completing

less total mechanical work. The findings of Ojasto and

Häkkinen [32] paired with those of Yarrow and associates

[33, 34] suggest AEL may provide a primarily glycolytic

stimulus, providing potential value in training of strength

and power athletes.

Bridgeman and associates measured creatine kinase

(CK) as a marker of exercise induced muscle damage

following drop jumps with AEL equivalent to 20% of

subjects’ body mass provided via dumbbells [24]. CK

levels peaked 24 h after both an initial session and a sub-

sequent bout two weeks later, with smaller effect sizes for
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all but one measured time point of the subsequent bout

compared to the initial session [24]. Interestingly, CK

levels were reported as smaller during the initial bout

versus the subsequent bout, even at rest [24]. However, this

is likely due to a dose-response relationship and little to do

with AEL itself, as the first bout included 5 9 6 whereas

the subsequent bout included 5 9 10, thus changing the

volume applied from session to session. Such an acute

increase in volume may explain the greater CK concen-

tration, which, if taken as an index of muscle damage, may

indicate the need for careful prescription of advanced

training means. However, it is also worth noting that CK is

not the only indicator of muscle damage, as other enzymes

and cytokines may also need to be considered [71, 72].

When taken together, these results would indicate that

AEL provides a substantial acute homeostatic disruption of

the cellular environment (Table 3). The increased lactate

response coupled with enhanced lactate recovery provides

some indication that some AEL protocols target the gly-

colytic system’s capacity and efficiency. Further, it appears

that AEL elicits at least a similar protein synthetic endo-

crine response compared to traditional loading. With

regard to coaching application, some AEL protocols may

provide a similar metabolic stimulus to that observed in

traditionally loaded, higher volume strength endurance

training blocks. However, under identical volume pre-

scription, it may do so using a higher magnitude of loading,

thereby increasing force production demands and providing

a specific increase in volume load that may be advanta-

geous for strength-power athletes.

6 Potential Mechanisms in Chronic AEL

Longer duration training studies may be better suited to

explain the potential adaptations to AEL training compared

to acute studies. Unfortunately, there are few studies to

date examining the effects of AEL lasting longer than

12 weeks. These available experiments shape our current

understanding of AEL for practical purposes and adaptive

mechanisms (Table 4). An early study [73] using manual

resistance of body-weight exercises was one of the first

known training studies employing AEL. The results of this

study indicated relative strength may be enhanced by

overloading the eccentric portion of various exercises.

Although performance increased following AEL imple-

mentation, it provided little information that allowed for

hypothesis generation with regard to reasons for the

observed changes. This simple intervention did, however,

generate interest and subsequent completion of several

studies examining the chronic effects of AEL on strength

and muscle size.

Muscle hypertrophy, already linked to positive changes

in a variety of performance outcomes, is a possible con-

tributor to the favorable performance changes observed in

AEL. It does seem that differential hypertrophy may occur

based on training [74, 75]. Thus, hypertrophy’s influence

on performance is potentially dependent on the specificity

of the stimulus inducing the adaptation. There appears to

be a regional specificity to hypertrophic changes, with

eccentric training increasing muscle CSA at the distal

portion of the muscle and concentric training within the

muscle belly [76, 77]. Additionally, eccentric-only training

has been shown to favor increases in fascicle length and

hypertrophy of the distal portions of a muscle while con-

centric-only training results in pennation angle increases

and greater hypertrophy mid-muscle [76–80]. These dif-

ferential changes suggest that eccentric training may be

more favorable for contraction velocity, as hypertrophy

tends to be more evenly distributed throughout the muscle,

while concentric training may favor force production as

hypertrophy is localized centrally in the muscle where a

majority of tissue resides. Due to AEL, it is plausible that

greater hypertrophy will occur in the distal portion of the

muscle while maintaining the proximal muscle changes

associated with traditional loading. Of four studies exam-

ining anatomical cross-sectional area (aCSA) after pre-

scribed AEL, three have found no difference between AEL

and traditional loading [15, 16, 21], with one exception

[14]. However, the typical measurement methodology may

have influenced the interpretation of such results. For

example, though all four studies considered measurements

from both the distal ends of the muscle and the muscle

belly, only one considered them separately for analysis

[21], while the others averaged the measurements for

consideration of whole muscle aCSA changes [14–16]. Of

the three studies which observed no between-group dif-

ferences in aCSA, AEL produced statistically greater

improvements in strength [16, 21] and jump performance

[15]. The changes in jump performance may be attributed

to increased contraction speed via in-series specific

hypertrophy from the overloaded eccentric, while the

changes in strength may be due to in-parallel specific

hypertrophy from the traditional loaded concentric [76].

The similarities in aCSA changes combined with favorable

performance results may indicate that neural mechanisms

may be affecting training outcomes following AEL, but the

lack of region-specific consideration in analysis of CSA

may have also influenced this interpretation [14–16].

Despite the paucity of direct evidence regarding changes

in muscle morphology under AEL, there have been

enhancements in factors involved in anabolic signaling.

Friedmann-Bette and associates [15] found that AEL pro-

duced significantly greater changes in androgen receptor

content compared to traditional loading, which can likely
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be attributed to the overloaded eccentric phase and may

influence the effects of hormones like testosterone in

stimulating muscle protein synthesis [81]. Though no dif-

ferences were observed between traditional loading and

AEL, increased androgen receptor content may explain the

observations of Yarrow and associates [33, 34] regarding

diminished bioavailable testosterone levels following

training. Additionally, AEL produced increases in several

insulin-like growth factors, including IGF-1. The

mechanical load-induced anabolic effects of IGF-1 are

robust and include satellite cell activation and proliferation,

which also may explain the increases in factors related to

muscle growth and regeneration observed by Friedmann-

Bette and colleagues [15, 82]. Specifically, several myo-

genic regulatory factors (myoD, myogenin, MYF5, MRF4,

HGF, and myostatin) were significantly increased under the

AEL condition, while some were not changed under tra-

ditional loading [15]. The increases in such factors further

suggest an increase in satellite cell proliferation, which

may be provided by both the increased mechanical tension

and stretch of the overloaded eccentric as well as the

stimulation of the concentric action [15, 83].

The increased anabolic signaling may be primarily

within faster muscle fiber types (i.e., Type IIa and IIx),

leading to changes to specific CSA and intrinsic muscle

properties, which could have positive implications for

strength and power performances [84–87]. Friedmann and

colleagues [14] observed decreases in Type I fiber-type

percentage and increases in Type IIa and Type IIx fiber-

type percentages in the vastus lateralis following AEL

using 45-s timed sets of 25 leg extensions (eccentric/con-

centric: 70/30% 1RM), but only statistically significant

changes occurred in the Type IIa fibers. Conversely, in the

traditionally loaded group, a slight nonsignificant increase

in Type IIa fiber-type percentage and slight decrease in

Type IIx fiber-type percentage was noted, which is con-

sistent with previous research using traditional loading

[88, 89]. Relatively no change was observed in Type I

fibers, which may be due to the high movement rate

required [14]. The fiber CSA (fCSA) results did not reach

significance for any variable; however, more pronounced

increases were observed in Type I fCSA for the tradition-

ally loaded group. Though both traditional loading and

AEL yielded favorable changes in Type IIa fCSA, more

marked increases of Type IIa fCSA were observed under

the AEL condition [14]. Though the changes in this fiber

type have been vastly noted in traditional loading condi-

tions [84, 90–92], the greater changes in glycolytic fiber

types under AEL may be due to the potentially greater

stress applied to the glycolytic system, evidenced by the

increased lactate response observed by Yarrow and asso-

ciates as well as Ojasto and Häkkinen [32–34]. Moreover,

the findings of Friedmann and colleagues [14] suggest the

favorable changes in maximal strength due to AEL are

highly related to Type IIa fCSA (r = 0.966) [14].

A later study from Friedmann-Bette and associates [15]

also comparing AEL to traditional loading using 10-s timed

sets of eight repetitions of leg extensions, noted significant

increases in Type IIx fCSA for AEL but not traditional

loading. This study also presented significant correlations

between maximal strength and Type IIx and Type IIa fCSA

(R = 0.612 and R = 0.600, respectively) for AEL only.

These correlations for AEL only suggest additional

underlying mechanisms and intrinsic muscle properties

may influence fiber-type specific hypertrophy and subse-

quently maximum strength and power performances. One

such mechanism may be MHC content. The mRNA of

MHC4 isoforms, which is associated with faster muscle

phenotypes, were observed to be significantly increased

following AEL, while a slight decrease was observed fol-

lowing traditional loading [15, 93]. No other MHC or MLC

mRNA differences were observed in this study [15].

However, a different study revealed statistically greater

MHC IIa mRNA after AEL compared to traditional loading

[14]. Additionally, a non-significant average increase of

320% in Type IIx mRNA concentration following AEL and

a 24% decrease following traditional loading were

observed, although high variability may impact the inter-

pretation of these results. The increases in Type IIx mRNA,

combined with statistically greater increases in LDH A

isoform indicate that AEL may elicit unique skeletal

muscle adaptations, particularly in faster, more explosive

muscle isoforms [14]. Such changes may explain the

findings of other studies, particularly Yarrow and associ-

ates [34]. As previously discussed, this group found greater

increases in lactate concentration following AEL compared

to traditional loading. Further, Yarrow and colleagues

found that lactate clearance abilities were also enhanced

via AEL, which is supported by the significant increase in

LDH A mRNA content following AEL but not traditional

loading [14, 34]. These studies suggest that AEL may

impart chronic training adaptations similar to traditional

resistance training, and it is plausible that AEL may have

additional benefits towards strength and power-specific

gains such as Type IIx-specific shifts in MHC concentra-

tion and bioenergetic anaerobic adaptations.

7 Conclusions and Direction of Future Research

A paucity of peer-reviewed literature currently exists

regarding AEL, especially involving trained subjects or

athletic populations. Within the current literature, there is a

great deal of inconsistency in loading means and magnitude,

which makes it difficult to apply the findings of such

research, especially pertaining to acute applications of AEL.
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Furthermore, chronic interventions vary in duration and

often employ exercise selection and AEL means dissimilar

to those encountered in training athletic populations, which

may be where AEL is most logically applied. Despite these

limitations, AEL has shown promise in a variety of acute

and chronic applications. Acutely, AEL has demonstrated

the ability to enhance concentric force and power production

[15–21]. Through chronic application of AEL, the ability to

shift MHC towards faster isoforms and elicit favorable

changes in Type IIx specific muscle cross sectional area

have been demonstrated [14, 15]. Due to the potential

benefits, but high level of inconsistency and lack of current

literature, it would be advantageous for future research to

first examine the acute response to practically applicable

means and magnitudes of AEL. Such findings would allow

for a more precise and logical implementation to investi-

gations regarding chronic adaptations.
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