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ABSTRACT 

DURING AND POST-EXERCISE EFFECTS OF ACCENTUATED ECCENTRIC 

LOADING 

Justin J Merrigan, MS, CSCS 

George Mason University, 2020 

Dissertation Director: Dr. Margaret Jones 

 

This dissertation evaluates the acute effects of an accentuated eccentric loading (AEL) 

repetition on subsequent back squat and bench press kinetics and kinematics (during both 

the concentric and eccentric phases) while using various concentric loads. The second 

purpose of this series of studies was to investigate post-exercise responses to AEL, to 

allow a better understanding for implementing AEL in resistance-training programs. 

Overall, the findings indicate that the effectiveness of AEL for increasing concentric 

movement velocity and power is dependent upon the exercise, concentric loads used, and 

velocity of the eccentric action. Other influential factors may include whether or not the 

AEL loading alters mechanics during the movement and the resistance training status of 

the individual. Utilizing this strategy, however, did not result in further exercise-induced 

muscle damage. Thus, AEL may be a modality to increase eccentric intensity without 

undue harm or necessary altercations to program design.  
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CHAPTER ONE: INTRODUCTION AND LITERATURE REVIEW 

A muscle will shorten when its force overcomes the force of the resistance (i.e. 

concentric), while it will lengthen when it cannot (i.e. eccentric). Due to the many unique 

neural, molecular, and metabolic responses during lengthening actions, several strategies 

to implement eccentric actions exist in resistance training. One main reason for 

implementing eccentric overloading is the ability of eccentric actions to produce 50% more 

force than concentric actions.1–3 As a result of eccentric actions’ greater force producing 

capabilities, it is likely that the full potential of muscular force production is not reached 

unless the loads used exceed the limits of concentric actions.  

Numerous training strategies have been developed that utilize eccentric overloads, such 

as forced eccentric repetitions, supramaximal concentric loading, and accentuated 

eccentric loading (AEL). Forced eccentric repetitions are performed once one is unable to 

complete concentric actions, resulting in further motor unit recruitment due to muscular 

failure of lower level motor units.4–6 Supramaximal concentric loading uses loads during 

eccentric actions exceeding that of concentric one repetition maximum (1-RM) and has 

shown strength and power adaptations similar to, but not surpassing, concentric methods.7 

However, there are potential flaws with these methods when the purpose of the training 

session is to enhance concentric velocity or power, as neither include the full stretch 

shortening cycle.  
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Greater subsequent concentric performances may result from the selective recruitment 

of high threshold motor units8 or greater elastic potentiation (i.e. muscle spindle and reflex 

loop potentiation) if eccentric actions are performed at a faster rate.9–11 However, to elicit 

further neuromuscular responses and practical benefits from utilization of the stretch 

shortening cycle, concentric actions must be performed immediately after eccentric 

actions. Accentuated eccentric loading is employed by implementing greater loads during 

eccentric compared to concentric actions of a complete stretch shorten cycle with minimum 

alteration to biomechanical strategies. For example, an individual may overload the 

eccentric action with a fast transition to concentric actions by performing 2-legged 

concentric leg extensions and the eccentric action using one leg. Physiological benefits to 

this strategy are abundant: shifts to faster myosin heavy chain isoforms and resultant 

positive adaptations to IIx muscle crosssectional area, muscle lengthening, tendon 

extension, and motor unit activation.12–14 Due to these neurological and morphological 

responses, some have found AEL to be a beneficial means for improving velocity, force, 

or power during resistance training movements13,15–20 as well as explosive jumping or 

throwing tasks.21–27 Unfortunately, the literature around AEL is inconclusive due to a  wide 

range of participant training experience, exercise selection, load prescriptions, method of 

AEL, and performance variables analyzed.12,13,15–22,24,26,28–31 

To start, understanding the basic physiological mechanisms behind AEL will help 

identify the rationale for and best practices of AEL. Therefore, this chapter will cover the 

following: 1) neuromuscular and molecular mechanisms at play during lengthening 

contractions and their potential practical relevance; 2) acute effects of AEL on maximal 
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strength and explosive power; 3) explanation of different loading strategies and gaps in 

literature.  

Theoretical Physiological Frameworks for Accentuated Eccentric Loading 

From a physiological standpoint, the exact mechanisms behind the functioning of AEL 

are not entirely understood. Instead, the majority of assumptions are based upon the 

principles of neuromuscular and molecular mechanisms when a muscle is actively being 

lengthened by an applied resistance. The unique neural strategies that are present during 

eccentric actions, due to their greater force producing capabilities,32 are typically 

demonstrated by lower electromyography activity, motor unit recruitment, firing rates, and 

excitation-contraction coupling, compared to concentric actions.33,34 Yet, depending on the 

relative intensity being evaluated, some literature has documented reduced muscle activity 

during maximal eccentric actions compared to concentric or isometric,35–37 while others 

have not observed these differences.38,39 This discrepancy in findings may be due to the 

potential difficulty to reach maximal force production during eccentric actions,33 which is 

also why differences in electromyography readings between actions are smaller in 

untrained individuals than those accustomed to resistance training.35,36,40 During muscle 

lengthening, another unique neural strategy is the preferential recruitment of faster high 

threshold motor units and muscle fibers, particularly at faster velocities or submaximal 

intensities41–43 and, although speculative, larger muscles.44 Therefore, we may expect the 

type, intensity, and velocity of movement to play a result in the efficacy of AEL.  

In other instances where the number of motor units were no different between 

concentric and eccentric actions across various velocities, the average firing or discharge 
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rates were significantly decreased during eccentric actions.40,45,46 Ultimately it is the 

demand, irrespective of the contraction type, that will dictate the motor unit size 

requirements during submaximal conditions.47 Thus, it is possible that AEL may be more 

effective depending on an individual’s resistance training status, as untrained individuals 

are incapable of reaching maximal force production during eccentric actions.40. Yet, neural 

strategies of eccentric actions at faster speeds, maximal loads, and other varying 

biomechanical conditions are unclear.40  

During overloaded eccentric actions there may be protective inhibitory mechanisms, 

but more recent evidence has suggested that there is in fact a specific neural strategy 

provided by the central nervous system during eccentric actions.33 The protective theory is 

based on a reduced responsiveness of motor neurons as a result of Golgi tendon organs 

being triggered during maximal lengthening contractions to protect against potential 

damage to the muscle-tendon unit.36,48 Yet, this theory may be void since evidence exists 

that the central nervous system prepares for the different actions prior to changes in 

length.49 Instead, the modulation of muscle activity may occur at the spinal or supraspinal 

level during submaximal and maximal lengthening.39,49 So while the Golgi tendon organ, 

muscle spindle, afferent communications, and spinal mechanisms all have a part in neural 

drive, the reduced cortical excitability during maximal lengthening contractions50 may play 

an additional role to these inhibitory mechanisms.51 Further, the lower motor neuron pool 

excitability during eccentric actions39 adds support that minimum contributions exist from 

Golgi tendon organs40,52 or reciprocal inhibition.32,53 Yet, it is important to remember that 
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although some of these mechanisms of inhibition are unlikely prime contributors, they may 

still be present particularly for untrained individuals.32,40  

Following neural workings and after receiving an action potential, the actin filaments 

are pulled by myosin filaments, resulting in a change in fiber length via reduction of the 

crossbridge (myosin to myosin) overlap.54 If the action potential remains, the myosin heads 

continuously interact with actin and contribute to the development of force. The amount of 

force produced during contractions is typically a result of the extent that crossbridge 

formations are overlapping (length-tension relationship)55 or the rate of myosin head 

attachments (force-velocity relationship).56 During concentric actions the crossbridge 

overlap is reduced by generating enough force to overcome the resistance, but these 

phenomena are unable to explain the force generating capacity of eccentric actions.55  

The second myosin head is normally not active during isometric or concentric actions, 

but is activated during eccentric actions due to more severe strain.57 This already greater 

extent of active cross-bridges during eccentric actions may be increased with faster rates 

of muscle lengthening,57 since cross-bridge formations during eccentric actions are based 

upon mechanical, not metabolic, conditions.58 Instead of the normal attachment and 

detachment rates, myosin heads during eccentric actions may experience an extended 

active state of being bound to actin until they are forcibly detached, which under fast rates 

of muscle lengthening would be followed by rapid reattachment,59 regardless of muscle 

fiber types involved.58 However, similar to the neural responses of eccentric actions, this 

actin-myosin relationship during eccentric actions may not explain how concentric 

performances are enhanced following maximal or rapid eccentric actions.  
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Some have suggested that there are passive mechanisms that contribute to performance 

enhancement following maximal eccentric contractions, beyond what can be explained by 

the active cross-bridge theories of the contractile component (CC).60 Thus, forces during 

lengthening contractions may be greater due to: an increase in forces from active cross-

bridge formations, changes in the length-tension relationships, and contributions of passive 

structural components.60 In fact, the passive structures, such as stiffness due to titin, may 

explain majority of the enhanced force generation.60–62 Titin is the largest protein, 

comprising an important piece to the structure of muscle stemming half the length of a 

sarcomere from the Z-band to M-line.55,63 Titin may increase passive forces in the I-band 

region of the sarcomere by acting as a spring during contractions, directly relating to the 

length of the muscle fibers.64 Thus, titin’s passive mechanisms strengthen and stabilize 

weak areas of the CC (i.e. outside of the optimal crossbridge formation) to help regulate 

muscle forces.55,60,61,63,65 Titin may also bind to calcium upon muscle activation and 

increase the stiffness of muscle, which subsequently increases its force producing 

capabilities.60,63,66 The interaction of titin during crossbridge formations may also play a 

role in storing energy that is later used during active shortening contractions.67 The 

functionality of titin and the three components (series elastic component, SEC; parallel 

elastic component, PEC; CC) during active lengthening contractions may contribute to 

residual force enhancement of shortening contractions.  

To summarize, the neural strategies are unique during eccentric actions of submaximal 

and maximal loading, primarily due to inhibitory mechanisms at the spinal level, while the 

magnitude and severity of these inhibitory actions are likely reduced over time from heavy 
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eccentric training strategies.40,52 The reduced motor unit recruitment and firing rates during 

eccentric actions compared to similarly loaded concentric actions, would support the 

rationale for greater eccentric loading during AEL. By overloading the eccentric action 

some have found muscle activity to be increased during the eccentric actions, such that it 

is equivalent to the subsequent concentric action.68 However, some have found the 

increased muscle activity and forces during the eccentric action not to be enough to 

potentiate concentric performances during the bench press.31 Yet, depending on the load 

used in the eccentric action, there may too great of fatigue induced to result in potentiation 

of the subsequent concentric action. This is why some may have investigated multiple 

repetitions following a single AEL repetition to evaluate the time course of potentiation 

responses from AEL.  

Additionally, for the majority of movement patterns and muscle groups, the force 

developed during concentric actions is greater following some form of stretch.69,70 Due to 

the necessary time to stretch the elastic components, there may be a delay in muscle activity 

during eccentric actions, but rapid stretching allows an increased potential for rapid force 

development.71 Thus, during stretch shortening cycle activities, rapid muscle lengthening 

contributes to the forces produced in the immediately subsequent concentric actions, from 

enhanced neural responses and energy utilization.9 Cumulatively, the elastic responses and 

CC potentiation may contribute to the resultant concentric performance enhancement from 

AEL through stored elastic energy from PEC, SEC, and titin, as well as stimulated muscle 

spindle reflexes, Type Ia afferent nerves, and high threshold motor units.72 Therefore, a 

goal of AEL may be to create an environment allowing faster muscle lengthening to 
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activate higher threshold motor units8 and preserve elastic energy.70,72 Yet, when using 

supramaximal concentric loads, it is unlikely that high velocities will be achieved during 

the eccentric phase of the movement. Thus, it is encouraged that future investigations 

directly examine these mechanisms during AEL training, as well as evaluate muscle 

lengthening (i.e. eccentric velocity) as this may contribute to the efficacy of AEL. Lastly, 

the aforementioned mechanisms may suggest that untrained or weaker individuals may not 

experience the potentiating effects of AEL, but this has yet to be investigated.  

Post Exercise Responses to Accentuated Eccentric Loading 

It is typical for individuals to respond to unaccustomed exercise with impaired muscle 

function,73–76 delayed onset muscle soreness,73,77 and increased muscle swelling or 

stiffness.74,75,78,79 These responses to training may arise from isometric or concentric 

actions during training, but have increased severity following eccentric actions.80 Further, 

movements with faster eccentric velocities, which are more in line with common practice, 

may result in increased post-exercise muscle damage.81  

When the purpose of AEL is to potentiate musculature and improve strength and power 

adaptations, in practice, the volume during training sessions with AEL is often low. Yet, 

low volume AEL training sessions have yet to be investigated. Post-exercise lactate 

accumulation and ratings of perceived exertion are higher following AEL including high 

volume bench press and back squat exercise (4 sets of 6 to 10 repetitions).82,83 However, 

after training with AEL for 2-9 weeks, post-exercise lactate responses were no different 

between protocols during and up to 15 minutes post exercise, and at 30 and 60-minutes 

post-exercise lactate was lower than traditional loading (TL).84,85 Thus, AEL resulted in 
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more glycolytic metabolic demands in training and greater lactate clearing adaptations after 

AEL training, which may benefit strength and power athletes. 

 Although it is sometimes expected that lactate is a stimulus for activating anabolic 

signaling pathways, through increasing hormone levels, this may not always be the case.86 

As such, despite metabolic differences, AEL resulted in similar concentrations of total and 

bioavailable testosterone and growth hormone compared to TL.82,84 However, using 3 sets 

of 10-RM on the leg press and leg extension, AEL with an additional 40% 1-RM load noted 

elevated testosterone levels, while TL did not.85 In the same study, growth hormone 

concentrations were higher for AEL mid-exercise, but growth hormone and cortisol 

responses were no different between protocols up to 15 min post-exercise.85 Although 

supramaximal concentric loads may be taxing and induce an augmented stress response, 

cortisol may be more susceptive to training volume than intensity.87 As such, cortisol levels 

may increase following high intensity eccentric actions,88 decrease after low intensity 

eccentric exercise,89 and remain unchanged following low volume eccentric exercise.90 

Yet, the majority of this literature involved high volumes or eccentric only exercise, 

bringing into question the endocrine response to low volume AEL training. 

As previously mentioned, one goal of AEL may be to increase the rate of muscle 

lengthening to elicit greater stretch shortening reflexes,10,11 which may yield further post-

exercise muscle damage.81 When individuals held dumbbells (20% of body mass) during 

drop jumps, creatine kinase, a marker of muscle damage, peaked 24 hours after testing 

along with mild levels of perceived soreness.23 These creatine kinase responses were also 

greater following higher drop jump volumes (5 × 6 versus 5 × 10, respectively), which may 
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indicate the muscle damage response is subject to the volume used in training.23 Yet, when 

evaluating untrained subjects, AEL in resistance training increased soreness for the first 4 

of 15 sessions84 suggesting a repeated bout effect as seen in eccentric training.91 Moreover, 

low volume AEL may not cause typical elevations of muscle damage for 96 hours 

following exercise,73,90,92 since typical protocols including momentary muscular fatigue or 

excessive time under tension likely overestimate required recovery time.77 Instead, 

evaluating acute inflammatory responses following training may be useful and has been 

noted following knee extensor resistance exercise as indicated by increased muscle 

thickness and echo intensity.93,94 For example, greater muscle thickness occurred at 15 

minutes and 24 hours post-exercise following AEL (eccentric:concentric, 120:80%) 

compared to TL (80%1-RM) for 6 sets of 5 bench press repetitions.95 Still, acute 

inflammatory and soreness responses to AEL warrant further evaluation to provide insight 

for methods requiring less recovery time.96  

In summary, the endocrine responses to AEL are uncertain, but higher volumes seem 

to have a greater influence. Likewise, recovery responses to AEL (i.e. inflammation and 

soreness) seem to be dependent upon volume and intensity, with most suggesting recovery 

within 48 hours. There are several ways to implement AEL and eccentric overloading into 

resistance training programs. As noted, supramaximal loading is susceptive to muscle 

damage responses, but prior training status and volume may mitigate the severity and 

longevity of these undue responses. Some have suggested that using eccentric overloads of 

∼120% of concentric 1-RM may improve the recovery responses while allowing enhanced 

muscular development.97 Yet, evaluations of a single AEL repetition within a set has not 
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yet been investigated and may be a means for reducing the undue consequences of eccentric 

overload training by minimizing the volume.  

Effects of Accentuated Eccentric Loading on Maximal Strength 

One of the most influential capabilities for human performances in sport and tactical 

settings is force production,98 especially considering its contribution to power.99 

Unfortunately, the limited research on the efficacy of AEL for enhancing force production 

during training or maximal strength gains over time has yielded mixed results, likely due 

to the wide range of individual training history, exercise selection, and AEL strategies. In 

moderately trained men, AEL with 105% 1-RM improved bench press 1-RM compared to 

TL,20 while others found reduced bench press 1-RM performances using AEL with 105%, 

110%, and 120% 1-RM.100 However, the excess load in the 110% and 120% AEL protocols 

resulted in greater eccentric force production.100 It is important to note that the 

aforementioned evaluated 1-RM performance for each protocol on the same day, separated 

by 3 minutes of rest, which may result in too much fatigue to allow the potentiating effects 

of AEL.62,101 Other means of AEL have been explored to increase acute force production 

without requiring the high levels of fatigue from 1-RM testing. For example, peak forces 

during front squats with concentric loads of 90% 1-RM were increased using 120%, but 

not 105-110% 1-RM, during the eccentric phase of AEL.102 This suggests the importance 

of eccentric to concentric loading during AEL. Overall, effects of AEL on force production 

have demonstrated inconsistent results and require further exploration, as they provide the 

framework for implementing AEL in training programs for chronic adaptations. 
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Interventions as short as 7 days have demonstrated improved strength when 

implementing AEL,103 but may be due to the complex training stimulus used in an 

untrained population.  As demonstrated by novel methods in untrained individuals, the 

effects of TL may become equal over longer periods of time.16,104 However, following 

training ranging from 4-10 weeks, AEL may elicit greater gains in strength,15,16,20,105 

muscle cross sectional area,105 and type II muscle fiber gene expressions.13,105 Since the 

majority found improved muscle strength in short periods of training, without gains in 

muscle morphology, it may be speculated that majority of adaptations were 

neuromuscular.106 Collectively, strength improvements from AEL may be primarily due to 

neural adaptations and shifts to fast twitch muscle fiber types, which may occur more 

rapidly during AEL than TL for untrained individuals. Presumably, the AEL training that 

elicits further neuromuscular adaptations will resultantly elicit improvements in strength, 

suggesting the need to evaluate acute AEL responses to set the stage for interventions.  

Lastly, most if not all AEL interventions have utilized computer driven apparatuses, 

manually applied resistance for eccentric overload, and/or exercises that may have little 

application to human performance in practical settings. Typically for exercises to increase 

the likelihood of contributing to sport performance they should resemble biomechanical 

movement patterns in the sport, which often include the core exercises (i.e. squat and bench 

press).107 One 5 week investigation has found 3 sets of 6 repetitions using AEL (eccentric 

overload of 100-121% 1-RM) to elicit similar 1-RM bench press and squat improvements 

as 4 sets of 6 repetitions with TL.84 However, the comparisons were made using lower 

concentric loads during AEL (40-49% 1-RM) than TL (varied from 52.5-73% 1-RM), 
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which may have been too low for improvements in strength.107 Regardless, it is important 

to consider that AEL did not elicit performance decrements and was capable of achieving 

similar gains in strength with a lower total training load-volume. Yet, when the concentric 

loads were only 4-5% lower and eccentric loads were 18-25% higher than traditional 

loading in rugby athletes, AEL resulted in increased back squat 1-RM after a 4 week 

training block.96  Thus, as is seen with other exercises and modalities, strength 

improvement from AEL is greater when compared to concentric load-matched TL.15,16,19 

Additionally, this may also demonstrate advantages for implementing AEL compared to 

supramaximal concentric loads during eccentric only actions,108 or with concentric loads 

too light. Overall, it seems the use of AEL may allow for similar strength gains at lower 

training volumes and greater strength gains when volumes are matched, primarily as a 

result of adaptations to the neuromuscular system and type II muscle fibers.  

Effects of Accentuated Eccentric Loading on Velocity and Power  

Accentuated eccentric loading has been shown to increase velocity and power during 

exercise, such as with countermovement jumps, where jump height and power increased 

and returned to baseline quicker than traditional methods for potentiating the concentric 

action.109 Typically to elicit performance enhancement from post-activation potentiation, 

there must be a balance between potentiation and fatigue, a product of stimulus intensity 

and recovery time.101 In general, AEL is implemented to potentiate concentric actions in 

terms of velocity and power performances, but has mixed results in explosive exercises 

such as jumps and throws20,25,26,28,100,102 and lacks support in the squat30,102,110 and bench 

press.100 
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As previously mentioned, the efficacy of AEL for improving concentric performances 

may be dependent upon the rate of muscle lengthening. This has been demonstrated in the 

bench throw, as greater throw heights were achieved with AEL (+20-40 kg) by reaching 

greater accelerations.27 However, this was conducted in a Smith machine, which controls 

the motion by implementing a fixed bar path and results in different performances 

compared to free weights.111 During jump squats with 30% back squat 1-RM, AEL with 

an additional 20, 50, or 80% of the back squat 1RM failed to result in any changes in jump 

squat performances of resistance-trained men.28 However, no information was provided on 

the eccentric action’s velocity, although the heavy eccentric loads likely required subjects 

to use different pacing strategies during the eccentric and amortization phases. If this were 

true, the potentiation effects may have been lost due to dissipated elastic energy.9,70 Further 

evidence of optimal loading was found during volleyball block jumps, where 20 kg elicited 

the best response in pilot testing, and resulted in moderate increases in jump height, 

velocity, and power. Whereas too light of a load (10 kg) may have been insufficient, and 

too heavy of loads (30-40 kg) may have resulted in neural inhibition during the eccentric 

action.25  Thus, to optimize the effects of AEL on subsequent explosive performances, 

minimum disruption to mechanics, as result of optimal selected equipment and eccentric 

load prescriptions may be necessary.  

When utilizing elastic bands to implement AEL (20 or 30% of body mass), 

countermovement jump performances were improved by the 30% AEL protocol compared 

to control (bodyweight only).22 Yet, these same procedures during drop jumps resulted in 

no jump height improvement due to AEL, although earlier electromyography onsets were 
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noted, along with greater eccentric impulse, and rate of force development during AEL 

with 30% body mass.21 Thus, the intensity of the drop jumps was greater for the AEL 

conditions, which may serve to increase the ability to absorb forces during high eccentric 

loading conditions, such as those seen in tactical populations (unpublished findings from 

our laboratory). Other literature has attempted to account for individual variation in optimal 

drop height allowing for more direct comparisons, which found AEL with 20% body mass 

to elicit improved countermovement jump performances at 2- and 6-minutes, but not 12, 

which suggest there to be a time factor.109 This issue also presents itself when evaluating 

the effects of AEL on the back squat and bench press, as performance of single 

repetitions28,100,102 are often evaluated rather than multiple repetitions following a single 

AEL repetition.  

Previous literature using AEL (105-120% 1-RM) during front squats found increased 

concentric force, velocity, and power of the same repetition, when compared to traditional 

loading  (90% 1-RM).102 Although the researchers did not report eccentric kinetics or 

kinematics, it was suggested that the stretch shortening cycle may have had limited 

influence. Yet, this was likely because participants were instructed to descend for 3 seconds 

under each protocol, which may mitigate stretch shortening cycle reflexes.102 It is expected 

that faster eccentric velocities may result in the recruitment of high threshold motor units,8 

enhanced stretch shortening reflexes,10 and greater muscle spindle activation,11 which 

would subsequently result in greater concentric performances. On the contrary, when rates 

of eccentric force development were faster during AEL (105:80% 1-RM), in back squats, 

the concentric velocity and power remained unaffected.30 However, in the front squat, 
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power improvement was greater from AEL with 120% compared to 105% 1-RM, 

indicating dependency on the eccentric load used.102 It is also reasonable to presume that 

the difference between the eccentric and concentric load must be great enough to elicit an 

effect; however, the influence of concentric loads on the effect of AEL has yet to be 

evaluated. Further, although limited research exists in relation to chronic AEL effects on 

power, countermovement jump performances26 and reactive strength indexes96 may result 

from greater adaptations to the stretch shorten cycle reflexes due to training at increased 

eccentric velocities.112 

Loading Strategies of Implementing Accentuated Eccentric Loading  

There are many ways to implement AEL, such as manual application of forces by 

another individual, elastic bands, computer-driven apparatuses, and weight releasing 

(manually released by the participant or a device). The manual application of forces may 

be useful but creates difficulty when prescribing quantifiable loads. Other methods of 

implementing low magnitudes of AEL that are more quantifiable are elastic bands or 

dumbbells which can be held during the eccentric actions and released prior to initiating 

concentric actions. These may be suitable for explosive movements such as 

countermovement jumps, but for larger movements involving greater concentric loads, the 

use of computer-driven apparatuses or weight releaser devices are more useful. 

Collectively the stimulus of AEL is not only dependent upon the type of loading but also 

the magnitude of eccentric overloads. Thus, understanding the different applications of 

AEL may be important to consider; however, eliciting improvements in human 

performances within practical settings may require the use of large core exercises that 
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require high magnitude AEL mechanisms. In these circumstances, the magnitude of 

eccentric overload is extremely valuable considering the neuromuscular responses and 

adaptations during active muscular lengthening contractions.8,40,43,113  

To start, it is important to understand the premise of submaximal AEL, which still uses 

an eccentric load greater than the concentric load of the movement, but not exceeding the 

concentric 1-RM. As previously mentioned, many have seen positive performance 

responses following submaximal AEL during explosive movements such as jumping and 

throwing.27,100  Interestingly, a wide range of eccentric loading may yield positive results, 

but the eccentric load that improves power the most may be dependent upon the 

individual.100 Specifically, some have found that stronger individuals may require greater 

eccentric overloads to reap the benefits of potentiation from AEL.27 Of note, greater 

stiffness of the musculotendinous unit may increase force producing capabilities of the CC 

by shifting the force-length relationship to the right, increasing rate of shortening, and 

enhancing the initial force production.114 Thus, it is expected that greater muscle stiffness 

will increase performance enhancement via improved function of the contractile and elastic 

components of muscle contractions.115,116 For these reasons, it has been suggested that the 

potentiation effects may occur at faster rates and higher magnitudes for individuals who 

have greater baseline strength.117,118 Thus, when prescribing the eccentric load during AEL, 

it may be particularly important to consider training experience and strength capacity.  

Further, training power may be most beneficial to those that have greater strength levels 

and are capable of storing and releasing elastic energy efficiently.9,119 The utilization of 

AEL is suggested to increase the rate of eccentric actions, which would expectedly increase 



28 

 

 

 

subsequent concentric power.69,70 Although some have found this to improve concentric 

performances,27,109 others have noted no concentric improvement in exercises such as the 

drop jump.21 However, the lack of jump height improvement may have been a result of the 

inability to overcome the eccentric overload in a manner that elicited further improvement 

on drop jump performances considering their naturally high rate of muscle lengthening. 

Yet, drop jumps from increasing heights are likely to reduce the power output during the 

push off phase and result in decreased performances.120 However, the use of AEL allowed 

enough potentiation to overcome this deficit and prevent the reduction of performances in 

the concentric phase, resulting in greater outcomes than bodyweight drop jumps at 50 cm 

drop heights.21 Therefore, it may be possible that the effects of AEL on concentric 

performances are dependent upon creating greater neural drive compared to the 

traditionally loaded method, which may not be the case if interruptions to mechanics occur 

during AEL.  

One of the most common mechanisms used when prescribing AEL is supramaximal 

concentric loading, which utilizes eccentric loads greater than the concentric load of the 

same exercise. As previously described, some have utilized computer-driven methods of 

implementing eccentric overloads; however, this means of AEL may not be practical in all 

settings. Thus, many rely on the use of weight releaser devices.14,20,30,100,102 Following the 

first eccentric movement, the weight releasers disengage upon ground contact, and the 

concentric action is performed with the remaining load. However, the cumbersome nature 

of weight releasers results in the predominant use of single repetitions in research and 

training.20,28,100,102 This may be problematic if faster rates of muscle lengthening are a key 
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aspect to potentiation via AEL, since a slower pacing strategy may be used during 

supramaximal loads in order to control the weight releasers when descending.  

To account for these variations in pacing strategies, some have controlled and equated 

the tempos across protocols at 3 seconds and found AEL to increase performances.102 

Therefore, the heavier eccentric loads may provide further potentiation than lower 

eccentric loads in TL when eccentric tempo is controlled and the stretch shorten cycle 

limited. If eccentric overload results in slower eccentric velocities, and thus reduced stretch 

reflex responses, the faster rates of muscle lengthening in TL may result in greater 

potentiation of the musculature. Others have suggested fatigue results from the heavy 

eccentric loads used in their protocols (105-120%), which elicited acute reductions in 

maximal strength performances, and need to be reduced for positive performance results.83 

However, some have attempted to reduce the AEL load to 105% 1-RM for eccentric 

overload, and found concentric mean velocity at 80% 1-RM to be unaffected.30 These same 

researchers evaluated multiple repetitions to analyze the time course of AEL effects and 

found that greater eccentric rates of force development were achieved in later repetitions, 

but concentric performances were unaffected.30,110 It is possible that the eccentric overloads 

were enough to enhance the rates of muscle lengthening, but the concentric loads were too 

great to be potentiated. Although the eccentric loading has been altered to adjust AEL 

prescriptions, none have evaluated the effects of altering the concentric load or the 

magnitude of differences between eccentric to concentric loads.   

In conclusion, many loading strategies must be considered when prescribing AEL, and 

insufficient evidence exists highlighting the best methods. Decisions may simply be made 
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from the viewpoint of the practitioner in terms of affordability, difficulty, and applicability 

of the device used to implement AEL. Therefore, continuous efforts are needed to study 

which loading strategies may be most beneficial in regard to each specific method AEL. 

However, it is likely that the strength of the individual may dictate the type of AEL, 

exercise, and magnitude of eccentric overload used in training.  

Summary  

Due to the greater force producing capabilities of eccentric actions, utilizing AEL may 

account for the lower motor unit recruitment and firing rates during eccentric actions.34 

The selective recruitment of high threshold motor units and effects of elastic8 and reflex 

potentiation9 during eccentric actions may result in subsequent performance enhancements 

during concentric actions. Since the rate of muscle lengthening will dictate the extent of 

responses from the stretch shortening reflexes,10,11 it is hypothesized that concentric 

performances will be improved if they immediately follow faster eccentric actions, but 

eccentric velocity has not been investigated in AEL literature. Due to these molecular and 

neurological responses, AEL may improve concentric performances in resistance training 

movements13,15–20 and explosive jumping or throwing tasks,21–27 but lacks support in core 

exercises such as the squat30,102,110 and bench press.20,27 Further, the literature around AEL 

is inconclusive, due to wide ranges of methods used and variables analyzed12,13,15–18,18–

22,24,26,28,30 and has failed to evaluate whether concentric load prescriptions may influence 

the effectiveness of AEL and what the subsequent muscle damage responses may be. Thus, 

the purposes of these studies are to: 1) identify acute effects of an AEL repetition on 

subsequent back squat and bench press kinetics and kinematics (during both the concentric 



31 

 

 

 

and eccentric phases) with different concentric loads; 2) evaluate post exercise responses 

to implement AEL into resistance-training program design. 
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Abstract 

The purpose was to evaluate the acute effects of accentuated eccentric loading 

(AEL) on bench press velocity and subsequent perceived effort (RPE) and soreness. 

Resistance-trained men (n=8) and women (n=2) completed 4 sets of 5 bench press 

repetitions with AEL and traditional loading (TL) using concentric loads of 50% 

(AEL50, TL50) and 65% (AEL65, TL65) one-repetition maximum (1-RM). Throughout 

each TL set, the eccentric load remained identical to the concentric. Variable resistance 

during the first repetition of AEL equaled 120% 1-RM. Hierarchical Linear Modeling 

was used to evaluate differences between AEL and TL (p<0.05). For the first repetition, 

AEL50 and AEL65 resulted in slower eccentric and concentric velocities. The slope 

across repetitions was greater for eccentric and concentric velocity during AEL50 and 

AEL65 compared to TL50 and TL65, respectively (p<0.05). As an individual’s strength 

increased, AEL50 resulted in slower eccentric velocity and faster concentric velocity than 

TL50. The AEL65 resulted in faster concentric velocity than TL65 (p<0.05). Mean 

protocol comparisons revealed trivial to small effects between AEL and TL. There were 

no differences in RPE or soreness between protocols with soreness ratings remaining 

unchanged from baseline (1.80±0.20 AU; p<0.05). Overall, AEL was not effective for 

increasing concentric velocity during the bench press with current loading protocols. Yet, 

stronger individuals may exhibit increases in concentric velocity from AEL, which may 

be a result of different pacing strategies employed during the eccentric phase. Further, 

when using the current AEL protocols, eccentric intensities were increased with no 

greater RPE or soreness. 
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INTRODUCTION 

To complete eccentric actions, lower motor unit recruitment and firing rates are 

employed compared to concentric actions performed with the same resistance.1 However, 

additional resistance during an eccentric action would likely result in greater motor unit 

recruitment,2 which could potentiate subsequent concentric actions. Thus, the 

implementation of accentuated eccentric loading (AEL), in which loads during eccentric 

actions are greater than concentric actions, can potentiate subsequent concentric 

performance.3 Weight releasers, a common method of employing AEL, attach to a barbell 

to increase the load during an eccentric movement. Weight releasers detach during the 

transition from the eccentric phase to the concentric phase and remain on the floor. As a 

result, the subsequent concentric phase is performed with less load, but theoretically in a 

potentiated state from the heavy eccentric load, possibly resulting in greater force output, 

power output, and movement velocity.4–8 Yet, divergent findings remain7,9 and 

information relative to the traditional bench press is limited.4,7 The prescribed eccentric 

load may have little impact on responses to AEL, whether improvements in concentric 

performances exist8 or not.7 Conversely, the concentric loads used may dictate the 

efficacy of AEL for improving concentric velocity.5  

In moderately trained men, AEL with a load of 105% 1-RM increased concentric 

bench press 1-RM compared to traditional loading (TL), where the eccentric and 

concentric movements included the same load.4 However, others reported decreased 

concentric forces during bench press 1-RM testing using AEL with 105%, 110%, and 
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120% 1-RM.7 The aforementioned study evaluated all AEL loads on the same day; 

therefore, it is possible resultant fatigue inhibited possible potentiation.10,11 When using 

lighter loads and evaluating explosive bench press performance with concentric loads of 

50% 1-RM, AEL with 60-90% 1-RM did not increase 50% 1-RM bench press velocity.7 

It is interesting to note that the aforementioned findings were based upon evaluating the 

concentric phase within the same repetition during AEL, without considering the possible 

effects of AEL on subsequent repetitions. It is possible that heavier loads during AEL 

result in slower volitional eccentric velocities12 thereby inhibiting the stretch shortening 

cycle response13,14 and blunting potential immediate concentric performance 

enhancement following the slower eccentric movement. In fact, this has been 

demonstrated previously when eccentric and concentric velocities were slower during the 

initial repetition with AEL, but faster during repetitions 2 through 5 in the back squat 

exercise.5 Thus, although AEL may negatively influence concentric performance of the 

same repetition, the effect of AEL on multiple repetitions following a single AEL 

repetition should be investigated further to understand the potentiating effects of AEL in 

everyday training situations, where athletes would likely continue performing repetitions 

within a single set over multiple sets.  

The greater eccentric loads and increased rates of muscle lengthening and tendon 

extension3,15 from performing multiple sets of AEL repetitions per training session, may 

result in greater perceived levels of soreness,16,17 which typically peak at 24-48 hours post 

training.18,19 Previous research has indicated perceived soreness levels did not exceed 

mild ratings following drop jumps with AEL20 and were not greater during AEL 
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compared to TL following the back squat exercise.21 However,  information in regard to 

the bench press exercise is limited, and AEL may result in greater soreness in the upper 

body compared to the lower body.18 Further, similar to an individual’s resistance training 

status contributing to the extent of perceived soreness following training, an individual’s 

strength level may determine whether or not they would benefit from advanced training 

methods.22 Yet, it is unclear whether strength may play a role in the efficacy of AEL, 

which may assist researchers and practitioners in appropriate prescription and inclusion 

of AEL in program design. Thus, the purpose was to evaluate the effect of AEL on 

velocity over multiple bench press repetitions across multiple sets using different 

concentric loads. A secondary purpose was to investigate the influence of an individual’s 

relative strength on AEL’s effectiveness as well as the effects of AEL on perceived effort 

and soreness. It was hypothesized that repetitions following an AEL repetition would be 

performed with faster eccentric and concentric velocities, depending on the concentric 

load used.5  

METHODS 

Subjects 

Subjects included resistance-trained men (n=8; age, 26±4 years, height, 175.0±7.1 

cm; body fat, 18.7±4.5%, 1-RM, 131.0±27.0 kg; 1-RM per body mass, 1.5±0.2) and 

women (n=2; age, 23±2 years; height, 157.5±2.8 cm; body fat, 23.1±3.6%; 1-RM, 

61.4.0±9.6 kg; 1-RM per body mass, 1.0±0.1) with more than one year of resistance 

training using the bench press at least once a week during training. Subjects did not report 

any upper body musculoskeletal injury in the past 6 months and had the ability to bench 
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press at least their body mass. Prior to data collection, the expectations and risks of the 

study were explained, and written informed consent was obtained for all subjects. This 

study was conducted according to the Declaration of Helsinki guidelines and all 

procedures were approved by the University’s Institutional Review Board (#1562520-1). 

Design 

A crossover design was used to examine the acute effect of AEL on bench press 

velocity using different concentric loads. The first session included anthropometric and 

body composition measurements, followed by free-weight bench press 1-RM testing and 

weight releaser familiarization. After 72 hours of rest, the first of four experimental 

sessions took place. All experimental sessions were separated by 48 hours and occurred 

at approximately the same time of day, in random order. Subjects completed two AEL 

and two TL protocols with the following eccentric/concentric loads: AEL65, 120/65% 1-

RM; AEL50, 120/50% 1-RM; TL65, 65/65% 1-RM; TL50, 50/50% 1-RM. Subjects were 

asked to refrain from strenuous physical activity or upper body resistance exercise from 

72 hours prior to 1-RM testing until completion of the study.  

One Repetition Maximum and Familiarization 

Subjects’ height, mass, and body composition (air displacement 

plethysmography) were measured, using previously validated methods,23 prior to 

resistance-training procedures. A standardized and supervised warm-up, which consisted 

of five minutes of stationary cycling followed by 5-minutes of upper body dynamic 

stretches (i.e. inchworms, facepulls, YTWs, tricep extensions, pushups), was completed. 

Then, subjects began the following incremental bench press warm-up based upon their 
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self-reported 1-RM: 5 repetitions at 40% 1-RM, 2-minute rest, 3 repetitions at 60% 1-

RM, 3-minute rest, and 2 repetitions at 80% 1-RM. Three minutes of passive rest was 

allowed prior to attempting single maximal repetitions, with progressive incremental 

loading, until the subject experienced a failed attempt or the inability to continue with 

correct form. The rest between the maximal attempts was 3 to 5 minutes. Subjects self-

selected their grip width and were instructed to perform the eccentric motion using a self-

selected pace, without bouncing the bar off their chest.24 For all bench press testing, the 

subjects were required to perform a complete repetition from full elbow extension, to the 

bar touching the chest, back to full elbow extension. The hand placement, rack height, 

and safety bar settings used during the 1-RM repetition were recorded for use in 

subsequent experimental sessions. 

Following a short rest, subjects were familiarized with the weight releasers, as 

well as soreness and ratings of perceived exertion (RPE) scales. Using an unweighted 

barbell (20 kg), subjects performed no more than 5 single repetitions with the weight 

releasers (for a total load of 55% 1-RM), separated by 30 seconds of rest. The load used 

for weight releaser familiarization was comparable to weight releaser loads used during 

experimental testing to demonstrate similar conditions for stabilizing the barbell off of 

the rack.  

Experimental Sessions 

For all protocols, subjects completed 4 sets of 5 repetitions. During the traditional 

loading protocols (TL50 and TL65), the eccentric and concentric loads were constant for 

all repetitions. During the variable resistance protocols (AEL50 and AEL65 protocols) 
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the eccentric phase of the first repetition of each set equaled 120% 1-RM. Thus, AEL50 

included an extra load of 70% 1-RM, and AEL65 included an extra load of 55% 1-RM. 

In both cases, the extra load was applied via two weight releasers that were placed 12 cm 

from each end of the barbell. Upon ground contact, after completing the first eccentric 

movement, the weight releasers disengaged. Thus, the concentric portion of the first 

repetition and the eccentric and concentric actions of the set’s subsequent repetitions 

were performed with only the prescribed load (50% or 65% 1RM). Three minutes of 

passive seated rest was permitted between sets. Subjects were instructed to perform the 

concentric action of each repetition “as explosively as possible” with verbal 

encouragement throughout all experimental testing to promote maximal effort on each 

repetition.  

Data Acquisition and Analysis  

Testing took place with four linear position transducers (PT5A-150 Celesco, 

Measurement Specialties, Chatsworth, CA) attached to the inside of both barbell collars 

and mounted above in anterior, posterior, left and right positions, forming two triangles 

and enabling measurement of horizontal and vertical bar displacement. Voltage outputs 

from the transducers were converted into displacement data, which were sampled at 

1,600 Hz using a custom-built interface box with an analog-to-digital card (NI cDAQ-

9174; National Instruments, Austin, TX). Data were filtered using a 10 Hz low pass 

Butterworth filter, which was determined through residual analysis by visually 

identifying the best fit line that did not attenuate peak velocities of various cut-off 

frequencies (5-25 Hz). For data analysis, the lowest position of the squat was identified 



40 

 

 

 

using the find peaks function in Matlab to identify the transition phase from eccentric to 

concentric actions (i.e. end of the lowering phase). From this point, the end of the 

eccentric phase and start of the concentric phase were identified as the first frame where a 

positive vertical velocity was noted moving from the left and right on the velocity-time 

curve, respectively. The start of the eccentric phase and of the concentric phase were next 

identified as the point where a stagnation or drop in vertical velocity was noted (i.e. the 

return position). The start and end point of the eccentric and concentric phases were 

confirmed with visual inspection. The data were analyzed using Matlab version 7.12 

software (MathWorks, R2011a, Natick, MA, USA) with methods that are considered 

reliable during the bench press exercise with the current loading schemes (ICC ≥ 0.80; 

CV ≤ 5%).25  The mean and peak values for concentric and eccentric velocity were 

calculated, as well as, the length of time taken to reach peak velocity. For the current 

purposes, the data for each respective repetition were averaged across all sets (i.e. 

repetition 1 = average for repetition 1 from sets 1 through 4).  

Soreness 

Self-assessed ratings of soreness were taken at baseline, immediately-post, 24-, 

and 48-hours post testing using a graphic rating scale of (1= no pain; 7= worst pain 

possible). The graphical scales were used as they yield similar results to visual analog 

scales,26 while also enabling subjects to easily submit the responses from home for the 

24- and 48- hour timepoints.   
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Rating of Perceived Exertion  

During the familiarization and 1-RM session, subjects were familiarized with a 

printed Borg CR-10 scale, which has been previously validated for representation of 

resistance training intensity through self-reported RPE.27 Approximately five minutes 

after completing each experimental session, subjects were shown the CR-10 scale and 

asked to point to a number, indicating their RPE for the session.  

Statistical Analyses 

The data were normally distributed according to visual inspection of histograms 

and QQ plots. Individual subject performances varied with some experiencing eccentric 

velocities at faster, slower, and similar rates between AEL50 and TL50 protocols (Figure 

1). As a result, hierarchical linear modeling approaches were used to evaluate the main 

dependent variables of interest and account for the individual differences. An a priori 

power analysis for longitudinal multilevel modeling was performed using Optimal 

Design,28 with the following parameters: variability of level-1 residual 0.10, variability 

of level-1 coefficient = 0.05; treatment effect = 0.4. Since this modeling has not been 

conducted to analyze the effects of AEL, using exact effect size estimates from prior 

literature was not possible; however, we expected at least moderate effects as seen in 

prior literature using repeated measures analysis of variance.5 Hierarchical linear 

modeling was conducted using the nlme package in R version 3.6.2 (R Foundation, 

Vienna, Austria, https://www.R-project.org).29 The repeated measures were assessed over 

time (level 1; repetitions) and were nested within subjects (level 2). Explanatory predictor 

variables (REPETITION, PROTOCOL, STRENGTH) were added to the model, which 
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was run separately for each dependent velocity variable (i.e. eccentric and concentric; 

mean and peak velocity), in the following manner:  

Velocity = π0j + π1j (REPETITIONtj) +  Ɛtjk 

π0j = β00 + β01 (PROTOCOL) + β02 (STRENGTH) + β03 

(PROTOCOL*STRENGTH) r0j 

π1j = β10+ β11 (PROTOCOL) 

where the performance variables were velocity of repetition t in the jth subject; 

π0j is the intercept which was coded as the first repetition so that β00 is a constant, 

β01(PROTOCOL) is the influence of protocol on repetition one, β02 (STRENGTH) is 

the influence of relative strength (i.e. bench press 1-RM divided by body mass) on the 

first repetition, β03 (PROTOCOL*STRENGTH) is the influence of relative strength on 

the effect protocol had on the first repetition, and r0j  is the random effects of subjects; 

π1j is the slope of the performance variable (i.e. change in performance over repetitions) 

for the jth individual with β01 as the constant and β01 (PROTOCOL) as the effect of 

protocol (AEL = 1 versus TL = 0) on slope. Additionally, a three-way interaction effect 

was examined (REPETITION*PROTOCOL*STRENGTH) to evaluate whether an 

individual’s strength may influence the effect of protocol on the slope of performance 

over repetitions but was found to be non-significant.  

For evaluation of time to peak velocity, analyses of variance with repeated 

measures (RMANOVA) were run with protocol (AEL50, TL50, AEL65, TL65) by 

repetition (1 to 5). A Bonferroni post-hoc test was used when a significant univariate 

effect was identified. Non-parametric Friedman tests were used, followed by Wilcoxon 
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signed rank tests to assess soreness. A Kruskal-Wallis test was performed to analyze 

session RPE comparisons. Additionally, effect sizes were calculated using Cohen’s d and 

ranges were defined according to Hopkins as trivial, d = 0–0.2; small, d = 0.2–0.6; 

moderate, d = 0.6–1.2; large, d = 1.2–2.0; and very large d > 2.0.30 All statistical tests 

were performed in R version 3.6.2 (R Foundation, Vienna, Austria, https://www.R-

project.org) with an alpha level of p < 0.05. 

RESULTS  

 

Table 1. Longitudinal multilevel models with fixed effects for velocity comparisons. 

AEL50 v. TL50  
Mean Concentric  

Estimate (SE) 

Mean Eccentric 

Estimate (SE) 

Peak Concentric  

Estimate (SE) 

Peak Eccentric  

Estimate (SE) 

(Intercept) 0.645 (0.135)* -0.028 (0.148) 1.002 (0.221)* -0.475 (0.383) 

Repetition  0.001 (0.004) -0.018 (0.007)* -0.012 (0.006) -0.047 (0.011)* 

Protocol 0.016 (0.007)* -0.031 (0.010)* 0.027 (0.008)* 0.002 (0.016) 

Protocol -0.247 (0.051)* -0.185 (0.083)* -0.362 (0.071)* -0.136 (0.130) 

Strength 0.063 (0.095) -0.285 (0.104)* 0.066 (0.156)* -0.303 (0.270) 

Protocol*Strength 0.144 (0.035)* 0.137 (0.057)* 0.190 (0.048)* 0.058 (0.089) 

AEL65 v TL65  

(Intercept) 0.520 (0.121)* -0.105 (0.135) 0.816 (0.177)* -0.491 (0.327) 

Repetition  -0.014 (0.004)* -0.008 (0.007) -0.028 (0.005)* -0.031 (0.009)* 

Protocol 0.007 (0.006) -0.024 (0.009)* 0.015 (0.007)* 0.017 (0.013) 

Protocol -0.194 (0.046)* -0.119 (0.079) -0.262 (0.058)* 0.017 (0.109) 

Strength 0.032 (0.085) -0.221(0.095)* -0.014 (0.125) -0.214 (0.230)  

Protocol*Strength 0.101 (0.032)* 0.084 (0.054) 0.124 (0.040)* -0.069 (0.075) 

*, indicates significant explanatory variable of the following meanings: Repetition is the slope of 
velocity over repetitions; Repetition indented Protocol, the effect of protocol on the slope of velocity 

over repetitions; Protocol, the effect of protocol on repetition one; Strength, the effect of strength on 

repetition one; Protocol*Strength, the effect of strength on the influence of protocol on repetition one 

 

For the first repetition, AEL50 resulted in slower mean and peak concentric 

velocity and mean eccentric velocity than TL50 and AEL65 resulted in slower mean and 
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peak concentric velocity compared to TL65 (Table 1, Figure 1 and 2). The change across 

repetitions demonstrated a greater increase in mean eccentric and concentric velocity for 

AEL50 compared to TL50 and a greater increase in mean eccentric velocity and peak 

concentric velocity for AEL65 compared to TL65 (Table 1). As an individual’s relative 

strength increased mean and peak concentric velocity were faster due to AEL50 and 

AEL65 compared to TL50 and TL65, but mean eccentric velocity was slower in AEL50 

compared to TL50 (Table 1, Figure 2).  
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Table 2. Effect sizes of mean comparisons of velocity data between protocols   

AEL50 v. TL50  
 Mean Peak T2P 

Phase Repetition ES (CI95%) ES (CI95%) ES (CI95%) 

Eccentric 

1 0.81 (-0.14, 1.68) -0.43 (-1.29, 0.48) 0.83 (-0.12, 1.70) 

2 -0.65 (-1.51, 0.28) - -0.45 (-1.31, 0.46) 

3 -0.88 (-1.76, 0.07) - -0.33 (-1.20, 0.56) 

4 -0.72 (-1.59, 0.21) - -0.35 (-1.22, 0.55) 

5 -0.66( -1.53, 0.27) - - 

Concentric 

1 -0.59 (-1.46, 0.33) -0.77 (-1.64 0.17) -0.30 (-1.17, 0.60) 

2 - -0.31 (-1.18 0.58) - 

3 - - -0.27 (-1.13, 0.63) 

4 - - - 

5 - - - 

  AEL65 v. TL65 

Eccentric 

1 - -0.64 (-1.51, 0.29) 1.32 (0.30, 2.22) 

2 -0.65 (-1.52, 0.28) - -0.52 (-1.39, 0.39) 

3 -0.47 (-1.34, 0.44) - -0.43 (-1.29, 0.48) 

4 -0.61 (-1.48, 0.31) - -0.54 (-1.40, 0.38) 

5 -0.94 (-1.82, 0.02) - -0.68 (-1.55, 0.25) 

Concentric 

1 -0.36 (-1.23, 0.54) -0.47 (-1.34, 0.44) -0.51 (-1.37, 0.41) 

2 -0.49 (-1.36, 0.42) -0.45 (-1.32, 0.46) -0.35 (-1.22, 0.55) 

3 -0.43 (-1.30, 0.47) -0.37 (-1.23, 0.54) -0.75 (-1.62, 0.19) 

4 - -0.27 (-1.14, 0.62) -0.36 (-1.23, 0.54) 

5 - - -0.45 (-1.31, 0.46) 

Effect size cut points: trivial, d = 0–0.2; small, d = 0.2–0.6; moderate, d = 0.6–1.2; large, d = 1.2–

2.0; and very large d > 2.0; T2P, time to peak velocity during concentric and eccentric phases. For 

concision and simplicity, only effect sizes that are small or greater appear within the table. 
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Figure 1. Eccentric velocity comparisons between accentuated eccentric (AEL) and 

traditional loading (TL). Comparisons are made for each individual with 50% and 65% 1-

RM protocols (i.e. ID#, relative strength (bench one repetition maximum per body mass), 

concentric load).  
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Figure 2. Concentric velocity comparisons between accentuated eccentric (AEL) and 

traditional loading (TL). Comparisons are made for each individual with 50% and 65% 1-

RM protocols (i.e. ID#, relative strength (bench one repetition maximum per body mass), 

concentric load).  

 

There were no main effects of interactions for time to reach peak velocity during 

eccentric or concentric actions (p>0.05). Effect sizes denoting the magnitude of 

differences for velocity data between protocols collapsed across 4 sets are in Table 2. The 

average values for each repetition collapsed across all sets and subjects are located in 

Figures 3 and 4.  
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Figure 3. Mean concentric (A) and eccentric (B) velocity and peak concentric (C) and 

eccentric (D) velocity during bench press repetitions collapsed across 4 sets of 

accentuated eccentric loading (AEL50) and traditional loading (TL50) protocols with 

50% 1-RM concentric loads.  
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Figure 4. Mean concentric (A) and eccentric (B) velocity and peak concentric (C) and 

eccentric (D) velocity during bench press repetitions collapsed across 4 sets of 

accentuated eccentric loading (AEL65) and traditional loading (TL65) protocols with 

65% 1-RM concentric loads.  

 

For session RPE the Kruskal-Wallis test was significant χ2=17.85, p<0.001, but 

AEL50 and AEL65 were not different than TL50 (p=0.125) and TL65 (p=0.196), 

respectively. Lastly, perceived soreness was unaffected by TL50, χ2(3)=1.38, p=0.711; 

TL65, χ2(3)=6.42, p=0.093; and AEL65, χ2(3)=7.73, p=0.052, but did exist following 

AEL50, χ2(3)=12.50, p=0.006. Wilcoxon signed-rank test post hoc analysis, with a 

Bonferroni correction applied, revealed that soreness at post-exercise timepoints did not 
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differ from baseline (1.80±0.20 AU; p<0.05). Additionally, no soreness ratings rose 

above mild levels following training (i.e. soreness = 3 AU).   

DISCUSSION 

The primary purpose was to evaluate the effect of AEL on bench press velocity 

over multiple repetitions across multiple sets using different concentric loads. A 

secondary purpose was to investigate the influence of an individual’s strength on AEL’s 

effectiveness as well as the effects of AEL on perceived effort and soreness. It was 

hypothesized that repetitions following an AEL repetition would be performed with faster 

eccentric and concentric velocities. During the initial repetition of a set, mean eccentric 

velocity was slower for AEL50 compared to TL50, while concentric velocity was slower 

during AEL50 and AL65 than TL50 and TL65. However, in later repetitions, eccentric 

velocity during AEL50 and AEL65 were faster than TL50 and TL65, respectively. 

Contrary to our hypothesis and according to effect sizes, concentric velocities were not 

affected during AEL50, as only trivial increases in performance were noted. During 

AEL65, the mean concentric velocity of later repetitions was slower than TL65. Further, 

as an individual’s relative strength increased, performance on the initial AEL repetition 

yielded slower mean eccentric velocity and faster mean and peak concentric velocity. 

These findings on performance alterations from AEL coincided with no differences in 

perceived effort of the training session or soreness following training with AEL50 or 

AEL65. Therefore, AEL did not increase concentric performances with loads of 50% or 

65% 1-RM, but individuals with higher relative strength may experience increases in 

concentric performances. 
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When comparing the initial repetition, the eccentric and concentric velocity were 

slower during AEL50 and AEL65 compared to TL50 and TL65. The slope of mean 

eccentric velocity across repetitions was greater for AEL protocols, concomitantly with 

moderate increases in mean eccentric velocity in later repetitions for AEL protocols. 

However, the slope of protocol on mean concentric velocity was greater during AEL50, 

but not AEL65, resulting in trivial concentric performance benefits of AEL50 and small 

decreases in mean concentric velocity due to AEL65 during repetitions 2-5. In agreement, 

others found mean concentric back squat velocity unaffected by AEL despite greater 

eccentric rate of force development due to overload.9 A possible explanation of the lack 

of concentric performance benefits in the current study is the moderate effect on eccentric 

velocity (ES ≤ 1.00), as prior research has demonstrated that concentric velocity is 

improved when large increases in eccentric velocity from AEL are demonstrated (ES = 

1.33-1.40).5 Some have attempted to control for differences in eccentric velocity by 

utilizing controlled eccentric tempos of 3 seconds for both protocols,6 which may assist in 

controlling mechanics between protocols, but limits the use of the stretch shortening 

cycle and potential for practical application.  

Further, the concentric and eccentric load combinations that improve acute 

performance is equivocal and may depend upon the exercise used. Some have suggested 

the specific concentric load or larger gaps between the eccentric and concentric load may 

yield positive effects from AEL during the back squat.5 Although no prior literature has 

evaluated similar concentric loads in the bench press exercise, AEL with 105% 1-RM has 

increased bench press 1-RM performances,4 but not bench press performances with 80% 
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1-RM.31 The result of improved concentric performances during the bench press may be 

subject to the eccentric load used during AEL, as 110% and 120% 1-RM AEL protocols 

have resulted in greater eccentric force production and reduced concentric force 

production.7 Thus, it is possible that eccentric loads over 100% during the bench press 

may result in either no effect or a negative effect on concentric velocity. In support, 

AEL50 resulted in trivial increases in velocity and AEL65 resulted in trivial to small 

decrements, demonstrating the lack of effect when using 120% 1-RM during AEL for the 

bench press and thus, the importance of the concentric load used. Although not 

significant, small to moderate effect sizes of shorter time to reach peak velocity may 

suggest alterations in mechanics due to AEL. By reaching peak velocity later in a 

repetition, it is possible that a greater velocity may be achieved, according to correlations 

with current data (r=0.29-0.49). Since the effects of AEL65 compared to TL65 on time to 

reach peak concentric velocity were greater than AEL50 to TL50 comparisons, it may 

explain the small decrement in concentric performance during AEL65. Yet, when 

performing a bench press throw in a Smith machine, AEL of 20-40kg elicited greater 

throw heights by achieving greater accelerations.8 However, it is difficult to compare 

these findings as bench throws do not require deceleration to cease movement, allowing 

acceleration throughout the concentric phase, and Smith machines control motion via 

fixed bar paths resulting in different performance capabilities.32 

It is also important to note that as an individual’s relative strength increased, the 

slower eccentric velocities from AEL50 were exacerbated. It is possible that the stronger 

individuals were more accustomed to heavier loads and were better able to control the 
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loads during AEL. As a result, for every single unit increase in relative strength, there 

was a smaller negative impact on concentric performance from AEL. Thus, individual’s 

with greater relative strength levels may experience positive concentric performance 

responses to AEL. Although these findings require further exploration, they are the first 

to show that strength may play a role in responses to AEL. The current findings are in 

line with prior literature stating that stronger individuals may benefit more from advanced 

resistance training techniques,22 which may be a result of specific neuromuscular 

adaptations.     

The session RPE was not different between AEL and TL protocols. Compared to 

TL in prior research (52.5% 1-RM constant load) investigating the bench press and squat 

exercises, session RPE was higher following concentric loads of 40% 1-RM with AEL of 

100% 1-RM.33 However, the aforementioned study controlled the tempo for each 

repetition to 6 seconds and the eccentric overload was utilized on all 18 repetitions, 

compared to only 4 repetitions in the current study, which would likely result in greater 

exertion. In conjunction with the lack of differences in perceived exertion over the entire 

session, AEL did not result in additional muscle soreness following exercise. This is in 

agreement with prior literature which found soreness, following AEL during the back 

squat and drop jumps did not exceed mild levels.21 Subjects in the current study were 

resistance-trained and training regularly with the bench press exercise, which may have 

led to reduced perceptions of soreness following AEL.34 Thus, the supramaximal 

concentric loads used during the initial bench press repetition with AEL may increase 
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eccentric intensities during training without increasing perception of effort during 

training or soreness following training.  

CONCLUSIONS 

Accentuated eccentric loading, via weight releasers (120% 1-RM), did not 

increase concentric velocity during 4 sets of 5 bench press repetitions with concentric 

loads of 50% and 65% 1-RM. Yet, stronger individuals may experience increases in 

concentric performances from AEL, which may be a result of different pacing strategies 

during the eccentric phase. The eccentric loads used during AEL may have been too great 

for the bench press exercise, as mechanics were altered, which may explain the lack of 

findings. Therefore, during the bench press exercise, AEL with 120% 1-RM does not 

seem to provide further acute training benefit to concentric performance compared to TL 

with concentric loads of 50% and 65% 1-RM. However, according to greater eccentric 

loads and velocities the eccentric intensities were increased, which warrants future 

longitudinal investigation. Lastly, the neither the perceived effort nor ratings of muscle 

soreness was different between AEL and TL.  

PRACTICAL APPLICATIONS 

Accentuated eccentric loading, via weight releasers, may not be appropriate for 

relatively weaker individuals, as they are more likely to adapt different pacing strategies 

to handle the heavier loads and resultantly perform repetitions with slower concentric 

velocities. The current protocols may implement high intensity eccentric actions via 

supramaximal concentric loads and faster eccentric velocities with alike recovery patterns 

to traditional loading. Therefore, AEL with 120% 1-RM during bench press repetitions 
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with 50-65% concentric loads may be utilized to progress the intensity of eccentric 

actions without extended recovery periods but may not provide maximal concentric 

velocity performances for that training session.  
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CONCLUSIONS 

The primary purpose of these studies was to identify acute effects of a single 

repetition with accentuated eccentric loading (AEL) on the kinetics and kinematics of 

subsequent repetitions in the back squat and bench press using different concentric loads. 

A secondary purpose of these studies, in order to understand how best to implement AEL 

into resistance training program designs, was to clarify the post-exercise responses to AEL.  

To start, participants adopted different pacing strategies during the eccentric 

portion of the repetition performed with AEL. Of course, slower pacing strategies were 

utilized to control the heavier eccentric loads during this repetition, but during the bench 

press those with more strength were less affected. Still, the slower descending velocities 

resulted in slower concentric velocities for the first repetition during the bench press with 

concentric loads of 50% and 65% 1-RM and the back squat with concentric loads of 65% 

and 80% 1-RM. Therefore, when using supramaximal concentric loads to implement 

AEL during these exercises, it is likely that traditional loading would result in superior 

performances if pacing strategies are not controlled. 

However, one of the main conclusions from these studies is that the weight 

releasers do not have to be reloaded for every repetition. This finding is very beneficial 

for practitioners as utilization of weight releasers can be cumbersome. In later repetitions 

of each set for the bench press and back squat, eccentric velocity was faster. However, 

these improvements were smaller for the bench press with 50% and 65% 1-RM, and the 

squat with 80% 1-RM. Yet, for the squat with 65% 1-RM, eccentric velocity was 
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considerably faster. Of note, when effect sizes were large in favor of faster eccentric 

velocities during AEL, concentric velocity was also improved. As previously mentioned, 

the efficacy of AEL may be dependent on the rate of muscle lengthening, which 

subsequently affects neural drive and elastic components. Thus, if mechanics are altered 

and AEL results in slower eccentric velocities, the concentric performances will be 

hindered, while large improvements in eccentric velocities may subsequently improve 

concentric performances.  

Further, AEL, via weight releasers, seems to not only be sensitive to the 

magnitude of eccentric loads, but also to the load used during concentric actions. During 

the back squat, including a single supramaximal AEL repetition of 120% 1-RM increased 

subsequent velocity and power with concentric loads of 65% 1-RM, but not 80% 1-RM. 

Therefore, AEL seems to lose its positive effects at heavier concentric loads, but the 

heavier concentric loads also reduce the relative difference to the eccentric load. Thus, 

future research should consider evaluating concomitantly varying concentric and 

eccentric loads to keep the relative difference the same.  

Interestingly, AEL during the bench press with the same protocols (i.e. via weight 

releasers with 120% 1-RM) was not effective for increasing velocity or power using 

concentric loads of 50% and 65% 1-RM. Firstly, this would provide evidence that the 

loading parameters for AEL are not the same for the bench press and back squat since the 

120% to 65% loading schemes did not yield the same results. Evaluation of time to reach 

peak velocity and power during the bench press may also indicate that mechanics were 

altered, which may explain the lack of findings. Although speculative, another possible 
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reason for different findings, between the bench press and back squat, is that the bench 

press covers a smaller range of motion and may not allow long enough duration under 

AEL. Another possible consideration for future research in this area is to evaluate the 

effects of upper limb lengths and grip widths on the efficacy of AEL during the bench 

press. Regardless, during the bench press exercise, AEL with 120% 1-RM provided no 

further acute training benefit to concentric performances than traditional loading with 

50% and 65% 1-RM.  However, eccentric intensities were increased, which warrants 

future longitudinal investigation to determine training effects. It is possible that this 

method of AEL may be used to progress those without prior exposure toward utilizing 

eccentric actions with heavier loads (i.e. higher volumes of AEL) or greater rates of 

muscle lengthening (i.e. plyometrics).  

Due to the increases in eccentric intensity, noted by the heavier eccentric loads 

and faster rates of muscle lengthening during AEL, it was expected that post-exercise 

responses would differ between protocols. However, using AEL with 120% 1-RM during 

the bench press and squat revealed, at most, mild soreness up to 24-hours post exercise, 

which returned to baseline by 48-hours. Additionally, following back squat exercise, 

vastus lateralis muscle thickness was increased following 65% 1-RM AEL and traditional 

loading protocols, while echo intensity was elevated after each protocol. Although AEL 

did not alter muscle thickness or echo intensity beyond traditional loading immediately 

post-exercise, both of these measures may be subject to fluid shifts and requires 

additional research before drawing conclusions. Follow up muscle morphology testing at 

24-72 hours may also be beneficial, despite low volumes of AEL, to ensure similar 
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recovery patterns. Lastly, the cortisol levels were lower at 30- and 60-min post exercise 

compared to baseline and may suggest a low intensity exercise, regardless of whether or 

not AEL was used.  

Therefore, it may be concluded that AEL on the first repetition of each set may 

allow for higher intensity eccentric actions with similar recovery patterns to traditional 

loading. Although subject to the concentric loads used, eccentric velocity, and exercise 

selected, AEL may also allow greater velocities and power output during concentric 

actions. Therefore, practitioners may prescribe these methods to increase eccentric 

intensity and improve concentric performances without the need for extended recovery 

periods, although further investigation is warranted. It is also important to consider the 

training experience and strength levels of the current participants, as they may experience 

a greater likelihood of positive performance responses and less muscle damage. 

 

Practical Applications 

The nature of military training is often intense and accompanied by a high incidence of 

musculoskeletal injuries. Warfighter, and other tactical populations, include various 

occupational tasks including, but not limited to, hand to hand combat, load carriage, and 

jumping from and over obstacles. Increasing drop height and external loads have been 

shown to result in greater vertical ground reaction forces and varying mechanical strategies 

during landing tasks121,122 and subsequent risk of lower extremity injury.123,124 However, 

our recent findings suggest that lower extremity strength, particularly eccentric knee 

extensor strength, may be important in assisting with handling external loads and greater 
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drop heights. Training with an emphasis on eccentric actions may be beneficial for 

improving eccentric and concentric strength more so than concentric actions.125 However, 

eccentric training may elicit further inflammatory responses and increase the likelihood of 

using anti-inflammatories to reduce soreness, which is not a recommended strategy to 

reduce injuries in tactical populations.126 Yet, a main intervention strategy to reduce 

military injuries is the use of multiaxial neuromuscular and proprioceptive training.126  

According to the current findings of this dissertation, it is hypothesized that accentuated 

eccentric loading may be a potentially beneficial method as it has resulted in only mild 

levels of soreness up to 24 hours post-training, but may increase both eccentric intensity 

and concentric performances of neuromuscular and proprioceptive training, such as drop 

jump, back squat, and bench press exercises.21,23,127,128 It is possible that these training 

methods may provide a means for increasing neuromuscular and proprioceptive 

adaptations for tactical populations without the need for extended recovery periods. 

Therefore, it is encouraged that future research focus efforts to understand the efficacy of 

this training to improve the health and performance of tactical athletes. 
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APPENDIX 

Manuscript One in IJSPP titled Effectiveness of Accentuated Eccentric Loading: 

Contingent on Concentric  

The below manuscript will  be  published  in  a  forthcoming  issue  of  the International 

Journal of Sports Physiology and Performance. The article appears here in its accepted, 

peer-reviewed form, as the final author proof in the editing process. Final copyediting, 

proofreading, or formatting by the publisher has not been finalized.  
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Manuscript Two in JSCR titled Acute Inflammatory, Cortisol, and Soreness 

Responses to Supramaximal Accentuated Eccentric Loading 

The below manuscript will  be  published  in  a  forthcoming  issue  of  the Journal of 

Strength and Conditioning Research. The article appears here in its accepted, peer-

reviewed  form, as the final author proof in the editing process. Final copyediting, 

proofreading, or formatting by the publisher has not been finalized.  
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R Script for Statistical Analysis and Figures for Manuscript Three 

Traditionally, repeated measures analysis of variance are used to assess repeated 

measures data to answer the following questions: Does the dependent variable change 

over time?, Does the dependent variable differ between conditions?, Does the change in 

the dependent variable over time differ between conditions?. However, in resistance 

training, it is well known that individual differences may exist for various biological or 

environmental reasons. Yet, traditional repeated measures analysis of variance 

procedures analyze the differences in means and standard deviations and disregard these 

potential individual differences.  

 

Instead, multilevel modeling, also known as hierarchical linear modeling, may allow for 

several advantages, with the main advantage being the ability to estimate individual 

change over time. The questions that can be answered with this analysis is very similar to 

the repeated measures analysis of variance, but slightly different: Do individuals differ at 

specific time points or for slopes over time?, Do specific time points or slopes over time 

differ due to condition?. This individual-centered analysis allows for the nesting of time 

points within individuals and has the following advantages over repeated measures 

analysis of variance, to name a few: fewer assumptions requirements, variability in the 

duration between time points, may account for missing data points by using random 

effects. These procedures may be extremely beneficial in the field of health and human 

performance, despite the lack of studies utilizing this technique. It is my hope to 
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contribute to the field by providing evidence for and assistance with using hierarchical 

linear modeling.  

To start, below is a condensed script to show an example of the analysis of concentric 

velocity data from Manuscript 3. To begin, the nmle package should be installed, then 

follow the steps described in brief detail for each level of the hierarchical linear model. I 

included also the code for creating publication ready figures and gifs that may assist in 

the presentation of multilevel longitudinal data.  

 

########## Multilevel modeling approach to analyze AEL bench data ##############  

# clear environment  

rm(list = ls()) 

# Step 1: Load Data Set Example and Libraries    

library(readxl)  

library(nlme) 

library(ggplot2) 

library(lattice) 

library(ggpubr) 

library(tidyverse) 

library(rstatix) 

library(dunn.test) 

library(rcompanion) 

 

AELbenchData <- read_excel("AELbenchData.xls",  

                           sheet = "HLM50", n_max = 100) 

detach(AELbenchData) 

attach(AELbenchData) 

head(AELbenchData) 

 

################# Example Hierarchical Linear Model ###################### 

# Step 2: Run unconditional means model with summary - Use ID as random effect.  

Model1 = lme(MeanVelocityCON~1, random=~1|ID, data = AELbenchData, method = 

"ML") 

sumModel1 = summary(Model1); sumModel1 

 

# Notes about this model: No predictors included, null model, beginning intercept only.  
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# Time is not included, measuring grand mean here 

# Step 3: Run intervals for unconditional means model  

intervals(Model1) 

 

# Step 3: Calculate ICC for unconditional means model. Show variation explained.   

# Note about ICC: anything above 0.05 indicates clustering exists  

# Larger ICC indicates greater clustering and to move forward with MLM 

# manually enter intercept^2 / (intercept^2 + Residual^2) 

(357.8146^2) / ((357.8146^2) + (121.17^2)) 

 

# Step 4: Begin plotting data for individual slopes: Watch Gif to visually assess  

# appropriateness of the following testing protocols    

# Should time be fixed or random. More variability in figures likely would require  

# random slopes.  

# Also more likely with larger sample size than the current of n=10.   

 

theme_set(theme_bw())  

AELbenchGIF <- ggplot(data=AELbenchData) +  

  geom_line(aes(Repetition, MeanVelocityCON, group = PROTOCOL, color = 

factor(PROTOCOL))) + 

  scale_color_grey() +  

  scale_size(range = c(2, 12)) + 

  labs(x="Repetition", y="Concentric Velocity") +  

  theme(legend.position = "top") +  

  theme_classic() 

AELbenchGIF + 

  facet_wrap(ID)+ 

  transition_reveal(Repetition)+ 

  geom_point(aes(Repetition, MeanVelocityCON, group = seq_along(Repetition), color = 

factor(PROTOCOL))) 

 

anim_save("AELconvelGIFbw.gif", animation = last_animation(), path = NULL) 

 

# Step 5: Unconditional growth model: Time as fixed slope (being repetitions with  

# random = 1)  

Model2 = lme(MeanVelocityCON ~ Repetition, random=~1|ID, data = AELbenchData, 

method = "ML") 

sumModel2 = summary(Model2); sumModel2 

intervals(Model2) 

( 357.8577^2) / (( 357.8577^2) + (119.886^2)) 

 

# Step 6: Unconditional growth model: Time as random slope (run if prior does not better  

# model) This model may not converge if there is no variability in slopes between people 

# For the current study random did not increase variance and only fixed were used.  
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Model3 = lme(MeanVelocityCON ~ Repetition, random=~Repetition | ID, data = 

AELbenchData, method = "ML") 

sumModel3 = summary(Model3); sumModel3 

intervals(Model3) 

(164.4595^2) / ((164.4595^2) + (28.4232^2))        

 

# Step 7: Compare models to test if there is better fit 

# If significant model comparison is better fit when adding that predictor (ie time) 

# Comparing ICC of models can show how much clustering is taking place 

# It should decrease 

Results1 = anova(Model1,Model2) 

   

# Step 8: Run conditional growth model (full model including predictors) 

Model4 = lme(MeanVelocityCON~ Repetition + Protocol + Repetition*Protocol, 

random=~1 | ID, data = AELbenchData, method = "ML") 

sumModel4 = summary(Model4) 

intervals(Model4) 

(358.0759^2) / ((358.0759^2) + (113.1839^2))  

Results2 = anova(Model2,Model4) 

 

# Step 9: Run conditional growth model (full model including predictors) add relative 

strength  

Model5 = lme(MeanVelocityCON~ Repetition + Protocol + Repetition*Protocol + 

Protocol*RelativeStrength, random=~1 | ID, data = AELbenchData, method = "ML") 

sumModel5 = summary(Model5) 

 

# Step 10: Calculate the proportion reduction between last two models (unexplained 

variance explained by adding predictors) 

VarCorr(Model2)[1,1] 

VarCorr(Model4)[1,1] 

(as.numeric(VarCorr(Model2)[2,1])-

as.numeric(VarCorr(Model4)[2,1]))/as.numeric(VarCorr(Model2)[2,1]) 

VarCorr(Model4)[1,1] 

VarCorr(Model5)[1,1] 

(as.numeric(VarCorr(Model4)[2,1])-

as.numeric(VarCorr(Model5)[2,1]))/as.numeric(VarCorr(Model4)[2,1]) 

 

################### Anova to compare time to peak velocity ###################  

bxp <- ggboxplot( 

  AELbenchData, x = "Rep", y = "T2Pcon", 

  color = "Protocol", palette = "NULL" 

) 

bxp 
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Anova1 <-(aov(AELbenchData$T2Vcon ~ Protocol*Rep + 

Error(SubjectID/(Protocol*Rep)), method = "bonf")) 

summary(Anova1) 

Anova2 <-(aov(AELbenchData$T2Vecc ~ Protocol*Rep + 

Error(SubjectID/(Protocol*Rep)), method = "bonf")) 

summary(Anova2) 

# above were not significant, but example pairwise compairison is below 

pwcT2Vcon <- AELbenchData %>% 

  pairwise_t_test(T2Vcon ~ Repetition, p.adjust.method = "bonferroni") 

pwcT2Vcon 

 

###################### RPE and SORENESS Ratings ####################### 

sRPE_Krus <- kruskal.test(AELbenchData$sRPE, AELbenchData$Protocol) 

sRPE_Krus 

dunn.test(AELbenchData$sRPE, AELbenchData$Protocol, method = "bonferroni") 

 

# add effect size with 95% CI here it is.  

epsilonSquared(AELbenchData$sRPE, AELbenchData$Protocol, ci = "TRUE") 

 

# Example of soreness examined across all protocols 

friedman_test(Sore ~ Protocol_Time | ID, data = AELbenchData) 

pwcSore <- AELbenchData %>% 

  wilcox_test(Sore ~ Protocol_Time, paired = TRUE, p.adjust.method = "bonferroni") 

pwcSore 

 

# Example of soreness assessed within a single protocol, AEL50  

friedman_test(Sore_AEL50 ~ AEL50 | ID, data = AELbenchData) 

pwcSore <- AELbenchData %>% 

  wilcox_test(Sore_AEL50 ~ AEL50, paired = TRUE, p.adjust.method = "bonferroni") 

pwcSore 

 

########## Correlate Time to reach peak velocity with velocity performance######### 

library("corrplot") 

AELbenchData <- read_excel("AELbenchData.xls",  

                           sheet = "Correlation", n_max = 201) 

detach(AELbenchData) 

attach(AELbenchData) 

 

# omit NA cells 

correlation <- na.omit(correlation) 

# run correlation 

Correlations = cor(AELbenchData) 

# reset graphic parameters 

dev.off() 
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# plot correlation matrix 

corrplot = corrplot(Correlations, method="color") 

# with values (has color still as well) 

corrplot = corrplot(Correlations, method="number") 

 

########### Plots For Paper ################  

# Use AEL Figures File  

AELbenchECC <- ggplot(data=AELFigures) +  

  geom_line(aes(REP, AvgFiltVelECC,  

                group = Protocol, color = Protocol)) + 

  geom_point(aes(REP, AvgFiltVelECC,  

                group = Protocol, color = Protocol)) + 

  scale_color_grey(start = 0.1, end = 0.5) +  

  scale_size(range = c(2, 12)) + 

  labs(x="Repetition", y=expression("Eccentric Velocity, m*s"^-1))+  

  theme(legend.position = "top") +  

  theme_pubr(base_size = 12, base_family = "Times", legend = c("top")) +  

  facet_wrap( ~ ID6+ Load2, nrow = 5, ncol = 4, labeller = label_wrap_gen(multi_line = 

FALSE)) 

AELbenchECC  

dev.off() 

 

AELbenchCON <- ggplot(data=AELFigures) +  

  geom_line(aes(REP, AvgFiltVelCON,  

                group = Protocol, color = Protocol)) + 

  geom_point(aes(REP, AvgFiltVelCON,  

                 group = Protocol, color = Protocol)) + 

  scale_color_grey(start = 0.1, end = 0.5) +  

  scale_size(range = c(2, 12)) + 

  labs(x="Repetition", y=expression("Concentric Velocity, m*s"^-1))+  

  theme(legend.position = "top") +  

  theme_pubr(base_size = 12, base_family = "Times", legend = c("top")) +  

  facet_wrap( ~ ID6+ Load2, nrow = 5, ncol = 4, labeller = label_wrap_gen(multi_line = 

FALSE)) 

AELbenchCON 
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