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Abstract

Spiering, BA, Clark, BC, Schoenfeld, BJ, Foulis, SA, and Pasiakos, SM. Maximizing strength: the stimuli and mediators of strength

gains and their application to training and rehabilitation. J Strength Cond Res XX(X): 000–000, 2022—Traditional heavy resistance

exercise (RE) training increases maximal strength, a valuable adaptation in many situations. That stated, some populations seek

new opportunities for pushing the upper limits of strength gains (e.g., athletes and military personnel). Alternatively, other pop-

ulations strive to increase or maintain strength but cannot perform heavy RE (e.g., during at-home exercise, during deployment, or

after injury or illness). Therefore, the purpose of this narrative review is to (a) identify the known stimuli that trigger gains in strength;

(b) identify the known factors that mediate the long-term effectiveness of these stimuli; (c) discuss (and in some cases, speculate on)

potential opportunities for maximizing strength gains beyond current limits; and (d) discuss practical applications for increasing or

maintaining strengthwhen traditional heavy RE cannot be performed. First, by conceptually deconstructing traditional heavy RE,we

identify that strength gains are stimulated through a sequence of events, namely: giving maximal mental effort, leading to maximal

neural activation ofmuscle to produce forceful contractions, involving lifting and loweringmovements, training through a full range of

motion, and (potentially) inducing muscular metabolic stress. Second, we identify factors that mediate the long-term effectiveness

of these RE stimuli, namely: optimizing the dose of RE within a session, beginning each set of RE in a minimally fatigued state,

optimizing recovery between training sessions, and (potentially) periodizing the training stimulus over time. Equipped with these

insights, we identify potential opportunities for further maximizing strength gains. Finally, we identify opportunities for increasing or

maintaining strength when traditional heavy RE cannot be performed.

Key Words: force, sarcopenia, spaceflight, sports, supercompensation

Introduction

The U.S. Army has a renewed interest in improving the physical
performance of soldiers beyond current upper limits while using
ethical interventions. Of the many candidate interventions
available to support this goal, few interventions improve soldier
physical performance as impressively as traditional heavy re-
sistance exercise (RE) training (52,53). In addition to improving
soldier performance, traditional heavy RE training has important
benefits for civilian populations as well. Specifically, traditional
heavy RE improves performance on various daily, occupational,
athletic, and recreational tasks (7,11,69). Therefore, exploring
opportunities for maximizing strength gains beyond current up-
per limits has important implications for soldiers and civilians
alike.

Soldiers and civilians also face scenarios in which traditional
heavy RE cannot be performed; for example, when insufficient
RE equipment is available (e.g., during at-home exercise or de-
ployment to austere environments), after musculoskeletal injury

(i.e., when musculoskeletal tissues cannot tolerate heavy loads),
or because of joint degeneration as a result of aging or arthritis. In
these scenarios, increasing or maintaining physical performance
remains an important objective. Therefore, developing effective
interventions for increasing or maintaining physical performance
when traditional heavy RE cannot be performed represents a
worthy endeavor.

The benefits of RE on physical performance are, in part, the
result of the associated improvements in maximal strength
(60,89). As such, the specific purpose of this narrative review is to
(a) identify the known stimuli that trigger RE-induced gains in
strength; (b) identify the known factors that mediate the long-
term effectiveness of these RE stimuli; then leverage these insights
to (c) discuss potential future directions for further maximizing
strength gains beyond current upper limits; and finally (d) discuss
practical applications for increasing or maintaining strength in
special scenarios in which traditional heavy RE cannot be
performed.

Definitions

In the context of this review, we define “traditional heavy RE” as
the activity commonly seen in fitness facilities and rehabilitation
clinics; that is, lifting and lowering an external load (through
either free weights or commonplace exercise machines) through a
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full range of motion. We further define “heavy” as using an ex-
ternal load that allows between 1 and 5 repetitions per set when
using maximal effort, as previous research shows that these loads
maximize strength gains (78).

We define “strength” as the maximal level of volitional force
or torque generated during a single attempt of both simple
tasks (e.g., knee extension) and during complex tasks that re-
quire selective engagement of muscles in a coordinated,
context-sensitive manner (e.g., squatting, gripping, etc). Most
studies cited in this review use an individual’s one repetition
maximum (1RM; i.e., the most amount of weight that can be
safely lifted through a full range of motion using correct
technique) as the method to quantify strength because this test
most closely represents traditional RE training activities. Some
of the cited studies used alternative methods of strength as-
sessment, such as isometric strength (maximal force generated
at a fixed position against an immovable object) or isokinetic
strength (maximal force generated at a fixed velocity using
specially designed equipment). We refer the interested reader
to other articles describing the large variability and associated
specificity in strength gains after RE when using different
testing methods to assess strength (e.g., traditional free-weight
RE training increases maximal strength during free-weight
tests more than it increases maximal strength during isometric
or isokinetic tests) (12,16). Finally, we emphasize that this
review focuses on strength, not on muscular power (the
product of force and velocity), endurance (the ability to per-
form prolonged or repetitive muscle contractions), or muscle
size (also known as hypertrophy).

Scope, Style, and Limitations

As a foundation for discussing opportunities for maximizing
strength gains, we first identify the stimuli that trigger gains in
strength. Existing review articles already give insight into the
external stimuli for increasing strength (e.g., training load,
number of sets, etc) (54,78). Such information is critical for
providing practitioners with evidence-based guidance for en-
hancing strength. This article instead focuses on the internal
stimuli. In other words, the goal is to identify factors that link the
external action (resistance exercise) to the desired end state
(strength gains). By first identifying the internal stimuli that
trigger gains in strength, we intend to uncover insights that allow
others to creatively research, monitor, and manipulate these
stimuli in the hopes of maximizing strength gains beyond our
current upper limits.

Finally, this review strives to integrate current knowledge
about RE and share existing insights for (and, in some cases,
openly speculate on) future opportunities for maximizing
strength. To facilitate the assimilation of broad ideas into a
coherent paradigm, preference is given to referring to recent
systematic reviews (when available) with limited discussion
about the associated nuance and underlying mechanisms. To
emphasize, our primary goal is to identify potential opportu-
nities for future exploration and not to deeply analyze and
contextualize each opportunity. Another limitation is that by
using a narrative format (as opposed to a systematic format),
there is risk of study selection bias that can unduly influence
conclusions (34). Therefore, the reader is forewarned about the
limitations of this review and encouraged to explore the cited
references. A potential strength of this review, though, is that
focusing on broader themes might help to clearly convey

potential theories, as well as future opportunities for maxi-
mizing strength gains.

Stimuli of Strength Gains

After conceptually deconstructing traditional heavy RE, our
proposed paradigm suggests that strength gains are stimulated
through a sequence of events, namely: giving maximal mental
effort, leading to maximal neural activation of muscle to produce
forceful contractions, involving lifting as well as lowering
movements (concentric-eccentric muscle actions), training
through a full range of motion, and (potentially) inducing mus-
cular metabolic stress.

Maximal Mental Effort

The signal to perform RE, or any volitional action, originates in
the brain—the motor cortices specifically. Long-term RE training
produces measurable adaptations in the central nervous system
that importantly contribute to the observed gains in strength
(including increased neural drive, decreased antagonist coac-
tivation, etc.) (31,82). Therefore, perhaps not surprisingly, the
mental effort associatedwith performingRE is itself a stimulus for
strength gains. As evidence, imagined forceful muscle contrac-
tions performed in the absence of actual or physical muscle con-
tractions (also known as, motor imagery training) effectively
increase strength over time (70). Moreover, these improvements
are accompanied by physiological changes (central neural adap-
tations that ultimately result in increased descending command),
indicating that the strength gains are not simply the result of
psychological or motivational factors (70). This same analysis
found that greater intensity ofmental effort duringmotor imagery
training produced greater subsequent gains in strength (70). In the
context of relatively low-force muscle contractions, greater
mental effort during training produces greater strength gains over
time comparedwith lowermental effort training, despite the same
external force output and duration of muscle contraction (49).
These findings indicate that mental effort independently and
progressively stimulates strength gains.

Maximal Neural Activation of Muscle to Produce

Forceful Contractions

During traditional RE, maximal mental effort leads to maximal
neural activation of muscle, which inevitably produces forceful
muscle contractions. This neuromuscular interaction, regularly
produced over time, causes adaptations in both the corticospinal
and reticulospinal tracts and in the muscle (83). The motor neu-
ron, the final common pathway to force generation, has been the
most extensively studied; at its level, gains in strength have been
attributable to a higher instantaneous discharge rate of motor
units (e.g., higher firing rates) and a higher incidence of doublet
discharges (i.e., a unit that discharges twice in very rapid suc-
cession) (26). The muscle also adapts to repeated contractions
performed during training, including, but not limited to, increases
in the contractility of the muscle (16,63) and increases in the
number of force-generating contractile proteins, which further
contribute to increases in muscle size (41,98). At least 3 lines of
evidence support the theory that forceful muscle contractions
independently stimulate strength gains. First, while imagined
muscle contractions improve strength, strength gains are greater
after traditional physical contractions (i.e., maximal mental effort
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plus corresponding forceful muscle contractions) (70). Second,
electrically evoked contractions (i.e., forceful muscle contractions
without any mental effort) increase strength over time (5). Third,
training with increasingly heavier loads (which requires in-
creasingly greater muscular forces) produces progressively
greater strength gains over time, evenwhen all training progresses
to the point of maximal mental effort despite differences in ex-
ternal load (78). Collectively, this evidence indicates that forceful
muscle contractions independently and progressively promote
strength gains.

Involving Lifting and Lowering Movements (Concentric-

Eccentric Muscle Actions)

Traditional RE involves lifting and lowering an external load,
which requires concentric (shortening) and eccentric (lengthen-
ing) muscle actions, respectively. Traditional concentric-eccentric
training seems to produce greater improvements in strength than
concentric-only training (27). This indicates that including low-
ering (eccentric) and lifting (concentric) muscle actionsmaximizes
strength gains after traditional RE training. That stated, com-
bined concentric-eccentric actions are likely not an independent
stimulus for strength gains (e.g., common low-intensity activities
like walking, which also involve concentric-eccentric actions, do
not potently stimulate strength gains in healthy subjects). Rather,
the effectiveness of concentric-eccentric actions for increasing
strength likely only occurs in the context of forceful muscle con-
tractions (or substantial metabolic stress, as discussed below).

Training through a Full Range of Motion

Heavy REwith combined concentric and eccentric muscle actions
leads to forceful muscle actions through a given range of motion
(ROM). Although strength gains tend to be specific to the ROM
used during training (68), training with a full ROM generally
maximizes strength gains across most contexts (68). Clearly,
ROM itself is not an independent stimulus for strength gains
(i.e., passive motion through a particular ROM will likely not
increase strength in healthy individuals). Rather, we view ROM
as an interrelated stimulus (i.e., ROM is inextricably linked to
performing concentric-eccentric actions; strength gains are re-
lated to the corresponding ROM used during training; and
strength gains related to ROM only occur in the context of
forceful muscle contractions).

Inducing Muscular Metabolic Stress

Muscular contractions increase metabolic reactions and, when
performed repeatedly, lead to metabolic stress (reflected by the
depletion of intramuscular energy substrates and accumulation of
metabolic by-products) (98). At least 196 metabolites signifi-
cantly change in concentration after an acute bout of exercise
(79). Conflicting evidence exists whether metabolic stress stimu-
lates muscle growth and, consequently, strength gains (21,98).
Furthermore, it is difficult to determine whether metabolic stress
is an independent stimulus (stimulates strength gains without
muscle contraction) (14) or whether metabolic stress instead ex-
erts a synergistic effect (stimulates strength gains only when ac-
companied by muscle contraction) (66). What is seemingly
incontrovertible, though, is that blood flow restriction (BFR,
which typically involves using commercially available pneumatic
cuffs or bands) in combination with low-load RE training

increases intramuscular metabolic stress (92) and enhances long-
term strength gains compared with low-load RE without BFR
(84); impressively, low-load BFR training might even cause
comparable improvements in muscle strength as traditional
heavy-load RE (although conflicting evidence exists (38,58)).

Mediators of Strength Gains

To optimize strength gains in response to RE training, we identify
several factors that mediate the long-term effectiveness of these
RE stimuli, namely, optimizing the dose of RE within a session,
beginning each set of RE in a minimally fatigued state, optimizing
recovery between training sessions, and (potentially) periodizing
the training stimulus over time.

Optimizing the Dose of Resistance ExerciseWithin a Session

The optimal dose of REwithin a training session can be quantified
in terms of the intensity (external load) and the volume (number
of repetitions per set and number of sets). With respect to in-
tensity, there seems to be a dose-response relationship such that
higher training loads produce greater subsequent gains in strength
(78). With respect to the number of repetitions per set, during
traditional RE, the relationship between load and the number of
repetitions is inversely linked (i.e., lighter loads allow higher
repetitions per set and heavier loads allow fewer repetitions per
set). Generally, heavier loads that allow approximately 1–5 rep-
etitions per set maximize strength gains over time (78). With re-
spect to the number of sets, as little as one set per exercise can
increase strength over time, even in subjects with previous RE
training experience (4). That said, greater volumes of RE produce
greater improvements in strength, up to a given point. More
specifically, although 2–3 sets per exercise stimulates greater
strength gains than 1 set per exercise, further increase in the dose
to 4–6 sets per exercise might have little additional benefit (al-
though, this is potentially because of the limited number of studies
using doses of .3 sets) (54). Overall, this research (54,78) gen-
erally supports using relatively heavy loads (i.e., loads that allow
;1–5 repetitions per set) and approximately 2–3 sets per exercise
as the optimal dose of RE within a session to maximize strength
gains over time. That stated, more research is needed to determine
whether .3 sets per exercise per session might further enhance
strength gains. Relatedly, identifying a maximally effective dose
(beyond which increasing the number of sets does not produce
greater strength gains) would be very practically relevant.

Beginning Each Set of Resistance Exercise in a Minimally

Fatigued State

Acute RE can lead to transient fatigue (reflected in temporarily
reduced maximal strength capabilities) (33,51). At least 3 lines of
evidence indicate that beginning each set of RE in a fatigued state
can, over time, diminish gains in strength. First, performing RE
using short interset rest intervals (#2 minutes) diminishes
strength gains compared with using long rest intervals (.2 mi-
nutes), at least in well-trained individuals (although, the use of
short rest intervals seems less detrimental in novice individuals)
(37). Second, placing an exercise last in the exercise session (as
opposed to first) diminishes strength gains after long-term train-
ing (64). Third, performing endurance exercise immediately be-
fore RE diminishes long-term strength gains when comparedwith
inserting a recovery interval between endurance exercise and RE
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(50) or when compared with performing RE before endurance
exercise (30,62). Collectively, these lines of evidence indicate that
initiating each set of RE in a relatively “fresh” (minimally fa-
tigued) state helps maximize long-term strength gains.

Optimizing Recovery Between Training Sessions

Resistance exercise does not enhance strength; rather, recovery
from and subsequent adaptation to RE enhances strength. In
other words, RE causes fatigue and muscle damage, which actu-
ally can impair strength in the short term (33,51). However, if
sufficient recovery is provided, then “supercompensation” (in-
cremental improvements in performance beyond previous capa-
bilities) occurs as an adaptive response (97). Over time, these
small, repeated, incremental improvements lead to measurable,
practically meaningful increases in strength (see Figure 1 for
conceptualization).

Periodizing the Training Stimulus Over Time

Although performing monotonous or uncomplicated RE in-
creases strength over time, advanced practitioners typically in-
clude “periodization”; that is, planning and organizing the
training stimulus over time according to strategic goals in an at-
tempt to maximize strength gains, minimize signs of overtraining,
and reduce the risk of overuse injuries. There is a sound logical
basis for the systematic planning of training as a means to balance
stimulus and recovery, which (conceivably) helps to maximize
results. A recent meta-analysis concluded that periodized RE
training enhances strength gains compared with nonperiodized
training (100), although critiques of existing periodization re-
search exist (2,13,65). Therefore, additional research would help
objectively determine whether periodized training indeed

maximizes strength gains. In the meantime, most experts gener-
ally believe that periodization remains the best practice, and there
is no reason to believe that periodization detrimentally affects
strength development (100).

Future Directions for Maximizing Strength Gains

Considering these above-noted insights on the stimuli and medi-
ators of strength gains, we herein identify (and, in some cases,
speculate on) future opportunities for further maximizing
strength gains beyond the current upper limits. The future di-
rections are organized into 4 primary themes: (a) supramaximal
training intensity (in terms of external load andmental effort); (b)
supplemental activities; (c) optimizing and potentially in-
dividualizing recovery strategies to foster subsequent strength
gains (also known as supercompensation); and (d) technological
applications.

Supramaximal Training Intensity

Because of the dose-response relationship between forceful mus-
cle contractions and subsequent strength gains, using “supra-
maximal”muscle contractions (forceful contractions beyond that
normally encountered during traditional heavy RE) might further
enhance strength gains (see Figure 2 for conceptualization). For
example, because of the molecular mechanics of muscle con-
traction, muscles can produce greater force during eccentric ac-
tions than during concentric actions (25). Therefore, during
traditional heavy RE (when the load remains constant during the
concentric and eccentric phases), muscles are near-maximally
loaded during the concentric (lifting) phase and submaximally
loaded during the eccentric (lowering) phase. With this insight in
mind, research indicates that incorporating supramaximal (be-
yond concentric 1RM) eccentric-only training or incorporating
“accentuated eccentric loading” (when the load during the ec-
centric phase is greater than the load during the corresponding
concentric phase) seems to further enhance strength gains (24), as
well as provide other neural, muscle, tendon, and performance
advantages (24,25). That stated, eccentric-based overload train-
ing might require longer recovery between sessions because of
potentially greater exercise-induced muscle damage (17,25);
therefore, the optimal implementation of eccentric-based over-
load training into a traditional RE training program remains to be
determined. Practically, several options exist to help incorporate
eccentric-based overload training into training and rehabilitation.
Commercially available exercise hardware that allows eccentric
overload already exists (e.g., devices that allow users to manually
or digitally manipulate the eccentric load (90,91)). Alternatively,
low-tech options include external weight releasers, as well as
lifting an object bilaterally and then lowering the object
unilaterally.

Other practical interventions involving “supramaximal” con-
tractions exist. For example, during some exercises (e.g., squat
and bench press), individuals can generatemore force when closer
to full extension. Therefore, some researchers have investigated
the effectiveness of “variable-load” RE (i.e., traditional free
weights plus added elastic bands or heavy chains that result in
progressively greater loads nearer to full extension). Existing ev-
idence indicates that variable-load RE might have merits for
further enhancing strength gains (88). Additional research to
substantiate these findings is warranted (88).

Figure 1.Conceptualization of “supercompensation theory,” which is originally

credited to NN Vakovlev (Viru (97)). (A) General concept within the context of

one bout of resistance exercise (RE). Specifically, (1) the onset of RE causes

fatigue and tissue damage, leading to (2) a temporary decline in performance.

Subsequently, over time, (3) performance recovers and, if enough time is given

between RE training bouts, then (4) performance supercompensates. If too

much time is given between RE training bouts, then (5) performance decays

back to baseline. (B) Upward trend in performance that might occur when

optimal recovery is given betweenmultiple RE training sessions. (C) Downward

trend in performance that might occur if too little recovery is given between

multiple RE training sessions (also known as “overtraining”); although, this

concept of overtraining has been critically evaluated by others (Kataoka et al.

(51)). (D) Maintenance in performance that might occur when extensive re-

covery is given between multiple RE training sessions. Importantly, much work

remains to determine the scientific realities of supercompensation theory for

influencing long-term gains in strength.
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Research has also investigated whether supplementing RE with
various forms of external stimulation might directly enhance
forceful contractions during training and, consequently, maximize
long-term gains in strength. Examples of centrally or peripherally
stimulating forceful contractions (as a supplement to volitional
effort) include using neuromuscular electrical stimulation (NMES)
(40), whole-body electromyostimulation (WB-EMS) (101), re-
petitive transcranial magnetic stimulation (TMS) (93), or trans-
cranial direct current stimulation (tDCS) (44,56,67,99). Each of
these techniques stimulate the nervous system to facilitate forceful
muscle contractions, albeit at different locationswithin the nervous
system (central vs. peripheral) and through different mechanisms
(e.g., direct stimulation vs. enhanced excitability to voluntary
drive). Ostensibly, enhancing the forcefulness of muscle contrac-
tion could in turn enhance long-term strength gains (see above
discussion). Alternatively, manipulation of sensory input (e.g., via
brief, local vibration or sensory nerve electrical stimulation) rep-
resents another neural-based strategy that may have potential to
maximize strength gains. These approaches augment sensory
feedback to modulate (or prime) neural excitability and can, in
some instances, immediately improve performance on clinical tests
of motor function in selected populations (3,46,76,81,87). How-
ever, clinical populations and those with neurological disorders are
more likely to positively respond to approaches that manipulate
sensory input than healthy, high-performing individuals (because
of a ceiling effect in the latter population). Overall, given the di-
versity in tools, protocols, and associatedmechanisms used in these

lines of research, more research is necessary before making edu-
cated recommendations for the use of external stimulation in
general populations. That stated, some of these techniques might
hold promise for further enhancing strength gains (e.g., tDCS),
whereas other techniques seem to minimally affect strength gains
beyond traditional heavy RE in healthy subjects (e.g., WB-EMS).
Also noteworthy, although some of these tools might be available
in clinical or research settings, the practical relevance of these tools
for general populations deserves scrutiny; however, some devices
are certainly more practically applicable than others (e.g., local
vibration and tDCS are likely more practically applicable
than TMS).

Because of the dose-response relationship between mental ef-
fort and subsequent strength gains (49,70), we also hypothesize
that “supramaximal”mental effort during training might further
enhance strength gains. Indeed, certain cognitive strategies (e.g.,
methods to enhance arousal) acutely enhance force output in
some contexts (94). Whether repeated implementation of cogni-
tive strategies to accentuatemental effort or arousal (duringRE or
during motor imagery) could subsequently enhance long-term
gains in strength requires additional research. In support of this
notion, the dendrites of spinal motor neurons generate a strong
persistent inward current that facilitates descending commands
from the brain (42,43). The persistent inward current is highly
dependent on the degree of physiological arousal, which is largely
regulated by the degree of monoaminergic drive from the brain
stem (42,43). At high monoaminergic drive levels, the persistent
inward current dominates synaptic integration and can amplify
the current as much as 5-fold (42,43). Ultimately, these insights
build to the conclusion that physiological arousal is likely linked
to enhancements in mental effort as well as in human motor
neuronal firing patterns, which could conceivably lead to more
robust training–induced gains in strength. The importance of
arousal is something that many practitioners inherently know,
but it deserves greater scientific attention.

Another logical question is whether RE training needs to pro-
ceed to the point of momentary muscular failure (i.e., when the
subject attempts but is unable to conduct another repetition) to
ensure effort is truly maximal. In fact, current evidence indicates
that lifting loads to failure versus short of failure (when training
volume is equated) does not provide any long-term strength ben-
efits (36). Precisely how close to failure each set of RE needs to be
performed (e.g., 1 repetition short of failure vs. 2 repetitions short
of failure, etc.) to maximize strength gains requires additional re-
search (36). Tentatively, this indicates that as long as the training
volume is equated, the act of achieving failure is not essential for
maximizing strength gains. Alternatively, it is reasonable to hy-
pothesize that any potential advantage of going to failure (from a
mental effort perspective) is offset by the observation that going to
failure significantly increases fatigue and delays the subsequent
recovery timeline both between the sets (96) and between the ses-
sions (61). Therefore, unless and until evidence indicates otherwise,
proceeding to the point of momentary failure does not seem to be
necessary for maximizing strength gains.

Supplemental Activities

Supplemental activities (used in conjunction with traditional RE)
might also maximize strength gains. For example, the use of BFR
has received considerable attention in this regard. As stated
above, BFR typically involves using commercially available
pneumatic cuffs or bands in combination with RE. Although BFR

Figure 2. Conceptualization of the dose-response relationship between tra-

ditional resistance exercise (RE) training load (as a percent of one repetition

maximum [1RM] strength) and subsequent long-term gains in maximal

strength. Notable points include the following: (a) the dose-response re-

lationship assumes that training occurs at a traditional or voluntary speed and,

regardless of training load, each set of RE proceeds to the point of maximal

mental effort; (b) even no-load conditions likemotor imagery (Paravlic et al. (70))

and maximal muscle actions without an external load (Counts et al. (18)) can

increase strength over time as long as mental effort is maximal, which explains

why the dose-response line does not cross the horizontal axis; (c) the slope

and the intercept are roughly based on data by Lasevicius et al. (55); (d) the

dose-response relationship assumes that the training volume-load is equated

(as an example, based on the data of Lasevicius et al. (55), training using 3

repetitions at 90% 1RMwould produce greater strength gains over time than 9

repetitions at 30%1RM, despite equal volume-load); and (e) maximal eccentric

loads (ECCmax) are at least 25% greater than concentric 1RM (Hollander et al.

(45)). Supramaximal loads (e.g., eccentric-based overload training) might

further enhance strength gains beyond what is capable with traditional RE

(Douglas et al. (24)). That said, an upper threshold likely exists, probably near

ECCmax. Other strategies such as biofeedback (Lepley et al. (57)), variable-load

RE (Suchomel et al. (88)), certain forms of external stimulation (Tallent et al. (93)

and Alghadir et al. (3)), and cognitive strategies (Tod et al. (94)) also seem to

increase acute training loads, which might enhance subsequent strength

gains beyond traditional upper limits; however, further research must sub-

stantiate these effects.
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increases the long-term gains in strength due to low-load RE, the
mechanism of this effect remains unclear. Possible mechanisms
include BFR-induced enhancements in metabolic stress, which in
turn stimulate muscle growth (98) or BFR-induced changes in
muscle activation, which in turn stimulates muscle growth
through increased mechanical stress (21). Most commonly, BFR
is used in conjunction with low-load RE (e.g., normally #50%
1RM). With respect to using BFR in conjunction with relatively
heavier RE ($65% 1RM), the limited existing research provides
conflicting findings regarding whether the application of BFR
further enhances strength gains (80). This supports the need for
additional highly rigorous research to determine whether com-
bining BFR with heavy RE further enhances strength gains be-
yond traditional heavy RE. Similarly, limited evidence indicates
that supplementing traditional heavy RE training with occasional
low-load BFR training might further enhance strength gains (80).
Additional research seems warranted to substantiate and con-
textualize these effects (e.g., identifying the optimal volume and
frequency of supplemental low-load BFR training). Finally, con-
sidering that passive BFR (without any associated muscle con-
tractions) might help to maintain strength during immobilization
(14), exploring whether passive BFR increases strength in normal
(nonimmobilized) conditions warrants investigation. To support
this notion, evidence indicates that just 3 weeks of BFR during
walking enhances strength in healthy young adult (although not
resistance-trained) men (1). If passive BFR does increase strength,
then it seems worthy to investigate whether passive BFRmight be
a useful supplement to traditional heavy RE for further enhancing
strength. Collectively, many avenues of exploration exist re-
garding the supplemental use of BFR to augment strength gains in
response to heavy RE.

Another potential supplementary activity is motor imagery.
Traditional RE causes fatigue and muscle damage (33), which
potentially limits the dose of training that can be tolerated (be-
cause of the need to recover and avoid overtraining). Thus, tra-
ditional RE could conceivably be supplemented with kinesthetic
motor imagery training to further enhance strength gains without
exacerbating fatigue and muscle damage. The limited number of
studies in this area indicates potential room formore research and
innovation (70). Importantly, existing research indicates that
supplementing traditional RE with motor imagery provides no
added benefit beyond RE alone (70). That stated, supplementing
motor imagery with technology-enabled biofeedback might fea-
sibly enhance the efficacy of supplemental motor imagery training
(discussed below); however, this hypothesis remains untested.

Optimizing and Potentially Individualizing

Recovery Strategies

Given the critical importance of recovery and adaptation for re-
alizing gains in strength, the scientific realities of super-
compensation theory deserves more attention. For example, do
subjects need to wait for supercompensation or full recovery to
occur before commencing the next training bout to maximize
long-term strength gains, or can effective training occur despite
residual fatigue from the prior training bout? If the former, then
what is the best metric for determining readiness for next bout?
For example, recovery of peak torque and recovery of total work
capacity occur at different rates after RE (33), and each might be
an important stimulus for strength gains. Moreover, is optimal
recovery duration dictated by the dose (20) and choice of exer-
cises (86) in the preceding bout of RE, as well as by the age (32)

and training status (71) of the individual? These are difficult
questions to address; however, determining optimal recovery
timelines between bouts of RE seems essential for maximizing
strength gains. For the time being, current evidence-based guid-
ance for RE training frequency is provided in a systematic review
and meta-analysis (35), which indicates that, when weekly
training volume is equated, training frequency might not have an
independent effect on strength gains (stated differently, increasing
training frequency might simply be a means with which to in-
crease weekly training volume, and greater weekly training vol-
ume subsequently produces greater strength gains (75)). Given
the uncertainties around the realities of supercompensation the-
ory (mentioned above), and the potential need to individualize
training frequency according to the attributes of preceding RE as
well as the attributes of the individual, more research is needed to
determine the optimal training frequency formaximizing strength
gains. Finally, a large body of research attempts to identify
methods to expedite the rate of recovery or maximize the mag-
nitude of supercompensation (e.g., sleep, energy and nutrient
intake, dietary supplements, active recovery, heating, cooling,
massage, compression garments, etc). It is beyond the scope of this
article to discuss each recovery interventional strategy. Suffice it
to state that more research and innovation related to recovery
interventions might help maximize strength gains.

Technological Applications

The insights regarding the stimuli andmediators of strength gains
indicate many opportunities for technological applications. One
example is biofeedback (i.e., using technology to provide real-
time physiological insight intended to maximize the effectiveness
of training); and there are many contexts in which biofeedback
could prove effective. First, biofeedback could be used to enhance
forceful muscle contractions or to direct and maximize mental
effort to promote “supramaximal” training intensities. For ex-
ample, although limited research exists in healthy populations,
real-time biofeedback through electromyography (EMG, which
gives insight into the electrical activity inside the muscle and
somewhat approximates force output) enhances forceful muscle
contractions during RE and, over time, produces greater strength
gains compared with traditional RE without biofeedback (57).
Interestingly, “gamification” of the EMG biofeedback (in other
words, turning the feedback process into a game-like activity)
might further facilitate forceful muscle contractions during RE
(95). Noteworthy, the gamified biofeedback was provided
through wireless EMG devices connected to a smartphone or
tablet, potentially reflecting the future applicability of such an
approach for broader populations, especially as the price
of wireless EMG devices continues to decrease. Regarding
motor imagery, some subjects struggle to effectively perform
motor imagery tasks (70), potentially limiting the effectiveness
of motor imagery training for increasing strength. Perhaps, pro-
viding biofeedback (e.g., using electroencephalography [EEG]) or
using virtual reality could enhance the effectiveness of motor
imagery for increasing strength (see Jeunet et al. (48) for an
opinion of how EEG and virtual reality might be used in other
contexts). Electroencephalography assesses the electrical activity
of given brain regions. Because some regions of the brain increase
activity during muscle contractions (either real contractions or
imagined), in theory, subjects therefore can view EEG amplitude
during motor imagery or even during traditional RE to better
direct their mental effort by learning how to observe and control
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the electrical activity in their brain. Collectively, these forms of
biofeedback might maximize forceful muscle contractions or
mental effort to augment gains in strength, although this remains
speculative.

Biofeedback has other applications beyond maximizing
forceful contractions and mental effort. For example, if future
research determines that muscular metabolic stress during RE is
indeed associated with strength gains—and if optimal muscular
metabolic stress values can be established—then perhaps existing
wireless sensors (like near-infrared spectroscopy [NIRS], which
detects the deoxygenation of muscle tissue during RE, as well as
the reoxygenation of muscle tissue during recovery from RE
(6,59)), can be used to provide real-time biofeedback to ensure
that each set of RE achieves a desired magnitude and duration of
metabolic stress. Alternatively, given the importance of beginning
each set of RE in a minimally fatigued state, technology (e.g.,
wireless NIRS devices) could possibly be used to helpmonitor and
minimize fatigue between the sets of RE. Technology can be also
used to reinforce and record the ROM during RE (e.g., via the
sensors in smart-devices, linear position transducers, or electro-
goniometers) to facilitate an optimal ROM and, thus, potentially
maximize strength gains. Collectively, biofeedback represents an
intriguing opportunity for maximizing strength gains. That
stated, in addition to evaluating the efficacy of these speculative
forms of biofeedback, consideration must also be given to the
many barriers of implementation (e.g., cost, training, time, etc).

Technology could also serve in tracking the dose of RE and
making future recommendations regarding training and recovery.
For example, commonplace smart devices have impressively
sensitive integrated physical sensors (e.g., accelerometers, gyro-
scopes, etc.) (73). Commercially available solutions already exist
that use smart devices, along with associated applications, to help
individuals monitor the RE dose over time. Similarly, some
commercially available exercise devices include embedded phys-
ical sensors to track various attributes of RE (e.g., velocity, power,
fatigue). Whether such technologies enhance long-term gains in
strength remains to be determined. Similarly, if future research
indicates that periodization is indeed more effective for long-term
gains in strength, then perhaps existing technology (e.g., smart-
phone applications) can be leveraged to make these insights easily
and readily available for broader populations, not just those who
train under direct supervision of qualified practitioners. Perhaps,
existing technology can also be used to help identify when indi-
viduals are physiologically ready for the next training session (for
example, using heart rate variability [HRV] as a biomarker to
assess readiness for individual training bouts seems to enhance
gains in endurance (29); however, the worthiness of HRV for
enhancing gains in strength requires additional research (22)). For
those looking to truly push the limits of human performance,
some combination of wearable sensors, smartphone applications,
and even rapid point-of-care tests using minimally invasive
techniques (e.g., measuring training stress or recovery biomarkers
in the blood via fingerstick) might holistically capture training
stress and recovery to maximize long-term strength gains (28).
Perhaps, more importantly, by using relatively simple devices to
track the dose of RE and assist in guiding training and recovery,
technological applications could help maximize strength gains in
broad populations. Intriguingly, technology might also enhance
the appeal of or adherence to long-termRE training interventions,
although this notion remains speculative.

Finally, and importantly, individuals demonstrate marked
variability in strength gains after long-term RE, with one large-
scale study indicating a range in 1RM strength gains of 0–250%

in general populations after 12 weeks of RE training (47). Much
additional work is needed to evaluate the relative contributions of
modifiable (e.g., the RE stimulus, the recovery intervention) and
nonmodifiable (e.g., genetic) factors that determine the diversity
of strength responses to RE training. Subsequently, developing
individually tailored RE and recovery strategies might help ensure
maximally effective strengthening interventions for all
individuals.

Practical Applications for Special Scenarios

The insights gained from discussing the RE stimuli and mediators
yield 3 key applications for increasing or maintaining strength in
special scenarios in which traditional heavy RE cannot be per-
formed (e.g., during at-home exercise, deployment, or re-
habilitation): (a) no-load interventions; (b) low-load
interventions; and (c) supplemental activities (in addition to RE).

No-Load Interventions

No-load interventions are appealing because they do not require
equipment and because, during rehabilitation, they do not expose
the injured limb to undue mechanical stress. Herein, we discuss 3
examples of no-load interventions: motor imagery, contralateral
limb training, and passive BFR. First, motor imagery provides an
impressively powerful effect on muscle strength. For example, in
the context of at-home exercise, initial evidence indicates that
motor imagery training completely preserves (and in fact slightly
improves) strength for up to 6 weeks in professional athletes
unable to access training facilities because of the recent corona-
virus outbreak (23). Perhaps motor imagery can also help main-
tain strength during deployment to austere environments (e.g.,
military, spaceflight (39)). During 4 weeks of immobilization (as
would be seen after injury), motor imagery attenuates the loss of
strength by approximately half, likely because of increased vol-
untary neural activation of muscle or reduced corticospinal in-
hibition (15); therefore, clinicians might consider using motor
imagery to preserve strength without exposing the injured limb to
undue mechanical stress (15,19). Similarly, other alternative
techniques take advantage of central adaptations to preserve
strength of an injured limb, such as contralateral limb training;
that is, unilateral training of the uninjured limb also preserves
strength in the injured limb through the “cross-education” effect
(19). Finally, passive BFR (without any associated muscle con-
tractions) might help to maintain strength during immobilization
(14). A review by Patterson et al. (72) provides practical recom-
mendations and safety considerations for the use of BFR in var-
ious contexts, including recommendations for passive BFR
therapy. Collectively, these insights might help maximize strength
when no exercise equipment is available or add to a clinician’s
arsenal of techniques for maintaining strength of injured limbs.

Low-Load Interventions

When limited RE equipment exists, individuals can partially
compensate for the lack of adequate external load by exercising
with maximal mental effort (i.e., low-load but high-effort exer-
cise). This strategy has 3 distinctly different applications. First,
low-load high-repetition exercise can increase strength, which
might also be helpful in clinical contexts when trying to limit the
mechanical stress on injured tissues. Even very light loads (e.g.,
;20% of the individual’s 1RM strength) can increase strength as
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long as repetitive lifting proceeds to the point of a high level of
effort (55) (noteworthy, however, lifting light loads to a high level
of effort produces smaller strength gains than lifting heavier loads
to a high level of effort) (78). Second, low-load high-velocity ex-
ercise can increase strength, which might also be helpful for de-
velopingmuscular power, an important adaptation for functional
performance. Limited evidence indicates that performing low-
load (;30–50% of 1RM) but high-velocity (and presumably
high-effort) RE training produces similar strength gains as tra-
ditional heavy-load RE in athletic populations (9) as well as in
community-dwelling older individuals with physical limitations
(77). More research is needed to better elucidate the effects of
light-load high-velocity RE (along with studying any potential
safety concerns) across populations. Third, forceful muscle con-
tractions through a full ROM without an external load (e.g.,
voluntary co-contraction of agonists and antagonists during a
movement) can increase strength over time (noteworthy, we
consider this a low-load intervention because, although it does
not involve an external load, it does involve forceful muscle
contractions). A single study found that performing forceful
muscle contractions in the absence of an external load produces
small yet significant changes in strength, at least in untrained
subjects (18). Whether this approach can maintain strength in
individuals with RE experience or be used to facilitate re-
habilitation remains to be determined. Importantly, these various
low-load interventions are likely more effective for increasing or
maintaining strength than no-load interventions.

Supplemental Activities

Supplemental activities (used in conjunction with RE) might help
to rehabilitate strength. For example, in addition to potentially
maximizing strength in healthy populations, biofeedback (57)
and external stimulation (8,74,87,93) might also help to re-
habilitate strength capabilities in some clinical contexts. That
stated, the associated nuance and necessary clinical judgement
prevents detailed recommendations. Adding BFR to low-load RE
also has applications for special scenarios in which traditional
heavy RE cannot be performed (e.g., during rehabilitation) (72).
Overall, no-load, low-load, and supplemental activities provide
individuals, coaches, and clinicians with several options for in-
creasing ormaintaining strengthwhen traditional heavyRE is not
possible.

Conclusions

Traditional, multiple-set, heavy RE is well-established for im-
proving strength because it requires maximal mental effort lead-
ing to forceful, concentric-eccentric muscle actions through a full
range of motion, as well as induces muscular metabolic stress. To
optimize strength gains in response to RE training, consideration
should also be given to the factors that mediate the long-term
effectiveness of these RE stimuli, namely: optimizing the dose of
RE within a session, beginning each set of RE in a minimally
fatigued state, optimizing recovery between training sessions, and
(potentially) periodizing the training stimulus over time. Future
efforts might consider creatively researching, monitoring, and
manipulating these “stimuli” and “mediators” to advance
strength gains beyond our current upper limits.

To further enhance strength beyond what is capable with tra-
ditional heavy RE, 4 key themes seem to emerge. First, supra-
maximal training intensity (in terms of external load and mental

effort) might be one key to pushing the upper limits of strength
gains;with this insight inmind, areas for future exploration include
eccentric-based overload training, variable-load RE, certain forms
of external stimulation, and cognitive strategies. Second, the use of
supplemental activities (in addition to heavy RE) like BFR (with or
without exercise) and motor imagery might further enhance
strength gains. Third, the scientific realities of the super-
compensation theory deserves closer examination. Given the crit-
ical importance of recovery for realizing strength gains, identifying
simple yet valid metrics of supercompensation, along with opti-
mized and individualized recovery timelines and interventions, re-
mains a fruitful area of inquiry. Fourth, technology might be an
agent for pushing the upper limits of strength gains; opportunities
include biofeedback (in some cases, with gamification), virtual re-
ality (during motor imagery training), smartphone applications to
track and recommend the dose of RE, or technology-sensed bio-
markers used to determine readiness for the next set of RE (like
NIRS) or the next training bout (like HRV). Whether technology
might also enhance the appeal of or adherence to long-term RE
training interventions remains speculative. Collectively, these areas
of exploration represent intriguing opportunities for further en-
hancing the limits of human performance.

To increase or maintain strength when heavy RE is not possi-
ble, 3 key themes seem to emerge. First, no-load interventions
exist to preserve strengthwhen either no equipment is available or
when clinicians strive to maintain strength without exposing the
injured limb to undue mechanical stress; no-load examples in-
clude motor imagery, contralateral limb training, and passive
BFR. Second, low-load yet high-effort interventions are likely
more effective than no-load interventions for increasing or
maintaining strength; examples include low-load high-repetition
training, low-load high-velocity training, and using forceful
contractions in the absence of an external load. Third, supple-
mental activities (in conjunction with RE) like biofeedback, cer-
tain forms of external stimulation, and BFR can help to recover
strength after injury. Collectively, these strategies represent real-
world opportunities to increase or maintain strength during at-
home exercise, deployment to austere environments, or recovery
from injury.

Finally, after conceptually deconstructing RE, our paradigm
suggests that strength gains are a function of mental effort,
forceful muscle contractions, type of muscle action (typically
concentric-eccentric), and ROM, as well as potentially muscular
metabolic stress. To assess the accuracy of this model, future re-
search could systematically reconstruct these RE stimuli to de-
termine the independent and interrelated roles of each stimulus.
As an example, given that all of these RE stimuli can be triggered
without physically performing RE, researchers could use an ex-
perimental approach in which a group of volunteers performs
“training” sessions consisting of motor imagery plus electrically
evoked contractions under isometric conditions (to control for
contraction-type and ROM) while simultaneously receiving
passive blood flow restriction for a period of several weeks. The
change in maximal strength associated with this artificial training
could be compared with another group of volunteers who per-
form isometric RE training over the same period. In other words,
when keeping the RE stimuli relatively similar, does artificial RE
enhance strength to a similar degree as more traditional RE?
Noteworthy, the idea of combining multiple nonexercise inter-
ventions has been explored by other researchers with sometimes
synergistic (85) and sometimes antagonistic (10) effects, sug-
gesting that a systematic approach might be necessary. To our
knowledge, no experimental evidence exists that combines all of
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the aforementioned stimuli and compares that condition with a
more traditional RE training protocol. Such experiments could
challenge the accuracy of the current paradigm. Regardless of the
outcome, however, the results could have meaningful implica-
tions, particularly for special or clinical scenarios.

Practical Applications

To maximize strength gains, practitioners should implement
traditional heavy RE when possible. Practitioners can further
enhance the effectiveness of heavy RE by optimizing the dose
of RE within a session (~2-3 sets per exercise), beginning each
set of RE in a minimally fatigued state, optimizing recovery
between training sessions, and (potentially) periodizing the
training stimulus over time. Exciting opportunities exist for
those wishing to push the upper limits of strength gains (e.g.,
athletes or military personnel). However, future researchmust
fully evaluate these opportunities before their wide-spread
use. These opportunities include eccentric-based overload
training, variable-load RE, certain forms of external stimula-
tion, cognitive strategies (like arousal), RE plus blood flow
restriction, biofeedback, incorporating technology into
training, and using simple yet valid metrics of recovery to
determine the individual’s readiness for the next bout of
training. When heavy RE is not possible (e.g., during at-home
exercise, recovery from injury, or deployment to austere en-
vironments), practitioners can choose from a variety of po-
tential interventions to increase or maintain strength. For
example, when musculoskeletal tissues cannot tolerate me-
chanical stress or when no exercise equipment is available,
then no-load interventions like motor imagery, contralateral
limb training, and passive BFR can be used. Alternatively,
low-load yet high-effort interventions are likely more effective
than no-load interventions for increasing or maintaining
strength; examples include low-load high-repetition training,
low-load high-velocity training, and using forceful contrac-
tions in the absence of an external load. Finally, supplemental
activities (used in conjunction with RE) like biofeedback,
certain forms of external stimulation, and BFR can increase
strength. Collectively, these interventions represent effective
opportunities to increase or maintain strength when individ-
uals cannot perform heavy RE.
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