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Abstract: Resistance training volume, determined by the number of sets performed (set-volume) is
considered one of the key variables in promoting muscle hypertrophy. To better guide resistance
exercise prescription for weekly per-muscle training volume, the purpose of this paper is to provide
evidence-based considerations for set-volume ratios between multi-joint (MJ) and single-joint (SJ)
exercises so that practitioners can better manage prescription of training volume in program design.
We analyzed this topic from three primary areas of focus: (1) biomechanical and physiological factors;
(2) acute research; and (3) longitudinal research. From a biomechanical and physiological standpoint,
when considering force production of different muscle groups, the moment arm of a given muscle,
“motor abundance”, the link between biomechanics and exercise-induced fatigue, as well as the
amount of time in voluntary muscle activation, a logical rationale can be made for SJ exercises
producing greater hypertrophy of the limb muscles than MJ exercises (at least from specific exercises
and under certain conditions). This would mean that sets for a MJ exercise should be counted
fractionally for select muscles compared to an SJ exercise (i.e., less than a 1:1 ratio) when prescribing
set-volumes for given muscles. When considering results from acute studies that measured muscle
activation during the performance of SJ and MJ exercises, it seems that MJ exercises are not sufficient
to maximize muscle activation of specific muscles. For example, during performance of the leg
press and squat, muscle activation of the hamstrings is markedly lower than that of the quadriceps.
These results suggest that a 1:1 ratio cannot be assumed. Current longitudinal research comparing the
effects of training with MJ vs. SJ or MJ + SJ exercises is limited to the elbow flexors and the evidence
is somewhat conflicting. Until more research is conducted to derive stronger conclusions on the topic,
we propose the best advice would be to view set-volume prescription on a 1:1 basis, and then use
logical rationale and personal expertise to make determinations on program design. Future research
should focus on investigating longitudinal hypertrophic changes between MJ and SJ in a variety of
populations, particularly resistance-trained individuals, while using site-specific measures of muscle
growth to more systematically and precisely compute effective individualized set-volumes.
Keywords: muscle development; exercise prescription; electromyography

1. Introduction
During exercise, muscles produce forces that act on bony levers to carry out given movement
patterns. Basic applied kinesiology classifies muscles as either prime movers, synergists, stabilizers,
or antagonists. The following operational definitions can be used to describe these terms: A prime
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mover is involved in carrying out an action; a synergist contracts simultaneously with the prime mover
to facilitate movement; an antagonist opposes the action of the prime mover(s), and; a stabilizer acts
isometrically to provide structural support so that the movement can be performed efficiently.
Resistance exercises can be broadly classified as either multi-joint (MJ) or single joint (SJ). As the
name implies, MJ exercises involve the use of more than one joint during performance; examples
include squats, lunges, rows, and presses (e.g., the hip, knee, and ankle joints are all involved when
performing the back squat). Alternatively, SJ exercises involve only one joint during performance;
examples include biceps curls, triceps pushdowns, and leg extensions. A purported benefit of SJ
exercises is that they afford the ability to better target an individual muscle compared to MJ exercises,
thereby enhancing the hypertrophic stimulus for that muscle (or even a portion of the muscle) [1].
A recent meta-analysis endeavored to quantify the optimal number of sets per muscle per week
(i.e., set-volume) for maximizing muscle hypertrophy [2]. In making their recommendations, muscle
groups deemed prime movers during MJ and SJ were classified the same from a set standpoint.
For example, a set of lat pulldowns (a MJ exercise) and a set of biceps curls (a SJ exercise) were both
counted as 1 set (i.e., 1:1 ratio) when examining biceps brachii hypertrophy. Similarly, a set of squats
was considered equal to a set of leg extensions when assessing quadriceps hypertrophy. Such an
approach is consistent with a recent review that concluded equivalent hypertrophy can be achieved
with the performance of MJ as compared to SJ exercise [3]. However, the veracity of this conclusion was
subsequently challenged based on perceived misinterpretations and overextrapolations of supporting
evidence [4].
Thus, while it appears clear that substantial hypertrophy of the limbs can be achieved by only
performing MJ exercises, it remains equivocal whether additional benefits can be derived from SJ
movements. Furthermore, it remains unclear whether both MJ and SJ exercises should be counted
equally or differentially when providing recommendations for set-volume per muscle. This is a relevant
metric to establish given that set-volume seems to be one of the most important training variables
in resistance exercise prescription, both for muscle hypertrophy and health-related outcomes [5,6].
To better guide resistance exercise prescription for weekly per-muscle training volume, the purpose
of this paper is to provide evidence-based considerations for set-volume ratios between MJ and SJ
exercise of the upper and lower limb muscles. We attempted to draw conclusions by triangulating
evidence from the following three primary areas of focus: biomechanical and physiological factors,
acute research, and longitudinal research.
2. Biomechanical and Physiological Considerations
Biomechanical factors clearly influence the contribution of individual muscles to the total work
performed during MJ exercises. The extent of their contribution will be dictated, at least in part, by the
length-tension relationship, which states that a muscle’s capacity to produce force is predicated on
the length at which it is held. Maximum force is often purported to occur at approximately resting
length—the point where the maximum overlap of actin and myosin filaments occurs, which in turn
facilitates the ability for optimal cross-bridge formation. However, this view neglects the complexity
of in vivo kinetics, and thus may misrepresent the actual forces that occur throughout a range of
movement during exercise performance. From a practical standpoint, the functional force-length range
is predicated on myriad factors that include the absolute muscle length, the number of sarcomeres,
tendon length and stiffness, the length of the moment arm, and the range of motion of the acting
joint(s) [7]. When taking these factors into account, it becomes difficult to tease out how much a given
muscle contributes to force production at a given point during performance of MJ exercise.
Moreover, the length-tension relationship includes both active forces from the myofilaments
and passive forces from elastic components (such as titin, fascia, and tendon). It remains unclear
how changes in active and passive muscular forces throughout a joint’s range of motion affect the
hypertrophic response to resistance training. Given that multiple muscles are acting across a joint
during MJ exercises, and given that these muscles may be functioning at different sarcomere lengths,
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it is conceivable that one or more muscles may be stretched or shortened to a length where active forces
are minimal to nonexistent [7]. This would potentially impact the extent of hypertrophic stimulation
of individual muscles, although the ramifications as to the effects on muscle development are yet to
be elucidated.
Further confounding matters, there is evidence that stretching sarcomeres beyond their
resting length can potentially enhance force output during exercise. When myofibers are stretched,
the myofilaments (actin and myosin) are brought closer together, which in turn increases calcium
sensitivity and henceforth cross-bridge attachment [8,9]. Thus, beneficial effects on force output can
actually be seen at ~125–140% of resting length, as the greater probability of cross-bridge attachment
from the proximity of myofilaments overcomes the decreased probability resulting from fewer myosin
heads in the region of overlap [7]. Employing an in vitro model whereby the bullfrog plantaris muscle
was subjected to a variety of maximal and submaximal fixed-end tetanic contractions, Holt and
Azizi [10] reported a shift of the optimal length curve to longer lengths at low activation levels.
These results were attributed to the varying effects of internal muscle mechanics, again demonstrating
the inherent issues when attempting to determine the contribution of individual muscles during
MJ exercise. Importantly, SJ exercise often can be altered to better allow training at a given muscle
length, whereas during MJ exercise the lengths will necessarily change through the range of motion;
this may afford an enhanced ability for SJ exercises to elicit greater hypertrophy in a given muscle.
The implications are particularly relevant in biarticular muscles such as the hamstrings, rectus femoris,
biceps brachii, and long head of the triceps, as rotation at one joint tends to shorten the muscle while
rotation at the other joint tends to lengthen the same muscle [11].
Another important biomechanical consideration is the moment arm of a given muscle.
While absolute length change affects muscle function during dynamic movement, the relative
length change is of greatest consequence. The phenomenon can be best expressed by the fiber
length-to-moment arm ratio, which represents a muscle’s sensitivity to joint rotation [11]. This property
can vary extensively between muscles [12]. Whether such differences are magnified during MJ versus
SJ remains unknown. However, given that muscles have different moment arms about different joints,
the movement of each joint will differentially affect each muscle’s ability to produce force—both in
terms of length and velocity—thereby providing a theoretical rationale by which muscle development
may be differentially impacted by performance of an MJ versus SJ exercise.
Issues with “motor abundance”, operationally defined as the body’s attempt to find a unique
solution to carry out a complex motor task [13], also must be taken into account during dynamic exercise
performance. The nervous system controls gross movement patterns by a coordinated innervation of
groups of muscles as opposed to innervating individual muscles on an isolated basis; differences in the
number of moving joints in combination with the degrees of freedom thereby will cause proportional
changes in all of the active muscles [14]. Accordingly, the body’s inherent drive to perform tasks
as economically as possible will necessarily alter innervation patterns between MJ and SJ exercise;
how these strategies ultimately affect muscular adaptations is yet to be determined.
The interplay between biomechanics and exercise-induced fatigue also needs to be considered
from a hypertrophy standpoint. Muscle growth requires not only recruitment of a fiber, but also
sufficient stimulation (i.e., fatigue) to induce a hypertrophic response. It is generally accepted that a
minimum fatigue threshold for a given fiber must be reached to provide such a stimulus. There is
some evidence that training at long muscle lengths promotes greater fatigue compared to training at a
short length [7]. This may indicate that some limb muscles may not be adequately activated during MJ
exercise due to their limited ability to work at longer lengths. However, other evidence suggests that
fatigue may be fairly uniform across a spectrum of muscle lengths [15], calling into question whether
this factor would have a meaningful effect on the adaptive response to MJ exercise.
Furthermore, individual anthropometrics and muscle moment arms can influence the relative
demands of a muscle during an exercise [16]. This could differentially affect hypertrophic outcomes
between individuals. In other words, an exercise could be more or less hypertrophic for a given muscle
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in one individual compared to another. Practically, however, when considering the similarity in human
anatomy and physiology, weekly muscle set-volume could still be counted in the same manner since
overall muscle excursion and joint actions would be mostly the same qualitatively, even though the
relative difficulty might be different. For example, complete voluntary flexion of the elbow with a
20 kg load in the hand requires biceps brachii contraction and this joint action can be counted as a set
for this muscle. Yet, due to a shorter or longer biceps muscle moment arm, an individual may have
to produce more or less biceps force to complete the joint action against an applied resistance. Thus,
a single set of repetitions of an exercise could still be counted as such toward weekly set-volume for a
prime mover, although it is important to appreciate that the relative difficulty of a single set may be
different for different individuals.
Finally, relevant physiological factors warrant mention here. Mechanical tension produced and
experienced by a muscle fiber is the key hypertrophic stimulus incurred through resistance exercise [17].
Tension can be either actively produced or passively experienced by a muscle fiber. Both types of
tension seem necessary for maximum hypertrophy [18]. As individual sarcomeres shorten within
a myofibril, pulling forces are generated via actin-myosin crossbridge formation. These forces are
transduced laterally and longitudinally to muscle fascia via integrin proteins [19] and tensile forces are
also experienced passively during resistance exercise. Passive tension or stretch under load has been
shown to induce hypertrophy in animal models [20]. Thus, if a muscle maximally or near-maximally
lengthens and shortens during an exercise, it seems prudent to characterize the exercise to count as
a set toward that muscle or muscles. Active tension results from stretching forces that occur during
different whole-muscle actions (i.e., concentric, isometric, eccentric).
Importantly, the amount of time voluntary activation of a muscle occurs during different
whole-muscle actions directly impacts the gross tension experienced during a single set of repetitions
of an exercise. For example, a 5 s eccentric muscle action, 2 s isometric muscle action, and 1 s concentric
muscle action results in different gross tension experienced by fibers in a given muscle compared to
1 s of each action when the same joint range of motion is covered. Therefore, repetition tempo and
total repetition duration can also influence the relative difficulty of a single set and the hypertrophic
outcomes over time [21]. Notwithstanding, a muscle undergoing voluntary activation yet working
isometrically or through a partial range of motion during an exercise dominated by other musculature
is still experiencing tension. This warrants consideration when counting sets for various exercises as
fractions of sets for different muscles that experience notable tension, but that are not prime movers in
reference to the primary joint action. For example, the bench press exercise could count as a set for the
pectoralis muscles but a fraction of a set toward the triceps and front deltoids. However, this likely
depends on the individual and the technical execution of the exercise. Thus, this presents a difficult
challenge to objectively quantify in the practical setting. Although these factors can influence adaptive
outcomes and the relative stress of a given set, it stands to reason that, from a practical standpoint,
an exercise that involves a joint’s prime movers can logically be counted toward weekly set-volume
and a fractional set-counting strategy could potentially be employed, as discussed later.
In summarizing the biomechanical and physiological considerations, a logical rationale can be
made for SJ exercise producing greater hypertrophy of the limb muscles than MJ, at least in certain
exercises and under certain conditions. If so, this would mean that sets for an MJ exercise should be
counted fractionally for select muscles compared to an SJ exercise (i.e., less than a 1:1 ratio) when
prescribing set-volumes for given muscles. However, the ability to draw conclusions from theoretical
constructs of biomechanics and physiology requires a high degree of speculation from an applied
exercise standpoint, and therefore must be viewed in the context of more direct evidence on the topic.
3. Acute Studies
Electromyography (EMG) is commonly used to assess myoelectric activity during exercise
performance. EMG measures depolarization and hyperpolarization that occur across the sarcolemma [22].
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In this way, EMG provides a gauge of neural drive into the muscle and, conceivably, provides insight
into the contribution of a given muscle to the total work performed during exercise.
The compelling body of studies using EMG show that MJ exercises are not sufficient to maximize
myoelectric activity of certain muscles in certain cases. For example, studies show that hamstrings
EMG amplitude is significantly and markedly (~twofold) lower than that of the quadriceps during
performance of the squat [23,24] and the leg press [25,26]. Moreover, EMG amplitudes have been
found to be substantially greater when performing SJ exercise that directly targets the hamstrings (i.e.,
leg curl, stiff leg deadlift) compared to MJ lower-body exercise (i.e., squat, leg press) [27,28]. These data
have a logical rationale from a functional anatomical perspective given that the hamstring muscles act
as prime movers during both hip extension and knee flexion, which in turn suggests its length would
remain relatively constant during MJ lower-body exercise [29]. Adding further insight to the findings,
Mendiguchia et al. [30] found differences in region-specific activation within the proximal, middle,
and distal regions of the hamstrings between the leg curl and the lunge as determined by magnetic
resonance imaging (MRI), indicating that SJ and MJ may not be interchangeable when determining
prescription for exercise volume for this muscle complex.
A number of studies have reported that EMG amplitude of the rectus femoris is significantly
higher during performance of knee extension exercise compared to barbell squats and leg press
exercises [28,31]. For example, Andersen et al. [28] reported normalized EMG amplitudes of 68%
maximal voluntary contraction for the rectus femoris in the leg extension versus just 39% in the leg
press and 27% in the squat. Similar findings have been shown using MRI, where contrast shifts
(i.e., alterations in signal intensity) indicate preferential rectus femoris activation [32] as well as
muscle damage [33] during knee extension exercise compared to MJ exercise. Moreover, Yamashita
et al. [34] found that rectus femoris myoelectric activity was markedly depressed during combined
hip and knee extension compared to the vastus medialis. In addition, there are studies showing
that SJ exercise produces greater overall EMG myoelectric activity and MRI contrast shifts compared
to MJ [28,32], although other studies contradict these findings [35,36]. Overall, these data suggest
that simply performing MJ movements is not sufficient to maximally engage the rectus femoris and
perhaps the quadriceps as a whole, which in turn potentially may have implications on long-term
muscular development.
Several studies have reported ~twofold greater myoelectric activity of the pectoralis major
compared to the triceps brachii during performance of the bench press [37,38]. Similarly, the lat
pulldown and seated row result in greater myoelectric activity in the latissimus dorsi compared to
the biceps brachii, although the disparity in EMG amplitude between muscles diminishes when a
supinated grip is employed [39,40]. Interestingly, the narrowing of the latissimus dorsi to biceps brachii
ratio in EMG amplitude occurred primarily due to a reduction in myoelectric activity of the latissimus
dorsi as opposed to an increase in biceps brachii activity. There is evidence that EMG amplitude in the
arm muscles during MJ exercise can be increased by adopting an internal focus (i.e., focusing on the
activated muscle rather than on the weight by using the ‘mind-muscle connection’) [41,42], and that
this strategy may enhance muscle growth [43]. Thus, the performance strategy may play a role in the
contribution of individual muscles during MJ exercise and, in turn, their subsequent hypertrophy.
Collectively, evidence from studies using EMG indicates that SJ exercises elicit greater myoelectric
activity of various aspects of the limb musculature. Based on this interpretation—at least in the specific
exercise examples provided—the number of sets for MJ cannot be considered equal to that from SJ
exercise from a hypertrophy standpoint. Therefore, the ratio for a prescription would be less than 1:1.
However, it is important to note that the extent to which hypertrophic potential can be inferred from
EMG analysis remains speculative. Several studies have shown that muscle activation, as measured by
transverse relaxation time (T2)-weighted MRI, correlates with subsequent muscle hypertrophy of the
elbow extensors [44,45] and quadriceps femoris [46]. If we consider that the activation measured by T2
weighted MRI significantly correlates with EMG data [47], it is tempting to speculate that SJ exercises
are superior for hypertrophy of the limb muscles. Thus, volume for these muscles in MJ exercises must
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be accounted for at a lower percentage on a set basis. However, the validity of MRI has been called in
question as a measure for predicting long-term muscular adaptations [48], raising some skepticism as
to the practical implications of its correlation with EMG.
Importantly, causality cannot necessarily be determined from correlative data, and alternative
evidence casts doubt on the validity for using EMG analysis to predict hypertrophic outcomes.
Specifically, low-load training consistently shows lower EMG amplitudes compared to high-load
training [26,49], yet the compelling body of literature indicates that longitudinal hypertrophic changes
are similar regardless of the magnitude of loading provided the sets are carried out to muscle
failure [50]. This seemingly refutes the predictive ability of EMG for longitudinal outcomes and,
at the very least, suggests that caution should be exercised when attempting to extrapolate findings
to changes in hypertrophy. Moreover, EMG amplitudes are generally based on maximal isometric
voluntary contractions for each individual muscle analyzed; how this relates to the forces produced
during dynamic exercise remains questionable.
4. Longitudinal Studies
It can be argued that the best way to determine how to account for set-volume of a given muscle
during MJ exercise is to examine the results of longitudinal research (i.e., training interventions) on
the topic. Accordingly, several studies have compared hypertrophic changes involving MJ versus
SJ exercise. Barbalho and colleagues carried out a series of 8-week experiments on the topic that
involved a variety of different populations including untrained young men [51], untrained young
women [52], young women with previous resistance training experience [53], and young men with
previous resistance training experience [54]. Results of these studies were somewhat disparate.
For example, the study in untrained young men [51] showed significantly greater increases in flexed
arm circumference for the group performing a combination of SJ and MJ exercises compared to
performing MJ movements alone (5.2% versus 4.0%, respectively; p = 0.001). Similar findings were
seen in their study on untrained young women [52], with significantly greater increases in flexed arm
circumference favoring SJ + MJ versus MJ (4.4% versus 3.5%, respectively; p = 0.002). Alternatively,
resistance-trained women showed similar increases in flexed arm circumference regardless of whether
subjects performed SJ + MJ versus just MJ (1.5% MJ and 1.6% MJ + SJ), suggesting that previous
resistance training experience may negate any hypertrophic advantage of SJ exercises [53]. In support
of this hypothesis, both Barbalho et al. [54] and De Franca et al. [55] reported similar increases in flexed
arm circumference following 8-week RT programs in cohorts of resistance-trained men regardless of
whether they performed MJ + SJ or MJ alone. It should be noted that the volume between conditions
was not equated in the majority of these studies. Given the well-established dose-response relationship
between volume and hypertrophy [2], this raises the possibility that greater training volumes may have
unduly influenced results in the studies showing favorable effects for SJ exercises. Importantly, flexed
arm circumference can be considered a relatively crude measure of hypertrophy, with limited ability
to detect the subtle changes in muscle growth that would be expected in these relatively short-term
protocols. Thus, findings should be interpreted with a degree of circumspection.
Recently, Bezerra et al. [56] randomized 30 untrained, older (age > 55 years) men and women
to perform either MJ exercise (cable chest press and seated row), a combination of MJ + SJ exercises
(cable chest press, seated row, biceps curl, and triceps extension) or a non-training control. The study
employed a low volume protocol, with the MJ group performing 2 sets per exercise and MJ + SJ group
performing 1 set per exercise with a 12-repetition maximum load. The training was conducted 3 times
per week for 8 weeks. Changes in upper limb lean mass were measured by dual X-ray absorptiometry
(DXA). Interestingly, neither group achieved any post-study increase in lean mass of the upper limbs.
While DXA is generally considered as a viable modality to assess muscle mass and is clearly superior
to flexed arm circumference in this regard, its ability to detect subtle hypertrophic changes is inferior
compared to site-specific measures such as MRI, computerized tomography, and ultrasound [57,58].
Given the lack of appreciable increases in lean mass across the study period, it can be speculated
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that the training stimulus was suboptimal to induce hypertrophy, at least as determined by DXA;
the findings, therefore, should be interpreted cautiously as to the practical implications for determining
set-volume in SJ versus MJ exercise.
To date, three studies have investigated hypertrophic changes between MJ + SJ vs. MJ using a
site-specific measure of hypertrophy. Gentil et al. [59] randomized 29 untrained young men to perform
either MJ exercises consisting of the lat pulldown and the bench press, or a group that performed
these same exercises as well as elbow flexion and elbow extension. Subjects performed 3 sets of 8–12
repetitions for each exercise. The training was conducted twice a week for 10 weeks. Muscle thickness
of the biceps brachii was measured using B-mode ultrasonography. Results showed that both groups
significantly increased muscle thickness to a similar extent (6.5% for MJ versus 7.0% for MJ + SJ).
The same laboratory carried out a follow-up study, whereby 29 untrained young men were randomized
to perform either a MJ exercise involving the elbow flexors (lat pulldown) or a SJ exercise involving
the elbow flexor muscles (biceps curl) [60]. Subjects trained twice a week, performing 3 sets of 8–12
repetitions. As in the previous study, muscle thickness was evaluated via B-mode ultrasonography.
After 10 weeks, both groups showed similar increases in muscle thickness (6.1% and 5.8% for MJ and
SJ, respectively). Most recently, Mannarino et al. [61] carried out a within-subject design whereby
the upper extremities of 10 untrained men were randomized to perform SJ arm curls in one limb and
MJ dumbbell rows in the contralateral limb. The program consisted of 4–6 sets of 8–12 repetitions
per exercise with sessions performed twice a week. After 8 weeks, muscle thickness of the elbow
flexors was more than twofold greater in the arm that performed SJ compared to MJ exercise (11.1%
versus 5.2%, respectively). Collectively, these conflicting findings preclude the ability to draw strong
inferences on the topic. It should be noted that performance of the MJ exercise in these studies was
carried out with a reverse grip which, as compared to a neutral grip, increases activation of the biceps
brachii. It is conceivable that employing a pronated or neutral grip may alter results. Moreover, these
findings are specific to the elbow flexors and cannot necessarily be extrapolated to other muscle groups
such as those of the lower-body.
Although no study has directly compared hypertrophy of the hamstrings pursuant to SJ vs.
MJ, there is some evidence that muscular development in this muscle complex is suboptimal from
performance of MJ alone. Weiss et al. [62] randomized 40 untrained young men to perform 4
sets of barbell squats using either heavy, moderate, or light loading schemes. After the 7-week
study period, significantly greater pre- to post-study changes in muscle thickness were seen for the
quadriceps; however, no significant pre-to-post intervention increases were observed for the hamstrings.
Bloomquist et al. [63] showed similar findings, reporting markedly greater increases in CSA of the
quadriceps as compared to the hamstrings following 12 weeks of resistance training that included the
half-squat or full-squat exercises. It cannot be determined whether the addition of an SJ exercise for
the hamstrings may have elicited greater development of the muscle complex in either of these studies
but, when combined with the aforementioned hamstrings EMG data, the results raise the prospect for
a potential benefit.
A limitation of the current literature is that studies on the topic have all measured markers of
muscle growth at a single site along the muscle, generally the midpoint. This is potentially problematic
as there may be regional hypertrophic differences between SJ and MJ exercise that may not be accounted
for in such measures. For example, Wakahara et al. [44] subjected 12 young men to a bench press
protocol performed 3 days a week for 12 weeks. Post-study triceps growth, as measured by MRI
at various sites along the posterior upper arm, was significantly greater in the mid-portion of the
muscle compared to the proximal portion. The proximal portion corresponds to the long head of the
triceps, which suggests this aspect did not receive sufficient stimulation due to length-tension factors
during MJ exercise. Intriguingly, the same research group found greater hypertrophy of the proximal
portion of the muscle (long head) following 12 weeks performance of the lying triceps extension, a SJ
exercise, compared to the distal and mid-points [45]. Taking the findings of the two studies together,
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it is reasonable to conclude that SJ exercise produces greater hypertrophy in the long head of the triceps
compared to MJ exercise alone.
The totality of longitudinal evidence suggests that some muscles (e.g., long head of the triceps,
hamstrings) may derive somewhat greater hypertrophic benefits from SJ versus MJ, while in others
(e.g., biceps brachii) the evidence is less clear. It is important to note that the extent of the longitudinal
literature is very limited on the topic. Only two studies directly compared hypertrophy changes in MJ
and SJ using site-specific measures of growth, and both focused on the biceps brachii. Thus, further
research is needed to draw stronger inferences on the topic.
5. Additional Considerations
The time-course for muscle hypertrophy must also be considered when attempting to provide
recommendations on set-volume for MJ exercise. Given the acute differences in muscle activation
between SJ and MJ exercises (see the Acute Studies section), there remains a possibility that their
performance also elicits different changes in muscle size over time. In one study, participants
performed bench press, leg press, and biceps curl exercises in a training program that lasted for 20
weeks. Lean mass changes of the trunk, legs, and arms were measured using DXA pre, mid (10 weeks)
and post-training [64]. At mid-point testing, only the lean mass of the arms increased from pre-training
which may suggest that muscle hypertrophy of certain muscles may be more rapidly induced by
performing SJ exercises. The caveat here is that the participants also performed the bench press exercise
which produces large activation of the triceps muscle and therefore may have impacted these results.
Moreover, there is a reduced motor learning curve for SJ compared to MJ exercise. Considering the
untrained status of the participants, it, therefore, is possible that they were better able to induce greater
peripheral overload and thus stimulate greater hypertrophy in the biceps brachii (trained with SJ
exercise) versus the muscles of the trunk and legs (trained with MJ exercise).
In addition, it is conceivable that training status may have an effect on set-volume determinations
for MJ exercise prescription. To date, longitudinal studies employing site-specific hypertrophy measures
included only untrained individuals as study participants. Therefore, these results cannot necessarily
be generalized to those with previous training experience. Anecdotally, bodybuilders commonly used
both SJ and MJ exercises in their training routines. While these athletes base their training programs
more on experimentation and intuition rather than on scientific evidence, emerging evidence indicates
that various training practices employed by bodybuilders [65] also have considerable researched-based
support [2,66]. Thus, it might be that the use of SJ exercises in a training program provides some
additional benefits for muscle hypertrophy that have merely not yet been adequately explored in
studies to date.
The range of motion (ROM) of an exercise also may be a factor when attempting to determine
set-volume ratios for MJ versus SJ. Specifically, certain MJ exercises may involve a lesser excursion of
the limbs than others. For example, a dumbbell bench press may allow for a larger elbow joint ROM
compared to a barbell press; a narrow-grip row may incur a somewhat greater elbow flexion compared
to a wide-grip row. Moreover, individual performance of a given exercise can also alter ROM about a
given joint. For example, some individuals perform the squat with a more hip-dominant movement
pattern, which in turn tends to reduce excursion at the knee joint. There is some evidence that training
through a full ROM elicits a greater hypertrophic response compared to a partial ROM [63,67,68],
although these findings are not universal [69]. The extent to which this variable may affect set-volume
ratios is undetermined and warrants further investigation.
6. Conclusions
Based on the current literature, it would seem that hypertrophy of some limb muscles may
be similar to the isolated performance of SJ or MJ movements, while for other muscles, additional
hypertrophic benefits might be attained from SJ. Thus, set-volume prescription in this regard will be
muscle-specific. For the biceps brachii, evidence on the topic is mixed with some studies showing

Sports 2019, 7, 177

9 of 13

equal hypertrophic effects between MJ and SJ exercise [59,60], and others showing a benefit from
performing SJ exercise [61]. Importantly, it is not clear to what extent grip (supinated, pronated,
or neutral) employed during MJ exercise involving the elbow flexors may influence results. For the
triceps brachii, it can be speculated that the set-volume ratio of MJ:SJ may be a bit lower than for the
biceps, particularly for the long head of the triceps. This notion is consistent with the combination
of muscle biomechanics theory, EMG data [37,38], and longitudinal studies showing greater growth
in the long head when using the lying triceps extension (i.e., SJ exercise) vs. the bench press (i.e.,
MJ exercise) [44,45]. The same extrapolations may apply to the quadriceps muscle given some of the
EMG data showing higher amplitude during the performance of a SJ exercise, particularly in the rectus
femoris. For the hamstrings, it would seem that the ratio would be the lowest given the biomechanical
considerations and EMG findings, as well as the extrapolation of results from longitudinal training
interventions [62]. To assist in practical application of the concepts discussed, Table 1 provides an
example checklist to determine muscle emphasis in a given exercise.
Table 1. Muscle emphasis checklist example.
Unique
Exercise Name

Primay
Joint Action

Majority of
Rom Covered?

Primary
Muscle

Other Joint
Action

Majority of
Rom Covered?

Primary
Muscle

BACK SQUAT

KNEE
EXTENSION

YES

QUADRICEPS

HIP
EXTENSION

YES

GLUTEALS

Legend: This checklist can assist in classifying an exercise to emphasize a certain muscle based on the joint actions
involved. The barbell squat is used as example to show application to a specific exercise.

When attempting to draw applied evidence-based recommendations from meta-analytic findings,
practitioners should understand that even if it is more valid to count SJ and MJ exercises with different
set ratios, doing so may be disadvantageous as the current meta-analytic data is based on relationships
between volume and hypertrophy determined on a 1:1 basis. Until more research is conducted to
derive stronger conclusions on the topic, we feel the best advice for practitioners is to continue to
view set-volume prescription on a 1:1 basis, and then use logical rationale and personal expertise to
make determinations on program design. Future research should focus on investigating longitudinal
hypertrophic changes between MJ and SJ in a variety of populations, particularly resistance-trained
individuals, using site-specific measures of muscle growth. Moreover, attempts should be made to
establish reference standards for exercises that are deemed to maximally activate a given muscle
throughout its ROM. Other exercises then can be assessed to determine their relative activation to the
reference standard for a given muscle group, and hence assigned a fractional set-count for that muscle
group on more of an individual basis.
Author Contributions: Conceptualization, B.J.S., E.R.H.; Writing-Original Draft Preparation, B.J.S., J.G., C.H., T.I.,
E.R.H.; Writing-Review & Editing, B.J.S., J.G., C.H., T.I., E.R.H.
Funding: This research received no external funding.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

3.

Stone, M.; Plisk, S.; Collins, D. Training principles: Evaluation of modes and methods of resistance training–A
coaching perspective. Sports Biomech. 2002, 1, 79–103. [CrossRef] [PubMed]
Schoenfeld, B.J.; Ogborn, D.; Krieger, J.W. Dose-response relationship between weekly resistance training
volume and increases in muscle mass: A systematic review and meta-analysis. J. Sports Sci. 2017, 35,
1073–1082. [CrossRef] [PubMed]
Gentil, P.; Fisher, J.; Steele, J. A Review of the Acute Effects and Long-Term Adaptations of Single- and
Multi-Joint Exercises during Resistance Training. Sports Med. 2017, 47, 843–855. [CrossRef] [PubMed]

Sports 2019, 7, 177

4.

5.

6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

18.

19.
20.
21.

22.

23.

24.
25.

10 of 13

Ribeiro, A.S.; Schoenfeld, B.J.; Sardinha, L.B. Comment on: “A Review of the Acute Effects and Long-Term
Adaptations of Single- and Multi-Joint Exercises During Resistance Training”. Sports Med. 2017, 47, 791–793.
[CrossRef] [PubMed]
Baz-Valle, E.; Fontes-Villalba, M.; Santos-Concejero, J. Total Number of Sets as a Training Volume
Quantification Method for Muscle Hypertrophy: A Systematic Review. J. Strength Cond. Res. 2018.
[CrossRef] [PubMed]
Figueiredo, V.C.; de Salles, B.F.; Trajano, G.S. Volume for Muscle Hypertrophy and Health Outcomes: The
Most Effective Variable in Resistance Training. Sports Med. 2018, 48, 499–505. [CrossRef] [PubMed]
MacIntosh, B.R. Recent developments in understanding the length dependence of contractile response of
skeletal muscle. Eur. J. Appl. Physiol. 2017, 117, 1059–1071. [CrossRef]
MacIntosh, B.R. Role of calcium sensitivity modulation in skeletal muscle performance. Physiology 2003, 18,
222–225. [CrossRef]
Stephenson, D.G.; Williams, D.A. Effectstable of sarcomere length on the force-pCa relation in fast- and
slow-twitch skinned muscle fibres from the rat. J. Physiol. 1982, 333, 637–653. [CrossRef]
Holt, N.C.; Azizi, E. What drives activation-dependent shifts in the force-length curve? Biol. Lett. 2014, 10,
20140651. [CrossRef]
Lieber, R.L.; Ward, S.R. Skeletal muscle design to meet functional demands. Philos. Trans. R. Soc. B Biol. Sci.
2011, 366, 1466–1476. [CrossRef] [PubMed]
Lieber, R.L.; Brown, C.G. Sarcomere length-joint angle relationships of seven frog hindlimb muscles. Cells
Tissues Organs 1992, 145, 289–295. [CrossRef]
Latash, M. There is no motor redundancy in human movements. There is motor abundance. Motor Control
2000, 4, 259–260. [CrossRef] [PubMed]
Latash, M.L.; Zatsiorsky, V. Biomechanics and Motor Control: Defining Central Concepts; Academic Press:
Cambridge, MA, USA, 2015.
MacNaughton, M.B.; MacIntosh, B.R. Reports of the length dependence of fatigue are greatly exaggerated.
J. Appl. Physiol. (1985) 2006, 101, 23–29. [CrossRef] [PubMed]
Trezise, J.; Collier, N.; Blazevich, A.J. Anatomical and neuromuscular variables strongly predict maximum
knee extension torque in healthy men. Eur. J. Appl. Physiol. 2016, 116, 1159–1177. [CrossRef] [PubMed]
Wackerhage, H.; Schoenfeld, B.J.; Hamilton, D.L.; Lehti, M.; Hulmi, J.J. Stimuli and sensors that initiate
skeletal muscle hypertrophy following resistance exercise. J. Appl. Physiol. (1985) 2019, 126, 30–43. [CrossRef]
[PubMed]
Franchi, M.V.; Reeves, N.D.; Narici, M.V. Skeletal Muscle Remodeling in Response to Eccentric vs. Concentric
Loading: Morphological, Molecular, and Metabolic Adaptations. Front. Physiol. 2017, 8, 447. [CrossRef]
[PubMed]
Peter, A.K.; Cheng, H.; Ross, R.S.; Knowlton, K.U.; Chen, J. The costamere bridges sarcomeres to the
sarcolemma in striated muscle. Prog. Pediatr. Cardiol. 2011, 31, 83–88. [CrossRef]
Antonio, J.; Gonyea, W.J. Progressive stretch overload of skeletal muscle results in hypertrophy before
hyperplasia. J. Appl. Physiol. (1985) 1993, 75, 1263–1271. [CrossRef]
Assis-Pereira, P.E.; Motoyama, Y.L.; Esteves, G.J.; Quinelato, W.C.; Botter, L.; Tanaka, K.H.; Azevedo, P.
Resistance training with slow speed of movement is better for hypertrophy and muscle strength gains than
fast speed of movement. Int. J. Appl. Exerc. Physiol. 2016, 5, 37–43.
Vigotsky, A.D.; Halperin, I.; Lehman, G.J.; Trajano, G.S.; Vieira, T.M. Interpreting Signal Amplitudes in Surface
Electromyography Studies in Sport and Rehabilitation Sciences. Front. Physiol. 2018, 8, 985. [CrossRef]
[PubMed]
Escamilla, R.F.; Fleisig, G.S.; Zheng, N.; Barrentine, S.W.; Wilk, K.E.; Andrews, J.R. Biomechanics of the
knee during closed kinetic chain and open kinetic chain exercises. Med. Sci. Sports Exerc. 1998, 30, 556–569.
[CrossRef] [PubMed]
Ebben, W.P.; Feldmann, C.R.; Dayne, A.; Mitsche, D.; Alexander, P.; Knetzger, K.J. Muscle activation during
lower body resistance training. Int. J. Sports. Med. 2009, 30, 1–8. [CrossRef] [PubMed]
Wilk, K.E.; Escamilla, R.F.; Fleisig, G.S.; Barrentine, S.W.; Andrews, J.R.; Boyd, M.L. A comparison of
tibiofemoral joint forces and electromyographic activity during open and closed kinetic chain exercises.
Am. J. Sports Med. 1996, 24, 518–527. [CrossRef]

Sports 2019, 7, 177

26.

27.
28.

29.
30.

31.
32.

33.

34.
35.
36.
37.

38.
39.

40.
41.
42.

43.

44.
45.

11 of 13

Schoenfeld, B.J.; Contreras, B.; Willardson, J.M.; Fontana, F.; Tiryaki-Sonmez, G. Muscle activation during
low- versus high-load resistance training in well-trained men. Eur. J. Appl. Physiol. 2014, 114, 2491–2497.
[CrossRef] [PubMed]
Wright, G.A.; Delong, T.; Gehlsen, G. Electromyographic activity of the hamstrings during performance of
the leg curl, stiff-leg deadlift and back squat movements. J. Strength Cond. Res. 1999, 13, 168–174.
Andersen, L.L.; Magnusson, S.P.; Nielsen, M.; Haleem, J.; Poulsen, K.; Aagaard, P. Neuromuscular activation in
conventional therapeutic exercises and heavy resistance exercises: Implications for rehabilitation. Phys. Ther.
2006, 86, 683–697. [PubMed]
Schoenfeld, B.J. Squatting kinematics and kinetics and their application to exercise performance. J. Strength
Cond. Res. 2010, 24, 3497–3506. [CrossRef]
Mendiguchia, J.; Garrues, M.A.; Cronin, J.B.; Contreras, B.; Los Arcos, A.; Malliaropoulos, N.; Nicola, M.;
Fernando, I. Nonuniform changes in MRI measurements of the thigh muscles after two hamstring
strengthening exercises. J. Strength Cond. Res. 2013, 27, 574–581. [CrossRef] [PubMed]
Ema, R.; Sakaguchi, M.; Akagi, R.; Kawakami, Y. Unique activation of the quadriceps femoris during singleand multi-joint exercises. Eur. J. Appl. Physiol. 2016, 116, 1031–1041. [CrossRef]
Enocson, A.G.; Berg, H.E.; Vargas, R.; Jenner, G.; Tesch, P.A. Signal intensity of MR-images of thigh muscles
following acute open- and closed chain kinetic knee extensor exercise—Index of muscle use. Eur. J.
Appl. Physiol. 2005, 94, 357–363. [CrossRef] [PubMed]
Maeo, S.; Saito, A.; Otsuka, S.; Shan, X.; Kanehisa, H.; Kawakami, Y. Localization of muscle damage within
the quadriceps femoris induced by different types of eccentric exercises. Scand. J. Med. Sci. Sports. 2018,
28, 95–106. [CrossRef] [PubMed]
Yamashita, N. EMG activities in mono- and bi-articular thigh muscles in combined hip and knee extension.
Eur. J. Appl. Physiol. Occup. Physiol. 1988, 58, 274–277. [CrossRef] [PubMed]
Alkner, B.A.; Tesch, P.A.; Berg, H.E. Quadriceps EMG/force relationship in knee extension and leg press.
Med. Sci. Sports Exerc. 2000, 32, 459–463. [CrossRef] [PubMed]
Signorile, J.F.; Weber, B.; Roll, B.; Caruso, J.F.; Lowensteyn, I. An Electromyographical Comparison of the
Squat. J. Strength Cond. Res. 1994, 8, 178–183.
Rocha Júnior, V.A.; Gentil, P.; Oliveira, E.; Carmo, J.D. Comparison among the EMG activity of the pectoralis
major, anterior deltoidis and triceps brachii during the bench press and peck deck exercises. Rev. Bras.
Med. Esporte 2007, 13, 51–54. [CrossRef]
Campos, Y.D.; Silva, S.F. Comparison of electromyographic activity during the bench press and barbell
pullover exercises. Motriz Revista Educação Física 2014, 20, 200–205. [CrossRef]
Lehman, G.J.; Buchan, D.D.; Lundy, A.; Myers, N.; Nalborczyk, A. Variations in muscle activation levels
during traditional latissimus dorsi weight training exercises: An experimental study. Dyn. Med. 2004, 3, 4.
[CrossRef] [PubMed]
Lusk, S.J.; Hale, B.D.; Russell, D.M. Grip width and forearm orientation effects on muscle activity during the
lat pull-down. J. Strength Cond. Res. 2010, 24, 1895–1900. [CrossRef]
Snyder, B.J.; Fry, W.R. Effect of verbal instruction on muscle activity during the bench press exercise. J. Strength
Cond. Res. 2012, 26, 2394–2400. [CrossRef]
Calatayud, J.; Vinstrup, J.; Jakobsen, M.D.; Sundstrup, E.; Brandt, M.; Jay, K.; Colado, J.C.; Andersen, L.L.
Importance of mind-muscle connection during progressive resistance training. Eur. J. Appl. Physiol. 2016,
116, 527–533. [CrossRef] [PubMed]
Schoenfeld, B.J.; Vigotsky, A.; Contreras, B.; Golden, S.; Alto, A.; Larson, R.; Winkelman, N.; Paoli, A.
Differential effects of attentional focus strategies during long-term resistance training. Eur. J. Sport Sci. 2018,
18, 705–712. [CrossRef]
Wakahara, T.; Fukutani, A.; Kawakami, Y.; Yanai, T. Nonuniform muscle hypertrophy: Its relation to muscle
activation in training session. Med. Sci. Sports Exerc. 2013, 45, 2158–2165. [CrossRef] [PubMed]
Wakahara, T.; Miyamoto, N.; Sugisaki, N.; Murata, K.; Kanehisa, H.; Kawakami, Y.; Fukunaga, T.; Yanai, T.
Association between regional differences in muscle activation in one session of resistance exercise and
in muscle hypertrophy after resistance training. Eur. J. Appl. Physiol. 2012, 112, 1569–1576. [CrossRef]
[PubMed]

Sports 2019, 7, 177

46.

47.
48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.
61.
62.
63.

64.

12 of 13

Wakahara, T.; Ema, R.; Miyamoto, N.; Kawakami, Y. Inter- and intramuscular differences in training-induced
hypertrophy of the quadriceps femoris: Association with muscle activation during the first training session.
Clin. Physiol. Funct. Imaging 2017, 37, 405–412. [CrossRef] [PubMed]
Kinugasa, R.; Akima, H. Neuromuscular activation of triceps surae using muscle functional MRI and EMG.
Med. Sci. Sports Exerc. 2005, 37, 593–598. [CrossRef] [PubMed]
Illera-Dominguez, V.; Nuell, S.; Carmona, G.; Padulles, J.M.; Padulles, X.; Lloret, M.; Cussó, R.; Alomar, X.;
Cadefau, J.A. Early Functional and Morphological Muscle Adaptations During Short-Term Inertial-Squat
Training. Front. Physiol. 2018, 9, 1265. [CrossRef]
Jenkins, N.D.; Housh, T.J.; Bergstrom, H.C.; Cochrane, K.C.; Hill, E.C.; Smith, C.M.; Alomar, X.; Cadefau, J.A.
Muscle activation during three sets to failure at 80 vs. 30% 1RM resistance exercise. Eur. J. Appl. Physiol.
2015, 115, 2335–2347. [CrossRef]
Schoenfeld, B.J.; Grgic, J.; Ogborn, D.; Krieger, J.W. Strength and Hypertrophy Adaptations Between Low- vs.
High-Load Resistance Training: A Systematic Review and Meta-analysis. J. Strength Cond. Res. 2017, 31,
3508–3523. [CrossRef]
Barbalho, M.; Coswig, V.S.; Raiol, R.; Steele, J.; Fisher, J.P.; Paoli, A.; Bianco, A.; Gentil, P. Does the addition of
single joint exercises to a resistance training program improve changes in performance and anthropometric
measures in untrained men? Eur. J. Transl. Myol. 2018, 28, 7827. [CrossRef] [PubMed]
Barbalho, M.; Gentil, P.; Raiol, R.; Fisher, J.; Steele, J.; Coswig, V. Influence of Adding Single-Joint Exercise to a
Multijoint Resistance Training Program in Untrained Young Women. J. Strength Cond. Res. 2018. [CrossRef]
[PubMed]
Barbalho, M.; Coswig, V.S.; Raiol, R.; Steele, J.; Fisher, J.; Paoli, A.; Gentil, P. Effects of Adding Single Joint
Exercises to a Resistance Training Programme in Trained Women. Sports (Basel) 2018, 6, 160. [CrossRef]
Barbalho, M.; Coswig, V.; Raiol, R.; Fisher, J.; Steele, J.; Bianco, A.; Gentil, P. Single joint exercises do not
provide benefits in performance and anthropometric changes in recreational bodybuilders. Eur. J. Sport Sci.
2019. [CrossRef] [PubMed]
de Franca, H.S.; Branco, P.A.; Guedes Junior, D.P.; Gentil, P.; Steele, J.; Teixeira, C.V. The effects of adding
single-joint exercises to a multi-joint exercise resistance training program on upper body muscle strength
and size in trained men. Appl. Physiol. Nutr. Metab. 2015, 40, 822–826. [CrossRef] [PubMed]
Bezerra, E.S.; Moro, A.R.P.; Orssatto, L.B.D.R.; da Silva, M.E.; Willardson, J.M.; Simao, R. Muscular
performance and body composition changes following multi-joint versus combined multi- and single-joint
exercises in aging adults. Appl. Physiol. Nutr. Metab. 2018, 43, 602–608. [CrossRef] [PubMed]
Levine, J.A.; Abboud, L.; Barry, M.; Reed, J.E.; Sheedy, P.F.; Jensen, M.D. Measuring leg muscle and fat mass
in humans: Comparison of CT and dual-energy X-ray absorptiometry. J. Appl. Physiol. 2000, 88, 452–456.
[CrossRef] [PubMed]
Snijders, T.; Res, P.T.; Smeets, J.S.; van Vliet, S.; van Kranenburg, J.; Maase, K.; Kies, A.K.; Verdijk, L.B.;
van Loon, L.J. Protein Ingestion before Sleep Increases Muscle Mass and Strength Gains during Prolonged
Resistance-Type Exercise Training in Healthy Young Men. J. Nutr. 2015, 145, 1178–1184. [CrossRef] [PubMed]
Gentil, P.; Soares, S.R.; Pereira, M.C.; Cunha, R.R.; Martorelli, S.S.; Martorelli, A.S.; Bottaro, M. Effect of adding
single-joint exercises to a multi-joint exercise resistance-training program on strength and hypertrophy in
untrained subjects. Appl. Physiol. Nutr. Metab. 2013, 38, 341–344. [CrossRef] [PubMed]
Gentil, P.; Soares, S.; Bottaro, M.; Single, V.S. Multi-Joint Resistance Exercises: Effects on Muscle Strength and
Hypertrophy. Asian J. Sports Med. 2015, 6, e24057. [CrossRef] [PubMed]
Mannarino, P.; Matta, T.; Lima, J.; Simao, R.; Freitas de Salles, B. Single-Joint Exercise Results in Higher
Hypertrophy of Elbow Flexors Than Multijoint Exercise. J. Strength Cond. Res. 2019. [CrossRef]
Weiss, L.W.; Coney, H.D.; Clark, F.C. Gross measures of exercise-induced muscular hypertrophy. J. Orthop.
Sports Phys. Ther. 2000, 30, 143–148. [CrossRef] [PubMed]
Bloomquist, K.; Langberg, H.; Karlsen, S.; Madsgaard, S.; Boesen, M.; Raastad, T. Effect of range of motion
in heavy load squatting on muscle and tendon adaptations. Eur. J. Appl. Physiol. 2013, 113, 2133–2142.
[CrossRef] [PubMed]
Chilibeck, P.D.; Calder, A.W.; Sale, D.G.; Webber, C.E. A comparison of strength and muscle mass increases
during resistance training in young women. Eur. J. Appl. Physiol. Occup. Physiol. 1988, 77, 170–175.
[CrossRef]

Sports 2019, 7, 177

65.
66.

67.
68.

69.

13 of 13

Hackett, D.A.; Johnson, N.A.; Chow, C.M. Training practices and ergogenic aids used by male bodybuilders.
J. Strength Cond. Res. 2013, 27, 1609–1617. [CrossRef] [PubMed]
Schoenfeld, B.J.; Grgic, J.; Krieger, J. How many times per week should a muscle be trained to maximize
muscle hypertrophy? A systematic review and meta-analysis of studies examining the effects of resistance
training frequency. J. Sports Sci. 2019, 37, 1286–1295. [CrossRef] [PubMed]
Pinto, R.S.; Gomes, N.; Radaelli, R.; Botton, C.E.; Brown, L.E.; Bottaro, M. Effect of range of motion on muscle
strength and thickness. J. Strength Cond. Res. 2012, 26, 2140–2145. [CrossRef]
McMahon, G.E.; Morse, C.I.; Burden, A.; Winwood, K.; Onambele, G.L. Impact of range of motion during
ecologically valid resistance training protocols on muscle size, subcutaneous fat, and strength. J. Strength
Cond. Res. 2014, 28, 245–255. [CrossRef]
Goto, M.; Maeda, C.; Hirayama, T.; Terada, S.; Nirengi, S.; Kurosawa, Y.; Nagano, A.; Hamaoka, T. Partial
Range of Motion Exercise Is Effective for Facilitating Muscle Hypertrophy and Function Through Sustained
Intramuscular Hypoxia in Young Trained Men. J. Strength Cond. Res. 2019, 33, 1286–1294. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

