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Abstract Resistance training is the most effective method
to increase muscle mass. It has also been shown to promote
many health benefits. Although it is deemed safe and of
clinical relevance for treating and preventing a vast number
of diseases, a time-efficient and minimal dose of exercise
has been the focus of a great number of research studies.
Similarly, an inverted U-shaped relationship between
training dose/volume and physiological response has been
hypothesized to exist. However, the majority of available
evidence supports a clear dose-response relationship
between resistance training volume and physiological
responses, such as muscle hypertrophy and health outcomes. Additionally, there is a paucity of data to support
the inverted U-shaped response. Although it may indeed
exist, it appears to be much more plastic than previously
thought. The overarching principle argued herein is that
volume is the most easily modifiable variable that has the
most evidenced-based response with important repercussions, be these muscle hypertrophy or health-related
outcomes.

Key Points
Low-volume resistance training has recently gained
attention among many individuals, trainers, and
researchers as a means of achieving or promoting
time-efficient training.
The literature has convincingly shown that the
volume of resistance training has a dose-response
effect on muscle hypertrophy and health outcomes,
and that the doses causing a ceiling effect or even
detrimental effects are currently unknown.
Increasing training volume may be the most easily
modifiable variable causing beneficial adaptations in
an exercise program.
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Resistance training is commonly prescribed for skeletal
muscle hypertrophy and strength development; it also
promotes multiple health benefits, such as improving cardiovascular function, insulin sensitivity, inflammatory
response, and muscle quality [1–4]. Resistance training has
been consistently shown to be an important strategy for
treatment and prevention of a wide range of diseases [5–8],
and is thus recommended by several scientific societies and
colleges as a complementary therapy for diabetes, dyslipidemia, cardiovascular diseases, and other conditions
[7–10].
In addition to the health benefits described above, the
skeletal muscle morphological adaptations induced by
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resistance exercise, such as hypertrophy, are strongly
associated with the training variables applied within the
training program. These include exercise intensity, rest
intervals between sets, velocity, exercise order, type of
exercise, weekly frequency, and volume. A well-design
periodized program should manipulate these variables.
However, very often, volume is neglected and, in many
cases, trainers and researchers aim to reduce training volume in order to promote time-efficient training. This is
partially because the least amount of work with the
potential to promote health benefits appears to be attractive
to the wider population, since time is cited as a deterrent
for exercise adherence [11, 12], although ‘‘lack of time’’
can be exaggerated in many cases [13]. Regardless, timeefficient training has become an important factor influencing exercise prescription, which, for instance, could
explain, at least partially, some of the attention paid to the
reduced volume of the high-intensity interval training
(HIIT) [14, 15]. Moreover, researchers and trainers believe
that there is an inverted U-shaped relationship between
total work/volume and physiological responses [16, 17]. In
other words, resistance training may have a dose-dependent
effect until a certain threshold is achieved, at which point
the effect initially plateaus and then decreases if further
work is conducted.
Resistance training volume is commonly described as
the product of the number of repetitions 9 number of sets
9 intensity load, although other forms of representing
volume or total work exist [18]. For the scope of this
review, volume is considered as any factor that can
increase the total work performed in a training program. In
this article we review the effects of volume on hypertrophy
and health, but not strength, because exercise intensity
seems to be the predominant variable modulating muscle
strength, in comparison to other variables [19]. However, it
is important to highlight that when comparing different
resistance training protocols using the same intensity,
higher volume may result in higher strength gains [20–23].

2 Volume and Muscle Hypertrophy
The use of resistance training to promote muscle growth,
either in healthy young sedentary individuals or in highly
trained and competitive bodybuilders, has been widely
researched and scrutinized. Different resistance training
variables such as rest interval between sets, exercise choice
and order, number of sets, load intensity, training frequency, and advanced techniques (also known as specialized strategies, such as drop-sets, supersets, forced
repetitions, pyramids, prior exhaustive set, etc.) have been
experimentally tested by many studies with the goal of
maximizing muscle hypertrophy in response to training.
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However, many of those studies have found that the
adaptations to various protocols of resistance training tend
to be similar when equated for total volume, including
manipulations of training frequencies [24, 25], rest intervals [26, 27], advanced techniques such as pyramids and
drop-sets [28, 29], repetition-range [27, 30, 31], weekly
splits [32], and training periodization [33].
Intensity is regarded as a very important variable in
resistance training adaptations. Indeed, moderate and high
intensity are usually recommended for hypertrophy or
strength gains. However, training with lower external loads/
low intensities but with higher volume (until muscle failure)
can overcome the reduced intensity and promotes similar
muscle gains as higher intensities [34, 35]. Another key
variable that is important for determining hypertrophy is the
rest interval between sets [36]. This is because increasing
rest intervals allows the trainee to maintain high intensity
for a high volume (repetitions) per set [36], which ultimately leads to a higher total training volume [37]. Additionally, a long-term study has demonstrated that longer
intervals promote greater muscle hypertrophy and strength,
which is partially explained by the increased volume that
rest intervals allow [38]. Interestingly, studies that have not
found an enhanced muscle adaptation with longer intervals
have equated training volume, which appears to limit the
benefits of greater rest intervals on muscle adaptations, even
when longer rest intervals were associated with higher
training intensities [26, 27, 38]. Mechanistically, the long
rest intervals may increase muscle performance by restoring
adenosine triphosphate secondary to allowing sufficient
resynthesis via the creatine-phosphate pool. Interestingly,
creatine supplementation is deemed one of the few dietary
supplements associated with augmentation of muscle
hypertrophy and performance in response to training [39].
One of the main mechanisms by which creatine improves
resistance training adaptations is by allowing greater
training volume and total work or maintenance of intense
exercise for longer periods [40–44].
Although many advanced techniques, such as drop-sets,
bisets, supersets, and pyramids, are usually described as
strategies to increase exercise intensity—or more correctly
put, perception of effort—most of these strategies are
actually increasing exercise volume or density (greater
volume, as repetitions or sets, over a given period of time).
Still, those techniques do not seem to promote muscle
growth per se. Drop-sets and pyramid sets have no greater
effect on muscle hypertrophy than traditional sets when
training volume is equated [28], but when drop-sets are
utilized to increase training volume, this method seems to
promote further muscle hypertrophy [45]. This has also
been shown to be the case for a prior exhaustive set before
traditional sets [46]. Thus, similar to the purpose of
applying long rest intervals, the goal of applying advanced
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techniques during resistance training, in many cases, is to
increase training volume. As a consequence, normalizing
volume across different groups with or without those
techniques will likely defeat the intended purpose.
It seems clear that adaptive response to resistance
training is normally distributed in the population [47]. It is
expected that, if a particular study has sufficient sample
size, the hypertrophic response will have a unimodal distribution, meaning that it will have some high, mostly
average, some low, and some potential non-responders on
measurements specifically related to muscle hypertrophy.
This is demonstrated by the high heterogeneity of muscle
hypertrophy with resistance training [48, 49]. An interesting study of endurance training identified non-responders
in terms of cardiorespiratory fitness following 6 weeks of
the trial. These non-responders underwent another 6 weeks
of additional training volume, during which they eventually
responded to training [50]. It seems possible that a similar
phenomenon might exist regarding the response to resistance exercise, such that increasing volume/dose may
increase the likelihood of all subjects responding minimally or further increasing the response. Indeed, a doseresponse between exercise volume as per number of sets
and muscle hypertrophy has been clearly demonstrated in a
small number of meta-analyses [17, 51, 52]. In particular, a
recent meta-analysis of weekly number of sets and muscle
hypertrophy demonstrated that volume has a dose-dependent effect on muscle growth [17]. Moreover, this metaanalysis found that ten weekly sets for each muscle group
appeared to be required for maximal hypertrophy, and no
plateau was found, which may lead to the hypothesis that
higher volume could still promote greater muscle growth.
The mechanism by which increasing training volume promotes muscle hypertrophy is not fully known. However, a
few studies have demonstrated that muscle protein synthesis and the intracellular anabolic pathways are responsive to increasing training volume [53–55]. For instance,
higher training volumes promote both the magnitude and
duration of protein synthesis during recovery from exercise
[53]. Whether this is reflective of muscle remodeling and/
or muscle hypertrophy is yet to be determined; however, it
is clear that training volume affects muscle anabolic
intracellular processes.
Bodybuilders are known to perform a great volume of
resistance training, with the use of various advanced
techniques, regardless of variations in training intensities
through periodization [56]. However, greater volume can
be applied to any population. In sedentary overweight
women, higher volume promoted greater muscle hypertrophy in knee extensors compared to lower volume
resistance training [57]. Similarly, in the elderly, increasing
volume may promote greater hypertrophy [52]. Thus, the
aforementioned search for the minimal dose of resistance

exercise to promote muscle hypertrophy may in fact lead to
an under-dosed training program, especially for the older
population [58].
It should be noted that different muscles may have different
dose-response curves for training volume, and the purported
plateau and decline in the response with further work may be
at different ranges of total work. This seems to be the case for
small versus large muscle. There is little evidence for different
muscle groups, but it appears that elbow flexors and extensors
show a shorter range of effective dose-response, within the
same session at least, before plateauing, in comparison to the
quadriceps muscles [59, 60], the threshold of which seems not
so obviously defined. In addition, the load applied to muscle
groups recruited and affected when targeting other muscle
groups, such as the utilization of multi-joint exercises targeting the back or pectoral muscles and their respective effects on
the biceps and triceps, may need to be taken into consideration
for exercise prescription. For instance, the combination of
seven weekly sets of compound and isolation exercises that
affects the triceps muscle—directly or indirectly—may
maximally promote hypertrophy, although fourfold greater
volume does not seem to be detrimental [60]. Moreover, how
the high training volume should be achieved may be a matter
of debate. Whether it is beneficial to achieve greater volume
by adding more sets to exercises in a program or by adding
different exercises to the same muscle group is currently
unknown. A recent study utilizing ten sets of the same exercises in a training program found no advantage in comparison
to five sets in trained subjects [61]. If confirmed, this could
indicate that high volume should be achieved by incorporation
of different exercises rather than performing a high number of
sets of the same exercises, although this effect may be different for highly trained individuals or athletes.
More studies are necessary to determine whether different muscles have different dose-responses and the effect
of training status (untrained, trained, and athletes) on those
responses. It is possible that highly trained individuals and
athletes require greater training volumes for muscle growth
than untrained and recreationally trained individuals, similar to what has been shown for muscle strength gains [20].
Combined, the available data demonstrate that, firstly,
resistance training volume has the most profound effect on
muscle hypertrophy independently of other variables, and
secondly, that the volume at which muscle hypertrophy
responses plateau or decline is not well understood.

3 Volume and Health
Resistance training has been shown to be safe for various
patient populations in the treatment or prevention of cardiovascular diseases, osteopathy, diabetes, and sarcopenia
[5–8]. In addition to resistance training being a well-
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documented strategy for improving health, training volume
appears to have a dose-dependent effect on health
outcomes.
Volume has been studied in relation to the health
responses on metabolism. Correa et al. [57] demonstrated
that 11 weeks of three sets of eight different exercises
compared to a single set of the same exercises three times a
week significantly reduced resting fat oxidation and
triglyceride concentrations relative to baseline in overweight women. These data support the use of a higher
volume of resistance training for the prevention of cardiovascular disease. Indeed, resistance training is known to
promote cardiovascular health. Specifically, resistance
training promotes a reduction in resting systolic (SBP) and
diastolic (DBP) blood pressure. Most importantly, the
decreases in both SBP and DBP seem to be dependent on
volume. In hypertensive patients, higher training volumes
tend to further decrease both SBP and DBP compared to
low training volumes [62].
The combination of endurance exercise with resistance
training has also been demonstrated to be important for
managing diseases. In this regard, when combining both
modes of exercise, the number of sets performed per
week has been negatively correlated with hemoglobin
A1c changes in a meta-regression analysis [63]. Moreover, in a large prospective cohort study, with follow-up
over 18 years, the time spent on resistance training sessions was associated with reduced risk of type 2 diabetes
in a linear, dose-responsive fashion in men [64] and
women [65]. In other words, the greater the time spent
on resistance training, the lower the risk for type 2
diabetes. For every 60 min on resistance training per
week there was a 13% reduction in risk for type 2
diabetes [64].
Regarding sarcopenia, elderly individuals also benefit
from high-volume resistance training. A meta-analysis
demonstrated that resistance training volume (7–39 weekly
sets), but not any other training variable analyzed, predicted changes in lean body mass in old adults [52]. Indeed,
high-volume resistance training has been proposed for
preventing and managing sarcopenia in the elderly [58]. It
is likely that in this population, training volume is the most
easily modifiable variable that affects muscle mass maintenance and growth. Increasing intensity may not be an
option in some cases, and trainers might be reluctant to
increase external load, leading to a suboptimal dose of
resistance exercise. Thus, increasing total volume seems
the best option to guarantee optimal dosing. More studies
are necessary to determine whether older people require
more volume than younger subjects. However, based on the
concept of anabolic resistance with aging and reduced
response to a session of exercise in the elderly [66, 67], we
propose that this could be the case.
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A frequent criticism of high volume resistance training
protocols is that they are prone to overtraining, and can be
detrimental. The health benefits associated with increased
volume of training in the healthy young, older individuals,
and individuals with all types of diseases, vastly outnumber
the purported potential for increased risk of injury. The
majority of injuries in resistance training are related to
inadequate supervision and improper technique [68]. As
long as proper screening (and thus training individualization), progression, supervision, and techniques are applied,
there should be no major concern regarding safety in
increasing resistance training volume. Thus, in many cases
when patients or older people are either unwilling or unable
to perform intense resistance training, promoting high
volume training can still cause significant and clinical
relevant health benefits.

4 Conclusions
It has been hypothesized that a higher volume or dose of
resistance training will cause a plateau in the response or
event in the form of an inverted U-shaped response curve
(i.e., after plateauing, the response will be detrimental)
[16, 17]. However, the available data in the literature have
not found such a threshold with resistance training for
either hypertrophy [17] or health [64, 65]. It is likely that
such a threshold exists; however, it appears to be much
more malleable than previously thought, muscle groupdependent, and not as easily attained as generally assumed.
More research is warranted to determine where such plateaus, upper limits, and thresholds occur.
Taken together, the findings presented here demonstrate
that resistance training volume is a determinant variable
affecting muscle hypertrophy and health outcomes. In
resistance training programs intended to promote muscle
hypertrophy and health, both intensity and volume can be
manipulated. However, in some cases, increasing the volume can be better tolerated than increasing the intensity.
Thus, volume is perhaps the most easily modifiable variable in a program with consistent positive effects on health
and muscle hypertrophy. A minimum of ten weekly sets
per muscle group seems to be necessary to maximize
muscle hypertrophy response in untrained subjects, with
the possibility of greater volume producing greater results.
Moreover, increased volume in resistance training can be
achieved in multiple ways. Within a session, it can be
achieved via increased number of repetitions (repetitions
per set), increased number of sets (sets per exercise),
addition of exercises, increased frequency (sessions per
week), or when all these have been kept constant, by
increasing exercise intensity of load (assuming volume as
total load lifted, i.e., repetition 9 sets 9 intensity load).
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Other training variables can be manipulated to further
facilitate the increase in training volume, such as appropriate rest intervals and the use of advanced techniques.
However, while finding a minimal dose of exercise that
could maximize effect is important because time-efficient
protocols are needed to treat the wider population, the
volume should not be neglected. Whenever time is an issue
for exercise adherence, or as a matter of personal choice,
time-efficient protocols for resistance training can be beneficial and important for individual goals. However, trainees should be informed that optimal results may be
achieved with high volumes. An alternative to promoting
higher volume in a more time-efficient manner is to
increase exercise density via use of advanced techniques,
for instance. In conclusion, resistance training volume is a
strong contributor to muscle adaptations, with dose-dependent effects. When equated, volume seems one of, if
not the, most important factors affecting muscle hypertrophy, as long as training has sufficient intensity. Increasing
resistance training volume seems to be the most easily
modifiable variable when muscle hypertrophy and health
outcomes are the main goals.
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