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1 Introduction

The primary focus of this commentary is to discuss the
relationship between training-induced increases in muscle
size (i.e., hypertrophy) and changes in strength. Recently,
Buckner et al. and Hornsby et al. debated the contribution
of hypertrophy to strength and the role hypertrophy plays
in sports performance; however, this is not a new discus-
sion [1, 2]. The exact contribution of hypertrophy to strength
remains to be determined; yet, we feel certain considerations
can provide clarity for future work. To provide these con-
siderations, we begin by operationally defining both hyper-
trophy and strength. Thereafter, we address the strength-
hypertrophy relationship through: (1) epistemological and
statistical considerations, (2) molecular, mechanical, and
single-fiber bases, and (3) exemplary training studies.

2 Defining Hypertrophy and Strength

Skeletal muscle hypertrophy has been described in the
literature as an increase in muscle size. Muscle size can
be described by its mass and/or volume. However, many
measurement approaches are gross in nature, meaning they
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provide little insight into the constituents that contribute to
an alteration in mass and volume (e.g., fluid and protein).
That is, gross assessments of muscle hypertrophy do not
provide a direct measurement of alterations in muscle pro-
tein abundance or fluid, both of which can influence muscle
function (e.g., strength).

Since the underlying changes that affect muscle size can
differentially affect muscle function, we contend that the term
hypertrophy, as a biological construct, be carefully employed,
especially when a causal relationship is considered. Further-
more, as in other tissues, we posit that different types of
hypertrophy can occur, which can differentially affect func-
tion and, consequently, the association between hypertrophy
and strength [3, 4]. Finally, we contend that the measurement
used to assess changes in muscle size can affect the statistical
relationship, or lack thereof, with strength outcomes.

Therefore, for the purpose of this commentary, we
carefully posit the following definition of skeletal muscle
hypertrophy: An increase in muscle size accompanied by
an increase in myofibrillar protein. However, we feel it more
appropriate for research to decipher various types of hyper-
trophy that may occur in concert or as distinct responses
to specific training protocols: (1) connective tissue [5, 6],
(2) myofibrillar [7, 8], and (3) sarcoplasmic [8, 9]. Since
each fraction of muscle tissue has been shown to be respon-
sive to exercise training, with only myofibrillar hypertrophy
intuited to contribute directly to force production capacity,
associations between hypertrophy and strength should be
made cautiously. Stated differently, without a direct assess-
ment of myofibrillar protein alterations, casual relationships
between hypertrophy and increases in strength are suspect.

Although strength is somewhat easier to define and measure
given its mechanical nature, how it is measured and associated
with hypertrophy is also a source of variance. Strength is a
multifaceted skill and can be defined as the ability to produce
force against an external resistance [10, 11]. Strength can be
expressed on a spectrum (e.g., 0-100%) and can be measured
in multiple ways (e.g., isometric, dynamic, voluntary, involun-
tary). The strength construct being assessed further influences
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the observed association with hypertrophy. Considering this,
an epistemological and statistical discussion is warranted.

3 Epistemological and Statistical
Considerations

The word relationship is ontologically vague. Given that this
piece is predicated on relationship being well defined, it is
necessary to provide context via an operational definition.
Relationships may be broadly thought of as causal or purely
associational. While there are subcategories of each of these,
we are most interested in hypertrophy having a causal role
in strength gain. Still, the word causal can be ambiguous, as
there exist multiple types of causal relationships: (1) neces-
sary (if not A, then not B), (2) sufficient (if A then B), and
(3) contributory (neither necessary nor sufficient).

We contend that myofibrillar hypertrophy has a causal
impact on gains in muscular strength, but that it is a con-
tributory causal relationship. We concede that strength
can increase without increases in muscle size (not neces-
sary) [12], and that an increase in muscle size may not be
accompanied by an increase in strength (not sufficient) [13],
but that does not negate the possibility that hypertrophy is
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Fig.1 The dependence of correlative strength on the relative weight of
muscle size to other factors that influence strength. Consider a model
where strength=muscle sizexall other factors that influence strength
(neural factors, technique, mechanical factors, etc.). Within this model,
we assume that the other factors play a larger (< 1, above) or smaller (> 1,
above) role than hypertrophy, that there is variability in both the hypertro-
phy response to training, and the response of the other factors influenc-
ing strength, and that within each individual, hypertrophic adaptations and
“other” adaptations are independent of each other (i.e., large hypertrophy
adaptations do not guarantee large neural adaptations, and vice versa).
Given these assumptions, there could be a very weak between-subject cor-
relation between hypertrophy and strength gains; however, it is clear from
the model that hypertrophy has a direct, causal impact on strength gains
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still a contributory cause of strength increases. Indeed, the
contribution of muscle size to strength, relative to all other
factors that influence strength, will undoubtedly affect the
observed correlation (Fig. 1). Thus, without measuring and
statistically modeling every variable that could contribute
to strength, it can be argued that any correlation between
hypertrophy and strength gain is confounded. As such, draw-
ing casual conclusions, in either direction, from a single line
of evidence is likely specious; multiple lines of evidence,
combined with theory, must be considered.

We posit that substantial confounding due to “other fac-
tors” is likely prevalent for relatively untrained lifters. For
lifters with more training experience, we posit that fewer
adaptations are taking place among those “other” factors,
thus increasing the correlation between hypertrophy and
strength gains. We, therefore, find the question of “Does
hypertrophy contribute to strength gain?” less interesting
than “To what extent and under what circumstances does
hypertrophy contribute to strength gain?”

4 Molecular, Mechanical, and Single-Fiber
Basis of Relationship

Active muscular force production is primarily the result
of contractile protein interactions at the sarcomere level.
Upon neural recruitment, calcium release, and actin expo-
sure, a specific amount of force is produced by myosin-
actin interaction. This force is transduced laterally and lon-
gitudinally in a healthy myofibril [14, 15]. Longitudinally,
the sum of these forces and transduction through a tendon
to a bone produces skeletal movement. Laterally, forces
are transmitted to connective tissue, which may change
how forces in series and in parallel are combined [16, 17].

Since the site of active force generation in a myofibril is
the interaction of myosin and actin, an increase in myosin
and actin filaments in parallel can increase the capacity of
a myofibril to produce force. This is one factor contributing
to increases in whole muscle force, along with neural and
connective tissue adaptations.

To revisit a principal historical finding in muscle physi-
ology, Huxley’s work showed us that the amount of force
produced by a sarcomere during isometric contraction can be
represented as the number of strongly-bound cross-bridges
[18]. Conceptually, more sarcomeres in a myofibril through
training-induced hypertrophy (e.g., sarcomerogenesis result-
ing in more sarcomeres in parallel) increases the force pro-
duction capacity of a myofibril [19]. This is grounded in the
basic mechanical tenet that forces in parallel add. For this
reason, myofibrillar hypertrophy should directly increase
strength.

A direct quotation from Miller et al.’s 2014 synthesis of
literature on myofilament adaptations is appropriate here:
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“...at the fiber level, the amount of isometric force
produced is equal to the total number of heads interact-
ing in each half-sarcomere (each half-sarcomere must
produce identical forces or the sarcomere will change
its length). Thus, removal of myosin heads, either from
the ends of the thick filament or randomly throughout
the thick filament, or a reduction in the number of thin
filaments would reduce the number of heads able to
interact in a half-sarcomere and result in lower force
production. Although fiber CSA is commonly meas-
ured in healthy adults as well as during aging, disuse,
and disease, changes in myofilament protein content
and ultrastructure have not been routinely examined,
especially in combination with contractile measure-
ments [20]” p. 3.

Therefore, the supposed disconnect between hypertrophy
and strength in various studies could be due to: (1) hyper-
trophy not being myofibril-driven, (2) myofibrillar growth
unaccompanied by complementary adaptations to other per-
tinent tissues or the muscle fiber itself required to express the
new capacity, or (3) an examination of strength before the
contribution of hypertrophy can be expressed. Indeed, it is
plausible that a now larger muscle requires time to learn how
to use (i.e., delayed training effect). Larger isolated single
muscle fibers tend to produce more force than smaller fib-
ers upon stimulation [21]. Collectively, investigations tend
to show a maintenance of or increase in specific tension
(N/um?) after resistance training (RT)-induced hypertrophy
[22-24]. Thus, the relationship of hypertrophy to strength
is ancillary, but the methods used to identify this have often
squandered the opportunity to do so.

5 Training Studies

Based on the prior physiological underpinnings of muscle
mechanics and measurement techniques, we can examine
studies that measure hypertrophy and changes in muscle
strength. It is important to consider the population, training
status, and measurement techniques when investigating the
relationship between hypertrophy and strength gain. Because
the contributions to strength outcomes are multifactorial and
may vary with training age, a critical analysis of the litera-
ture should be performed.

Strength can be developed through a variety of RT meth-
ods and may be mediated by neural factors, skill acquisition,
mechanical changes, and morphological alterations. It has
been proposed that early changes in strength are primar-
ily driven by neural factors and skill acquisition, and later
changes are primarily mediated by muscular hypertrophy
[25, 26]. If that is true, then one would anticipate the asso-
ciation between hypertrophy and strength gains to increase

as training age increases. Because the training process is a
“long-term investment,” it is necessary to understand when
particular physiological mechanisms may play a larger role
compared to others in the improvement of strength.

When examining short-term studies where subjects are
naive to RT, relative increases in strength outpace rela-
tive increases in muscle size. This is readily observable
in a multiple studies where strength increases in the first
4-6 weeks with little-to-no appreciable hypertrophy [27,
28], and is supported by several studies that examined
strength changes resulting from short-term training inter-
ventions (12—-24 weeks). In these studies, the correlations
between muscle hypertrophy and strength changes are low,
with hypertrophy accounting for as little as 2-28% of the
variance in strength improvement [13, 29-32]. Contrast-
ing these findings are studies with homogeneous groups
of trained individuals (> 1 year RT), which suggest that,
as training status increases, hypertrophy accounts for a
greater percentage of the variance in strength gain [29,
33].

As opposed to short-term studies in untrained individu-
als, longer-term studies on trained individuals suggest that
hypertrophy—as assessed via changes in body mass and
fiber cross-sectional area—account for ~65% of the vari-
ance in strength gain [34, 35]. Such findings in trained indi-
viduals are further supported by the work of Appleby and
colleagues, who evaluated professional rugby players over
2 years of RT [36]. Investigators found that squat strength
increases were strongly correlated with relative changes in
lean mass index (R>=44-77%) [36].

The findings of the aforementioned studies in trained
individuals are corroborated by cross-sectional studies with
elite athletes, which suggest that muscle size accounts for
an even larger percentage of variance in strength (R>>70%)
[37-41]. While these data do not necessarily suggest that
changes in muscle size are related to changes in strength,
they do still indicate that athletes with more muscle mass in
relation to their height have a competitive advantage in the
sports of powerlifting and Olympic weightlifting. The tight-
ness of these associations in light of the mechanistic theory,
we believe, suggests that hypertrophy provides lifters with
a competitive advantage.

Finally, while the studies presented hitherto address
the question of whether those who gain more muscle also
get stronger (between-subject), it has been suggested that
the question of greater interest is if an individual will get
stronger as they gain more muscle (within-subject) [42].
Indeed, such analyses explain a much greater percentage of
variance in strength gain than do between-subject analyses
[42, 43]. While this work remains in its infancy and has
room for improvement, both methodologically and statis-
tically, we believe the early results to be both intriguing
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and thought-provoking in helping to elucidate the strength-
hypertrophy relationship.

6 Conclusions

We have presented theoretical and longitudinal evidence that
strength acquisition in the long term is enhanced by hypertro-
phy. We have provided evidence that mechanical and molecu-
lar factors support the hypothesis that hypertrophy enhances
strength. In doing so, we have illuminated issues with different
methods and their respective abilities to elucidate relationships
between strength and hypertrophy. Finally, we have provided
evidence that short-term studies utilizing untrained subjects
may not fully capture the influence of hypertrophy on strength.
We appreciate the multitude of factors that may play a role in
the acquisition of strength; we conclude that in the long-term
muscular hypertrophy contributes to strength.

7 Reply to Loenneke et al.

We appreciate the opportunity to respond to Loenneke et al.
[44] and for these authors’ willingness to exchange points
on this matter. As we noted in our initial writing, evidence
supports the contention that hypertrophy is neither a neces-
sary nor sufficient cause of improved strength in all contexts.
However, we feel evidence overwhelmingly supports hyper-
trophy as a contributory cause of improvements in strength.

Loenneke et al. argue that associational evidence used
to support the theory that hypertrophy is related to changes
in strength is simply “correlating error/random biological
variability”. However, from a statistical standpoint, we con-
tend that this point is not supported. By definition, on aver-
age, random error should have zero correlation with other
random error, assuming that the random error is independ-
ent. In the case of assessing muscle size and strength, it is
unclear why covariance would be present between strength
and hypertrophy measurement/biological variability, and the
authors have not supported this underlying premise. Indeed,
mathematical proofs show that, on average, measurement
error decreases correlation [45], which suggests that the cor-
relations we observe in the literature are weaker than what
is present in nature.

Loenneke et al. provide evidence that strength gains can
occur without accompanying hypertrophy, and that simi-
lar hypertrophy does not guarantee similar strength gains.
However, that evidence is not inconsistent with the conten-
tion that hypertrophy has a contributory causal effect on
strength gains, as a contributory cause is one that is neither
necessary nor sufficient. Indeed, in a training study, one
mechanism can increase while another decreases, making
the role of a single mechanism difficult to untangle. Since an
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experiment that assesses all potential mechanisms would be
nearly impossible to complete in humans, multiple lines of
work may be needed to establish or refute hypertrophy as a
contributory cause. That is, the question may not be able to
be answered through a single experiment, but rather, many
experiments combined with modeling may be needed [42].

Addressing Loenneke et al.’s point concerning low-load
versus high-load training, they state correctly that strength
increases more with high-load training in the movements
being trained. However, a recent meta-analysis [46] found
that high-load training produced larger gains in dynamic
strength, while also finding no significant differences
between high-load and low-load training in both hypertro-
phy and isometric strength gains. This suggests that hyper-
trophy increases the muscle’s general ability to produce
force, regardless of loading zone, and that high-load training
additionally leads to superior skill acquisition for dynamic
strength testing.

Finally, the impact of non-training stimuli on hypertro-
phy and strength cannot be overlooked. Bhasin et al. found
that supraphysiological doses of testosterone (600 mg/week)
caused both hypertrophy (15.7% increase in thigh muscle
volume) and strength gains (17.7% increase in leg press
strength) without any RT stimulus [47]. The lack of train-
ing stimulus and the similarity between hypertrophy and
strength gains suggest that the strength gains were driven
by muscle hypertrophy. Considering these points, it seems
evident that hypertrophy can be considered a contributory
cause of improvements in strength.
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