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Within-individual design for
assessing true individual
responses in resistance training-
induced muscle hypertrophy
Talisson Santos Chaves1, Deivid Gomes da Silva1,
Manoel Emílio Lixandrão2 and Cleiton Augusto Libardi1*
1MUSCULAB - Laboratory of Neuromuscular Adaptations to Resistance Training, Department of
Physical Education, Federal University of São Carlos, São Carlos, São Paulo, Brazil, 2Department of
Pediatrics, Section of Nutrition, University of Colorado Anschutz Medical Campus, Aurora, CO, United
States
Understanding interindividual variability in muscle hypertrophy in response to
resistance training (RT) is a key focus of contemporary research. Common
aims include identifying determinants of variability and recognizing individuals
who do not respond to RT (i.e., non-responders). However, accurately
identifying true individual responses (TIR) remains challenging due to the
complex nature of muscle hypertrophy assessments. This complexity arises
from distinguishing the TIR from natural variation in muscle mass over time
and random measurement error in pre- and postintervention assessments.
Existing studies have often overlooked this complexity, failing to employ
experimental designs capable of isolating the TIR. Additionally, the reliance on
random measurement error assessments based on group level data may not
adequately capture the biological variation in muscle mass within individuals.
In this context, we propose an experimental design based on unilateral,
within-subject resistance training, capable of estimating biological variation in
muscle mass and identifying TIR to RT-induced muscle hypertrophy.
Additionally, we present an approach to effectively identify non-responders.
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Introduction

Several investigations have focus on understanding the phenomenon of interindividual

variability in muscle mass gains (i.e., muscle hypertrophy) induced by resistance training

(RT) (1–14). Commonly, the primary aims of these studies are as follows: (1) identifying

key determinants of variability in interindividual response (i.e., effect modifiers), to

comprehend whether genetic, epigenetic, and environmental/behavioral factors (i.e.,

diet, sleep, lifestyle, prior experience with RT, and other transient characteristics) are

associated, at least in part, for the variability in muscle hypertrophy response among

individuals (15); (2) identifying individuals who do not exhibit muscle hypertrophy in

response to RT (i.e., non-responders), with the aim of developing strategies that enable

these individuals to respond to future interventions (16). Thus, more accurate

identification of individual responses appears to be crucial for advancements in

understanding interindividual variability.
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In this regard, identifying the individual response to muscle

hypertrophy can still be considered complex. This is because the

observed individual response induced by RT is defined as the sum of

the following components (C): C1: change in muscle mass caused by

the intervention [i.e., true individual response (TIR)]; C2: change that

would have occurred if the individual had not undergone the

intervention (i.e., random error resulting from biological variation

in the subject’s muscle mass over the intervention time); C3:

change caused by random measurement error present in pre- and

postintervention assessments (i.e., random error resulting from the

measurement technique and the evaluator). Thus, considering the

existence of C2 and C3, the changes in muscle mass observed in an

individual after an RT program may or not be attributed to the

intervention itself. Therefore, accurate identification of the TIR would

involve isolating C1 from the other sources of variation (C2 and C3).

Studies that investigated the individual responses to muscle

hypertrophy did not use any experimental design strategy or analysis

to isolate the TIR from all other sources of variation simultaneously

(i.e., C2 and C3) (1–14). Ahtiainen et al. (9), did indeed examine the

long-term changes in muscle size within a control group. However,

the authors refrained from incorporating the observed variation

within the control group when considering the estimate of the

adaptive response to RT within the intervention group. Despite this,

we recognize that some studies that investigated individual responses

considered partially the influence of these sources of variation using

random measurement error consisting of two repeated measures,

which includes technical error and short-term day-to-day variability

in measurements (12, 14, 17). However, we emphasize that variation

observed in a short period (e.g., 72 h or one week) may not fully

capture biological variation in muscle mass within an individual who

occurs throughout the entire intervention. Furthermore, random

measurement error was assessed based on test-retest data from a

group of individuals. In the context of individual responses, this can

be problematic because although the random measurement error may

be low and consistent among most individuals in the sample (12, 14,

17), the biological variation in muscle mass within individuals over

time may be high and differ substantially between subjects, especially

when the follow-up time is long (e.g., 3–6 months) (18). In this case,

the random error performed with a short period in a group of

individuals may not be a valid measure of the biological variation in

muscle mass for an individual. Therefore, to more precisely identify

TIRs, improve the effectiveness of analyzing effect modifiers and

identify non-responders, individualized measures of C2 are needed.

Thus, this study proposes an analysis based on an experimental

design that allows to estimate the natural variation in an individual’s

muscle mass over the intervention period and, consequently,

estimates the TIR in RT-induced muscle hypertrophy. Additionally,

we propose an approach to identify non-responders.
Quantifying the magnitude of
interindividual variability: the need for a
control group

Before analyzing effect, modifiers or identifying non-responders,

it has been suggested that the true interindividual variability
Frontiers in Sports and Active Living 02
(i.e., attributable only to the intervention) be quantified (19, 20). In

this context, to understand the magnitude of interindividual

variability, it is necessary to analyze the standard deviation (SD)

associated with the average response of a group after an

intervention (SDint). Indeed, the SDint represents the variation in

individual responses around the group mean (20). However, SDint

is composed of TIRs, accompanied by their sources of random

error (19). The presence of random errors can overestimate or

underestimate the true interindividual variability of the response.

To minimize this issue, it has been suggested that experimental

designs include a parallel control group (i.e., accompanied for the

same period as the intervention group) (15, 19, 20).

The reason for the inclusion of a control group is based on two

assumptions: (1) changes in the SD of the control group (SDcon)

estimate the interindividual variability due to random error alone;

(2) the variability due to random error is similar between control

and intervention groups, differing only in the variability caused by

the intervention. Thus, if both assumptions are met, such an

experimental design allows us to estimate the true interindividual

variability (i.e., SDtrue), by simply subtracting the variance in the

control group from the variance observed in the intervention group

(20). Therefore, the SDtrue represents a measure of the variability

of individual responses around the mean group effect, adjusted for

the influence of random error, from Equation 1a (the description of

the equation can be found in the Supplementary File).

SDtrue ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(SDint2 � SDcon2)

p
(1a)

Although parallel control group accounts for the magnitude of

variability within the intervention group, adjusted for the influence

of the random error this method has limitations for estimating the

TIR for an individual (21, 22). This occurs because the observed

individual hypertrophic response due to the intervention must be

adjusted for biological variation in muscle mass that occurs

throughout within the same period, but without any intervention.

Unfortunately, the use of independent groups makes this procedure

impossible as individuals are either allocated to the intervention or

control group only, thus it is impossible to quantify its biological

variation in different experimental conditions at the same time.

Even if a control period of equal duration were conducted prior to

the intervention, where each subject would serve as their own

control parameter, environmental and behavioral factors could vary

throughout the experiment. These variations might affect

individuals differently during the control and intervention periods.

Therefore, we suggest that an experimental design, where

everyone is used as their own control throughout the

intervention (further details below), can minimize all limitations

mentioned thus far when investigating muscle hypertrophy.
Within-person trial design as an ideal
approach to assess individual
responses to muscle hypertrophy

Estimating the TIR in muscle mass gains after intervention is

challenging. Here, we suggest a within-individual trial design, in
frontiersin.org
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which the randomization unit is not the individual but rather an

organ or some part of the body (23, 24). This design allows to carry

out an intervention in one of the participants’ limbs, while the

contralateral limb does not undergo any intervention throughout

the entire experimental period (i.e., control condition). The use of

the contralateral limb as a control in RT studies has been employed

to estimate natural variation in muscle mass over time (1, 25).

However, our approach introduces novelty by combining the

calculation of the SDtrue using both the intervention and control

limbs, the analysis that allows quantification of C2 and, based on

this, estimates TIR with greater precision for each individual., and

the use of 95% CI based on measurement error around TIR as a

suggested predefined criterion for identifying non-responders.
Estimating the magnitude of true
interindividual variability in muscle
hypertrophy

The use of a within-subject experimental design in which one leg

is assigned to a RT program while the contralateral leg serves as an

internal control assumes that changes in the untrained leg estimates

the random error arising from biological variations in muscle mass

over the experimental period (i.e., C2). In this case, researchers can

measure changes in muscle mass for both limbs (exercised and

control) and their respective standard deviation (i.e., SDint and

SDcont) within the same individual. This information allows us to

calculate the magnitude of true interindividual variability as

suggested by previous studies. For example, in a within-subject

study conducted by Hubal et al. (1), RT was performed only in the

non-dominant arm and the untrained contralateral limb was used

as an internal control. However, the results for the untrained limb

were not used for an analysis of interindividual variability. To verify

the influence of C2 and C3 in Hubal’s study, we considered the

mean and SD of the percentage change in muscle mass for the

12-week trained limb (18.9 ± 9.7%) and for the untrained limb

(1.4 ± 7.2%). The SD of the RT group a priori indicates an

interindividual variability of 9.7%. However, through the

differences between the variances of trained and untrained limbs,

we found that the true standard deviation (SDtrue) from Equation 1b

(the description of the equation can be found in the

Supplementary File).

SDtrue ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(9:72 � 7:22)

p
¼ 6:5% (1b)

Clearly, this indicates an approximately 33% decrease in

interindividual variability due to intervention. Therefore, this analysis

highlights that interindividual variability was reduced when

accounting for changes in the control group in the analysis. It is

important to note that both parallel-group and within-subject designs

can capture the true interindividual variability present in the group.

However, the within-subject design may be more advantageous as it

enables researchers to control potential behavioral/environmental

confounding factors (e.g., diet, sleep, training history). In addition, the

use of a within-person trial design reduces by half the number of
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subjects needed to carry out the study, which is particularly

important in view of the difficulty of obtaining a large sample size for

long-term interventions, as well as the financial costs of the project.

Thus, we suggest that future studies use this approach to identify the

magnitude of true interindividual variability in muscle mass gains.
Estimating the true individual response
to muscle hypertrophy

Training only one of the limbs, while the contralateral is used as

control, allows estimating the magnitude of the true interindividual

variability and, therefore, the variation resulting from the C2 for

everyone. Considering the influence of this variation on the

observed response in the limb undergoing intervention, it leads to

the estimation of the TIR. This is crucial because while C3 may be

low and consistent in group analyses, based on reproducibility

metrics over a short inter-measurement interval, the error

associated with biological variation in muscle mass estimated from

control group analysis can significantly vary between subjects,

particularly with longer follow-up period (i.e., C2) (e.g., 3–6

months) (19). Additionally, C2 is often greater than C3 (26);

therefore, this source of variation can be considered amongst the

main obstacle in estimating the TIR to muscle hypertrophy induced

by RT in non-within-subject approaches.

Thus, based on the premise that randomized controlled trials

estimate the intervention effect, by subtracting changes in

intervention from control groups, the within-subject design

proposed herein allows estimating the TIR. That is, researchers can

subtract the response observed in the trained limb from the observed

response of the control one (i.e., Δpost−pretrained limb – Δpost−pre
control limb). For example, if an individual exhibits a 12% increase

in the muscle cross-sectional area of the trained limb and a 5%

positive variation in the control leg, the TIR to the intervention is

7%. This approach allows for estimating the magnitude of variation

in C2 and considering its influence on the individual response. Thus,

it enables only the estimates of TIR to be considered for effect

modifier analyses. In this case, by mitigating the within-group

variability caused by potential confounding factors, it is expected

that the power of the statistical tests used in the analysis of effect

modifiers (e.g., linear regression) will increase (27, 28). In other

words, such a procedure can facilitate the detection of possible

associations between the dependent variable (i.e., muscle

hypertrophy) and potential effect-modifying variables if they exist

(e.g., diet, sleep, lifestyle, training history and other transient

characteristics). Therefore, such an approach can help researchers

explore the effect of modifying variables that contribute to the

variability in muscle hypertrophy responses, potentially guiding

future investigations into these modifiers.
Identifying non-responders for muscle
hypertrophy

The identification of non-responders has been suggested as an

important step in understanding interindividual variability in
frontiersin.org
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muscle mass gains. However, separating study participants into

“responders” and “non-responders” can be problematic if

objective, predefined criteria are not established a priori, as it

often serves as a device to assert that some subset of the sample

experienced a beneficial effect from the intervention, even when

the average treatment effect is small or not significant. This

approach tends to overlook possible moderators and mediators,

which would be more scientific ways to explain why the

intervention or treatment results in heterogeneous responses.

When there is heterogeneity in response, the most appropriate

approach is to investigate the likely mechanisms, causal models,

and other ways to quantify this heterogeneity (29–31). On the

other hand, researchers may explore the efficacy of alternative

training interventions and dietary or pharmacological options for

individuals who exhibit little or no response (16).

To potentially minimize bias in identifying non-responders, it

is necessary to control for the influence of C2 and C3 (i.e.,

biological variation in muscle mass over the intervention

period + error from measurement technique and evaluator) on

the observed response after the intervention. As described above,

the TIR estimates the individual response by accounting for the

influence of potential biological variation in muscle mass

observed in the contralateral control limb. The next step is to

consider the influence of measurement error in identifying non-

responders. For this purpose, we suggest including a confidence

interval (CI) composed of the measurement error (i.e., typical

error [TE] or coefficient of variation [CV]) (18, 20, 30, 31)

(the description of the TE and CV can be found in the

Supplementary File). Around the TIR, we suggest that the TE be

calculated based on 2 or more repeated measurements performed

on all individuals with a short interval between measurements.

Thus, to calculate the 95% CI based on C3, the choice between

TE or CV depends on whether the measured variable is reported

in absolute or relative values, respectively (18). Equation 2a was
FIGURE 1

Identifying non-responders for muscle hypertrophy following resistance train
above the threshold that represents no benefit (i.e., zero). (B) A non-respond
no benefit (i.e., zero). TIR, true individual response; CI, confidence interval;
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utilized (the description of the equation can be found in the

Supplementary File).

95% CI ¼ 1:96 � ffiffiffi
2

p � CV (2a)

Considering that inaccuracies can occur both above and below

the TIR, the value produced by the formula is added and subtracted

from the TIR, creating a 95% CI around this estimate. To illustrate,

if the estimated TIR after an intervention with RT for an individual

is 7% and the CV of the measure is 1%, we can calculate the 95% CI

From Equation 2b:

95% CI ¼ 1:96 � ffiffiffi
2

p � 1 ¼ 2:77% (2b)

Thus, the range of values for TIR would be TIR = 7% (95%

CI = 4.23%; 9.77%). Therefore, the CI around the observed

response represents a range of plausible values for the TIR,

accounting for the imprecision of the muscle mass assessment

method (i.e., measurement error). In this sense, although the best

estimate for the individual’s response is 7%, it cannot be ignored

that due to C3, the TIR would be between 4.2 and 9.6%.

Therefore, RT interventions can be classified as successful or

unsuccessful for each individual if the 95% CI around the TIR is

within a predefined region (18). For example, the intervention

can be considered effective for a given individual if the lower

bound of the 95% CI around the TIR for muscle mass is above

the threshold that represents no benefit (i.e., zero). In contrast, if

the 95% CI includes zero or if the upper limit of this range was

below zero, the subject can be classified as non-responder

(Figure 1). A more detailed explanation of the construction and

use of CIs based on measurement error is beyond the scope of

this article, and readers should refer to Swinton et al. (18). We

consider this approach to be adequate for identifying non-
ing. (A) A responder is considered when the lower bound of the 95% CI is
er is considered when the 95% CI includes the threshold that represents
CV, coefficient of variation; TE, typical error.
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responders to muscle hypertrophy, as the within-person design

allows the estimation of C2 within everyone throughout the

intervention period. Further, we emphasize that by subtracting

this source of variation, the TIR may differ substantially from the

initially observed response (i.e., without adjustment for random

error). Consequently, the proposed approach can have a

substantial impact on the number of non-responders observed

in studies.
Limitations

While our proposed approach provides a structured framework

for estimating TIR to RT-induced hypertrophy by accounting for

biological variation and measurement error, methodological

limitations should be acknowledged. Firstly, the design is

restricted to RT protocols involving isolation movements and

specific muscle groups, primarily the limbs. Consequently, its

applicability to multi-joint, compound exercises and whole-body

RT adaptations may be limited. Additionally, this method is

primarily suited for assessing muscle mass changes, as it does

not account for neural adaptations or performance outcomes

such as maximal strength, power, or motor skill acquisition. This

limitation arises partly due to the cross-education phenomenon,

where training one limb can influence performance

improvements in the untrained limb. Future research could

consider integrating additional assessments to capture a broader

spectrum of physiological adaptations.
Conclusion

We proposed an analysis based on a within-subject

experimental design, which enables the estimation of biological

variation in an individual’s muscle mass over the intervention

period. This approach allows the estimation of the TIR to

RT-induced muscle hypertrophy. Consequently, accurately

estimating the TIR can enhance investigations dedicated to

analyzing effect modifiers. Furthermore, it enables the more

appropriate identification of non-responders to RT interventions.
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