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Abstract

Resistance training induces substantial improvements in strength and body composition, yet individuals often respond
differently to the same training stimulus. The aim of this study was to examine how modifiable factors and baseline
characteristics contribute to interindividual differences in response to resistance training. Forty-three healthy adults
completed an eight-week resistance training intervention consisting of two weekly full-body sessions. Dynamic
strength was assessed using one-repetition maximum (1RM) test in squat and bench press, isometric strength was
assessed as maximal voluntary contraction (MVC), and body composition was measured using dual-energy x-ray
absorptiometry. Lifestyle- and training related variables, including sleep, stress, readiness, alcohol intake, smoking,
physical activity during the intervention, adherence, compliance and supervision, were recorded throughout the
intervention.

Following the intervention, significant improvements were observed in 1RM squat (p<<0.001), 1RM bench press
(p<0.001), and MVC (p=0.030), whereas fat free mass (FFM) did not increase significantly (p=0.241). Considerable
interindividual variation was observed across all outcomes. The hierarchical multiple regression models explained
between 32% and 55% of the variation in squat, bench press, MVC and FFM, respectively. Lower baseline strength
relative to FFM was associated with greater improvements in squat and bench press while changes in body weight
were the strongest predictor of changes in FFM. These findings suggest that baseline strength level and body weight

change may be important factors in explaining individual response to resistance training.

1 | Introduction

Resistance training is one of the most widely used forms of
physical activity and is applied for several purposes,
including increasing muscular strength, improving body
composition, optimizing sports performance, and
supporting rehabilitation in clinical populations [1-3]. In
addition to these effects, resistance training has several well
documented health promoting and disease preventive
benefits, particularly with increasing age, where it may
counteract sarcopenia, loss of bone mass, impaired
metabolic health, and reductions in functional capacity [4,
5]. Strength training adaptations are not limited to skeletal
muscle, but also include passive tissue such as bones,
tendons and ligaments, contributing to a more robust
musculoskeletal system and potentially reducing injury risk
[6-8].

Although it is well established that resistance training
induces several physiological and health promoting
adaptations, studies show substantial interindividual
variability in the response to resistance training [9, 10]. This
is especially evident for muscle hypertrophy and muscular
strength, even when individuals are exposed to the same
training stimulus [9, 11]. Hubal et al., (2005) showed
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considerable variation after 12 weeks of progressive
resistance training, with changes in muscle cross sectional
area ranging from -5% to 55% and changes in MVCranging
from -30% to 145%][9]. Similarly, Karavirta et al., (2011)
found large variation in isometric knee extension strength
following 21 weeks of resistance training ranging from -
15% to 57% [10]. These findings indicate that individuals
respond markedly differently despite exposure to identical
training stimulus.

This variation suggests that several factors may influence
the individual response to resistance training. Previous
research indicates that training response is likely explained
by a combination of genetic and environmental factors [12].
At the molecular level, genetic variation may influence
gene expression and protein production, thereby affecting
muscular adaptations. This may occur though variation in
protein function, such as polymorphism in ACTN3, or
through differences in signaling pathways related to muscle
hypertrophy, including insulin like growth factor-1 and
mTOR [13]. However, recent research emphasizes that
training adaptations are polygenetic and influenced by
many genetic variants, each contributing a relatively small
effect[13-15]. Importantly, genetic factors are considered
non-modifiable.



In addition to genetic factors, several modifiable factors
may contribute to explaining the response to resistance
training. These include training and activity related
variables such as training volume, intensity, frequency and
additional interfering training, as sufficient and
progressively increasing mechanical loading is necessary to
induce and maintain strength adaptations [16, 17]. Lifestyle
related factors may also influence the physiological
processes underlying adaptation. Sleep, alcohol intake,
smoking habits, stress, and perceived readiness may affect
performance, training quality, and thereby the overall
training response [18-22]. Furthermore, individual
characteristics such as age, sex, training experience, and
initial strength level may influence adaptive potential, even
though these factors are not necessarily modifiable in the
same way.

Despite the well documented interindividual variation in
response to resistance training, it remains insufficiently
understood which factors explain why some individuals
respond more or less to the same training stimulus. Previous
studies have often used genetic differences as a central
explanatory framework, but because genetics represent a
non-modifiable factor, greater knowledge is needed
regarding the role of modifiable factors and their interaction
with individual characteristics. A better understanding of
these factors may contribute to explaining variation in
training adaptations between individuals.

Therefore, the aim of the current study is to examine how
modifiable factors and individual characteristics contribute
to explaining interindividual differences in response to
resistance training.

2 | Materials and methods

The present study was designed as an eight-week resistance
training intervention. Participants completed two weekly
full body training sessions consisting of squat, bench press,
row variations, and Romanian deadlift variation.

Muscle strength and body composition were assessed
before and after the intervention. Testing was performed
during two separate days. On the first test day, conducted at
Aalborg University, body composition was assessed using
dual energy X-ray absorptiometry (DXA), and isometric
knee extension strength was measured using an isokinetic
dynamometer. On the second test day, dynamic strength in
squat and bench press was assessed as 1RM in the
participants’ respective training facilities.

In addition, data were collected on several factors
potentially contributing to interindividual differences in
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training response. These included baseline characteristics
such as, age, sex and initial strength level. Furthermore
training related factors including aerobic and anaerobic
training outside the intervention, adherence, compliance
and supervision. Lastly, data on lifestyle related factors
including step count, sleep duration, self perceived sleep
quality, self perceived stress, self perceived readiness to
train, alcohol intake and smoking was conducted.

2.1| Participants

Forty-three participants were included in the study,
consisting of 22 men and 21 women (age: 32.6 + 11 years;
height 174.9 + 11.7 cm; body mass: 79.2 + 16.1 kg; FFM:
55.6 +12.9 kg; fat mass: 20.7 + 8.0 kg). Data are presented
as mean + standard deviation.

Flowchart

Potential participants approached
n =486

!

Potential participants expressed interest
n=>53

!

Assessed for inclusion and exclusion criteria
n=43

!

Included and completed baseline testing

n=43
- J
@ ‘ 3
Began 8-week strength training intervention
n=4l1
- J

!

Completed post-test by outcome
* 1RM squat: n = 33
* 1RM bench press: n = 36
* MVC:n=38
* DXA:n=40

! 3 participants withdrew due to injuries |
| unrelated to the study. 3

Figure 1: Flowchart illustrating the recruitment, inclusion, baseline,
intervention and completed posttests. The number of participants at each
stage is precented as n.

The inclusion criterion was healthy adults age between 18
and 70 years. Exclusion criteria were injuries that could
affect testing and completion of the training intervention,
and use of medication that could potentially influence test
results. The participants had varying training experience.
Figure 1 shows a flowchart of the recruitment process. All
participants provided written informed consent and were



informed that they could withdraw from the study at any
time. The study was conducted in accordance with the
Declaration of Helsinki and was approved by the scientific
ethics committee of the North Denmark Region (N-
20230060)

2.2 | Data Collection Procedures

2.2.1 | Body composition

Body composition was conducted using a Lunar iDXA (GE
Healthcare, Chicago, Illinois, USA). Whole body scans
were performed before and after the intervention to
determine potential changes in total fat mass and FFM. All
scans were performed by a certified and experienced
operator according to standard procedures. Participants
were tested at approximately the same time of day.

2.2.2 | Isometric knee extension strength

Isometric knee extension strength was assessed using
Humac NORM Isokintec Dynamometer (CSMi,
Stroughton, MA, USA). Participants were positioned
according to individual anthropometry, with the knee
aligned with the rotational axis of the dynamometer. The
shin pad was placed approximately 2 cm above the medial
malleolus, and the lever arm length was recorded. The
weight of the lower leg was estimated, and gravity
correction was applied using the computer software.

The test was performed as an isometric knee extension at
60° of knee flexion, with full knee extension defined as 0°.
Participants were secured with straps and instructed to hold
the handles during the test. The protocol consisted of five
submaximal warm up and familiarization trials at 5, 6, 7, 8
and 9 on the Rating of Perceived Exertion scale, followed
by three maximal voluntary isometric contractions. Each
contraction lasted 5 seconds, with 1 minute of rest between
trials. Participants received visual feedback of the torque
development and verbal encouragement during maximal
attempts.

2.2.3 | One repetition maximum

Dynamic strength was assessed using 1RM tests in squat
and bench press. Testing was performed in the participants'
own training facilities, with at least one investigator
present. All participants completed squat testing before
bench press testing.

Before each 1RM test, participants completed a general
warm up consisting of 5 minutes of low intensity
cardiovascular exercise followed by self selected dynamic
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stretching and a specific warm up. The specific warm up
consisted of two sets of five repetitions with an empty
barbell followed by one set of three repetitions, one set of
two repetitions and one set of one repetition. Weight
increased as repetition decreased. Participants then
performed single repetitions with progressively increasing
loads until 1RM was determined. Load increments varied
between 1 and 15 kg based on the subjective evaluation of
the investigator and participant. Rest periods of 3-4 minutes
were provided between attempts, and all participants
reached 1RM within one-six attempts. All men used a 20
kg barbell and women used a 15 kg barbell.

For the squat to be approved, participants were required to
descend until the top of the hip was below the top of the
knee. If this was not possible, the participant squatted to the
greatest technically acceptable depth, which was then
standardized between pre- and post testing. For the bench
press to be approved, the barbell had to move from
extended arms, clearly touch the chest, and return to full
elbow extension. Participants were instructed to keep both
feet on the floor and their glutes in contact with the bench
throughout the lift. The highest approved load was recorded
as IRM.

2.3 | Training intervention

Participants completed two weekly full body resistance
training sessions for eight weeks. Each session included
squat, bench press, row and Romanian deadlift. In the first
weekly session, row was performed as a one-armed
dumbbell row and Romanian deadlift with a barbell. In the
second weekly session, row was performed with a barbell
and Romanian deadlift with dumbbells. Training load was
regulated using the repetitions in reserve (RIR) scale.
During the first week, all exercises were performed at RIR
4-6. Throughout the intervention, intensity progressively
increased by reducing RIR, while training volume was
gradually reduced through fewer sets and repetitions (Table
1). Before the intervention, all participants received verbal
instructions regarding the structure and execution of the
training program. Participants registered the load used in all
sets and exercises throughout the intervention in a personal
training log.



Table 1: Training plan

Squat & Bench press Row & Romanian deadlift

Rest Rest

:V“k Set Reps RIR (meiil) Set Reps RIR (mii)
1 5 4 4-6 2-3 3 10 4-6 2-3
2 5 4 3 2-3 3 10 2-3 2-3
3 5 3 3 2-3 3 10 23 23
4 5 3 2 2-3 3 10 23 2-3
5 5 2 3 3-4 3 8 2-3 23
6 5 2 2 3-4 3 8 2-3 23
7 4 1 2 34 3 8 2-3 2-3
8 3 1 1 3-4 3 8 2-3 2-3

Tabel 1 shows an overview of the eight-week training program. The table
present the weekly progression in sets, repetitions, RIR and rest intervals
for each exercise.

Before each training session, participants completed a short
questionnaire regarding self-perceived stress, self-
perceived readiness to perform, sleep duration and self-
perceived sleep quality. Stress and readiness to perform
were rated on 0-10 scales, where higher scores represented
greater stress and greater readiness, respectively. Sleep
quality was also rated on a 0-10 scale, and sleep duration
was reported in hours. At the end of each week, participants
reported alcohol intake and number of cigarettes smoked.
Participants using a smartwatch were instructed to register
nightly sleep duration and daily step count (Appendix 1).
All physical activity performed concurrently with the
intervention was registered by activity type and duration.
Training sessions were partially supervised by the
investigators to ensure correct exercise execution and
adherence to the training protocol. The degree of
supervision was registered for each participant.

3 | Data processing

MVC from the isokinetic dynamometer was exported and
processed in Excel (version 2503). Data were converted
from CSV files and analyzed using the highest trial from
each participant. Raw data were processed by identifying
the peak value and calculating a moving average based on
the fifty surrounding data points. The sampling frequency
was 500 Hz.

For 1RM testing, the highest approved squat and bench
press loads before and after the intervention were used for
analysis, and changes over time were calculated.
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DXA data were received as processed output and used
directly in the analysis. Total fat mass and FFM were
included. Changes in FFM were used as an estimate of
muscle hypertrophy, while changes in total body mass were
used as an indicator of changes in energy balance.

Initial strength level was quantified as 1RM squat and
bench press relative to body mass and FFM. Adherence was
calculated as the percentage of planned training sessions
completed, while compliance was calculated as the
percentage of planned sets completed. Supervision was
calculated as the percentage of training sessions supervised
by the investigators. Sleep duration, self-perceived sleep
quality, self-perceived stress and self-perceived readiness
to perform were calculated as mean values across registered
training sessions. Step count, alcohol intake and smoking
were calculated as weekly averages across the interventions
period. Training concurrently with the intervention was
divided into aerobic and anaerobic activity and quantified
as minutes per week.
4 | Statistical analysis

Data were analyzed using IBM SPSS Statistics (Version
31.0.0.0). Normality was assessed using the Shapiro-Wilk
test before statistical analyses were conducted. Statistical
significance was set at a = 0.05. Paired samples t-tests
were used to assess pre- to post intervention changes in
IRM squat, 1RM bench press, MVC, and FFM. Effect sizes
for pre- to post intervention changes were calculated using
Cohen’s d and interpreted as small (d <0.2), moderate (d =
0.5), or large (d > 0.8) [23]

An initial screening procedure was performed to identify
potential predictors of changes in the dependent variables
and to reduce the number of independent variables included
in the subsequent regression models, thereby limiting the
risk of overfitting. This screening consisted of simple linear
regression analyses, where each dependent variable was
analyzed separately against all independent variables.
Independent variables that were statistically significant or
showed clear tendencies across several dependent variables
were considered potential predictors for the final models.
Based on the initial screening, hierarchical multiple
regression analyses were performed. The dependent
variables were percentage changes in 1RM squat, IRM
bench press, MVC, and FFM. Explained variance was
evaluated using the coefficient of determination (R?) and
adjusted R?, while changes in explained variance between
models were assessed using AR? and the associated F-
change test.



Selected independent variables were entered into the
regression analyses in separate models based on their
theoretical relevance and classification as baseline
characteristics, lifestyle related factors, or training related
factors. In the first model, selected baseline characteristics
were included. Additional relevant predictors were then
added in subsequent models to examine whether they
explained additional variance in the dependent variables.
Additional explanatory value was considered present when
the AF-test was statistically significant (p <0.05).

5 | Results

A total of 43 participants were enrolled in the present study.
Three participants withdrew due to injury or personal
reasons unrelated to the study. All remaining participants
completed the DXA scan (n = 40). Due to complications
such as injury, illness, or absence, 33 participants
completed the 1RM squat test, 36 completed the 1RM
bench press test, and 38 completed the MVC test.
Compliance throughout the intervention was 90.1 & 13.4%,
and adherence was 90.3 + 14.1%. Before statistical analyses
were conducted, data were assessed for normality using the
Shapiro-Wilk test. All data were normally distributed.

5.1 | Dependent variables

Table 2: Pre to post values for the dependent variables

Pre Post Mean 95 % Cohen’
ohen’s
Variable N (mean) (mean) change CI for I d
value
+SD +=SD +SD  change
+ 5. L -
IRM 13 95.4 105.7 103+ 7.7 <0.001 1.4
Squat 359 +37.3 73 12.8
113 I 36 SO Ta.e 52+34 40-6.3 <0.001 1.5
ench 3 131 1.9 2+3. .0-6.3 . .
press
301.1+  310.8 9.7+ 1.0 -
MVC 38 0.030 0.4
84.6 + 829 26.4 18.4
556+ 559+ -0.2 -
3+1. i A
FFM 40 13.0 13.1 0 1.5 0.241 0.2

Tabel 2 shows the mean value and standard deviation (SD) for pre to post
data for I1RM squat, IRM bench press, MVC and FFM. Furthermore, the
table shows the mean change + SD, and the confidence interval (CI) for
the change. Lastly the table shows the p-value and effect size represented
as Cohens d.

As shown in Table 2, 1RM squat increased from 95.4 +£36.9
kg at pre-test to 105.7 + 37.3 kg at post-test. The mean
change was 10.3 = 7.3 kg, which was statistically
significant (p < 0.001). A very large effect size was
observed (d =1.4).
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1RM bench press increased from 67.0 & 32.1 kg at pre-test
to 72.2 £ 31.9 kg at post-test. The mean change was 5.2 +
3.4 kg, which was statistically significant (p < 0.001). A
very large effect size was observed (d = 1.5).
MVC increased from 301.1 + 84.6 to 310.8 = 82.9. The
mean change was 9.7 + 264, which was statistically
significant (p =0.030). A moderate effect size was observed
(d =0.4). FFM was 55.6 £ 13.0 kg at pre-test and 55.9 +
13.1 kg at post-test, representing a non-significant change
(p =0.241). A small effect size was observed (d =0.2).

5.2 | Interindividual variation

Figure 2 shows the distribution of individual changes
ranked from lowest to highest. A large interindividual
variation in the response to resistance training was
observed across squat, bench press, MVC, and FFM. The
mean changes were 11.9 = 7.7% for squat (range: —4.0% to
27.3%), 9.8 £ 7.3% for bench press (range: 0.0% to 24.4%),
4.1 £9.3% for MVC (range: —13.9% to 23.3%), and 0.5 +
2.7% for FFM (range: —4.5% to 8.8%).
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Figure 2 shows the distribution of individual changes for each the
dependent variables. The y-axis represents the percentage change for each
variable. The x-axis shows each subject. Subjects were distributed from
lowest-highest value to illustrate the variation.

5.3 | Simple linear regression analysis

Table 3 presents the results of the screening procedure,
which consisted of simple linear regression analyses
between the four dependent variables and all independent
variables.

Table 3: Simple linear regression analysis

Bench

Variables Squat press MVC FFM
Gender 0.630 <0.001* 0.145 0.345
Age 0.007* 0.933 0.008* 0.720
Squat/BW <0.001* 0.787 0.441
Squat/FFM <0.001* 0.281 0.524
Bench press/BW <0.001* 0.623 0.530
Bench press/FFM <0.001* 0.670 0.807
Stress 0.404 0.605 0.023~* 0.638
I::;iﬁ“ 0 0.860 0.166 0238 0.279
Self-perceived sleep 0.980 0.424 0.019* 0.249
Hours of sleep 0.010* 0.096 0.465 0.139
FAANA 0.017* 0.384 0.216 0.671
FAAE 0.056 0.908 0.002~ 0.096
Alcohol 0.390 0.042* 0.054 0.710
Compliance 0.840 0.258 0.053 0.403
Adherence 0.651 0.525 0.038* 0411
Supervision 0.857 0.129 0.422 0.798
BWDIF% 0.234 0.047* 0.036* 0.001*
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Table 3 shows the results from the simple linear regression analysis for
each the independent variables and percentage changes in 1RM squat,
bench press, MVC and FFM. Values represent p-values, with statistically
significant associations marked bold and with an *.

5.4 | Models for hierarchical multiple regression analysis
After the simple linear regression analysis, selected
independent variables was included in the hierarchical
multiple regression analysis. In model 1, age and baseline
strength relative to FFM were include for the strength
outcomes. For FFM, age and bodyweight relative to FFM
were included in model 1. In model 2, percentage change in
bodyweight was added across all outcomes, while hours of
sleep were added in model 3. Furthermore, table 4 presents
the p-values from the simple linear regression analysis for

each selected independent variable.
Table 4: Selected independent variables
Model Squat Bench press MVC FFM
Age ag:‘:) 933) Age Age
(p=0.007) ’ (p=0.008) (p=0.720=
Model 1 Bench
Squat/FFM press/FFM MVC/FFM BW/FFM
(p=<0.001) (p=<0.001) (p=0.160) (p=0.460)
Model 2 BWDIF BWDIF BWDIF BWDIF (p=
(p=0.234) (p=0.047) (p=0.036) <0.001)
Hours of Hours of Hours of Hours of
Model 3 sleep sleep sleep sleep
(p=0.010) (p=0.096) (p=0.465) (p=0.139)

Table 4 shows the classification of the independent variables into models
used in the multiple regression analyses. The table also presents the p-
values obtained for each independent variable in the simple regression
analyses.

5.4 | Squat

Table 5 presents the hierarchical regression analysis for
Asquat. In model 1, age and initial squat strength relative to
fat-free mass (SQUAT/FFM) were included. This model
explained 42% of the variance in Asquat and was
statistically significant (AR? =0.42, p <0.001). Age had a
significant negative standardized beta value (p =—0.32,p =
0.038), and SQUAT/FFM also had a significant negative
standardized beta value (p = —0.47, p = 0.003). These
negative beta values indicate that lower age and lower
initial squat strength relative to fat-free mass were
associated with greater improvements in 1RM squat.

In model 2, Abody weight (BWDIF) was added. This did
not change the R? value and did not significantly improve
the model (AR? = 0.00, p = 0.914). BWDIF was not
statistically significant (B = 0.02, p =0.914). After adding
BWDIF, SQUAT/FFM remained statistically significant (p



= 0.004). In model 3, sleep duration was added. This
increased R? from 42% to 47% but did not significantly
improve the model (AR? = 0.06, p = 0.094). Sleep duration
was not statistically significant (§ = 0.26, p = 0.094). After
adding sleep duration, SQUAT/FFM remained statistically
significant (p = 0.008).

Table 5: Hierarchical multiple regression analysis for A Squat

Model 1
Predictor B p p-value
Age -0.22 -0.32 0.038
Squat/FFM -9.43 -0.47 0.003
Model 2
Age -0.22 -0.31 0.056
Squat/FFM -9.91 -0.47 0.004
BWDIF 0.05 0.02 0914
Model 3
Age -0.19 -0.27 0.089
Squat/FFM -8.87 -0.42 0.008
BWDIF -0.09 -0.03 0.840
Hours of sleep 2.56 0.26 0.094
Model R? Adjﬁfted AR? change P 10F AF
Model 1 0.42 0.38 0.42 10.76  <0.001
Model 2 0.42 0.36 0.00 0.01 0.914
Model 3 0.42 0.40 0.06 3.00  0.094

Table 5 shows the hierarchical multiple regression analysis for the squat,
where the three models is represented with unstandardized beta (B),
standardized beta (B) and p-values. Furthermore, the table shows the
coefficient of determination (R?), adjusted R?, AR?, F-change and p-
values for F-change for each model.

5.5 | Bench press

Table 6 presents the hierarchical regression analysis for the
Abench press. In model 1, age and initial bench press
strength relative to fat-free mass (BENCH/FFM) were
included. This model explained 31% of the variance in
Abench press and was statistically significant (AR? = 0.31,
p =0.002). Age was not statistically significant (§ =—0.11,
p = 0.446), wherecas BENCH/FFM was statistically
significant (f = —0.65, p <0.001).

BENCH/FFM was the strongest predictor, and the negative
beta value indicates that lower initial bench press strength
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relative to fat-free mass was associated with greater
improvements in 1RM bench press.

In model 2, BWDIF was added. This increased R? from
31% to 37% but did not significantly improve the model
(AR% = 0.06, p = 0.087). BWDIF was not statistically
significant (§ = 0.26, p = 0.087). After adding BWDIF,
BENCH/FFM remained statistically significant (p =0.001).

In model 3, sleep duration was added. This increased R?
from 37% to 39% but did not significantly improve the
model (AR? = 0.02, p = 0.286). Sleep duration was not
statistically significant (B =0.17, p =0.286). After adding
sleep duration, BENCH/FFM remained statistically
significant (p = 0.004).

Table 6: Hierarchical multiple regression analysis for

A Bench press

Model 1
Predictor B ] p-value
Age 0.076 0.114 0.446
Bench press/'FFM -12.734 -0.652 <0.001

Model 2
Age 0.119 0.176 0.234
Bench press/FFM -11.594 -0.511 0.001
BWDIF 0.765 0.264 0.087

Model 3
Age 0.150 0.225 0.151
Bench/FFM -10.582 -0.467 0.004
BWDIF 0.760 0.262 0.088
Hours of sleep 1.697 0.168 0.286
Model R? Adj;fted AR? cha}:lge p for AF
Model 1 0.31 0.26 0.31 7.27 0.002
Model 2 0.37 0.31 0.06 3.12 0.087
Model 3 0.39 0.31 0.02 1.18 0.286

Table 6 shows the hierarchical multiple regression analysis for the bench
press, where the three models are represented with unstandardized beta
(B), standardized beta () and p-values. Furthermore, the table shows the
coefficient of determination (R?), adjusted R?, AR?, F-change and p-
values for F-change for each model.



5.6 | MVC

Table 7 presents the hierarchical regression analysis for
the AMVC. In model 1, age and initial MV C strength
relative to fat-free mass (MVC/FFM) were included. This
model explained 26% of the variance in AMVC and was
statistically significant (AR? =0.26, p =0.005). Age was
statistically significant ( = 0.46, p = 0.004), whereas
MVC/FFM was not statistically significant (3 =0.29,p =
0.059).

Age was the strongest predictor, with a positive beta value
indicating that higher age was associated with greater
improvements in MVC.

In model 2, BWDIF was added. This increased R? from
26% to 32% but did not significantly improve the model
(AR? = 0.06, p = 0.098). BWDIF was not statistically
significant (B = —0.26, p = 0.098). After adding BWDIF,
age remained statistically significant (p = 0.017), while
MVC/FFM became statistically significant with a positive
beta value (B =0.31, p = 0.039). This indicates that, when
BWDIF was included, higher MVC/FFM was associated
with greater improvements in MV C.

In model 3, sleep duration was added. This did not change
the R? value and did not significantly improve the model
(AR?*=0.01, p =0.602). Sleep duration was not
statistically significant ( = 0.081, p =0.602). After
adding sleep duration, age (p =0.017) and MVC/FFM (p
= 0.038) remained statistically significant.

The Journal of Strength & Conditioning Research

Table 7: Hierarchical multiple regression analysis for A MVC

Model 1
Predictor B p p-value
Age 0.391 0.458 0.004
MVC/FFM 1.430 0.286 0.059
Model 2
Age 0.322 0.376 0.017
MVC/FFM 1.544 0.308 0.039
BWDIF -0.920 -0.256 0.098
Model 3
Age 0.343 0.401 0.017
MVC/FFM 1.570 0.313 0.038
BWDIF -0.960 -0.267 0.091
Hours of sleep 1.010 0.081 0.602
Model R Ad’;fted AR g PTOTAF
Model 1 0.26 0.22 0.26 6.17 0.005
Model 2 0.32 0.26 0.06 2.90 0.098
Model 3 0.32 0.24 0.01 0.28 0.602

Table 7 shows the hierarchical multiple regression analysis for the MVC,
where the three models is represented with unstandardized beta (B),
standardized beta () and p-values. Furthermore, the table shows the
coefficient of determination (R?), adjusted R?, AR?, F-change and p-
values for F-change for each model.



5.7 | FFM

Table 8 presents the hierarchical regression analysis for the
AFFM. In model 1, age and initial body weight relative to
fat-free mass (BW/FFM) were included. This model
explained 4% of the variance in AFFM and was not
statistically significant (AR* = 0.04, p = 0.443).

In model 2, BWDIF was added. This increased R? from 4%
to 55%, representing a statistically significant improvement
of the model (AR? = 0.51, p < 0.001). BWDIF was
statistically significant (B = 0.77, p < 0.001) and was the
strongest positive predictor, indicating that a greater
increase in body weight was associated with a greater
increase in FFM.

In model 3, sleep duration was added. This did not change
the R? value and did not significantly improve the model
(AR?=10.00, p =0.793). Sleep duration was not statistically
significant (B = 0.03, p = 0.793). After adding sleep
duration, BWDIF remained statistically significant (p <
0.001).

Table 8: Hierarchical multiple regression analysis for A FFM

Model 1
Predictor B B p-value
Age -0.043 -0.171 0.298
MVC/FFM 2.340 0.141 0.390
Model 2
Age 0.029 0.118 0.337
MVC/FFM 1.811 0.109 0.338
BWDIF 0.790 0.769 <0.001
Model 3
Age 0.032 0.129 0.326
MVC/FFM 1.689 0.102 0.392
BWDIF 0.783 0.762 <0.001
Hours of sleep 0.118 0.034 0.793
Model R? Ad’;ft“' ARE g PTOrAF
Model 1 0.04 -0.01 0.04 0.83 0.443
Model 2 0.55 0.51 0.51 40.85 <0.001
Model 3 0.55 0.50 0.00 0.07 0.793

Table 8 shows the hierarchical multiple regression analysis for FFM,
where the three models is represented with unstandardized beta (B),
standardized beta (B) and p-values. Furthermore, the table shows the
coefficient of determination (R?), adjusted R?, AR?, F-change and p-
values for F-change for each model.
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6 | Discussion

The aim of the present study was to investigate how
modifiable factors and baseline characteristics may
contribute to explaining interindividual differences in
response to resistance training. After ecight weeks of
structured resistance training, significant improvements
were observed in dynamic strength, measured as 1RM
squat and 1RM bench press, as well as isometric strength,
measured as MVC. No significant change in FFM was
observed. Furthermore, the results showed considerable
interindividual variation, indicating that participants
responded differently to the same training stimulus.

The hierarchical regression analyses showed that initial
strength relative to FFM was the strongest predictor of
improvements in the dynamic strength outcomes.
Participants with lower initial strength relative to FFM
generally demonstrated greater improvements in both squat
and bench press. This suggests that the individual baseline
strength level was important for the strength response. The
results for MVC differed from the dynamic strength
outcomes, as higher age and higher initial MVC relative to
FFM were associated with greater improvements in MVC.

For changes in FFM, change in body weight was the
strongest predictor. The hierarchical regression analysis
showed that participants who increased their body weight
during the intervention period also tended to increase their
FFM to a greater extent. Overall, the results suggest that
both initial strength level and changes in body weight may
be important predictors of the response to resistance
training.

Previous studies have shown substantial interindividual
variation in response to resistance training, both in maximal
strength and muscle hypertrophy. This was observed by
Hubal et al. (2005), who investigated variability in strength
and hypertrophy responses following 12 weeks of
progressive resistance training of the elbow flexors in 585
untrained men and women. They found considerable
interindividual variation, with changes in MVC ranging
from —30% to 145%, while changes in muscle cross-
sectional area ranged from —5% to 55% [9]. Similarly,
Karavirta et al. (2011) reported substantial variation in
strength response after a training intervention in 175
untrained men and women who completed either resistance
training, endurance training, or combined resistance and
endurance training. In the resistance training group, MVC



responses ranged from approximately —15% to 58%,
further indicating that individuals can respond markedly
differently to the same training stimulus [10].

These findings are consistent with the present study, where
interindividual variation was also observed in muscular
strength measured as 1RM squat, 1RM bench press, and
MVC. However, the variation in the present study ranged
from approximately —14% to 27% across strength
outcomes, which is considerably lower than reported by
Hubal et al. (2005) and Karavirta et al. (2011). This may be
explained by differences in participant characteristics, as
the participants in the previous studies were untrained,
whereas the present study included a more heterogeneous
sample with varying training experience, where most
participants had previous resistance training experience. In
addition, the intervention period in the present study was
shorter than those in the previous studies, which lasted 12
and 21 weeks, respectively. Together, these factors may
partly explain why the present study observed lower
interindividual variation in resistance training response
compared with previous studies [9, 10].

The present study extends the existing literature by
examining which modifiable factors and baseline
characteristics may contribute to explaining this variation.
Previous studies have suggested that a substantial
proportion of the variation in training response may be
explained by genetic factors, while the remaining variation
is likely attributable to environmental and lifestyle-related
factors [5, 10]. In the present study, the hierarchical
regression models explained between 32% and 55% of the
variation in squat, bench press, MVC, and FFM. This
indicates that the included factors collectively contributed
to explaining the training response, but also that a
substantial proportion of the remained
unexplained. These findings support Karavirta et al. (2011)
and Izquierdo et al. (2025), who suggested that
approximately 50% of the variation in resistance training
response may be explained by factors other than genetics
[5, 10].

variation

The results showed that initial strength relative to FFM was
the most consistent predictor of improvements in the
dynamic strength outcomes. This indicates that the
individual baseline strength level was important for the
magnitude of the observed strength response after the
intervention. A possible explanation is that individuals with
lower relative strength had a greater adaptive potential due
to alower initial ability to produce force. This interpretation
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is supported by the finding that the present study showed
significant improvements in 1RM squat, 1RM bench press,
and MVC, while the change in FFM was not statistically
significant. This suggests that the strength improvements
cannot primarily be explained by measurable changes in
FFM.

Although FFM is only an indirect measure of muscle mass
and includes components such as water, stored glycogen,
bone mass, organ mass, and other fat-free tissues, the
overall findings suggest that neural adaptations were likely
an important explanatory mechanism behind the strength
improvements [24]. This is consistent with previous
research suggesting that early strength improvements
following resistance training are largely attributed to neural
adaptations, while increases in muscle mass may play a
greater role in later strength development[1, 25, 26].

The neural adaptations that may explain the observed
strength improvements include increased neural drive,
improved motor recruitment, increased firing
frequency, improved synchronization of motor units, and
improved intermuscular coordination [26-28]. For
example, Aagaard et al. (2002) showed that resistance
training can increase both rate of force development and
efferent motor output, supporting the idea that changes in
the nervous system’s ability to activate the musculature can
contribute substantially to strength gains.

unit

Particularly in relation to 1RM squat and 1RM bench press,
improved neural coordination and exercise-specific motor
leamning may be central explanatory mechanisms. Both
exercises are complex multi-joint movements, where
performance depends not only on the maximal force
potential of individual muscles, but also on the ability to
coordinate force production across several muscle groups.
Improvements in squat and bench press may therefore be
explained by improved technical execution, more efficient
force transfer, more appropriate activation of agonists,
reduced antagonist co-activation, and sufficient activation
of synergists [1, 28]. During the squat, for example, there
are considerable demands on the activation of both primary
muscle groups and secondary stabilizing muscles of the
torso, and it has previously been estimated that up to 200
muscles are active during the execution of a squat [29]. This
places high demands on coordinated timing and activation
of multiple muscles during a complex motor task.

Improved coordination may allow the nervous system to
increase neural drive and thereby increase motor unit
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recruitment and firing frequency [1, 28]. Although many
participants in the present study already had experience
with some of the training exercises, the findings suggest
that they may still have obtained neural adaptations from
the structured training intervention. Together, this may help
explain the observed changes in muscular strength without
a corresponding increase in FFM. However, the present
study did not include direct
neuromuscular adaptations, such as EMG or TMS, which
can assess changes in cortical and spinal excitability [30].
Therefore, the strength adaptations cannot be directly
attributed to neural adaptations, although this remains the
most plausible explanation.

measurements  of

Whereas the strength improvements in squat, bench press,
and MVC may likely be explained by neural adaptations,
changes in FFM appeared to be more closely related to
changes in body weight. In the present study, no significant
change in FFM was observed after the intervention period,
indicating that the intervention did not produce a
sufficiently large increase in FFM at the group level to
reach statistical significance. Despite this, the hierarchical
regression analysis showed that increased body weight was
a strong positive predictor of change in FFM. When adding
the change in body weight into the model, the explained
variance increased markedly from R? = 0.04 to R? = 0.55
and change in body weight remained a significant predictor
in model 3. This indicates that participants who increased
their body weight the most during the intervention were
also those who increased their FFM to the greatest extent.

This association may indicate that positive energy balance
was important for the participants’ ability to increase FFM.
Although energy intake was not directly measured in the
present study, an increase in body weight over the
intervention period may be used as an indirect indicator that
participants were in a positive energy balance over time.

This interpretation is consistent with the literature, which
suggests that energy availability is an important factor for
hypertrophic adaptations to resistance training. Slater et al.
(2019) highlight that an energy surplus is likely to support
muscle hypertrophy, although the exact size of the required
surplus remains unclear. At the same time, a larger energy
surplus does not necessarily lead to proportionally greater
hypertrophic adaptations but may also increase the risk of
greater increases in fat mass [31]. Therefore, the association
between change in body weight and FFM in the present
study should be understood as indicating the importance of
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sufficient energy availability, rather than as an argument
that a large caloric surplus is necessarily beneficial.

A likely mechanism behind the association between
increased body weight and FFM is that a positive energy
balance may provide better conditions for muscle protein
synthesis and the accumulation of muscle mass over time.
Muscle hypertrophy requires a positive net muscle protein
balance over time, meaning that muscle protein synthesis
exceeds muscle protein breakdown. Resistance training
provides the primary anabolic stimulus, but nutritional
factors, including sufficient energy and protein intake,
influence whether this stimulus is translated into structural
adaptations [31, 32].

This may help explain why the present study did not find a
significant mean change in FFM but still found a strong
association between change in body weight and change in
FFM. If some participants were in energy balance or energy
deficit, while others were in energy surplus, this could have
resulted in considerable interindividual variation in FFM
changes. Participants with a positive change in body weight
may have had better conditions for accumulating FFM,
whereas participants without weight gain or with weight
loss may have had more difficulty translating the training
stimulus into measurable changes in FFM [31, 32].

The included lifestyle- and training-related factors are
theoretically relevant for the training response, as variables
such as sleep, stress, alcohol, smoking, and interfering
training may influence recovery, training quality, and the
physiological processes underlying adaptations to
resistance training [19-21, 33, 34]. In the present study,
however, these factors did not emerge as strong predictors
of changes in strength or FFM. This should not be
interpreted as meaning that these factors are unimportant,
but rather that their influence could not be detected in the
present study. One possible explanation is that their effects
may be less pronounced than the effect of the individual
baseline strength level, particularly in a relatively short
intervention with a limited number of participants. In
addition, self-reported measurements and limited variation
may have made it difficult to identify true associations. The
results therefore suggest that initial strength relative to FFM
and change in body weight had greater explanatory
importance in the present study, while the remaining
modifiable variables may still be relevant, but did not
appear as independent predictors in this study.
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7 | Limitations

A limitation of the present study is the relatively small
sample size. A limited number of participants reduces
statistical power and thereby increases the risk that true
associations between the included modifiable factors and
training response are not identified. This is particularly
relevant if there is also limited variation in some of the
independent variables, as high homogeneity in factors such
as sleep, stress, or physical activity during the intervention
may make it difficult to detect their contribution to
interindividual variation in resistance training response.
Thus, the absence of significant associations does not
necessarily indicate that these factors are without
importance, but rather that the present study may not have
had sufficient statistical power or variation in the dataset to
detect their potential effects.
The present study attempted to address this by calculating
the coefficient of variation for the independent variables.
These calculations showed relatively high coefficients of
variation for self-reported stress, readiness to perform,
anaerobic and aerobic physical activity outside the
intervention, alcohol intake, and smoking. This indicates
that the variation in these variables was relatively high, but
that they still did not predict changes in 1RM squat, IRM
bench press, MVC, or FFM.

8 | Conclusion

Based on the present study, it can be concluded that eight
weeks of structured resistance training resulted in
significant improvements in 1RM squat, 1RM bench press,
and MVC, but not in FFM. At the same time,
interindividual variation was observed across both muscle
strength and FFM responses.

Initial strength relative to FFM appeared to be the most
consistent predictor of improvements in dynamic strength,
where lower initial strength relative to FFM was associated
with greater improvements in squat and bench press. This
suggests that the individual baseline strength level is
important for the strength response, potentially due to
differences in the capacity for neural adaptations.

For FFM, increases in body weight were the strongest
predicting factor, suggesting that positive changes in body
weight were associated with greater increases in FFM.
Overall, the results suggest that both initial strength level
relative to FFM and increases in body weight may
contribute to explaining interindividual differences in
response to resistance training.
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