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Abstract

Several studies comparing resistance training (RT) frequencies may have been affected by
the large between-subject variability. This study aimed to compare the changes in lower
limbs maximal dynamic strength (1RM) and quadriceps femoris cross-sectional area (CSA)
after a RT with different weekly frequencies in strength-trained individuals using a within-
subject design. Twenty-four men participated in a 9-week RT program, being randomly
divided into two conditions: resistance training with equalized total training volume (RTEV)
and with unequalized total training volume (RTUV). The RT protocol used the unilateral leg
press 45° exercise and each subject’s lower limb executed one of the proposed frequencies
(one and three times/week). All conditions effectively increased 1RM and CSA (p<0.001);
however, no significant differences were observed in the values of 1RM (p = 0.454) and
CSA (p =0.310) between the RT frequencies in the RTEV and RTUV conditions. Therefore,
RT performed three times a week showed similar increases in 1RM and CSA to the program
performed once a week, regardless of training volume equalization. Nevertheless, when the
higher RT frequency allowed the application of a greater TTV (i.e., RTUV), higher effect size
(ES) values (0.51 and 0.63, 1RM and CSA, respectively) were observed for the adaptations.

Introduction

The main adaptations induced by resistance training (RT) are increased strength and skeletal
muscle cross-sectional area (i.e., muscle hypertrophy). The magnitude of these adaptations can
be modulated through the adequate manipulation of some training variables such as intensity,
volume, rest interval, and frequency [1, 2]. Among these, training frequency may be defined as
the number of weekly sessions [3, 4]. In RT, frequency is usually expressed by the number of
times certain muscle groups are exercised in a given period [5], which in turn is influenced by
factors such as training intensity and volume, number of muscle groups trained per session,
and practitioner training status [6].
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Important guidelines on RT prescription [4, 7] based their training frequency recommen-
dations mostly on studies with untrained individuals, hindering the application of their results
to individuals with a higher training status. Moreover, in some of these studies, total training
volume (TTV, total amount of weight lifted) was not always equalized for comparison of the
effects of different RT frequencies, increasing the risk of mistaken conclusions, since TTV can
be determinant for increases in muscle strength [8] and mass [9-11].

It should be mentioned that a high TTV in one training session may result in an increased
rate of perceived exertion (RPE) [12, 13], greater fatigue accumulation, and slower rate of neu-
romuscular recovery [14]. On the other hand, increasing RT frequency facilitates TTV distri-
bution over a larger number of sessions, providing favorable conditions for neuromuscular
adaptations [15, 16]. Thus, an increase in RT frequency might be an effective strategy to stimu-
late the neuromuscular system and, consequently, increase strength performance [12, 17, 18].

Regarding muscle hypertrophy, the importance of a higher RT frequency may be related to
the maintenance of elevated rates of post-training muscle protein synthesis (MPS). Trained
individuals appear to have a shorter period of MPS compared to untrained individuals [19,
20]. Considering that muscle hypertrophy may be affected by accumulated periods of
increased post-exercise MPS [21], keeping a higher RT frequency would be an effective strat-
egy to contribute to such adaptation [20, 22]. Furthermore, TTV can be increased with a
higher RT frequency [9], and this increase might be related to ribosomal biogenesis [23], satel-
lite cell activation and proliferation, and myonuclear addition which in turn could influence
MPS in long term training conditions [24].

Recent reviews and meta-analyzes [2, 25-27] suggest that there is no significant effect of
training frequency on either strength performance or muscle hypertrophy when TTV is equal-
ized. However, the results of several studies in these meta-analyzes may have been affected by
the large inter-subject variability when different RT frequencies are compared [28]. The com-
parison of different RT frequencies with between-subject experimental designs and training
volume equalization by number of sets and repetitions may not be the most appropriate
approach to this problem [29]. Thus, within-subject experimental design should be prioritized
[23] if the aim is to evaluate training frequencies with equalized and unequalized TTV. To the
best of our knowledge this is the first study, with trained individuals, comparing the effects of
RT frequency applying a within-subject experimental design.

Thus, the present study aimed to compare the effects of different weekly RT frequencies (i.
e., one and three times), on maximal strength performance and muscle hypertrophy in trained
individuals, using a within- and between- subject experimental designs in two conditions:
resistance training with equalized total training volume (RTEV) and with unequalized total
training volume (RTUYV). This approach tried to reduce the variability existing in the
between-subject designs. We hypothesized that the higher RT frequency would result in larger
responses in the dependent variables for both conditions, but in the RTUV condition, they
would have a greater effect in consequence of a higher TTV over the training period.

Methods

Experimental design

The present study followed a longitudinal within and between-subject experimental designs,
which investigated the effect of different weekly RT frequencies (i.e., one and three times) on
maximal dynamic strength (IRM) and quadriceps muscle cross-sectional area (CSA) in
trained individuals. The participants were classified based on their baseline values of each
dependent variable, and counterbalanced divided into two conditions: RTEV—resistance
training with equalized TTV (i.e., training volume in the lower limb trained three times being
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Table 1. Distribution of subjects’ lower limbs among conditions.

Conditions Distribution
RTEYV (24 lower limbs) (n = 12 lower limbs) - 1x/week

(n =12 lower limbs) - 3x/week
RTUYV (24 lower limbs) (n = 12 lower limbs) - 1x/week

(n =12 lower limbs) - 3x/week

RTEV, resistance training with equalized total training volume; RTUYV, resistance training with unequalized total
training volume. Note: In both conditions, the lower limbs were distributed in a balanced way in the different
frequencies (i.e., right lower limbs 1x/week n = 6; left lower limbs 3x/week n = 6; right lower limbs 3x/week n = 6; left

lower limbs 1x/week n = 6).

https://doi.org/10.1371/journal.pone.0276154.t001

limited by the training volume of the lower limb trained only once) and RTUV —resistance
training with unequalized TTV (i.e., training volume in the lower limb trained three times not
being limited by the training volume of the lower limb trained only once). All participants per-
formed the unilateral leg press 45° as the RT exercise with each lower limbs submitted to one
of the weekly frequencies. The RTEV and RTUYV conditions allowed us to investigate the
responses of different RT frequencies in a within-subject experimental design (i.e., RTEV 1x
vs. RTEV 3x and RTUV 1x vs. RTUV 3x) (See Table 1).

Four weeks before the beginning of the training period, two half-squat 1RM testing sessions
were performed (Smith Machine, Hammer Strength®), Rosemont, IL, USA) 72-hours apart.
To ensure reproducibility of the test, steps of varying heights (5, 10, and 15 cm) and tapes on
the floor were used to determine range of motion (~90° of knee flexion) and feet positioning,
respectively. This test was used only to select subjects based on their relative maximum
dynamic strength. In the following week, familiarization sessions with the 1RM test in the uni-
lateral leg press 45° were carried on. A minimum of two and a maximum of four sessions (48
hours apart) were necessary to find a reproducible result (variation < 5%) in this test. In the
week preceding the beginning of the RT period, all subjects that met the selection criteria per-
formed two evaluation sessions to measure the unilateral leg press 45° 1RM and quadriceps
femoris CSA. The same measurements were done one week after the end of the RT program.
All participants were instructed not to start any other RT activity for the lower limbs, to main-
tain their eating habits, and not to use dietary supplements of any category.

Participants

Twenty-four male participants (26.0 + 4.0 years; 85.8 + 15.0 kg and 177.4 + 6.6 cm), experi-
enced in RT (6.2 + 4.2 years) were selected for the study. According to the inclusion criteria,
all subjects presented a relative maximum dynamic strength (i.e., IRM/body mass) in the half-
squat exercise > 1.5 (2.1 + 0.4 kg.kg ™). They were free from musculoeskeletal injuries and any
other health problems that could prevent them from participating in the study or could affect
the results. All participants voluntarily signed, before participation, an informed consent form
containing information about the experimental procedures, possible risks and benefits
involved. The research project was approved by the by the School of Physical Education and
Sport, University of Sdo Paulo Research Ethics Committee (Of.CEP/0317/EEFE/09032017).
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Maximum dynamic strength test (1RM)

The 1RM tests procedures followed the guidelines of the American Society of Exercise Physiol-
ogy [30]. Participants performed a general warm-up on a treadmill (E750; Movement®), Pom-
peia, SP, Brazil) running at 9 km/h for five minutes. Then, they performed a specific warm-up
with the unilateral leg press 45°, consisting of a set of eight repetitions with an estimated 50%
1RM followed by a set of three repetitions with an estimated 70% 1RM, two minutes apart.
The 1RM test started three minutes after the end of the specific warm up. The first leg to be
tested was randomly selected, independent of limb dominance. The test measured the maxi-
mum amount of weight that could be lifted in a complete movement cycle, which began and
ended with the knees in full extension, whereas reaching 90° flexion in the descendent phase
of the movement.

The individual adjustments in the leg press 45° equipment (Bolt; Movement®), Pompeia,
SP, Brasil) were determined in the first familiarization session. The backrest height was
adjusted to individual preference. The foot was comfortably positioned in the middle third of
the equipment platform. A goniometer (Shopfisio®), Mogi Guagu, SP, Brazil) was used to
determine the 90° knee range of motion which was marked on the left lateral column of the
equipment with the aid of a measuring tape. In order to ensure reproducibility of subsequent
tests, all adjustments were recorded in the participants’” assessment sheets. The 1RM value was
determined with a maximum of five attempts with three minutes of rest between them.

Muscle cross-sectional area measurement (CSA)

Quadriceps femoris CSA was obtained by magnetic resonance imaging (Signa LX 9.1; GE
Healthcare®), Milwaukee, WI, USA), performed on both lower limbs with the participants
positioned supine with their knees extended. An inelastic band was placed on the participants’
feet to contain hip external rotation movement during the measurement. Initially a reference
image of the perpendicular distance between the greater trochanter and the lower edge of the
lateral epicondyle of the femur was obtained, which was defined as the segment length. Muscle
CSA was measured at 50% of the segment length with 0.8 cm scan slice thickness of 3 s dura-
tion. The pulse sequence was performed with a field of view between 400 and 420 mm, repeti-
tion time of 350 ms, echo time of 9 to 11 ms, two signal acquisitions, and a 256 x 256 mm
reconstruction matrix. The CSA was determined using computerized planimetry (Advantage
Workstation 4.3; GE Healthcare®), Milwaukee, WI, USA). The image was divided into skeletal
muscle, bone and subcutaneous adipose tissue. Next, quadriceps femoris CSA was determined
by subtracting bone and subcutaneous adipose tissue area. Images were plotted (OsiriX Lite;
Pixmeo Sarl®), Bernex, GE, Switzerland) in duplicate by a specialized blinded researcher, and
the mean value between two measurements was used for further analysis.

Resistance training protocols

The unilateral leg press 45° was the exercise performed during the 9-week RT program. Each
participants’ lower limb was submitted to one of the proposed weekly training frequencies (i.
e., one and three times). The participants were divided under two experimental conditions:
RTEV —resistance training with equalized TTV and, RTUV—resistance training with
unequalized TTV (Table 1).

Nine exercise sets were performed weekly at both RT frequencies throughout the experi-
mental period, with the number of maximum repetitions changing every three weeks (i.e., lin-
ear periodization model): weeks 1-3 = 12RM; weeks 4-6 = 10RM, and weeks 7-9 = 8RM. All
training sessions started with a general warm-up in a treadmill (E720; Movement®), Pompeia,
SP, Brazil) running at 9 km/h for five minutes. Next, a specific warm-up composed by 15
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Table 2. Unilateral leg press 45° 1RM and quadriceps femoris CSA values for RTEV and RTUV conditions.

Conditions | Frequency

RTEV 1x/week
3x/week
RTUV 1x/week
3x/week

1RM (kg)
pre

% A (kg) MD CSA (cm®) % A (cm?)
post (13.7 kg) pre post

215.6+53.2 | 246.8£50.9° | 116.0+10.0 | 31.2+18.1 T17.5+18.1| 1002+10.6 102.3+11.4* | 121+21 | 2.1+23

219.0+53.4 | 252.
186.1 +60.7 | 219.
192.3 +65.6 | 235.

9+543* | 1172+122 | 339+216 1202+21.6| 101.3+10.8| 103.3+11.2* | 12.0+2.8 | 20+3.0
0+65.0° | 1194+13.1 | 329+£195 1192+19.5| 1004 +16.4 101.8+164* | 11.5+2.6 | 1.4+3.0
9+751* | 124.6+142 | 43.7+229 130.0+£22.9| 1009+18.7 104.8+17.9* | 14.1+£50 | 3.9+4.6

1RM, maximal dynamic strength in the unilateral leg press 45°; A, absolute difference; MD, minimum difference; CSA, quadriceps femoris cross-sectional area; RTEV,

resistance training

with equalized total training volume; RTUV, resistance training with unequalized total training volume; T, increase.

* p<0.001 (time effect).

https://doi.org/10.1371/journal.pone.0276154.t002

repetitions in the unilateral leg press 45° exercise at submaximal intensity (~50%1RM) was
done. In the first training session of a week, the lower limb intended for lower RT frequency
(once/week) began training by performing nine total sets. Next, the lower limb intended for
the higher RT frequency (three times/week) performed only three sets. The other six sets were
distributed in the next two RT sessions, separated by a 48-hour interval. In the RTEV condi-
tion, repetitions in the higher RT frequency were performed with the average weight (i.e.,
TTV/number of repetitions performed) obtained with the lower RT frequency of the contralat-
eral lower limb. A fractional number was often obtained but weight adjustments in sets
guaranteed the same TTV for 1x and 3x/week. As an example, the lower limb that trained 1x/
week performed a total of 108 repetitions over nine sets, resulting in a TTV of 14,220 kg with
an average weight of 131.7 kg/repetition. Therefore, the contralateral lower limb trained with
the same TTV executing three sets with 131 kg in day one, and three sets with 132 kg in day
two and three with the same number of total repetitions.

Statistical analysis

Initially the data were analyzed qualitatively and visually for their normal distribution by the
Shapiro-Wilk test and the homogeneity of the variances was confirmed by the Levene test. A
one-way ANOV A was used to test for initial differences in unilateral leg press 45° 1RM and
quadriceps femoris CSA between experimental conditions. To evaluate the effect of different
weekly RT frequencies on the 1IRM and CSA values, a mixed model for repeated measures was
used with frequencies (one and three times) and time (pre- and post-training) as fixed factors,
and subjects as random factors (SAS 9.3; SAS Institute Inc.®), Cary, NC, USA). Data were
reported as mean and standard deviation, with significance level adopted of p<0.05.

The standard error of measurement (SEM) between two 1RM testing sessions before the
training period (i.e., last familiarization session and pre-training period assessment) and the
minimum difference (MD) were calculated based on Weir [31]. Absolute increases above the
MD to be considered were reported at the different weekly RT frequencies under the RTEV
and RTUYV conditions. For CSA the SEM between two different measurements of the same
image was used for calculating the within-researcher reproducibility.

Finally, the effect size (ES) was used to determine the magnitude of the changes, bringing a
more practical approach to the obtained results [32, 33]. The ES and confidence interval (CI)
were calculated from the mean and standard deviation of A at 1RM and CSA values, according
to the equation 3 found in Nakagawa and Cuthill [33]. Comparisons were made between the
different weekly RT frequencies in the conditions RTEV and RTUYV. The ES was classified as
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insignificant (<0.19), small (0.20-0.49), medium (0.50-0.79) and large (0.80-1.29) [34]. The
upper and lower CI limits that did not cross zero were considered significant.

Results

Unilateral leg press 45° 1RM and quadriceps femoris CSA baseline values showed no signifi-
cant differences between RTEV and RTUV conditions (1IRM: F = 0.95536 p = 0.422; CSA:
F=0.01339 p = 0.998) (Table 2).

There were no significant differences in the average TTV throughout the study between fre-
quencies in the RTEV condition (167,582 + 13,673 kg and 167,586 + 13,661 kg one and three
times/week, respectively, p = 0.999) (Fig 1). On the other hand, in the RTUV condition, there
were significant differences in TTV between one and three times a week (137,986 + 8,126 kg
and 164,894 + 12,855 kg, respectively, p = 0.00005) (Fig 2).

In both RTEV and RTUYV conditions, there were significant increases (p<0.001) in the uni-
lateral leg press 45° 1RM after training. However, no significant differences were observed
between RT frequencies in each condition (p = 0.454). Similarly, there were significant
increases (p<0.001) in the quadriceps femoris CSA values; however, no significant differences
(p = 0.310) between RT frequencies were observed (see Table 2). The SEM between 1RM tests
was 5.0 kg, which resulted in a MD to be considered of 13.7 kg. The variation between two dif-
ferent measurements of the same image for CSA was 0.2 cm?, resulting in a reproducibility of
99.8%.

25000- RIEV
[ ] Ixfweek
- 3x/week
20000 4
b= 15000 4 I I
10000 4
5000+
0 1 | | 1 1 1 1 1 |
1 2 3 4 s 6 7 S 9

Training Weeks

Fig 1. Total training volume per week at different frequencies of RTEV. TTV, total training volume; RTEV, resistance training with equalized total training

volume.

https://doi.org/10.1371/journal.pone.0276154.9g001
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RTUV
25000+
(] 1xtweek
. Bl 3x/week
* *
20000 » « . .
* -
—_— »
e}
=~ 15000+
100004
50004
0 T T T T T T T T T
1 2 3 4 5 6 7 N 9
Training Weeks

Fig 2. Total training volume per week at different frequencies of RTUV. TTV, total training volume; RTUV, resistance training with
unequalized total training volume. *p<0.05.

https://doi.org/10.1371/journal.pone.0276154.9g002

The ES was 0.15 (i.e., insignificant) with a 95% CI from -0.26 to 0.57 between 1RM values of
the different frequencies for the RTEV condition. On the other hand, in the RTUV condition
the ES was 0.51 (i.e., medium) with 95% CI from 0.09 to 0.97 (Fig 3A). For CSA values, the ES

1RM CSA
| | | |
I 1 | I
B
f L i i ® i
| T I 1 I T T 1
0.0 0.5 1.0 15 -0.5 0.0 05 1.0 15

RTEV -1vs. 3

® RTUV-1vs. 3 RTEV -11vs. 3 ® RTUV-1vs.3

Fig 3. Effect sizes with the confidence interval for IRM (A) and CSA (B) values at different resistance training frequencies of RTEV and RTUV. ES, effect size;
1RM, maximum dynamic strength; CSA, quadriceps femoris cross-sectional area; RTEV, resistance training with equalized total training volume and; RTUV,
resistance training with unequalized total training volume.

https://doi.org/10.1371/journal.pone.0276154.9003
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Fig 4. Individual percentage change in the values of 1RM (A) and CSA (B) in the RTEV. 1RM, maximum dynamic strength; CSA, quadriceps femoris cross-
sectional area; RTEV, resistance training with equalized total training volume; ———, average of the percentage change 1x/week;————- , average of the

percentage 3x/week.

https://doi.org/10.1371/journal.pone.0276154.9004

between the different frequencies of the RTEV condition was -0.02 (i.e., insignificant) with a
95% CI from -0.43 to 0.40 while in the RTUV condition the ES was 0.63 (i.e., medium) with
95% CI from 0.21 to 1.10 (Fig 3B). Therefore, the higher RT frequency (higher TTV) induced
significant increases in the RTUV condition for 1RM and CSA, since for both variables the
upper and lower CI limits did not crossing zero (Fig 3A and 3B).

Considering the individual changes in the IRM and CSA values (percentage changes), the
mean of individual % changes between 1x and 3x were smaller in the RTEV condition (Fig 4A
and 4B) compared to RTUV condition (Fig 5A and 5B).

Discussion

The present study verified the changes in lower limbs 1RM performance and quadriceps femo-
ris muscle CSA after a 9-week RT program executed at different weekly frequencies (one and
three times) in a group of trained individuals with a within-subject design. Our main findings

RTUV
60~ 204

-

Change in IRM (%)
W

Change in CSA (%)

0 T T -10 T T
1x‘Week 3x'Week Ix‘Week 3x'Week
Fig 5. Individual percentage change in the values of 1RM (A) and CSA (B) in the RTUV. 1RM, maximum dynamic strength; CSA, quadriceps femoris cross-
sectional area; RTUYV, resistance training with unequalized total training volume; ———, average of the percentage change 1x/week;————- , average of the

percentage change 3x/week.

https://doi.org/10.1371/journal.pone.0276154.9005
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showed that there were no significant differences in 1IRM and CSA values between the differ-
ent RT frequencies, regardless of whether or not TTV was equalized. However, ES and CI sug-
gested a greater training effect on IRM and CSA induced by higher RT frequency compared
with lower in the RTUV condition, where the lower limb that trained three times a week
showed a higher TTV compared to the contralateral limb once/week. On the other hand, in
the RTEV a small training effect was induced by 3x/week compared with 1x/week. In this con-
dition, lower limbs TTV was equalized between different RT frequencies.

McLester Jr. et al. [35] were the first to compare different RT frequencies with equalized
volumes in trained individuals. In that study, they compared RT protocols where each muscle
group was trained one or three times/week, and significant increases in leg press 1RM values
were observed in the group with higher weekly frequency (22.3% vs. 46.1% for one and three
times/week, respectively). The divergence found between these results and ours may be
explained by two important facts. 1) McLester Jr. et al. [35] applied a between-subject design,
which favors higher data variability in RT-induced changes in strength gains [28] which
might, at least partially, explain the differences between intervention groups; and 2) the initial
diferences in 1RM values presented by the participants of both studies. In the study of McLes-
ter Jr. et al. [35] the baseline values of 1RM in the bilateral leg press were 200.3 + 83.1 kg and
191.2 £ 96.3 kg, for the frequencies of one and three times/week, respectively. In our study,
these values were higher (Table 2) considering that the unilateral leg press 45° was the applied
test. Apparently, there is a negative relationship between the initial strength level and the per-
centage of its increase during the training period [36]. According to the American College of
Sports Medicine [7], untrained individuals can increase muscle strength by approximately
40% over training periods ranging from four weeks to two years. In contrast, in trained indi-
viduals these increases may be approximately 16% for the same period, closer to the results
found in this study.

Also comparing weekly RT frequencies of one or three times/week in trained individuals,
Schoenfeld et al. [22] did not found significant differences in 1RM increases in the bench press
(6.8% and 10.2%) and squat (10.6% and 11.3%) exercises, for the RT performed one and three
times a week, respectively. Indeed, the literature has not shown differences in muscle strength
gains when different RT frequencies were compared in trained individuals, regardless of
whether the TTV was equalized [22, 37-41] or not [42-45]. However, these studies also have
not considered between-subjects’ data variability in their design. An important feature of the
present study was the use of a within-subject design to decrease this variability, also allowing a
rigorous equalization of the TTV performed weekly. Moreover, this is the first study to bring
in the same experimental design the comparison of different RT frequencies with equalized
(RTEV) and unequalized (RTUV) TTV.

From a more practical approach, in the present study, RTEV and RTUV conditions
allowed to us making within- and between-subject comparisons. Considering the within-sub-
ject comparison, in the RTEV condition (i.e., different RT frequencies with same TTV), the
training effect on strength performance was, in fact, similar between low and high RT frequen-
cies. However, in the RTUV condition (i.e., different RT frequencies and TTV), the training
effect on strength gain was more pronounced in the high RT frequency and high TTV (sup-
ported by the use of the ES and CI). It is noteworthy that in between-subject approach, the
comparison between high RT frequencies (i.e., 3x/week) in the RTEV and RTUV conditions,
showed that the RTUV condition presented better results on strength performance (S1 Fig).
Considering the same TTV between the different conditions (RTEV and RTUV), one could
expect the same training-induced adaptation in muscle strength performance. Even though
this result would be hard to reconcile, the between-subjects data variability seems to be a rea-
sonable explanation for the observed difference [28]. Thus, it is possible to suggest that the
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between-subject approach may be less appropriate for investigating the effects of RT frequency
and volume on muscular adaptations.

Differently from the McLester Jr. et al. [35], that estimated muscle mass increase and body
composition alterations through skinfold measurements, most recent studies performed these
same measurements through dual-energy x-ray absorptiometry [38, 39, 42, 45], air displace-
ment plethysmography [46], and ultrasound images [22, 37, 39-41, 43, 44, 46]. In many of
these studies [22, 39-41, 44, 46] authors did not find differences in lower limbs muscle CSA
when different RT frequencies were compared. However, Zaroni et al. [43] demonstrated that
a greater TTV provided by the higher RT frequencies could contribute to the increase in lower
limb muscle CSA. As far as we know, this is the first study with trained individuals that used
magnetic resonance imaging to assess changes in muscle CSA following a protocol with differ-
ent weekly RT frequencies. In the present study no significant differences were observed in
increases of quadriceps femoris CSA between the different frequencies of the RTEV condition.
In fact, studies with trained individuals have not shown additional benefits to hypertrophic
adaptations when the same TTV is distributed with different strategies [47, 48]. In the RTUV
condition, no significant differences in CSA increases were also observed between the different
RT frequencies; however, the ES and CI suggest a great effect on CSA induced by the higher
RT frequency, probably due to the higher TTV (i.e., ES = 0.63; CI = 0.21 to 1.10). The ES inter-
pretation corroborates the recent evidence demonstrating the importance of training volume
in muscle adaptations [9, 10]. In practice, increasing the RT frequency would be one of the
possible ways to increase TTV over a specific period of time [9, 15, 42-45].

Finally, as similarly discussed for the strength gains, the comparisons between high training
frequency in the RTEV and RTUYV conditions (i.e., between-subjects’ comparisons) showed
that RTUV presented greater muscle CSA increments (see S1 Fig). In both conditions, the sub-
jects trained three times per week and the TTV was similar, so similar adaptations would be
expected for both groups, as observed in within-subject comparisons. The reasonable explana-
tion for data discrepancy, strengthened by our experimental design, is also that between-sub-
ject data variability is imperative to interfere in the results, likely adding bias to the results.

It is important to mention some limitations of the present study: (a) CSA was measured
only in the middle portion of the quadriceps femoris muscle (i.e., 50% of the distance between
the greater trochanter and the lateral femoral epicondyle), precluding any speculation about
hypertrophic adaptations in the proximal and distal regions; (b) only one exercise (unilateral
leg press 45°) was performed during the 9-week RT program and it has been shown that vary-
ing exercises may result in larger hypertrophy adaptations [49]; (c) the unilateral RT protocol
may promote a cross-education effect, which would increase contralateral limb strength gains
[50]; however, this effect is less likely to occur in trained individuals that perform unilateral RT
in both lower limbs [47]. In addition, the within-subject experimental design proposed in this
study attempted to reduce the interference of the variability found in the between-subject
experimental designs; (d) in the RTEV condition, the repetitions performed in the higher RT
frequency could not always be considered maximum repetitions, as they were performed with
the average weight obtained with the lower weekly frequency of the contralateral lower limb.
However, recent evidence has shown that trained individuals in RT programs with equalized
TTV can achieve similar or even higher results in both strength [51, 52] and muscle hypertro-
phy [53], even when maximum repetitions are not performed.

Conclusion

The results of this study demonstrated that RT performed three times a week, increased IRM
and quadriceps femoris CSA similarly to that performed only once a week in trained subjects.
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When the higher RT frequency resulted in a larger TTV, such as in the RTUV condition (17%
more than the lower frequency), greater ES were observed for both 1RM and CSA. Therefore,
if trained individuals need higher RT volumes to obtain gains in both strength [8] and muscle
mass [9-11], alternatives such as increasing RT frequency could be considered [21, 54]. More-
over, when the same TTV is distributed at different weekly frequencies, no additional benefits
in increases in strength and muscle mass are observed.

Supporting information

S1 Fig. Effect size with the confidence interval in the highest resistance training frequen-
cies (i.e., three times a week) in inter-subject experimental design comparisons.

1RM = 0.44 (ES) with 0.02 to 0.89 (CI) and, CSA = 0.48 (ES) with 0.05 to 0.94 (CI). ES, effect
size; 1RM, maximum dynamic strength; CSA, quadriceps femoris cross-sectional area; CI,
confidence interval.
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