Original
Paper
Resistance
training to muscle failure in trained individuals

DOI: https://doi.org/10.5114/biolsport.2020.96317

Effect of resistance training to muscle failure vs non-failure
on strength, hypertrophy and muscle architecture in trained
individuals
AUTHORS: Natalia Santanielo1, Sanmy R. Nóbrega1, Maíra C. Scarpelli1, Ieda F. Alvarez1,
Gabriele B. Otoboni1, Lucas Pintanel1, Cleiton A. Libardi1
1

MUSCULAB – Laboratory of Neuromuscular Adaptations to Resistance Training, Department of Physical Education,
Federal University of São Carlos – UFSCar, São Carlos, SP, Brazil

ABSTRACT: The aim of this study was to compare the effects of resistance training to muscle failure (RT-F)
and non-failure (RT-NF) on muscle mass, strength and activation of trained individuals. We also compared the
effects of these protocols on muscle architecture parameters. A within-subjects design was used in which
14 participants had one leg randomly assigned to RT-F and the other to RT-NF. Each leg was trained 2 days
per week for 10 weeks. Vastus lateralis (VL) muscle cross-sectional area (CSA), pennation angle (PA), fascicle
length (FL) and 1-repetition maximum (1-RM) were assessed at baseline (Pre) and after 20 sessions (Post). The
electromyographic signal (EMG) was assessed after the training period. RT-F and RT-NF protocols showed
significant and similar increases in CSA (RT-F: 13.5% and RT-NF: 18.1%; P < 0.0001), PA (RT-F: 13.7% and
RT-NF: 14.4%; P < 0.0001) and FL (RT-F: 11.8% and RT-NF: 8.6%; P < 0.0001). All protocols showed significant
and similar increases in leg press (RT-F: 22.3% and RT-NF: 26.7%; P < 0.0001) and leg extension (RT-F: 33.3%,
P < 0.0001 and RT-NF: 33.7%; P < 0.0001) 1-RM loads. No significant differences in EMG amplitude were
detected between protocols (P > 0.05). In conclusion, RT-F and RT-NF are similarly effective in promoting
increases in muscle mass, PA, FL, strength and activation.
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INTRODUCTION
Resistance training (RT) is a potent intervention strategy to increase

and MU synchronization, among other factors [12]. Particularly, MU

muscle cross-sectional area (i.e., muscle hypertrophy), muscle

recruitment has been considered an essential component for increas-

strength [1] and muscle architecture parameters (e.g., muscle fibre

ing muscle mass and strength [13–15]. However, there is evidence

pennation angle and fascicle length) [2–4]. To maximize these neu-

that muscle activation can be maximized without muscle failure (i.e.,

romuscular adaptations, it has been recommended to perform RT

non-failure [RT-NF]). Sundstrup et al. [16] found that full muscle

until muscle failure (RT-F), defined as the point where the activated

activation of muscles involved in the lateral raise was achieved 3–5

muscles are incapable of completing another repetition in the ap-

repetitions prior to muscle failure in untrained women. Assuming

propriate range of motion [5, 6]. It is commonly thought that trained

that the number of repetitions and fatigue are correlated [4, 17], it

individuals, particularly bodybuilders and strength-trained athletes,

is plausible to suggest that RT performed close to muscle failure

benefit most from RT-F [7]. Trained individuals are able to tolerate

would be sufficient to promote muscle activation comparable to

high training stresses, and it has been suggested that RT-F might

muscle failure, even in trained individuals. Corroborating this, a recent

provide an extra stimulus to increase muscle mass and strength [8, 9].

meta-analysis showed that muscle failure does not result in addi-

Considering that hypertrophic and strength gains tend to slow down

tional increases in muscle strength compared with non-failure [18].

or even plateau following long-term training [10], this extra stimulus

However, this meta-analysis only focused on muscle strength gains,

could be very important to the trained population. However, the effects

and included merely four studies with resistance-trained individuals.

of RT to muscle failure in trained individuals have been little explored.

Thus, the effects of RT-F on the muscle mass of trained individuals

It has been suggested that performing RT-F maximizes muscle

are still poorly understood.

activation (i.e., electromyographic signal [EMG] amplitude) [7, 11],

Therefore, the aim of this study was to compare the effects of

which is influenced by motor units (MU) recruitment, rate coding

RT-F and RT-NF on muscle mass, strength and activation of trained
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individuals. As a secondary aim, we compare the effects of these

The study was conducted in accordance with the revised version of

protocols on muscle architecture parameters (i.e., pennation angle

the Helsinki Declaration [19] and ethical approval was granted by

and fascicle length). Our hypothesis was that RT-F and RT-NF would

the university’s ethics committee. Participants signed a consent form

promote similar increases in muscle mass, strength and changes in

before participation.

architecture, with similar muscle activation, in trained individuals.

Experimental design
MATERIALS AND METHODS

Initially, participants visited the laboratory to perform assessments

Participants

of vastus lateralis muscle cross-sectional area (CSA) and architecture

Out of eighteen RT experienced men who volunteered to participate

variables (i.e., pennation angle [PA] and fascicle length [FL]). Next,

in this study, fourteen participants (age: 23.1 ± 2.2 years; height:

familiarization with the 1-RM test and training protocols was per-

172.1 ± 5.1 cm; body mass: 74.4 ± 5.9 kg; RT experience:

formed. Seventy-two hours later, a new 1-RM test was performed.

5.1 ± 2.6 years) completed 100% of training sessions. Four par-

If 1-RM values differed more than 5% from the previous test, a sub-

ticipants did not complete all sessions or dropped out for personal

sequent test was performed after another 72 h interval [20]. On

reasons, and thus were not included in the analyses.

average, each participant performed three 1-RM tests. To reduce

In order to be considered as resistance-trained, participants were

between-subject variance, a within-subject design was applied so

required to have been training their lower limbs with a frequency of

that each participant’s leg was randomly allocated to one of two

twice per week for at least the past 2 years prior to recruitment and

training protocols: RT-F or RT-NF. Additionally, leg dominance was

performing 45° leg press and leg extension exercises in their RT

counterbalanced between protocols. At the midpoint of the training

routines. In addition, participants were free from any existing mus-

period (5 weeks), 1-RM was reassessed to adjust training load.

culoskeletal disorders or risk factors as assessed by the PAR-Q and

Muscle CSA, muscle architecture and 1-RM tests were re-assessed

stated they had not taken anabolic steroids for the previous year.

72 h following the last training session. Additionally, 72 hours after

Participants were also advised to maintain their dietary habits and

the final 1-RM test, muscle activation was assessed through EMG,

not to consume any other nutritional supplement besides the one

with each leg performing its respective training protocol in the leg

provided by the principal investigator after each RT session (i.e.,

extension machine only. All assessments were carried out at the same

30 g of Iso Whey Protein, strawberry flavour – Max Titanium – Brazil).

time of day.

FIG. 1. Representative images from the vastus lateralis (VL) muscle used for (A) cross-sectional area, (B) pennation angle (PA) and
(C) fascicle length (FL) measurements. VI, vastus intermedius; F, femur.
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Muscle cross-sectional area (CSA)

range 7–42). Based on individual training logs, each participant had

Vastus lateralis CSA was assessed through ultrasound imaging (US)

their weekly number of sets increased by 20% to better explore in-

following the procedures described in our previously published vali-

dividual adaptive responses and increase the precision of RT effects

dation study (Fig. 1A) [21]. Participants were instructed to abstain

on muscle hypertrophy [27]. After the 20% increase, sets were

from vigorous physical activities for at least 72 h prior to each CSA

equally distributed between the 45º leg press (sets: 11.5 ± 5.1,

assessment [22, 23]. A B-mode US, with a linear probe set at

range 4–25) and leg extension (sets: 11.6 ± 5.2, range 4–25) ma-

7.5 MHz (Samsung, MySono U6, São Paulo, Brazil), was used to

chines. Prior to each RT session, participants performed a general

acquire the images. The point corresponding to 50% of femur length,

warm-up on a cycle ergometer pedalling at 20 km·h-1 for 5 minutes.

measured as the distance between the greater trochanter and the

For the RT-F protocol, repetitions were performed at 75% 1-RM to

lateral epicondyle of the femur, was marked as the reference for the

the point of inability to complete a repetition with the full range of

acquisition of images. Sequential images of the vastus lateralis

motion (i.e., 90 degrees) [5, 6], as evaluated by researchers familiar

muscle were acquired every 2 cm in the sagittal plane. Then, the

with the protocol. For the RT-NF protocol, participants were previ-

sequence of images was opened in Power Point (Microsoft, USA),

ously instructed on and familiarized with the criteria for muscular

manually rotated to reconstruct the entire fascia of the vastus late-

failure. Thus they were instructed to interrupt repetitions voluntarily,

ralis muscle and saved as a new image file. These reconstructed

according to each’s own perception of fatigue, before reaching that

images were opened in the ImageJ software and the “polygonal”

known point of muscular failure, independently of how many repeti-

function was used to determine vastus lateralis CSA by a blinded

tions short of failure they stopped at [4, 28]. Repetitions were per-

and trained technician. The coefficient of variation (CV) and the

formed at 75% 1-RM. A 2-minute rest interval was allowed between

2

typical error (TE) of CSA measures were 0.84% and 0.28 cm ,

sets in both protocols. All participants were previously instructed on

respectively.

the criteria for RT-F and RT-NF protocols.

Pennation angle (PA) and fascicle length (FL)

Number of repetitions (Nrep)

Muscle architecture (Fig. 1B and 1C) measures of the VL muscle

The number of repetitions performed by each participant at every set

were assessed at the same time and site of the CSA acquisition, with

and training session was charted and annotated by researchers. From

the probe oriented longitudinally to the muscle belly. The PA was

these records, the average number of repetitions performed per set

defined as the angle formed by the intersection of a fascicle and the

(Nrep) was calculated for each participant and the group average

deep aponeurosis. FL was defined as the distance from the fascicle

Nrep was obtained and reported in the results for each protocol.

origin in the deep aponeurosis to insertion in the superficial aponeurosis [24, 25]. Whenever a whole fascicle was not visible in a single

Volume load (VL)

image, linear extrapolation was used to estimate FL. The mean

Loads (kg) were recorded for each training session. From the chart-

value of three images was used to determine PA and FL using the

ed values, accumulated volume load (VL) was calculated for each

“Angle” tool and “Straight” tool, respectively, of the ImageJ software.

participant as sets × repetitions × load (kg) considering the entire

All assessments were carried out by a blinded and trained technician.

training period (20 RT sessions), and the group average VL was

The CV and TE were respectively 0.79% and 0.18° for PA assess-

obtained and reported in the results for each protocol.

ments and 0.81% and 0.05 cm for FL measurements.

Muscle activation
Maximal dynamic strength

Activation of the vastus lateralis muscle was assessed by the ampli-

Maximal dynamic strength was assessed through unilateral 1-RM

tude of the EMG signal according to recommendations [29]. Follow-

tests in the 45° leg press (NK-5070; NakaGym, Diadema, SP, Brazil)

ing skin preparation, self-adhesive disposable electrodes were placed

and leg extension (NK-5060; NakaGym, Diadema, SP, Brazil) ma-

over the vastus lateralis muscle with an inter-electrode distance of

chines. The 1-RM test was performed following the recommendations

2 cm. A reference electrode was fixed on the opposite ankle. For

described by Brown and Weir [26]. The CV and TE were respec-

better stability, micropore tape was applied over the electrodes. Then,

tively 1.45% and 3.12 kg for the 45° leg press 1-RM tests and

participants performed a maximal voluntary isometric contraction

2.01% and 1.13 kg for leg extension.

(MVIC) test. Following a 5-minute warm-up on a cycle ergometer at
20 km·h-1, participants were positioned in a leg extension machine

Resistance training protocols

with knees fixed at 90º of knee flexion. The leg extension machine

RT protocols were performed unilaterally using conventional 45° leg

arm was locked at 90°. Participants were asked to gradually build

press and leg extension machines, in this order, twice a week for

force and hold it for three seconds at maximal force. Three trials were

10 weeks (20 training sessions). Before the start of the RT period,

performed, with 1-minute rest between trials, and the highest root

participants reported the weekly number of sets typically performed

mean square (RMS) value attained was used for normalizing EMG

for the quadriceps in their previous RT routine (sets: 19.1 ± 8.5,

signals. To differentiate concentric and eccentric EMG signals, an
Biology
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electro goniometer (EMG System, São José dos Campos, SP, Brazil)

small (ES ≤ 0.49), medium (0.5 ≤ ES ≤ 0.79), and large (ES ≥ 0.80).

was placed at the estimated centre of rotation of the knee joint (i.e.,

Subsequently, a mixed model having protocols (RT-F and RT-NF)

intercondylar line). EMG and electrogoniometer signals were acquired

and time (Pre and Post) as fixed factors and subjects as a random

using the EMG832C electromyographic device (EMG System, São

factor was implemented for each dependent variable (CSA, FL, PA

José dos Campos, SP, Brazil) and active bipolar surface electrodes

and 1-RM). Data are presented as means and standard deviations

with pre-amplifier gains of 20-fold and a common-mode rejection

and significance was set at P < 0.05. Statistical analyses were

rate > 100 db. After performing the MVIC, a 5-minute interval was

performed on SAS 9.3 software (SAS institute Inc., Cary, NC, USA).

allowed. Next, for EMG acquisition, participants were instructed to
exercise each leg following the resistance training protocols to which

RESULTS

they were allocated. Both protocols were performed with 75% 1-RM,

Baseline measurements

adjusted according to the participants’ most recent 1-RM value.

There were no significant differences in baseline values (P > 0.05)

Training protocols are described in detail in the “resistance training

between protocols for CSA, PA, FL and 1-RM in the 45° leg press

protocols” section. A 2-minute rest interval was allowed between

and leg extension exercises.

sets. Signals were collected at 1000 Hz and filtered with an eighth
order Butterworth bandpass filter set at 20–500 Hz. Data processing

Number of repetitions (Nrep)

was performed off-line using a custom MATLAB routine (MathWorks,

Significant differences in Nrep were found between protocols (RT-F:

Natick, MA). Initially, EMG data were normalized using MVIC data.

12.0 ± 2.1; RT-NF: 10.4 ± 2.8; P = 0.004; Fig. 2A). On average,

Following data normalization, the beginning and ending of each

participants in RT-NF interrupted sets, voluntarily, at 1.6 ± 1.8 rep-

repetition was manually identified on the MATLAB routine for each

etitions short of failure, which represents 13.6% less repetitions per-

set. Minimal and maximal angle values were used to define the end

formed in RT-NF when compared to the number executed in RT-F.

of the eccentric and concentric phases, respectively. Muscle activation was calculated using the mean RMS of the EMG signal of the

Volume load (VL)

concentric phase of the last three repetitions.

Significant differences in VL were detected between protocols (RT-F:
333.9 ± 174.1 tons; RT-NF: 295.4 ± 207.9 tons; P = 0.01;

Statistical analysis

Fig. 2B). The mean difference between protocols was of

Following visual inspection of the data, the Shapiro-Wilk test was

38.4 ± 53.5 tons, which represents a VL 11.5% smaller in RT-NF

performed to verify data normality. Paired t-tests were implemented

when compared to that accumulated in RT-F.

to compare baseline values of the dependent variables (CSA, 1-RM,
PA and FL) as well as values of EMG, Nrep and 10-week accumu-

Muscle cross-sectional area (CSA) and muscle architecture

lated VL between protocols (RT-F or RT-NF). Intra-protocol (post- vs.

Results of the mixed model showed no protocol vs time interaction

pre-values) effect sizes (ES) for small sample sizes were calculated

(CSA: F[1, 26] = 0.88, P = 0.35; PA: F[1, 26] = 0.01, P = 0.93;

according to Hedges and Olkin [30]. ES values were classified as

FL: F[1, 26] = 0.44, P < 0.51) or protocol effect (CSA:

FIG. 2. (A) Number of repetitions performed per set for the quadriceps and (B) accumulated volume load after 10 weeks of resistance
training. Values presented as mean ± SD. *Significantly different from RT-NF (P < 0.05).
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FIG. 3. (A) Muscle cross-sectional area (CSA), (B) pennation angle (PA) and (C) fascicle length (FL) measured at baseline (Pre) and
after 10 weeks (Post) of resistance training to muscle failure (RT-F) and resistance training to non-failure (RT-NF) protocols. Circles
represent individual values. *Significantly different from Pre (main time effect, P < 0.05).

FIG. 4. (A) Maximum dynamic strength (1-RM) in 45° leg press and (B) leg extension machines, measured at baseline (Pre) and
after 10 weeks (Post) of resistance training to muscle failure (RT-F) and resistance training to non-failure (RT-NF) protocols. Circles
represent individual values. *Significantly different from Pre (main time effect, P < 0.05).

TABLE 1. Muscle cross-sectional area (CSA), pennation angle (PA), fascicle length (FL) and maximal dynamic strength (1-RM) at
baseline (Pre) and after training (Post) for resistance training (RT) to muscle failure (RT-F) and non-failure (RT-NF).
Variable
CSA (cm2)
PA (°)
FL (cm)
1-RM (kg) LP
1-RM (kg) LE

Protocol

Pre

Post

ES

Δ% (95% CI)

RT-F

32.9 ± 5.3

37.2 ± 5.6

0.7

13.5% (7.0 to 20.0)

RT-NF

32.0 ± 5.9

37.5 ± 6.6

0.8

18.1% (9.4 to 26.8)

RT-F

22.6 ± 3.8

25.5 ± 3.9

0.7

13.7% (8.1 to 19.4)

RT-NF

23.7 ± 3.4

28.5 ± 3.4

1.4

14.4% (7.0 to 21.8)

RT-F

5.4 ± 0.5

6.1 ± 0.6

1.0

11.8% (5.0 to 18.6)

RT-NF

5.1 ± 0.6

5.7 ± 0.6

1.0

8.6% (2.2 to 15.1)

RT-F

237.5 ± 31.7

290.0 ± 40.2

1.4

22.2% (17.8 to 26.6)

RT-NF

237.5 ± 33.0

299.9 ± 41.5

1.6

26.6% (20.8 to 32.5)

RT-F

55.6 ± 8.6

73.3 ± 9.8

1.8

33.3% (22.6 to 44.0)

RT-NF

56.4 ± 9.6

73.9 ± 8.4

1.9

33.7% (20.5 to 46.9)

*Significantly different from Pre (main time effect, P< 0.05). Values presented as mean ± SD, mean percentage changes (Δ%),
confidence interval (95% CI), effect size (ES), leg press (LP) and leg extension (LP).
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individuals. It has been suggested that as an individual becomes
more experienced, there is an increasing need to challenge the neuromuscular system with higher levels of effort [8, 9]. However, this
hypothesis is not supported by the findings of the present study. For
muscle strength, our results are in line with those of a meta-analysis
composed of studies with untrained and trained subjects [18], which
found no advantage for RT-F compared with RT-NF. Regarding muscle hypertrophy, we also observed similar increases in CSA between
RT-F and RT-NF. Our results are in contrast to those of Karsten
et al. [31] and Pareja-Blanco et al. [32] (RT-F group reached muscle
failure during only 56.3% of total training sets), who reported a greatFIG. 5. Electromyographic (EMG) amplitude normalized by
maximal voluntary isometric contraction from the resistance training
to muscle failure (RT-F) and resistance training to non-failure (RTNF) protocols. Values presented as mean ± SD.

er increase in muscle thickness (elbow flexors and vastus medialis)
and CSA (vastus lateralis and intermedius) for RT-F, respectively,
regardless of the number of repetitions and volume load equalization.
Discrepancies between the studies may be attributable to several
factors. First, in the studies by Karsten et al. [31] and Pareja-Blanco
et al. [32] the difference between the number of repetitions per set
performed in the RT-F and RT-NF sessions was ~50–60%. It should
be noted that differences in the number of repetitions per set between
RT-F and RT-NF were rather small in the present study (-13.6%;

F[1, 26] = 0.02, P = 0.89; PA: F[1, 26] = 0.01, P = 0.90;

-1.64 reps), indicating that the non-failure protocol performed sets

FL: F[1, 26] = 0.36, P = 0.55) for either variable. However, a main

close to full fatigue. In view of the relationship between fatigue and

time effect was observed for CSA (F[1, 26] = 49.67, P < 0.0001;

muscle activation [33], when the exercise is performed close to

Fig. 3A), PA (F[1, 26] = 61.31, P < 0.0001; Fig. 3B) and FL

muscle failure, the level of fatigue seems sufficient for complete

(F[ 1, 26] = 22.67, P < 0.0001; Fig. 3C). Both training protocols

muscle activation, as shown in the present study and in others with

significantly increased CSA, PA and FL from Pre to Post (Table 1).

untrained individuals or who have undergone other training
modes [4, 16]. Thus, it seems that as long as RT is carried to a point

Maximum dynamic strength (1-RM)

of significant fatigue (likely only 1 to 2 repetitions shy of failure),

The mixed model analyses indicated that there was no protocol vs

increases in muscle activation and mass will be similar to those of

time interaction (45° leg press: F[1, 26] = 1.56, P = 0.22; leg

RT performed to failure. Second, neither of those studies [31, 32]

extension: F[1, 26] = 0.00, P = 0.94) or protocol effect (45° leg

consider the number of sets previously performed by participants in

press: F[1, 26] = 0.14, P = 0.71; leg extension: F[1, 26] = 0.05,

their RT routines. Individuals were randomly assigned to the RT-F

P = 0.82). However, a main time effect was detected in both 1-RM

and RT-NF protocols, which consisted of an equal number of sets

tests: 45° leg press (F[1, 26] = 209.17, P < 0.0001; Fig. 4A) and

for all. In this case, a given subject can increase, maintain or decrease

leg extension (F[1, 26] = 131.80, P < 0.0001; Fig. 4B). In both

the number of sets compared with his RT routine before the com-

training protocols, 1-RM values in the 45° leg press and leg extension

mencement of the experimental protocol. In fact, neglecting the

exercise increased significantly from Pre to Post (Table 1).

subjects’ training history may have influenced the adaptations resulting from the RT-F and RT-NF protocols, since large increases or

Muscle activation

decreases in the number of weekly sets have the potential to modu-

No significant differences (P > 0.05) in muscle activation values

late the adaptive response [27]. Alternatively, our study employed

were detected between protocols (RT-F: 92.2 ± 24.9%; RT-NF:

an individualized number of sets, increasing by 20% the number of

100.3 ± 25.6%; Fig. 5).

weekly sets subjects previously performed in their training. Finally,
another potential explanation as to the inconsistent findings between

DISCUSSION

studies may be related to the experimental design. In our study we

Our main findings show that both muscle failure (RT-F) and non-

used a within-subject design, which allows greater control of bio-

failure (RT-NF) protocols were similarly effective at inducing muscle

logical variability compared to a between-subject design [34]. Com-

hypertrophy, muscle strength gains and changes in muscle architec-

paring the RT-F and RT-NF protocols in the same subject decreases

ture in trained individuals. Additionally, both protocols produced

genetic influences [35] and minimizes the effects of factors such as

similar EMG amplitude, confirming our initial hypothesis.

nutrition, training level and sleep [36, 37], which can affect RT-in-

An important limitation of the current literature is that, to date,

duced adaptations. Therefore, we believe that the use of a within-

most studies investigating RT-F have been conducted in untrained

subject design and considering the training history of participants
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(i.e., the volume of sets previously performed) may have minimized

to different exercises and muscle groups. In this sense, similar mus-

confounding factors in adaptations to RT-F and RT-NF in our study.

cle strength gains have already been demonstrated in the upper limbs

Another possible explanation for the similar hypertrophic and

for failure vs non-failure protocols in a trained population [41], which

muscle strength gains are the changes in muscle architecture (i.e.,

might indicate that both lower and upper limbs respond to muscle

muscle PA and FL). In the present study, RT-F and RT-NF produced

failure in a similar way. 4) We did not consider how hormonal re-

comparable increases in PA (13.7% and 12.4%, respectively) and

sponses to one-leg exercise could affect responses in the opposite

FL (12.7% and 10.4%, respectively) after 10 weeks of training.

leg. However, a study investigated hormonal responses and its effect

Similar to muscle hypertrophy, there is a lack of studies investigating

on muscle CSA and strength using a unilateral design in which sub-

RT-F and RT-NF effects on muscle architecture parameters. How-

jects trained both knee extension and leg press exercises [42], sim-

ever, it is possible to compare our results with those of a study that

ilar to the design we adopted. The studies’ results showed no acute

investigated the adaptations in muscle architecture following a train-

increase in ostensibly anabolic systemic hormones, but hypertrophy

ing intervention in trained individuals. Our results are in line with the

occurred nonetheless. Also, isotonic 1-RM increased only for the

study of Angleri et al. [2], who showed that drop-set, crescent pyra-

trained leg. This way, we do not believe hormonal responses could

mid and traditional RT protocols promote similar increases in PA

have negatively impacted our findings. On the other hand, a within-

(10.3%, 11% and 10.6%, respectively) and FL (9.1%, 8.9% and

subject design (i.e., unilateral) allows greater control of biological

8.9%, respectively), which were accompanied by similar increases

variability compared to a between-subject design [34].

in muscle hypertrophy and strength. Current evidence indicates that

As a practical application we suggest that despite only receiving

increases in muscle PA and FL allow for an increase in contractile

the instruction to voluntarily interrupt the exercise close to failure,

material, with a possible increase in cross bridge formation [38]. In

the RT-NF protocol produced important neuromuscular adaptations.

turn, these increases would result in a greater number of cross bridg-

This indicates that it is a simple and easy way to maximize gains

es simultaneously activated during a muscle contraction, increasing

without the need to reach muscle failure.

maximum force capacity [38]. If true, the similar increases in PA and
FL found for RT-F and RT-NF would indicate that muscle growth

CONCLUSIONS

resulted from addition of sarcomeres in parallel, consequentially

This study shows that resistance training to muscle failure or non-

increasing maximum force capacity to a similar extent for both RT-F

failure is similarly effective in promoting increases in muscle hyper-

and RT-NF.

trophy, strength, pennation angle and fascicle length, while also

This study is not without limitations. 1) Only moderate to high

resulting in similar muscle activation in trained individuals.

loads were used, and the results could be different when training to
failure with low loads, as recently demonstrated in untrained sub-
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