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Abstract - Introduction: The development of strength has shown to be beneficial to sports performance and health.
However, during strength training, they also produce alterations in muscle fatigue indicators, leading to a decrease in the
ability to generate strength. Despite this, there is still not enough knowledge about the levels of muscle fatigue generated
by different methods of strength training and how this information can be integrated into sports planning. Review
and analyze the studies existing between January 2009 and January 2019 that have used indicators of muscle fatigue
established in the search terms during and after strength training as measurement variables. Evidence acquisition:
The study corresponds to a systematic review of previously published studies, following the PRISMA model. Articles
published between 2009 and 2019 that measured muscle fatigue indicators during and after strength training were
evaluated. The electronic search was conducted through Web of Science, Scopus, Sport Discus, PubMed, and Medline.
We included all articles that used a strength protocol and also measured indicators of muscle fatigue and its possible
effect on physical performance. Evidence synthesis: A total of 39 articles were found, which were stratified according
to the protocol used: (i) plyometric training, (ii) Bodypump® training, (iii) occlusion training, (iv) variable resistance
training, (v) conventional strength training, (vi) eccentric strength training, (vii) rest times in strength training and
(viii) concurrent training. Conclusion: At the end of the systematic review, it was shown that the different training
methodologies for strength development generate increases in muscle fatigue indicators, and the increase generated in
the different muscle fatigue indicators depends both on the methodology used and on the type of population, sex, level
of training and type of sport. The most-reported indicators are [La], HR and RPE, DOM, MR variation, and ammonium.
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Introduction

Today, sports training is based on the development of the vari-
ous manifestations of force'. Thus, several investigations have
recognized muscle strength as the main capacity to produce
a high level of muscle power!? and neuronal adaptations?,
which favor the development of muscular hypertrophy*. In
this sense, optimal muscle development has been associated
with sports performance and a better quality of life’. On the
contrary, a decrease in muscle strength and neuromuscular
control change the functional behavior of an athlete, limiting
performance and possibly triggering an injury®.

In order to achieve optimal development of strength,
power and muscular hypertrophy, traditional’!'® and
non-traditional training methods have been used, including
plyometric exercises on land!'*'¥, plyometrics in the aquatic
environment'®, occlusion training?®3, training with elastic
bands?, electrostimulation training!!, eccentric exercises?,
and Bodypump® programs?*?’. These methods have demon-
strated, in several cases, increases in sports performance**>?7,
However, it has also been documented that strength training
produces alterations in muscle fatigue indicators?* . In this
sense, fatigue has been defined as a reduction in the ability

of the neuromuscular system to generate strength or to
carry out work resulting from physical exercise®*2. Thus,
a decrease in the production of strength, in its different
manifestations during and after strength training, has been
associated with increases in blood uric acid*?}, ammonium??,
lactate concentrations ([La])**, elevated heart rate (HR)'C,
increased perception of effort (RPE)*, increased muscle
pain (DOMS)3¢, and decreased range of motion (ROM)".
These metabolic and physiological responses produced by
strength exercise’” have been identified as synonymous
with fatigue!73233,

However, it is not yet fully established if these fatigue
indicators always produce a decrease in performance®. That
is why there is a need to establish whether indicators of
muscle fatigue are constantly associated with a decrease in
performance. As a result of the above, the objective of this
systematic review was to review and analyze the studies
existing between January 2009 and January 2019 that have
used indicators of muscle fatigue established in the search
terms during and after strength training as measurement
variables. As a secondary objective, the programs were
described, establishing the biochemical and physiological
responses reported in each of the studies consulted.
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Method

search. Two authors searched and reviewed the studies, both of
whom decided whether the inclusion of studies was appropriate.
In case of disagreement, a third author was consulted. The search
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Table 1 - List of included articles scored according to the PEDro scale.

Selection

Comparability

Results

Total
strategy and study selection are presented in Figure 1. (1-2-3-4) (5-6-7) (8-9-10-11)
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e searc 1dept1 ed articles published in t e following da nclusion criteria Brown et al. 16 4.0-0-% 0-0-0 ok s
tabases: Web of Science (WOS), Scopus, Sport Discus, PubMed, o
and Medline. The search limits were: articles published in the The importance of each study was evaluated according to Chatzinikolaou et al. it 0-0-0 rXX 7
last ten years (January 2009 to January 2019) that were written the following inclusion criteria: a) experimental study design; Smilios et al. # #-0-0-* 0-0-0 k% 5
in English, Portuguese, French, German, or Spanish. b) ~hc?althy subjects of both genders;. c) §tudles with strength Walker et al. 4.0-0-* 0-0-0 R 5
training protocols; d) studies reporting indicators of muscle ” . x . %
fatigue through ammonia, lactate, pH, HR, muscle fatigue and Greco et al. Lo 0-0-0 o 7
Bibliographic search perception of effort; €) those with increased or decreased per- Izquierdo et al. #-0-0-* 0-0-0 ok 5
formance post-intervention, and f) studies published in English, Sanchez-Medina et al. #.0-0-* 0-0-0 ok k% 5
The literature search was performed in accordance with the Spanish, French, Portuguese or German. Studies that did not Buitrago et al. ¥ 4ok £.0-0 R p
guidelines for the Preferred Reporting Items for Systematic meet the inclusion criteria were excluded. Discrepancies found 3.5 . x . . %
Reviews and Meta-Analyses (PRISMA)*. The title, abstract, and were resolved by consensus of the investigators. Hardee et al. Lo -0-0 o 8
keyword search fields were searched in each of the databases. The Paulo et al. # Fho e *-0-0 R 8
following keywords combined with Boolean operators (AND/ Walker et al. 12 ok *_0-0 ok k% 8
OR) were used: ([“Ammonium” OR “Ammonium lactate” OR Evaluation of methodological quality Couto et al. ! 4k £.0-0 ks _k ]
“Lactic acid” OR “Lactate” OR “Acid-base equilibrium” OR ’ s . v
“Acid-base balance” OR “Heart rate” OR “Muscular fatigue” OR The Physiotherapy Evidence Database (PEDro) scale®* Femandez-Gonzalo et al. #-0-0- 0-0-0 o 3
“Muscle fatigue” OR “Ratings of perceived exertion” OR “RPE was used to assess study quality. The classification was based Okuno et al. *! Fho e *-0-0 Ak 8
scale”] AND [“Sports performance” OR “Athletic performance™] on three criteria: selection (maximum three stars), comparabil- Pareja-Blanco et al. 2 Hok *-0-0 HoEEE 8
AND [“Strength training” OR “Resistance training” OR “Force ity (maximum three stars), and results (maximum four stars). Rogatzki et al, * 4k 0-0-0 bk -
training” OR “Concurrent training” OR “Isometric training” OR Articles scoring eight to ten were considered to be of high ) o ' . v
“Isokinetic training” OR “Concentric training” OR “Eccentric methodological quality, four to seven moderate, and less than Silva et al. #-0-0- 0-0-0 o 3
training” OR “Velocity based training” OR “Complex training” four low. Thus, the score obtained by the articles according to Ammar et al. # Fho e 0-0-0 R 7
OR “Contrast training”]). Each of the keywords related to the the PEDro scale indicated that 13 studies obtained a high score Gadruni et al. 2 #-0-0-* 0-0-0 ok k% 5
methods of fatigue and force had the purpose of broadening the and 26 articles obtained a moderate score (Table 1). Gonzalez-Badillo et al. 4k 0-0-0 bk -
Nicholson et al. * Hox K *-0-0 *k K 8
£ Riscond | Sl o heougk Additionel ne-ooeds identiled .
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5 T 7 Raeder et al. ¥ #-0-0-* 0-0-0 KKK 5
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{m = 1553]
- Bartolomei et al. *° KA E 0-0-0 KKK 7
g de Almeida et al. 2 ok EE 0-0-0 *ok k% 7
£ ¥
t 3
E Recond 2o cened altes Secowds escluded foe Johnston et al. *! e *-0-0 ok 8
- Firruring duplicated B githis ared ahvisracy Andreatta et al. 5 #-0-0-* 0-0-0 sk _%k_k_k 5
{m = 1516] fm = 1424}
Curty et al. KA E 0-0-0 KKK 7
v dos Santos et al. 5* #-0-0-* 0-0-0 *k 5
5 Full-bet arthcles asessed for Aeconds mcluded Ojeda et al. » #-0-0-* 0-0-0 Ak 5
- ':.::'l:: |:;.- " " 'i: -"ﬁﬂ Miranda et al. % Hox K 0-0-0 *k kK 7
Parraga-Montilla et al. 3 #-0-0-* 0-0-0 *E k¥ 5
Sieljacks et al. ¥ HEEE *-0-0 *k K 8
Wertheimer et al. ¥ TR 0-0-0 SRR 7
E ¥ Tufano et al. % Hox K *-0-0 Hk kK 8
p Studees included inthe
= AR RTE W Elements in the PEDro scale: 1 (eligibility criteria were specified); 2 (subjects were randomly assigned to groups); 3 (assignment was concealed); 4 (groups were similar at baseline relative to the
[ most important prognostic indicators); 5 (all subjects were blinded); 6 (all therapists who administered therapy were blinded); 7 (all evaluators who measured at least one key outcome were blinded);
8 (measures of at least one of the key outcomes were obtained from more than 85% of the subjects initially assigned to the groups); 9 (results were presented for all subjects who received treatment

or were assigned to the control group, or where not possible, data for at least one key outcome were analyzed by “intention to treat”); 10 (results from statistical comparisons between groups were

Figure 1 - Flow chart of search strategy and selection of articles reported for at least one key outcome); and 11 (study provides point and variability measures for at least one key outcome). # (has specified choice criteria; however, it is not counted as a score).
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Results a citation-oriented search, a total of 39 articles were obtained Miranda et al. 55 0/15 25.7+4.7 Recreative trained
for a systematic review. These articles were stratified according Péarraga-Montilla et al. 56 11/0 22.543.1 Subjects trained in strength
to .th.e pro.tf.)col useq: (@) p.l}fome‘Fric traﬁning, (11) BOdYPU_mP® Sieljacks et al. 57 14/0 23-27 Untrained youth
Selected studies training, (“T) occlusion tram.m.g’ (iv) .Varlable ?eSIStance tral.m,ng’ Wertheimer et al. 19 20/0 22+1.80 Physically active subjects
(v) conventional strength training, (vi) eccentric strength training, ] o
Tufano et al. 58 8/0 25.2+4.1 Subjects trained in strength

(vii) rest times in strength training and (viii) concurrent training.

The electronic search identified 3468 articles, of which 1952 M (male); F (female)
were duplicated. The remaining 1516 articles were filtered by
titles and abstracts, leaving 92 articles for full reading and anal-
ysis. After reviewing the 92 articles, 53 were removed, all for

not meeting the inclusion criteria. By not including articles after

At the end of the review, there was evidence from studies
showing that strength training induces muscle fatigue as a result
of physiological and biochemical responses related to strength
training. Only those studies that related strength training to in-
dicators of muscle fatigue are presented below (Table 2 and 3).

Table 3 - Characteristics of strength training programs with muscle fatigue indicators.

Author Year Objective Variable Treatment muscular Force results Performance
damage
Table 2 - Characteristics of the participants in each study. 60 minutes of
Author Number (M/F) Age Sample type Bogzsrl:irslg?\;v;h:se
Oliveira et al. 2 0/15 21.7+2.1 Not physically trained Compare and performed using 1
. . kg weights, except 1 (p <0.05)
Wernbom et al. 2 8/3 20-39 Velocity and trained footballers analyze met- for the division [La] and HR
Brown et al. '¢ 10/10 22.1£1.3 Recreative trained czt;?iig:vg[slgi]lﬁr Excrcises squatting position, dqring the
Chatzinikolaou et al. 7 24/0 25.5+1.9 Physically healthy subjects Oliveira ot al. % 2009 (HR), and proposed Wigii:;gﬂ d\?};gl%}:)ts \i/eassSlr?:sgrlleﬂrie— 1RM and _
Smilios et al. 16/0 20.7+1.1 Young people with recreational experience in strength ?]Sﬁ(()}?usai::i byu]fnog_ 10% of IRM (~ 5 cant correlation CMJ were ns
Walker et al. 3 10/0 23.6+2.5 Recreative trained in strength n prmp kg) to standardize  between EMG,
) o g eters during a individual responses  lactate, and HR
Greco etal. 7 0/19 21.4+2.0 Sedentary Bosdeysrglon;p® during sessions. A variables.
Izquierdo et al. * 12/0 33.0+4.4 Physically active subjects ’ Sliraightdnlle?l ba(ri 2_1
Sanchez-Medina et al. » 18/0 25.6+3.4 Trained subjects . gggisg el gﬁénwere
Buitrago et al. ¥/ 10/0 27.3£3.2 Students physical education with experience in strength added to the bar.
Hardee et al. *° 10/0 23.6+0.37 Subjects trained in strength Investigate
. hether there
45 +. w
Paulo et al. 19/0 25.7+4.4 Physically healthy young people was any RPE and acute
Walker et al. 12 13/0 28.4+£3.7 Physically active subjects with no experience in strength difference in Dynamic pain were ns be- Electrical
Couto et al. " 32/0 26.0+3.46 Subjects with experience in strength mu;cledactlvny knee .IsEtomc rteSlidtancezl tW(feI{tlﬁg ‘:’lth activity
. . i and endurance - in knee extenders, and without oc-
Fernandez-Gonzalo et al. % 16/16 23+1 Healthy and physically active subjects Wermibom e al. 2 2009 during low-in- et);zﬁ?lllon sets of three repeti-  clusion. DOMS w]?fﬁvgizlllulsiin _
Okuno et al. 2! 9/0 24.0£2.9 Healthy subjects with experience in strength ' tensity exercise with an%i tions at 85% of IRM increased (p and without
. . . . . i i . ith 4 mi t inter- <0.05)in1 .
Pareja-Blanco et al. 2 29/0 23.3+3.2 Students of sports sciences with experience in strength klireledeyy?tzrx?slicon Wltho}lt W\llals br;?vriéglsl ;:tser withouz g;;f_ occlusion was
Rogatzki et al. * 6/0 18-24 Teenagers performed up occlusion sion after 48 ns.
Silva et al. ¥ 11/0 32+6 Trained cyclists to fatlg'fle with hours.
and without
Ammar et al. 9/0 2140.5 Experienced weightlifters occlusion.
Gadruni et al. * 14/0 22.64+1.49 Taekwondo athletes and sedentary subjects Resistance to 30% of
Gonzalez-Badillo et al. ¥ 9/0 23.3+3.9 Students of sports sciences with experience in strength IRM. Occlusion was
Nicholson et al. 3 34/0 21.76+2.60 Trained subjects lﬁ)%dnitn? ggjsigtr%g_f
Ojeda et al. ! 19/0 24.8+5.3 Military pentathletes fore the cuff exercise,
Poton et al. 22 12/0 23.443.8 Healthy and trained subjects Investigate anr(rll;lilrlliali)if:iis?rﬁ}zas SJ was ns:
Raeder et al. ¥ 14/9 24.1£2.0 Athletes acute changes . however,
. X . . . in02, HR,and o ‘;f;r“c‘llsg 1;% li‘ériﬁlg T (p<0.05)in  women pre-
Sabido et al. 17/0 23.2+3.6 Subjects with experience in strength Brown et al. 1 5010 blood [La] in a oD acﬁte o erio,ds B, egn [La], HR and sented | (p< =inmen, | in
Bartolomei et al. % 12/0 24.5+4.2 Subjects with experience in strength ’ deep plyo- session s eri;)s Subjects per- O2 during the  0.05) in jump- women
de Almeida et al. 10/0 22.50+2.84 Subjects with experience in strength mi?ﬁeie::gn formed as many rep- session. ci)?ﬁplzlegdh:o
Johnston et al. *! 15/0 21«1 Rugby players women. fz‘;lz(;roltsaellso?gs:g;ilzs post-test men.
Andreatta et al. 3 10/10 2446 Healthy subjects with experience in strength for each leg. The rest
Curty etal. ¥ 9/0 26+1 Healthy subjects with experience in strength bethesn eachgerfles
was 45 seconds for
dos Santos et al. > 7/6 29.5+6 Physically active subjects both the nonoccluded
Ojedaetal. ® 10/0 28.5+4.8 Military athletes and occluded leg.
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8 sets of 10 jumps
in-depth with both
feet of a box 0.8
m high. When the

Investigate . Range of motion
the temporal sul;]oe cﬁzrezﬁl Z((i)ttlllj ¢ 1 (p<0.05)
course of %‘eeltl th:/ imme- up to 48 hrs
inflammatory, diatél 'li/m od as post- exercise.
hormonal, and hich asy Jossi%le and DOMS, CK and
performance t;g)uchelc)l a vertical lactate dehy- CMJ and SJ
marker chang- LMD measurement drogenase T (p 1 (p<0.05)
.. . esinvolvedin AcutePD  J"™P ) . <0.05)until 72 24 hours after
Chatzinikolaou et al. 2010 . . device; the subjects
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. 3 incremental steps .
recovery peri- that were 0.2 m and cortisol 1 (p
od following hi ) < 0.05) until 96
. igher than the pre-
an acute series ious one. Subiects hours. [La] 1
of plyometric 8 sorec o (P<0.001).
exercise per ormegl_S series 0
10 repetitions with
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recovery between
series.
Examine (a)
the mechanical Loads used
power and 50 jumps over 50 in third and
activity of cm obstacles (5 sets fourth series |
EMG during o
. of 10 repetitions) (p <0.05) ver-
amoderately  Medium, and 50 jumps with sus first and
loaded muscu-  light and plyometjric b%x drop second series
Smilios et al. # 2010 lar f:ndurance heavy 50 cm (5 sets of 10 [La] T (p < Production of
session and (b) load repetitions). There 0.05). force | (p <
the maximum endurance P . P
. . were 2 and 5 minutes 0.05) during
mechanics out- exercise of rest between last 2 series
put power and sets and exercises Average speéd
EMG activity respectivel ’ of each series
using a light p Y Was ns
load and then a )
heavy load
Evaluate acute The lifting protocol
and endocrine was 10 x 5-speed 1 (p <0.05)
neuromuscu- Contrast squats at 70% of the on SJ jump
Walker et al. 3 2010  lar responses trainin mass of the system [La] = and maximum
during a con- & (1RM) with rest isometric
trast loading intervals of 2 minutes force.
protocol between sets.
Exercises for the up-
per extremities were
To assess the performed using 1
effects of 12 kg weights. Squat-
weeks of the ting and ramming
Bodypump® exercises were per-
training formed using weights
27 program on Body- corresponding to [La] and HR 1 (p <0.05)
Greco et al. 2011 neuromuscular  pump® 10% of 1RM for the were ns. max. force
aspects and occupants (~ 5 kg).
metabolic A straight metal bar
variables, such (1kg)and 1,2,and 5
as HR and kg weights were at-
lactate. tached to the bar and

used during lower
extremity exercises.

Motriz, Rio Claro, v.26, Issue 3, 2020, e10200063

Barahona-Fuentes et al

Effects of
heavy-duty
training and

its relationship
between power

Five series, with the
load corresponding
to 10 RM on the
leg press with 120 s
of rest between the

loss and EMG  Strenath series. After train- [La], ammonia, Maximum
Izquierdo et al. 33 2011 rates and blood traini%l ing, each subject and uric acid 1 power loss l
metabolite & performed an acute (p <0.05) (p<0.05)
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from the
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responses o a and 2 minutes rest in
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berI:ch ross Press In addition, sub- [La] t (p<0.01) | (p<0.01)
Buitrago et al. %’ 2012 exercisg of 4 bankin jects performed 4 at high, medium number of !
. & repetitions with loads  and low loads repetitions
exercise modes of 40% and 80% of
Swég(ljsdﬁlzrzril; 1RM before, imme-
fIf):rent external diately after, and 30
loads minutes after the end
) of the session.
Examine the 4 sets of squats (3%
effects of rest to 80% of 1RM)
between repe- interspersed with 4 1 (p <0.05)
Hardee et al. ** 2012 titions on RPE I;(l);:;r sets of SJ (three rep- RP(I;: (I 5()p < on the output l
ratings in the etitions). A 3-minute ’ power
power clean break was allowed
exercise. between sets.
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influence of
different rest MVC force and then
intervals and the performance pf [La] 1 (p < 0.05) An 1 in the
the number a resistance exercise . . .
. . in (SSSI and intensity
of repetitions ~ Squatting protocol composes of LSLI). SSLI | Average pow- and volume
Paulo et al. ¥ 2012  per set on the force three series of bicep (p< 0 05) in er T (p <0.05) of trainin
production of work curls at 40% MVC p=". in SSLI &
. . [La] when com- produces |
muscle power with 1 minute or 3
pared to LSLI performance

in the squat ex-
ercise between
exercises and
the rest ratio.

minutes time interval
between series.
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Bodypump®, the
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0.001) in men
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muscle damage session (p < 60%, 70% and
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and training Supine ] h seri 0.001) i o both
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Fernandez-Gonzalo etal. * 2014 . . with respect to the after the first (P<0.05). The 1
eccentric over-  training . . .
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last session. than in women.
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(P<0.05).
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sessions on different
days, separated by
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a maximum of 120
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To investigate leg press exercises in
e A .
the variabil Leg 80% of IRM w1th0ut HI, HR and [La]
ity of HR presses vascular occlusion 1 (p < 0.05) Reduced re-
Okuno et al. 2! 2014 after resistance withand  (HI), (b) 5 series of p=9.52), : | in HI
. . . . after exercise by  covery in HI
training with without leg press exercises over LI and IOL
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exercises at 40% of
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[La] (lactate concentrations); HR (heart rate); EMG (electromyography); IRM (1 maximum repetition); CMJ (counter movement jump); SJ (squat jump); ns
(non-significant); = (maintained); RPE (effort perception); DOMS (increased muscle pain); O2 (oxygen consumption); EP (plyometric exercises); CK (creatine
kinase); CRP (C-reactive protein); MVC (maximum voluntary contractions); 1 (increases); | (decreases); SSLI (short set long interval condition, 12 series of 3

repetitions with an interval of 60 seconds between series); SSSI (short duration

short interval condition, 12 series of 3 repetitions with an interval of 27.3 seconds

between series); LSLI (long interval condition, 6 series of 6 repetitions with a rest interval of 60 seconds between series); HI (high intensity); IOL (low intensity with
vascular occlusion); LI (low intensity); MaxV (predicted maximum concentric velocity); HalfV (average maximum velocity); IL-6 (interleukin-6); Vmax (maximum
velocity); Vpro (average velocity); Pmax (maximum power); Ppro (average power); LI-BFR (low intensity with restriction of blood flow); and VH (high volume).

Discussion

At the end of the systematic review and based on the main
objective that sought to find evidence of alterations in muscle
fatigue indicators during and after strength training, 39 studies
were found between January 2009 and January 2019. Of which
only In 4 there was evidence of increased performance despite
having indicators of altered muscle fatigue. This may be due to
the normal physiological response of the subjects. This evidence
allowed us to visualize that there were protocols for the devel-
opment of strength that generate alterations in muscle fatigue
markers, such as [La], HR, RPE, DOMS, the variation of MR
and ammonium. This shows that there are force protocols that,
according to their characteristics, impact, and difficulty, should
only be performed in some types of populations. Therefore,
and for a better understanding, the different protocols for the
development of strength and the changes they generate in muscle
fatigue markers will be stratified separately.

1. Plyometric training and muscle fatigue
Drinkwater et al.'®, following an acute plyometric exercise

intervention in recreational rugby players, observed significant
decreases in maximum voluntary contractions (MVC) (p <0.05)
and torque development rate (p < 0.01), triggering peripheral
fatigue and resulting in decreased performance. Skurvydas
et al.'8, using plyometrics in physically active male students,
recorded that the strength of MVC decreased significantly after
two continuous series of high-intensity jumps (p < 0.05), while
the DOMS increased significantly (p < 0.05). Similarly, Brown
et al.16 also showed increases in HR and [La] after an acute
plyometric session in recreationally trained men and women (p
<0.05), and these components have been considered on several
occasions as precursor variables of fatigue!”.

Kamandulis et al.*, after nine sessions of plyometric interven-
tion in physically active athletes, reported that increases in jumping
training load lead to an increase in muscle fatigue markers, thus
suppressing acute mechanical function after exercise; however,
after three weeks of training and adequate recovery, an increase
in overall muscle performance was observed. In this sense, it has
been observed that between plyometric exercise sessions, and
for adequate recovery, there must be a 72-hour rest period. In this
way, alterations in muscle fatigue indicators'’*! can be reduced,
leading to performance!*.
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Chatzinikolaou et al.'” showed that an acute session of plyomet-
rics in healthy men, with a pause of 2 minutes between series (5
series of 10 repetitions) and 5 minutes of rest between jumping of
obstacles and jumps with a fall from a plyometric box, can induce
a substantial decrease in jump performance resulting from increas-
es in [La] (p < 0.001), as well as substantial alterations in blood
biomarkers of muscle damage (BSDM) such as CK, cortisol, uric
acid, and C-reactive protein (p <0.05). These variables were directly
related to muscle damage up to 72 hours after the intervention. These
findings are similar to those found by Thomas et al.!, who state that
plyometric exercises require 72 hours to decrease exercise-induced
levels of muscle fatigue.

2. Bodypump® Training and Muscle Fatigue

The Bodypump® is a methodology that consists of training with
bars, occupying loads ranging from 45—-60 minutes with a standard-
ized sequence of music?. This program has shown to be effective in
improving maximum strength and muscular endurance of the lower
extremities in untrained women?’. In this sense, in research carried
out by Greco et al.”’, there was no evidence of increases in [La] or
HR after 12 weeks of training in sedentary women (p > 0.05). On
the other hand, Oliveira et al.?, after an acute Bodypump® inter-
vention, showed significant increases in [La] and HR (p < 0.05);
variables considered as precursors of muscle fatigue'’. However,
Oliveira et al.? stated that there was no significant correlation be-
tween the electromyographic activity of the muscle and the [La] and
HR. Although Bodypump® training produces acute fatigue?, this
would be sufficient to increase the maximum strength and muscular
endurance of the lower extremities in untrained subjects??’.

3. Training with occlusion and muscle fatigue

In recent times, low load training with occlusion has attracted the
attention of trainers as both a possible alternative to high endurance
exercises in the context of rehabilitation?® and a training method to
increase muscle strength and hypertrophy?'. In this sense, Okuno et
al.?! indicated that training with occlusion appears to be more favor-
able than traditional force training without occlusion'%. Similarly,
Curty et al.*? concluded that training with occlusion in trained men
had preventive effects on indicators of muscle fatigue and indirect
responses induced by eccentric exercise. Therefore, training with
occlusion would produce less metabolic stress?'*2. Even training
with occlusion would be recommended as a training method in
those subjects who present with cardiovascular problems and who
cannot perform strength exercises over 80% of IRM?!. Sieljacks et
al.* mentioned that training with occlusion without reaching muscle
failure in repetitions in untrained subjects allows for increases in
muscle size and muscle function, while it also implies lower RPE,
discomfort, and less appearance of DOMS. However, unlike the
findings reported by Okuno et al.?!, Curty et al.*?, and Sieljacks et
al.®3, Poton, Polito? established that healthy, trained subjects who
undergo occlusion training may have muscle fatigue due to the
increase in [La], as well as an increase in RPE (p <0.05).

In addition to what was previously reported by Poton, Polito?,
there is a study conducted by Almeida et al.. These researchers
obtained a higher level of fatigue after the application of a force with
the occlusion method; this fatigue was associated with increases
in [La] and with increases in BSDM indicators, such as CK and
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lactate dehydrogenase (p < 0.05), as well as higher values in the
fatigue index when compared to a traditional force method in sub-
jects with experience in strength training. Therefore, these BSDMs
would have a direct relationship with the increase in muscle fatigue
indicators!'’?*. However, more studies are needed that can clarify
the use of occlusive methods on indicators of muscle fatigue and
sports performance. Each of the occlusive protocols analyzed in
this review used a 1-minute pause between series.

4. Variable resistance and muscle fatigue training

Variable resistance (RV) corresponds to the change of intensity
during the application of force training load, within the various
variable resistances are intra-variable resistance, intra-repetition
variable resistance, and intra-series variable resistance*. Some types
of VR have reported increases in the indicators of muscle fatigue
and inflammation in both athletes and sedentary people, evidencing
increases in the DOMS and [LaJ**. On the other hand, VR protocols
cause general and local fatigue in military athletes that is related to
the increase in [La] (p < 0.001) and decreases in average power (p
< 0.002)'. However, unlike the muscle fatigue reported by Ojeda
et al.!, these same authors in other research did not report increases
in muscle fatigue indicators after a VR protocol. This would allow
inferring that the athletes were in an anabolic process and without
the presence of muscle fatigue, reflecting an increase in explosive
strength using a grenade throw?.

5. Conventional strength and muscle fatigue training

This type of training has been used over the years occupying
high volume load protocols (muscular endurance)*, high-inten-
sity exercises (maximum strength)**8, or muscular hypertrophy
programmes'>". In this sense, it has been reported that high volume
muscle endurance training performed at a low-intensity of 1RM
increases DOMS levels in healthy sedentary subjects (p < 0.05),
regardless of whether it is performed with short intervals (1 minute) or
long intervals (3 minutes) of rest between series®. Similarly, Hardee
etal. ¥, showed that high-volume power clean exercises, performed
at low intensity on trained subjects, increase the RPE independent
of rest time between series (p < 0.05), which is directly related to a
decrease in output power (p <0.05). Likewise, Date et al.!> showed a
significant increase in [La] in physically active males (p <0.05) after
power clean training that considered a high load volume. Similarly,
Rogatzki et al.** showed that a protocol of muscular resistance, when
compared with a protocol of hypertrophy and maximum strength,
significantly increased the blood levels of ammonium and lactate
in adolescents (p < 0.05). These findings are consistent with other
research that reported muscle fatigue following the use of high vol-
ume, low-intensity loads'>*>, In another study developed by Silva
etal.¥, it was concluded that acute interventions with high-intensity
strength exercises (SRM) produce neither alterations in [La] nor
increases in RPE. Therefore, an acute session of 4 series of 5SRM
could enhance performance in cyclists*’.

On the other hand, Nicholson et al.'* showed increases in
[La] in maximum strength and hypertrophy programs in trained
subjects (p <0.001), while Walker et al.'? and Izquierdo et al.*
showed increases in [La] during hypertrophy sessions (p <
0.05) and increases in ammonia and uric acid concentrations in
maximum strength sessions, respectively; both studies were in
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physically active subjects (p <0.05). However, Bartolomei et
al.*, after comparing two strength protocols (high load volume
versus high intensity) in subjects with strength experience,
concluded that high volume training induces greater muscle
fatigue due to the increase in [La]. Thus, endurance training
up to muscle failure significantly reduces metabolic recov-
ery and hormonal homeostasis 24—48 hours after exercise™.
Likewise, Andreatta et al.*® showed increases in [La] after the
application of a high-intensity force protocol (80% of IRM) in
healthy subjects with strength experience. On the other hand,
Silva et al.*’ showed no increase in [La] after a high-intensity
protocol. Bartolomei et al.* also showed that the high-volume
protocol generates greater muscle fatigue than a high-intensity
protocol. This may be associated with the number of repetitions
since Bartolomei et al.* evaluated only 3 repetitions versus 10
repetitions performed in the Andreatta et al.*® protocol. The
latter protocol could be considered a high-volume protocol'.
Therefore, strength training up to muscle failure produces
significant increases in metabolic stress, with greater muscle
fatigue in the subjects who practice it*. This is why the large
decreases in mechanical performance together with the high
metabolic stress suggest a lower use of force protocols with
high volume?*®!,

In conventional strength protocols, BSDMs also have a
close relationship to increased indicators of muscle fatigue.
In this sense, Bartolomei et al.*, along with evidence of an
increase in muscle fatigue indicators ([La]), also observed
alterations in CK, cortisol, and IL-6 (p < 0.001) in high-vol-
ume training, which is possibly associated with post-exercise
muscle damage. Other research also reported alterations in both
fatigue indicators?®** and BSDM after high volume training.
Therefore, a direct association between indicators of muscle
fatigue and muscle damage, along with decreased performance,
would discourage high-volume strength protocols.

6. Eccentric strength and muscle fatigue training

Both high-intensity and low-intensity eccentric exercises
have been shown to produce muscle fatigue, resulting in de-
creased strength and therefore decreased performance®. In
this sense, Fernandez-Gonzalo et al.?*, after a first eccentric
training session, showed significant increases in the [La] in
the group of healthy and physically active males; however,
these same variables after 15 sessions did not present alter-
ations, so a muscular adaptation to the eccentric training was
inferred. Gauche et al.> reported that the maximum voluntary
contraction was significantly reduced after eccentric exercise
in the biceps (p < 0.01), by 20% after high-intensity exercise
and by 25% after low-intensity exercise in healthy untrained
subjects. These voluntary maximum contraction values re-
mained reduced after 48 hours for both high-intensity and
low-intensity exercise (p <0.001). These results are similar to
conventional strength training in which low-intensity strength
sessions have found to induce an increase in muscle fatigue®
and a decrease in performance®®. Finally, alterations in the
BSDM continue to be directly related to markers of muscle
fatigue; thus, Fernandez-Gonzalo et al.”, along with evidence
of'increases in the [La], also presented alterations in blood CK.

7. Different times of rest in the training of strength and
muscular fatigue

It has been established that strength training for 6 consecutive
days induces significant alterations in DOMS, stress, and per-
ceived recovery, which is directly related to a decrease in IRM,
thus inducing muscle fatigue in both men and women®. Also,
DOMS levels have been reported to increase significantly (p <
0.05) with either short 1-minute rest intervals or long 3-minute
rest intervals between series®®. Paulo et al.** indicated that a
1-minute break between series results in greater production of
average power in exercise sessions aimed at developing muscle
power in healthy young people. However, Miranda et al.>, in the
context of neural activation, stated that a 3-minute rest interval
between series may represent a neuromuscular window between
a state of fatigue and a state of the total recovery in trained
women. These same researchers examined the effect of the dif-
ferent recovery periods (24, 48, and 72 hours) between sessions
of strength training using press banking in trained subjects. At
the end, they concluded that a recovery period of only 24 hours
induces an increase in [La] and RPE (p < 0.05)%, variables that
are considered as indicators of muscular fatigue® and that are
directly related to the decrease in performance*®. When comparing
the kinematic, metabolic, endocrine, and perceptual responses of
three overloaded squatting protocols in trained subjects, Tufano
et al.’’ concluded that muscle fatigue occurs by increasing [La]
and RPE, regardless of the organization of rest time used. Thus,
Ammar et al.’® showed increases in [La] and RPE (p <0.01) in
weightlifters. These findings were independent of training sched-
ules during the day (morning, afternoon, or night), and BSDM
continued to be elevated after 48 hours of recovery (p < 0.05).
Thus, [La] and RPE have also been altered in other studies!>!73¢-%
and declared as precursors of muscle fatigue'”.

In general terms, and based on the systematic review, it is
suggested that strength sessions be separated by 72 hours to
reduce exercise-induced muscle fatigue levels*'. Finally, Ammar
et al.’® and Tufano et al.”” also showed an increase in BSDM
simultaneously with increases in muscle fatigue indicators, so
this history continues to demonstrate a close relationship between
muscle fatigue indicators and BSDM.

8. Concurrent training and muscle fatigue

In this type of training, Taipale et al.> showed significant
increases (p < 0.05) in [La] after a resistance run interven-
tion followed by a strength protocol or vice versa in both
trained men and women, but also showed increases in CK
concentrations. This last variable can play a determining
role in the decrease of strength production capacities during
recovery!'>1736% On the other hand, not all research® has
shown an increase in variables that induce fatigue and
muscle damage after a concurrent protocol. Johnston et
al.®® only reported an increase in [La] and not BSDM after
each speed protocol followed by strength training, but not
when strength was trained and then speed. Due to the lack of
evidence, more studies are needed to address the variables
involved, and thus clarify the order of exercises at the time
of concurrent training and mitigate possible decreases in
performance in athletes.
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Conclusions

At the end of the systematic review, it was shown that the
different training methodologies for strength development
generate increases in muscle fatigue indicators, and the increase
generated in the different muscle fatigue indicators depends both
on the methodology used and on the type of population, sex,
level of training and type of sport.

At the same time, it became evident that there are different
ways of quantifying fatigue in strength training. Among the most
commonly used fatigue indicators are [La], HR, RPE, DOMS,
MR variation, and ammonium. The most-reported indicators are
[La], HR, and RPE. Finally, considering that more studies are still
needed to determine the real effect of these training methods on
fatigue indicators, and in light of the facts, there are indications
that plyometric training, training with variable resistance and
conventional strength training with high volume loads are the
ones that could incur the greatest increase in muscle fatigue.

Limitations

One limitation of the study is to a lack of homogeneity associated
with the study outcomes, study design, and time points of follow-up
across the studies, they do not allow to perform a meta-analysis.

Practical Applications

Based on the results of the systematic review, and to minimize
muscle fatigue levels, increasing load volumes, and enhancing athlete
performance, some considerations for stratified methods are presented:

1. Plyometric training: As it has a great impact, it should
be applied to athletes capable of lifting twice their body weight
in a squat. It is also suggested that the pause between series
should be greater than 2 minutes and there should be a minimum
of 72 hours between sessions. Although an indicator of fatigue
for this method is the impossibility of reaching the training
heights established for athletes, [La] was used as an indicator
of fatigue in most of the research consulted.

2. Bodypump® training: This methodology can be applied
to non-physically trained subjects, while the most reported
fatigue indicators are HR and [La].

3. Training with occlusion: This type of protocol can
be used in both trained and untrained subjects. In most of
the investigations consulted, they used a 1-minute pause
between series. This pause triggered increases in muscle
fatigue indicators in some studies. As a result, new research
is suggested to clarify the optimal pause time between series,
while the suggested fatigue indicators are perceived DOMS,
RPE, and [La].

4.  Variable endurance training: This type of protocol
should be aimed at athletes, being discouraged in physically
inactive subjects. Although it is important, in order to establish
the pause, to consider the variation of the intensity within the
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series, pauses of 15 seconds are suggested. The fatigue indicators
with the greatest evidence are perceived DOMS and [La].

5. Conventional strength training: This type of protocol
can be used in inactive subjects as well as athletes. However,
and with the purpose of mitigating muscular fatigue alter-
ations, it is suggested to avoid high volume loads, privileging
high-intensity sessions. It is recommended that the pause time
between series be greater than 3 minutes and the rest between
each session should be around 72 hours, while the suggested
fatigue indicators are RPE, DOMS perceived, and [La].

6.  Eccentric training: This type of protocol should be used
in physically active subjects. Evidence showed that high-inten-
sity executions have less alteration in muscle fatigue indicators,
but more studies are needed to determine the effect of these
protocols on fatigue indicators. However, the suggested rest
time between each session should be around 72 hours, while
the suggested fatigue indicators are [La].

7.  Different rest times in strength training: This section
suggests starting with strength protocols that include a min-
imum break of 3 minutes between sets, and then generating
individualized guidelines for each strength protocol. However,
the 72 hours of rest between each session are independent of
the type of strength training, while the fatigue indicators are
[La] and RPE.

8. Concurrent training: this type of protocol should be
occupied by trained subjects. After the review, it is suggested
to first train strength exercises and then speed exercises, but
more evidence is needed to clarify the order of execution of
concurrent training. Finally, the fatigue indicators used for
these protocols are [La].
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