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Abstract

Purpose High-intensity long-interval training (long-HIIT; interval > 1 min; intensity 85-100% of maximal oxygen uptake
[VO,max]) is often applied for cardiorespiratory adaptations; however, long-HIIT can also challenge the anaerobic and neu-
romuscular systems. Therefore, this study aimed to investigate the effects of 4-week long-HIIT (11 sessions) on anaerobic
capacity, repeated sprint ability (RSA), and neuromuscular function.

Methods Twenty active men (VO,max: 44.8 +5.3 mL.kg~'.min~") performed an incremental running test (Tyyc), a
supramaximal test consisting in running until the task failure at 115% of maximum velocity achieved in Tyyc (Vine) for
anaerobic capacity determination, and an RSA test (2 X 6 X 35-m all-out sprints) pre- and post-HIIT. Before and after RSA,
the neuromuscular function was assessed with counter movement jumps (CMJ) and knee extensors maximal isometric
voluntary contractions (MVC) with femoral nerve electrical stimulation. Long-HIIT consisted of 10 X 1-min runs at 90% of
Vinc With 1-min recovery.

Results Long-HIIT induced significant increase in VO,max (P=0.0001). Although anaerobic capacity did not change sig-
nificantly, 60% of the participants improved above the smallest worthwhile change (0.2 X standard deviation of pre-HIIT).
The changes in sprint performance over RSA was significantly less post-HIIT than pre (P=0.01). RSA induced significant
drop of MVC, high frequency doublet, voluntary activation and CMJ performance at pre- and post-HIIT (P <0.01); however,
the percentage of reduction from rest to fatigued conditions were not significantly altered at post-HIIT compared to Pre.
Conclusions 11 sessions of long-HIIT over 4-week improved maximal aerobic power but not anaerobic capacity, and neu-
romuscular function. Yet, neuromuscular fatigue was similar despite greater speeds reached during RSA.

Keywords Neuromuscular fatigue - Central fatigue - Peripheral fatigue - Sport performance - Repeated sprint ability

Introduction

P4 Alessandro Moura Zagatto

azagatto @yahoo.com.br High-intensity interval training (HIIT) is characterized by
intermittent efforts of vigorous exercise, interspersed by
periods of rest or low intensity exercise [1]. HIIT has been

proposed as a time-efficient alternative to traditional con-
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tinuous/endurance training, promoting similar adaptations in
several cardiorespiratory, physiological, and health-related
markers in healthy and diseased populations [1-3]. In addi-
tion, the acute and chronic physiological effects of HIIT
programs are directly related to the precise manipulation
of several variables (i.e., intensity, interval duration, relief
duration, etc.) that compose the different HIIT set ups [3].
Buchheit and Laursen [3] characterized the physiological
strain/adaptations induced by each type of HIIT. Although
the enhancement of cardiorespiratory system is often
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assumed as the primary objective of a HIIT program [1, 3],
short interval HIIT (short-HIIT—intervals < 1 min, intensity
100-120% maximal oxygen uptake [VO,max] and work:rest
ratio=1:1) and especially sprint interval training (SIT—
intervals 10-30 s, intensity between 150% VO,max—all out
and work:rest ratio = 1:4—1:8) can substantially challenge/
enhance the non-oxidative energy pathways (i.e., glycolytic
and phosphagen pathways) [3, 4] and neuromuscular sys-
tem [5, 6]. The anaerobic and neuromuscular adaptations
following long interval HIIT (long-HIIT—interval > 1 min
and intensity 85-100% VO,max), however, have been under
investigated.

Panissa et al. [7] measured the contribution of the anaer-
obic pathways during a long-HIIT session composed of
10 1-min runs at 100% of VO,max, interspaced by 1 min
of passive recovery, and demonstrated that anaerobic con-
tribution was 32 + 5% of total energy expenditure when con-
sidering the exercise efforts plus recovery, and 46 + 5% when
considering only efforts, confirming a relevant contribution
of anaerobic pathways to the total energy expenditure during
a long-HIIT session. This may explain why Little et al. [2]
showed an 11% improvement in an anaerobic cycling time-
trial (time needed to reach 50 kJ, ~ 120 s at mean power of
436 422 W) after only six sessions of long-HIIT.

Regarding neuromuscular adaptations induced by long-
HIIT, data are even scarcer [8]. Martinez-Valdes et al. [8]
investigated the effect of long-HIIT on neuromuscular func-
tion and showed a~7% increase in knee extensors maximal
torque after six sessions of long-HIIT. Electromyographic
activity of vastus medialis, and vastus lateralis muscles also
increased by ~ 17% and ~ 14%, respectively, suggesting neu-
ral adaptations.

Based on the previously established anaerobic and neuro-
muscular demand of long-HIIT, this type of training could
be considered as an interesting protocol to enhance the
anaerobic system and neuromuscular function and must be
investigated for a more comprehensive understand. Simi-
larly, the ability to perform sprints repeatedly (RSA) with
short recovery periods could also benefit, since RSA has
a high energetic contribution from anaerobic pathways [9,
10], and induces significant neuromuscular fatigue at the
peripheral and central levels [11, 12]. Finally, the utilization
of long-HIIT, as opposed to short-HIIT and SIT, may be a
safer and more appealing strategy, especially for non-trained
individuals (i.e., sedentary and physically active), who may
not tolerate the extreme intensity of short-HIIT and SIT [1].

Therefore, the aim of the present study was to inves-
tigate the effect of long-HIIT program on the anaerobic
energy systems, RSA performance and neuromuscular
function. Since the present investigation is the first to per-
form a comprehensive analysis of the effects of a long-
HIIT program on anaerobic capacity and neuromuscular
function, we hypothesized that, besides aerobic gains,
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long-HIIT will enhance anaerobic capacity and, conse-
quently, improve RSA performance. We also hypothesized
that the greater amount of work done during RSA will
increase the neuromuscular fatigue after long-HIIT.

Methods
Participants

Twenty healthy men, physically active (age: 25 + 5 years;
height: 1.74 +0.07 m; weight: 73.5 + 8.4 kg; VO,max:
44.8 +5.3 mL.kg~!.min™') participated in the study. Par-
ticipants were free of any musculoskeletal disorders and
were requested to abstain from strenuous activities and
caffeine for 24 h and consume a light meal 2 h before each
session. The study was approved by the Local Ethics Com-
mittee and was conducted according to the Declaration of
Helsinki. All participants were informed about the proce-
dures, benefits and risks of the investigation before signing
an informed consent form prior to beginning the study.

Experimental design

The participants attended two familiarization sessions and
were evaluated pre- and post-HIIT at the same time of the
day (+ 3 p.m.). Each evaluation consisted of three sessions
carried out on separate days with 48 h recovery between
them (Fig. 1). On day 1, the participants performed an
incremental running test (Tyyc) until task failure. A
supramaximal running test (Tgypra) to the task failure and
the RSA test were performed on days 2 and 3. Before (at
rest) and after (fatigued state) RSA, neuromuscular assess-
ments were performed consisting of three counter move-
ment jumps (CMJ) and three maximal voluntary isometric
contractions (MVC) with electrically evoked contractions.
During Tyyc and Tgypra, 0Xygen uptake (VO,) was meas-
ured breath-by-breath using an ergospirometer (Quark
PFT, Cosmed, Rome, Italy) and heart rate was measured
using a transmitter belt coupled to the gas analyzer (Wire-
less HR 138 monitor; Cosmed, Rome, Italy). The blood
lactate concentration was analyzed in an electrochemical
analyzer YSI 2300 STAT (Yellow Spring Instruments,
Yellow Spring, OH, USA). The physiological variables
analyze described in detail in Milioni et al. [13]

Approximately 72-96 h following the RSA test, the
participants started the long-HIIT program, which lasted
4 weeks. The post-HIIT evaluations were performed
72-96 h after the last training session (Fig. 1).
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Fig. 1 Schematic representation of the experimental protocol. Num-
bers between brackets are recovery time. V;y. Maximal velocity
achieved in incremental treadmill-running test; CMJ Counter move-
ment jump; MVC Maximal isometric voluntary contractions of knee

Incremental running test (TINC)

After 5-min warm up at 8 km.h™!, participants performed
the Tjyc on a stationary treadmill (ATL, Inbramed, Porto
Alegre, Brazil), which started at 8 km.h™! with increments of
1.5km.h~! every 2 min until task failure [13]. The VO,max,
maximal heart rate (HR,,,), maximal velocity achieved
in the Tyyc (Vine) and peak blood lactate concentration
([La] ) were determined according Milioni et al. [13]
procedures.

Supramaximal running test (TSUPRA) and anaerobic
capacity (AC ,,pc,)) determination

The participants remained seated for 10 min to determine
baseline VO, (average of the last 2 min) and blood lactate
concentration. After the baseline measurements, the partici-
pants performed a warm-up at 8 km.h~! for 5 min followed
by a supramaximal running at 115% of V¢ until the task
failure [14, 15]. Determination of AC,,pc, Was the pri-
mary aim of the Tgypgra; since the intensity in which the test
is carried out is protocol-dependent [14, 15], the intensity
of Tgypra carried out at post-HIIT was properly adjusted
according the post-HIIT Ty performance. After the task
failure, VO, measurements continued for ~ 10 min (until the
VO, stabilization at 2-3 mL.kg™'.min~! above baseline) to
determine the fast phase of the excess post-oxygen con-
sumption (EPOC;, ). Blood samples were collected 3, 5,
and 7 min after the task failure for determination of the peak
blood lactate concentration [14, 15].

The sum of the oxygen equivalents from the glycolytic
(E.,) and phosphagen (Epc,) energy systems was consid-
ered as a representative index of the anaerobic capacity
(AC|Latpcy) [14, 15] and was estimated according Zagatto

extension; NMA Neuromuscular function assessment; 7y Incremen-
tal treadmill-running test; Tg;pp4 Supramaximal running test; RSA
Repeated sprint ability test

et al. [14] and Miyagy et al. [15]. E; , was estimated by the
net blood lactate concentration, after subtracting the base-
line values from the peak blood lactate concentration after
Tsupra> and assuming a correction factor of 3 mL.kg™" of
oxygen for each 1 mmol.L™! of net blood lactate accumula-
tion [14, 15]. Ep¢, was calculated as the product between
the amplitude 1 and time constant 1 from EPOC;,, after
a biexponential mathematical fit (OriginPro 8.0 software,
OriginLab Corp, Northampton, MA, USA) [14, 15].

Repeated sprint ability test (RSA)

After a 5 min warm-up at 8 km.h™!, the participants per-
formed the running-based anaerobic sprint test (RAST)
twice [10, 16], interspaced by 4-min of passive recovery.
Briefly, the RAST consisted of six 35-m all-out efforts
with 10-s passive recovery between sprints. The variables
extracted from the RSA were total time (sum of 35-m sprint
times), best time (best 35-m sprint time), performance dec-
rement [100 X (total time / (best time X 12)-100] and peak
blood lactate concentration. The procedures of RSA data
collection and analysis are fully described in Milioni et al.
[13].

Neuromuscular function assessments

Pre- and post-HIIT, neuromuscular function was assessed by
CMJ and MVC with electrically evoked contractions, at rest
(before RSA) and at fatigued state (after RSA).

Vertical jumps. A set of three CMJ (Jump test, CEFISE,
Nova Odessa, SP, Brazil) with a 1-min rest between jumps
was performed, and the highest jump attempt (cm) of each
participant was measured [13].

@ Springer
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Force measurements and femoral nerve electrical stimu-
lations. After the jumps, the participants performed three
MVCs with a 1-min rest, and the highest MVC (N) of each
participant was used to subsequent analysis. The hips and
knees were firmly fixed in a chair at 90° flexion with straps
crossed on the chest, hip, and thigh. To measure the isomet-
ric force of the knee extension, the ankle of the dominant leg
was attached to a load cell (SDK200, Miotec, Porto Alegre,
RS, Brazil). The force signal was acquired at 2000 Hz.
Supramaximal, square wave, electrical pulses were deliv-
ered on the femoral nerve by a constant current electrical
stimulator (Bioestimulador, Insigth, Ribeirdo Preto, SP, Bra-
zil) (400 V max). Electrodes with conductive gel (5 X5 cm)
were placed in the femoral triangle (cathode) and the gluteal
fold (anode). The optimal intensity of stimulation was deter-
mined by the application of consecutive and incremental
doublet pulses (100 Hz; Db100) to the relaxed muscle until
reaching the twitch force plateau [17]. Supramaximal stimu-
lation was ensured by increasing the stimulation intensity
by 20%. The following sequence of femoral nerve electri-
cal stimulations was applied: Db100 superimposed to MVC
(Db100y,,) and potentiated Db100 on relaxed muscle 5 s
after MVC termination (Fig. 1).

The data analyses and variables extraction (MVC peak
force, Db100 and voluntary activation [VA]) were carried
out using specific MatLab algorithms (The Math Works Inc,
Natick, MA) according to Milioni et al. [13].

High intensity interval training (HIIT)

The long-HIIT program was derived from Little et al. [2].
After a 5-min warm-up at 8 km.h~!, the HIIT sessions con-
sisted of 10X 1-min runs at 90% of Vg with 1 min of pas-
sive recovery. Participants were required to achieve at least
90% of HR,,, in the last 5 runs, and if this was not achieved,
the intensity was increased by ~3% of V y in the subsequent
HIIT session. HR (Polar RS400, Kempele, Finland) was
measured in each run. All training sessions were performed
on a treadmill (ATL, Inbramed, Porto Alegre, RS, Brazil),
and participants were required to attend 11 training sessions
over 4 weeks (3 sessions in the first 3 weeks and 2 sessions
in the last week) with 36 h—72 h rest between sessions.

Statistical analysis

All data are presented as mean + standard deviation (SD)
and effect size (i.e., Cohen’s d for ¢ test (ES) and partial eta
square for ANOVA [n?]). Initially, the Shapiro—Wilk test was
performed to confirm normality of the data. A paired student
t test was used to compare variables from the Tiye, Tsypras
and RSA (pre- vs. post-HIIT).

The neuromuscular function (CMJ, MVC, and evoked
stimulations) was analyzed by a two-way ANOVA (RSA
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effect [rest and fatigued] X time [pre- and post-HIIT]) for
repeated measures. The Mauchly’s sphericity test was
applied and corrected by Greenhouse—Geisser when the
sphericity was violated. The Sidak post hoc was applied
when significant differences were demonstrated by the
ANOVA analyses. For all cases, the significance level was
determined as 5% (P <0.05).

In addition, the Tgyprs and RSA outcomes were quali-
tatively analyzed. The smallest worthwhile change (SWC)
was calculated (pre-HIIT SD multiplied by 0.2) [18] and the
individual pre- to post-HIIT variation (A) of variables was
plotted. The number of cases among the 20 participants in
which the A were greater than the SWC were counted.

Results

HIT

All participants successfully completed the training inter-
vention. The intensity of the first training session was
12.4+1.5kmh™! (90+0.0% Vi), while the final session
was performed at 13.6+ 1.7 km.h™"' (99.0 +2.6% V). The
percentage of HR .. reached in the last five runs (89 +2%)
over the 4 weeks of training was not statistically different
[F (1, 19)=2.2; P=0.06) between HIIT sessions.

Incremental running test

VO,max, Viyc, and peak blood lactate concentration
increased significantly after 4 weeks of HIIT, whereas HR .,
was not significantly different between pre- and post-HIIT
(Table 1).

Supramaximal running test

No significant differences were found between pre- and post-
HIIT for ACy ,,pcrp> E1a» Epcy and peak blood lactate concen-
tration. Time-to-task failure during Tqypra Was significantly
decreased at post-HIIT (Table 1).

VO,max maximal oxygen uptake; V;y highest velocity
achieved during Tyc; [La],q peak of blood lactate con-
centration; HR,,,, maximal heart rate; AC;;,, pc,; anaerobic
capacity; E; , oxygen equivalents from the glycolytic energy
systems; Epc, oxygen equivalents from the phosphagen
energy systems; 7TF time-to-task failure during Tqypra-

Repeated sprint ability test

The sprint times increased significantly throughout
the RSA test [F(; 19)=79.4; P<0.001; n% 0.81]. There
was a significant sprint X time interaction [F(; j9)=7.2;
P <0.001; n? 0.28], with slower velocity during sprint #2
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Table 1 Mean + SD outcomes

: . Pre-HIIT Post-HIIT % change ES P
of incremental running test
(Tine) Incremental running test
VO,max (mL.kg™'.min~") 44.8+5.3 46.9+4.9 49+43 0.38 0.0001
Vine (kmh™") 137417 14.5+ 1.4 59448 0.44 0.0001
[Lal ey (mmol.L™") 10.7+2.1 114+14 9.2+15.7 0.35 0.03
HR,, (bpm) 191+10 19349 08+27 0.13 0.22
Supramaximal running test
AC|apey (LOY) 3.70+0.42 3.85+0.69 40+137 0.34 0.22
E , (L.Oy 2.33+0.29 2.40+0.50 29+18.7 0.21 0.53
Epe, (L.Oy) 1.37+0.27 1.45+0.38 8.1+26.4 031 0.31
[La] e (mmoL.L™) 117417 11.9+2.3 29+173 0.15 0.58
TTF (s) 167+34 144 +29 —-11.6+21.4 —-0.63 0.01
8 Pre-HIT [ Post-HIIT Smallest worthwhile change of AC;; ,, ¢ and RSA
9- " ﬁl variables
8- fon
i_' I 1 1 Absolute pre- to post-HIIT change above the SWC for
7 ﬁ‘ 11 11 N [ it ACa4pcrp Er, and Epe, was 60% (12 out (?f.ZO), 45% (9 out
6+ L Ih A gy of 20) and 60% (12 out of 20) of the participants, whereas
*:-; 5- i 35% of the participants (7 out of 20) improved the total time
£ 44 and 25% (5 out 20) improved the best time above the SWC
= (Fig. 3).
3 -
24 Neuromuscular function assessments
1 -
0 1F RSA induced a significant decrement in MVC [F{; 19,=32.7;

1 2 3 45 6 7 8 9 10 11 12

Sprints

Fig.2 Mean (SD) of 12x35-m sprint time at pre- and post-HIIT.
#pP <0.05 comparison between pre- and post-HIIT of the same sprint

at post-HIIT compared to pre-HIIT (P =0.009), and faster
velocities during #10, #11 and #12 sprints at post-HIIT
compared to pre-HIIT (P < 0.043) (Fig. 2). There were no
significant changes from pre- to post-HIIT for total time
or best time. However, performance decrement and peak
blood lactate were significantly decreased at post-HIIT
(Table 2).

%Dec performance decrement; [La],,,. peak of blood
lactate concentration.

P=0.001; n* 0.53], Db100 [F(; 14, =12.5; P=0.01; n*
0.32], VA [F(ng): 11.7; P=0.001; n2: 0.30] and CM1J per-
formance [F(l’lg)z 112.3; P=0.001; n2: 0.79], at pre- and
post-HIIT. There was no significant RSA effect X time inter-
action for any variable [F1.19<1.2; P>0.28; n2: <0.14].
The percentage of reduction induced by RSA for MVC
(P=0.44; ES: 0.13), Db100 (P=0.93; ES: —0.02), VA
(P=0.98; ES: 0.01) and CMJ performance (P=0.14; ES:
0.29) were not statistically different between pre- and post-
HIIT (Fig. 4).

Discussion
The present study investigated the effects of 11 long-HIIT

training sessions covered in 4 weeks on anaerobic capacity,
neuromuscular function and RSA performance. In addition

Table 2 Mean + SD outcomes

- . Pre-HIIT Post-HIIT % change ES P
of repeated sprint ability test
(RSA) Total time (s) 74.45+5.03 73.98+3.63 04+4.8 -0.09 0.57
Best time (s) 5.30+0.23 5.39+0.23 1.9+59 0.39 0.20
%Dec (%) 17.1+6.3 145+5.4 —123+24.2 -0.39 0.01
[La] cq (mmoL.L™) 152424 14.1+1.8 9.2+15.7 -0.43 0.04
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Fig.3 Scatter dot plot of the qualitative analysis of long-HIIT effect on anaerobic capacity (top panel) and RSA performance (bottom panel)
variables. Grey areas are the respective smallest worthwhile change (SWC). Bars are the group mean (SD)

to the expected aerobic gains, the main findings were the
non-significant changes in AC;; ,,pc,; or RSA performance.
Although changes in ACj,,pc;) and Epc, presented a high
rate of responsiveness (60% of the participants) that was not
directly transfer into RSA total time and best time perfor-
mance. Neuromuscular fatigue after 4 weeks of long-HIIT
was similar despite greater speeds reached during RSA.

Anaerobic capacity adaptations after long-HIIT

The ~5% improvement in VO,max as well as the significant
increase in Vyc, corroborate many previous studies indicat-
ing that long-HIIT is effective for inducing positive adapta-
tions in the cardiorespiratory and oxidative systems [19,20],
because it allows individuals to spend a long time in the
so-called red zone, i.e., above 90% of VO,max [3,21]. Lee
et al. [22] and Campos et al. [23] reported RSA improve-
ments along with an impressive VO,max enhancement
after HIIT program (+ 18.4%; 51.9+9.2 mL.kg~!.min~!
to61.4+12.2 InL.kg_l.min_1 and ~ +6%; 56.5+5.2 mL.
kg~'.min™! to 59.9 +4.1 mL.kg"'.min~!, respectively),
contrary to McGinley and Bishop [24] who did not show
any alteration in VO,max (~+1.7%; 47.7+5.5 mL.kg™".
min~! to 48.5+5.1 mL.kg~'.min~!). The enhancement of
VO,max shown in the present study is more modest than
Lee et al. [22], similar to Campos et al. [23], but higher than
McGinley and Bishop [24] and may play an important role
in performance maintenance during short sprints (<10 s).
Indeed, Milioni et al. [10] found a significant increase in the
oxidative system contribution after the third sprint during
6% 35-m all-out sprints with 10 s of passive recovery, as well
as a significant association with total time, best time, worst
time, and mean time. Reinforcing these findings, McGawley
and Bishop [25] found strong correlations (r=0.81-0.93,
P <0.01) between the oxidative contribution during the fifth,
sixth, and tenth 6-s all-out.

@ Springer

We hypothesized that 4 weeks of long-HIIT would
enhance AC, pc,, however, that was not confirmed. The
present study qualitatively analyzed results based on abso-
lute variation between pre- and post-HIIT and the small-
est worthwhile change (SWC), since sometimes “null
hypothesis” statistics is not sensitive enough to detect small
important changes induced by a training intervention [26].
In the present study, 60% of the participants improved their
AC|,1pcy) above the meaningful threshold of SWC, and
among the twelve participants that increased the ACy ,,pcys
nine of them also increased their Ep, above the SWC.

The 1-min passive recovery between bouts may allow
significant replenishment of the muscle PCr storage [9],
reloading this energy system for the subsequent effort, which
may induce positive adaptations to the phosphagen system
as suggested by Bishop et al. [27]. In addition, the readiness
of the phosphagen system and the 1-min work interval at
submaximal intensity (i.e., 90% of Vyc) may demand less
from the glycolytic system [5], not being enough to enhance
this energy system. In fact, when longer work intervals are
used (i.e., 4 min instead 1 min), significant increase in peak
lactate concentration was verified [28]. During supramaxi-
mal efforts (i.e., 115% of VO,max intensity), the glycolytic
contribution is close to 60% of the total anaerobic energy
expenditure [14, 15]; therefore, this non-significant improve-
ment in glycolytic system may explain the lack of AC;; . pcy)
enhancement.

Still, the key factor to improve anaerobic capacity might
be the exercise intensity and, consequently, the high demand
of the non-mitochondrial energy pathways, since Tabata
et al. [29] and Ravier et al. [30] found significant improve-
ment of maximal accumulated oxygen deficit (28—-10.3%)
after 2—4 training sessions per week during 6-7 weeks, com-
posed of 6-9 bouts of 20 s of cycling/running at 140-170%
of intensity attained at VO,max with 10-15 s of passive
recovery.
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The decrease in TTF at post-HIIT is difficult to explain.
A recent study from our research group has investigated this
particular topic and tested supramaximal efforts at 150%
of respiratory compensation point (RCP) physiologically
matched for the physical fitness status verified at pre- and
post-5 weeks of SIT. The glycolytic pathway (content and
activity of several glycolytic enzymes), buffering capacity
and glycogen content were significantly increased after SIT.
However, the TTF was not altered after training at matched
intensity, nor was the capacity to access the glycogen con-
tent. In spite of the different HIIT set ups investigated in both
studies (long-HIIT vs. SIT), these results may be related to a
possible decrement of the sensitivity of catecholamine secre-
tion due an over-stimulation of sympathetic system by the
high intensities of the training sessions, leading to a decrease
of glycogenolysis activity and consequently affecting the
supramaximal exercise performance [31].

Repeated sprint ability after long-HIIT

Total time and best time for the RSA were not modified
following training and there was a low responsiveness of
the participants (35% were above the SWC for total time
and 25% for best time). The absence of an improvement in
best time was expected and was likely related to the long-
HIIT set up, since shorter intervals with higher intensity
are closely linked to sprint speed development [3, 5]. In
contrast, the performance in sprints #10, #11 and #12 were
significantly faster at post-HIIT compared with pre-HIIT,
which is in line with the improvement of performance decre-
ment which, once again, may be explained by the augmented
VO,max verified post-HIIT.

This particular topic (i.e., RSA enhancement by long-
HIIT) is not deeply investigated in literature, and the dif-
ferent long-HIIT set ups may be an important confounding
factor and generate divergent results. For instance, after
long-HIIT, Lee et al. [22] found significant improvements
in peak power output, mean power output and performance
decrement during 6 X 10-s all-out cycling sprints with 1-min
active recovery at 50 W, Campos et al. [23] found improve-
ment only in a mean time of a specific RSA test and McGin-
ley and Bishop [24] did not find any significant change in
total work and performance decrement during 5 X 6-s all-out
cycling sprints with 24-s passive recovery.

Neuromuscular function assessment

As expected, all-out repeated sprints (i.e., RSA) induced
both central and peripheral fatigue [12, 13, 32] at pre- and
post-HIIT. In addition, the long-HIIT program did not
change neuromuscular function at rest or in a fatigued state,
as well as did not alter neuromuscular fatigue resistance
either, since the percentage of reduction induced by RSA at
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pre- and post-HIIT was not statistically different for any neu-
romuscular variable. Yet, the same neuromuscular fatigue
was observed with more power produced during the sprints
#10, #11 and #12.

The same level of neuromuscular fatigue between pre- vs.
post-HIIT after RSA may be explained by the difference
in the muscle mass involved during the training interven-
tions (i.e., entire lower limbs) and that assessed for fatigue
by the neuromuscular evaluations (i.e., only quadriceps),
which may not reflect the overall fatigue derived from exer-
cise [33]. In addition, the time-window to carried out the
neuromuscular assessments after sprints (~ 3 min), added to
an improved oxidative system, may allowed the washout of
the metabolites produced by RSA and a faster recovery and
performance [17, 32].

More intense HIIT set ups, especially SIT, have shown
effective results in terms of neuromuscular function, induc-
ing enhancement of muscle activation, maximal force,
explosive force, and reducing the co-activation of agonist
muscle [6, 34]. The higher intensities and shorter intervals
induce more accelerations, decelerations and re-accelera-
tions, generating higher neuromuscular loads [5].

Regarding the CMJ performance, which reflects muscle
activation and muscle contractile properties [5], the present
study presented a negligible + 0.1% improvement (at rest)
after 11 sessions of long-HIIT. To the best of our knowledge,
only two works have investigated the effect of long-HIIT on
CMIJ performance. Whereas Viafio-Santasmarinas et al. [35]
showed non-significant~ + 1.6% increase after 12 sessions,
Campos et al. [23] found ~ + 8.6% after 8 sessions. Both
studies [23, 35] were conducted with intermittent sports
athletes (handball and futsal), who remain in their daily-
based training routine, including strength training and tech-
nical-tactical sport-related sessions with jumps and change
of direction, which may explain the discrepant results among
three studies.

Limitations

The absence of a control group and/or a group performing
another type of HIIT is a negative point in our investiga-
tion. In addition, the fact that the subjects in the present
study were not specifically trained may generate different
results compared to the same intervention (i.e., 4-week long-
HIIT) applied to highly trained subjects or sprint-trained
subjects. Finally, the qualitative approach provide in the
present study for anaerobic capacity and RSA performance
outcomes may be read with caution. This is an attempt to
provide to the reader the small influence of the long-HIIT on
anaerobic capacity, which may be not sensitive enough to be
detected by null hypothesis statistics, yet may be important
for coaches and practitioners.
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Conclusion

The findings of the present study provide a comprehensive
overview of the effects of a short-term (4 weeks) long-
HIIT program. It confirmed the significantly increases
VO,max and, more importantly, adds new knowledge on
the effects of this type of training. No significant differ-
ences of anaerobic capacity were verified, the capacity
to maintain RSA performance was also improved and the
enhanced oxidative system may have played an important
role in this outcome. The long-HIIT did not alter neuro-
muscular function at rest or in a fatigue state, or affect
neuromuscular fatigue resistance. Most likely, the training
intensity is the key factor to anerobic and neuromuscular
adaptations, as induced by short-HIIT and SIT [3, 5].

Practical perspectives

The present investigation is highly applicable in a practical
context, since data regarding the anaerobic and neuromus-
cular adaptations induced by long-HIIT interventions are
scarce and the present work provides evidence that may
help athletes and coaches to accurately plan the adapta-
tions promoted by a long-HIIT program. The participants
who improved their anaerobic capacity above the meaning-
ful threshold of SWC after this specific long-HIIT model
(60% of the participants) may be due the discrete enhance-
ment in the phosphagen pathway contribution. Future stud-
ies should (i) investigate the effects of different periods of
training interventions (i.e., 2—8 weeks) and (ii) test differ-
ent populations such as highly trained athletes.
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