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Abstract

Purpose: This study aimed to evaluate running kinematic characteristics during the early and late stages of 2 high-intensity intermittent training
(HIIT) protocols with similar external load but different average running pace, as well as to compare the fatigue-induced changes during both
HIIT protocols at a kinematic level.

Methods: Eighteen endurance runners were tested on a track on 2 occasions: 10 runs of 400 m with 90—120 s recovery between running bouts
(10 x 400 m), and 40 runs of 100 m with 25—30 s recovery between running bouts (40 x 100 m). Heart rate was monitored during both protocols;
blood lactate accumulation and rate of perceived exertion were recorded after both exercises. A high-speed camera was used to measure sagittal-
plane kinematics at the first and last runs during both HIIT protocols. The dependent variables were spatial-temporal parameters (step length and
contact and flight time), joint angles during support (relative angles of the hip, knee, and ankle), and foot strike pattern.

Results: High levels of exhaustion were reached by the athletes during both workouts (blood lactate accumulation > 12 mmol/L, rate of perceived exer-
tion > 15; peak heart rate (HRcar) > 176 bpm). A within-protocol paired ¢ test (first vs. last run) revealed no significant changes (p > 0.05) in kinematic
variables during any of the HIIT sessions. A between-protocol comparison with the first run of each protocol revealed the effect of running speed on kine-
matics: +2.44 km/h during the 40 x 100 m: shorter contact and flight time (p < 0.01) and longer step length (»p =0.001); greater hip flexion (p=0.031)
and ankle extension (p =0.001) at initial contact; smaller knee and ankle flexion (p < 0.001) at midstance; and greater hip extension at toe-off (» < 0.001).
Conclusion: HIIT sessions including runs for 15—90 s and performed at intensity above the velocity associated with maximal oxygen uptake did
not consistently perturb the running kinematics of trained endurance runners.

2095-2546/© 2019 Published by Elsevier B.V. on behalf of Shanghai University of Sport. This is an open access article under the CC BY-NC-ND
license. (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction concentration, which contributes to the maintenance of muscle
function during intense exercise and delays fatigue.®*'"
Compared with lower-intensity running-based workouts,
intensive running requires the activation of larger motor units,
with increased recruitment of fast oxidative and glycolytic
muscle fibers and increased intensity of chemical processes in
the muscle, which exert a direct influence on the contractile
ability of the muscle.'""'> Additionally, increases in running
speed lead to higher impact forces imposed on the lower
limbs'® and greater levels of neuromuscular engagement
(mainly in the hamstring muscles).'* The concomitant increase

High-intensity intermittent training (HIIT) is considered one of
the most effective forms of exercise for improving the physical
performance of athletes,' ™ and its effectiveness has been widely
studied in endurance runners.” ' An HIIT-based training program
has been shown to be effective in improving maximal oxygen
uptake (VOpma) " and running economy”'” in endurance run-
ners. This has been associated with an increased oxidative capac-
ity of a greater number of muscle fibers and a reduced plasma K"
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HIIT and running kinematics

. 16-20 . . .
rotation °~ ~ and in running mechanics and decreased ankle

external rotation moment, knee abduction moment, and hip
internal rotation moment,”’ which are often linked to running
injury.”"** Therefore, despite the lack of prospective studies
evaluating injury occurrence, knowledge of the acute changes
in running kinematics during HIIT workouts (i.e., whether spa-
tial-temporal parameters or joint angle change in presence of
fatigue) might provide key information in terms of develop-
ment of injuries and training prescription.

The effect of exertion on running kinematics has been
extensively studied.'® ?"**~?° Some previous studies reported
nonsignificant kinematic alterations after different running
exercises (continuous or interval running sessions),'’”**°
whereas other reports found fatigue-induced changes during
running at a kinematic level—i.e., increased hip extension,27
decreased knee flexion angle at foot strike,'’ increase in step
length with a corresponding decrease in cadence,'® and
changes in foot strike pattern.”*”® However, most of these
studies were performed in laboratory conditions and with ath-
letes performing prolonged treadmill runs'®'”*? or engaged in
a running-induced fatigue protocol on treadmills.'>'*** Just a
few studies have been field based,”" *° although all were
focused on long-distance road racing. The evidence of changes
induced by intermittent running protocols is quite limited.
From all these studies, only 2 reports'”’ assessed HIIT-
induced changes to the biomechanics of running. Both agreed
that HIIT sessions including runs for 1—2 min and performed
at intensity close to VOj.x did not consistently perturb the
running kinematics of trained male runners.

Coaches have questioned whether it would be more effec-
tive to perform a higher number of shorter runs or a few long
runs during an HIIT workout. It seems clear that changes in
the training load during the HIIT protocol (in terms of inten-
sity, volume, and density) will challenge both the metabolic
and the neuromuscular systems at different levels. Many varia-
bles can be manipulated to prescribe different HIIT sessions;
among them, the intensity and duration of work and relief
intervals are the key influencing factors.'”’' Likewise, the
role of mean training intensity over a season in optimizing ath-
letic performance has been extensively documented.' **°
Thus, taken together, the key point for coaches and athletes is
whether at the same absolute training load and volume it is
possible to increase the average training pace by modifying
other variables, such as intensity or the number of runs, with-
out changing the physiological and neuromuscular impact and
without altering dangerously (in terms of risk of injury) run-
ning kinematics. In this context, some previous studies’*-”
have tried to answer that question and reported similar acute
physiological response to 2 HIIT workouts (10 x 400 m vs.
40 x 100 m) with identical volume (4 km) and similar work-to-
rest ratios (0.65 and 0.67, respectively) but with significant dif-
ferences in average pace (+3.13km/h during 40 x 100 m).
Likewise, and despite differences in mean velocity, the afore-
mentioned studies®*** reported no impairments in muscular
performance parameters after training. What is still unknown
is whether the difference in mean velocity will lead to different
alterations in running kinematics.
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Therefore, the main goal of this study was to evaluate run-
ning kinematic characteristics during the early and late stages
of 2 HIIT protocols with similar external load but different
average running pace (10 x 400 m vs. 40 x 100 m), as well as
to compare the fatigue-induced changes during both HIIT pro-
tocols at a kinematic level. The authors hypothesized that run-
ning kinematics might change between the first and last runs
owing to the high level of exhaustion reached during these
HIIT protocols. Additionally, the differences between both
protocols might cause different kinematic alterations.

2. Materials and methods

A crossover study design was used to determine the fatigue-
induced changes in running kinematics of endurance runners
during 2 HIIT protocols, performed on a track by endurance
runners.

2.1. Subjects

A group of 18 recreationally trained endurance runners (16
males and 2 females; age: 30.9+11.7 years; body mass:
65.80 +9.02kg; height: 1.72+0.06 m; velocity associated
with VOsnax (WWOsmax): 17.24 £1.40 km/h) voluntarily par-
ticipated in this study. No general clinical examination was
carried out, but all subjects were medically examined annually.
The subjects had trained 1—3 h/day, 4—6 days/week year-
round for a minimum of 4 years and had no history of an injury
in the 3 months before they participated. The study was con-
ducted in November, 2014, during the cross-country season
and the competition phase of their yearly program, at a time
when most of the athletes were at a high level of competitive
fitness. At the time of these observations, the track athletes had
completed between 2 and 4 months of training for that season.

After receiving detailed information on the objectives and
procedures for the study, each subject signed an informed con-
sent form to participate, which complied with the ethical
standards of the World Medical Association’s Declaration of
Helsinki (2013) and made clear that they were free to leave the
study if they saw fit. The study was approved by the Ethics
Committee of the University of Jaen (Spain).

2.2. Procedures

The participants were asked not to engage in any high-
intensity exercise during the 72 h before the experiment and to
have a meal at least 2 h before the beginning of warm-up. All
athletes had experience with the exercises to be analyzed. All
the training sessions were carried out between 17:00 and 21:00
on an outdoor 400-m synthetic track. Before the running exer-
cises, the athletes performed a standardized warm-up, then
five 13-mm-diameter retroreflective markers were placed on
the right side of the body (fifth metatarsal, lateral malleolus,
lateral epicondyle of the femur, greater trochanter, and acro-
mion) (Fig. 1). These landmarks defined the positions of upper
body (head, arms, and trunk being taken together), lower legs,
and feet. After marker placement, the participants began the
running protocol.
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Fig. 1. Landmark placement. 1: acromion; 2: greater trochanter; 3: lateral epi-

condyle of the femur; 4: lateral malleolus; 5: fifth metatarsal.

Each athlete was tested on 2 occasions separated by 7 days:
(1) 10 runs of 400 m with 90—120s of recovery between run-
ning bouts (10 x400m) and (2) 40 runs of 100m with
25—30s of recovery between running bouts (40 x 100 m).
Both running exercises showed the same volume (4000 m), a
similar percentage of total training time in which the athlete
was working (39.5% and 40.7%, respectively), and a work-to-
rest ratio coefficient between work period and rest period (0.65
and 0.67, respectively), but significant differences in average
pace (+3.13 km/h during 40 x 100m). To avoid an “order
effect” the protocol was counterbalanced. Both HIIT protocols
were carried out above the vVO,,,,., which was indirectly
measured from the velocity of a 3000 m race.”’*> Passive
recovery between runs was undertaken during both HIIT pro-
tocols, as the runners stood upright. Participants were experi-
enced athletes who performed these types of workouts in their
training programs, so the only instructions given were to finish
the protocols as fast as they could as they maintained a con-
stant speed to the best of their ability. No more guidelines
were provided regarding exercise intensity, though subjects
were asked to run at self-selected exercise intensities. The
physiological response was monitored during both running
protocols, and videos were recorded from the sagittal plane in
the first and last runs of both protocols. The performance of
every single run was also recorded through time spent.

F. Garcia-Pinillos et al.
2.3. Materials and testing

2.3.1. Anthropometric variables

Height (m) and body mass (kg) were measured at the start of the
first testing session, and body mass index was calculated by means
of the following equation: body mass (kg)/height® (m?). A stadiom-
eter (Seca 222; Seca GmbH & CO. KG., Hamburg, Germany) and
a calibrated bascule (Seca 634) were used for that purpose.

2.3.2. Physiological variables

To monitor the physiological demands of both HIIT proto-
cols, the cardiovascular response was monitored throughout
the exercise, using the Garmin Forerunner 405 (Garmin Inter-
national Inc., Olathe, KS, USA). The peak heart rate (HR)
achieved and the recovery HR at 1-min post-exercise HR
(HRpcax and HR,., respectively) were used for the analysis.
Additionally, blood lactate accumulation (BLa, mmol/L) and
the rate of perceived exertion (RPE) were also recorded after
the last run of the running exercise, and, for this purpose, a
portable lactate analyzer (Lactate Pro; Arkray, Kyoto, Japan)
and the 6—20 Borg RPE scale’® were used.

2.3.3. Athletic performance

The time spent in each run (in seconds) was also recorded
during both workouts. The variables used for subsequent anal-
ysis were the average running pace of the whole protocol
(T400m and T100m, in km/h).

2.3.4. Kinematics

A sagittal plane video (240 Hz) of the first and the last runs
during both HIIT protocols was recorded using a high-speed
camcorder (Casio EXILIM EX-F1; Casio Computer Co Ltd.,
Tokyo, Japan). Videos were taken from a lateral view, with
the camera perpendicularly placed 5 m from the runners so
that they could be filmed in the sagittal plane. Filming location
was set at the end of the 400-m run, 20 m before the finish
line. For each runner, a complete stride cycle was captured on
film, and kinematic variables were measured for the right leg.
Video data were analyzed using a two-dimensional video edi-
tor (VideoSpeed Version 1.38; Ergo Sport, Granada, Spain).

The dependent variables selected for the kinematics analy-
sis are in accordance with previous works'®** ?**7 and are
presented as follows:

1. Relative angle of the hip, knee, and ankle (bhip, 6knee, and
fankle, respectively) at 3 key points during support: (1) at
the initial contact (first visible point during stance when the
athlete’s foot clearly contacts the ground); (2) at midstance
(the maximum knee flexion in the support phase); and (3)
at toe-off (the last frame with ground contact). Ohip was
defined as the sagittal plane angle between the trunk and
thigh segments and was considered to be 180° in the ana-
tomic standing position. The 6knee was calculated as the
sagittal plane angle between the thigh and leg segments
and was also considered to be 180° in the anatomic stand-
ing position. The Bankle was calculated in a counterclock-
wise direction using the leg and foot segments.'
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2. Spatial-temporal parameters: step length (SL, in
meters)—distance from 1 foot strike to the next foot
strike of the opposite foot; and contact time (CT) and
flight time (FT) (in seconds)—the time duration from
initial contact to toe-off, and the time duration from
toe-off of 1 foot contact to the initial contact of the
opposite foot.

3. Foot strike pattern (FSP) at first contact with the ground,
on a 1—5 scale of severity,”* from rearfoot to forefoot: (1)
high rearfoot strike—Ilanding with the second half of the
heel (the landing from the back of the heel); (2) rearfoot
strike—the ball of the foot landing before the heel;
(3) midfoot—the landing of the heel and sole simulta-
neously; (4) forefoot—landing with the ball of the foot;
and (5) high forefoot strike—the ball of the foot made
contact with the ground (no contact with the heel, running
on tiptoe).

2.4. Statistical analysis

Descriptive statistics are represented as means = SD and per-
centages. Tests for normality and homogeneity of variances
(Shapiro—Wilk and Levene’s, respectively) were conducted on
all data before analysis. Paired ¢ test was used to compare run-
ning kinematic parameters at first run during both HIIT protocols
(between-group comparison). Paired ¢ test was also used to com-
pare the analyzed variables at the beginning and at the end of
both HIIT protocols (within-group comparison: Ist run vs. 10th
run during the 10 x 400 m, and Ist run vs. 40th run during the
40 x 100m). As for the FSP, the within-group equality of pro-
portions (first vs. last run) was checked through McNemar test.
A repeated measures analysis of variance, with post hoc Bonfer-
roni test, was performed for running pace throughout both HIIT
workouts (within protocol, to determine whether changes in
pace were found during both protocols). Intra- and inter-observer
reliability was calculated for FSP (because an observational
method was used) using the Cohen’s k coefficient.”® The level
of significance was set at p < 0.05. Data analysis was performed
using SPSS (Version 21.0; IBM Corp., Armonk, NY, USA).

3. Results

Intra- and inter-observer reliability were calculated using
Cohen’s k for FSP (intraobserver — k=0.92, proportion of
agreement =95%; interobserver — k=0.85, proportion of
agreement =95%).

HR response, BLa, RPE, and average running pace in both
exercises are presented in Table 1. No significant differences
were found for either HR,co or AHR.. between running proto-
cols (p > 0.05), whereas the HR ., Was significantly higher in
the 40 x 100m run (p <0.001). No significant differences
(p=0.670) were found in BLa at 1-min post-exercise. Signifi-
cant differences between the 2 HIIT exercises were found for
RPE (p=0.019), with lower values in the 40 x 100 m test. Like-
wise, significant differences between protocols were also found
in running pace or VWO, (p < 0.001), with a faster average
pace in the 40 x 100m test (~3km/h). Finally, the repeated
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Table 1
Heart rate response, lactate accumulation, rate of perceived exertion, and aver-
age running pace during 2 high-intensity training protocols (mean & SD).

Variable 10 x 400 m 40 x 100m ¥4

HR eqx (bpm) 179.00 £9.07 176.25+9.64 0.067
HRpeqn (bpm) 144.12 + 14.29 160.60 + 12.64 <0.001
AHR,, (bpm) 31.00+ 14.09 22.88+ 14.23 0.091
BLa (mmol/L) 12.87£3.21 12.40+£4.14 0.670
RPE (6—20) 16.00 £ 1.24 15.11£1.13 0.019
Running pace (km/h) 18.47 £1.51° 21.60 +£1.72° <0.001
VWO max (%) 107.17 +£2.83 125.40 +£4.89 <0.001

% No significant differences within running protocols, constant speed.
Notes: 10 x 400 m: 10 runs of 400 m with 90—120 s of recovery between run-
ning bouts; 40 x 100 m: 40 runs of 100 m with 25—30s of recovery between
running bouts.

Abbreviations: AHR,.. = heart rate recovery in the last run minus that in the
first; BLa=blood lactate accumulation; HRycan = mean heart rate; HR o=
peak heart rate; RPE (6—20)=rate of perceived exertion on a 6—20 Borg
scale; VWO, . = velocity associated with maximal oxygen uptake.

measures analysis showed no significant differences between the
time spent in each run throughout both the 10 x 400m
(p=0.089) and the 40 x 100 m (p=0.121) protocols.

Because the 2 protocols were performed at different velocities
(p < 0.001), Table 2 shows the effect of running velocity on run-
ning kinematics by comparing the first run in every protocol
(10 x 400 m vs. 40 x 100 m). An increased running velocity dur-
ing the 40 x 100m protocol yielded a decreased CT (13.02%)
and FT (8.85%) and an increased SL (3.87%), as well as some dif-
ferences in joint angles: at initial contact—a greater hip flexion
(2.73%) and ankle extension (7.40%); at midstance—smaller
knee and ankle flexion (3.90% and 8.75%, respectively); and at
toe-off—a higher hip extension (19.80%).

Running kinematic alterations during both HIIT protocols are
shown in Table 3. No significant changes (p > 0.05) were found
during the 10 x 400 m or the 40 x 100 m protocol.

Regarding the FSP (Fig. 2), no significant differences
(p>0.05) were found between protocols during the first run
(p=0.135). No significant alterations were found in the FSP dur-
ing 10 x 400 m (p=0.392) or 40 x 100 m (p=0.317) protocols.

4. Discussion

The acute physiological and metabolic response™ and the
neuromuscular response’ to both 10 x 400m and 40 x 100 m
protocols have been previously determined. The results reported
by these studies showed that 10 x 400m and 40 x 100 m are 2
very similar HIIT protocols in terms of metabolic and physio-
logical impact, with similar responses in terms of blood metabo-
lites and cardiovascular response.” Some minor differences
between the 2 HIIT protocols were found in the neuromuscular
response, measured through the acute effect of HIIT workouts
on postural control and power output measurements.”> Neverthe-
less, no previous studies have investigated the impact of these
HIIT protocols at the kinematic level, and, thus, this study aimed
to evaluate running kinematic characteristics during the early
and late stages (first vs. last run) of the aforementioned HIIT
protocols (10 x 400 m vs. 40 x 100 m).
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Table 2

Comparative analysis of running kinematics during the first runs (unfatigued condition) of the 2 running protocols performed at different running velocities
(mean =+ SD).

Variable 10 x 400 m 40 x 100m %A P 95%CI

Running velocity (km/h) 18.40+1.48 20.84+1.49 113.26 <0.001 —3.20to —1.68
Spatial-temporal parameters

Contact time (s) 0.1940.02 0.174+0.02 113.02 <0.001 0.02 to 0.04
Flight time (s) 0.154+0.02 0.1340.01 18.85 0.010 0.00 to 0.02

Step length (m) 1.55+0.15 1.61+0.17 13.87 0.001 —0.99 to —0.03
Joint angles (°)

Initial contact

6hip 150.51+6.00 146.41 +4.51 12.73 0.031 0.52t09.32
Oknee 160.83 +6.04 163.04 £5.12 12.37 0.487 —4.31t02.16
fankle 117.49 £6.25 126.18 £8.19 17.40 0.001 —11.94to —3.91
Midstance

6hip 155.75+4.53 155.44£4.98 10.99 0.597 —3.06t05.13
Oknee 140.78 +£5.58 146.27 +5.49 13.90 <0.001 —8.83 to —4.11
fankle 101.77 £5.11 110.67 £ 6.74 18.75 <0.001 —14.24 to —7.40
Toe-off

6hip 161.20 +6.67 193.13+10.12 119.81 <0.001 —41.22 to —25.62
Oknee 163.73 +£6.22 161.88 +5.20 J1.13 0.810 —3.99t03.18
fankle 136.49 £6.39 139.18 £5.96 11.98 0.279 —5.68to 1.81

Note: %A indicates percentage of change between both values; | 1 indicates the direction of change when running velocity increases.

Abbreviations: CI = confidence interval; 6 =joint angle.

In this context, the major finding of this study was that
despite the high level of exhaustion reached by the athletes
during both workouts (BLa > 12 mmol/L, RPE > 15, HRpcax
> 176 bpm), these HIIT protocols did not consistently perturb
the running kinematics of trained endurance runners. No sig-
nificant changes were observed in joint angles, spatial-tempo-
ral parameters, or FSP during either HIIT protocol, which
rejects the authors’ initial hypothesis. Despite the suggestion
that fatigue could alter biomechanical and neuromuscular
function in a manner that could possibly lead to an increased
risk of sustaining musculoskeletal injury and/or impaired per-
formance,”” this finding is consistent with some previous stud-
ies that did not report alterations in the running kinematics

Table 3

after different running exercises.'”***® However, not all stud-
ies on this topic are in agreement, and other works have found
fatigue-induced changes during running at a kinematic
level.'® '%2%*7 For example, Mizrahi'’ found an increase in
knee angle at maximal knee extension and a decrease in knee
flexion angle at foot strike after 30 min of continuous running
at anaerobic threshold. Focusing on spatial-temporal parame-
ters, some studies'®'’ have reported changes after continuous
runs—increased SL with a corresponding decrease in cadence
and decreases in CT occurred in conjunction with increases in
FT. It is worth noting that the protocols used in these studies
are different, so that results are quite difficult to compare and
consensus has not yet been reached. As we indicated earlier,

Comparative analysis of kinematic variables during the first and last runs of the 2 high-intensity intermittent training protocols (mean &= SD).

Variable 10 x 400 m protocol 40 x 100 m protocol
)4 95%ClI )4 95%Cl

Ist run 10th run Ist run 40th run
Spatial-temporal parameters
Contact time (s) 0.194+0.02 0.18+£0.02 0.059 —0.01t0 0.02 0.17+0.02 0.16 +£0.02 0.159 —0.01 t0 0.02
Flight time (s) 0.15£0.01 0.14£0.02  0.588 —0.01 t0 0.01 0.134+0.01 0.13£0.02  0.904 —0.01 t0 0.01
Step length (m) 1.55+0.15 1.56+£0.14  0.498 —0.07 to 0.04 1.61+0.17 1.58+0.17  0.325 —0.09 to 0.03
Joint angles (°)
Initial contact
Ohip 150.51 £6.00 151.54+6.33 0.341 —331to1.24 146.41 £4.51 145.56 £5.83  0.620 —2.72 t0 4.40
Oknee 160.83 +6.04 156.86 £9.37  0.066 —0.32 to 8.26 163.04+5.12 160.16 +5.71 0.067 —0.22 t0 5.97
fankle 117.49 £ 6.25 117.73£5.79  0.847 —3.02t02.53 126.18 £8.19 12546 +6.69  0.756 —4.24 t0 5.68
Midstance
Ohip 155.75+4.53 156.72+£5.70  0.166 —2.39t0 0.46 155.44 +£4.98 153.56 +£7.27  0.283 —1.71t0 5.46
Oknee 140.78 +5.58 140.38 + 6.05 0.759 —2.411t03.22 146.27+5.49 145.64+6.02  0.668 —2.45t03.71
fankle 101.77 £5.11 101.44+6.79  0.813 —2.77t0 3.44 110.67 £ 6.74 112.03+6.18  0.487 —5.58 t0 2.85
Toe-off
Ohip 161.20 £ 6.67 161.29 +£6.23 0.868 —1.33t01.13 193.13 £10.12 195.82+6.25  0.324 —8.30t0 2.92
Oknee 163.73+6.22 163.64 594  0.941 —2.54t02.73 161.88+5.20 159.58+4.36  0.106 —0.55t05.17
fankle 136.49 +£6.39 137.80 £ 6.75 0.613 —6.87 t0 4.26 139.18 £5.96 139.13+£5.78 0977 —3.66 t0 3.77

Abbreviations: CI=confidence interval; § =joint angle.
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Fig.2. Foot strike pattern (FSP) and changes induced over 2 different HIIT
protocols (10 x 400m vs. 40 x 100 m). FSP1 = high rearfoot strike; FSP2 =
rearfoot strike; FSP3 = midfoot strike; FSP4 = forefoot strike; FSP5 = high
forefoot strike.

just 2 studies have analyzed running kinematics during interval
training,'””” and even though the running protocol and the
controlled variables are not exactly the same, the main findings
are in line with our study.

Another interesting finding in the current study was the lack of
significant changes in FSP during both protocols (10 x 400 m and
40 x 100m). The relationship between FSP and running econ-
omy, performance, and injury rates in endurance runners has been
documented in recent literature.”*’ From the perspective of
injury, it has been suggested, on the one hand, that the risk of
injury can be diminished by reducing the magnitude of impact
forces, which can be achieved by adopting midfoot or forefoot
strikes.*”*® On the other hand, compared with rearfoot strikes,
forefoot strikes cause higher joint moments in the ankle, although
lower ones in the knee and hip, which might increase the risk of
Achilles tendinopathies, injuries of the foot, and stress fractures of
the metatarsals.”’ Although it is not known whether higher joint
moments cause injuries, it is clear that the most important differ-
ence between rearfoot and forefoot strike, from the perspective of
injury, is the nature of the impact peak at the initial contact.”’

Some previous papers have examined FSP during long-dis-
tance road competition”**>** and concluded that in the pres-
ence of fatigue, FSP tends to change by diminishing the
frequencies of forefoot strikes and increasing midfoot and rear-
foot strikes. To the best of the authors’ knowledge, no previous
studies have examined the fatigue-induced changes in FSP
during an HIIT protocol, which makes a comparison difficult.
Anyway, because either the influence of fatigue on the
FSP***7 or the association between rearfoot strikes and the
risk of injury in endurance runners has been previously estab-
lished,””*" the lack of changes in FSP after HIIT protocols is
an important finding.

Finally, given the between-protocol difference in running
velocity and the influence of this variable on running kinetics
and kinematics,'>**>*"*! the authors decided to incorporate
a between-protocol comparison in unfatigued conditions
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(at first run of every protocol, with +2.44km/h during the
40 x 100 m). As for the spatial-temporal parameters, it seems
clear that to run faster, CT needs to be decreased to aid in repo-
sitioning the legs during running,’' and the results obtained
support that statement, with shorter CT during the 40 x 100 m
protocol (~13%). More controversial is the dynamic of SL
when velocity increases. It has been suggested that SL
increases linearly with running velocity up to 25 km/h,"" which
is in consonance with our findings (SL ~4% longer during the
faster protocol).

Regarding the effect of running speed on joint angles, our
findings are consistent with previous works.'>***>27*! Some
differences between faster and slower runs were found in the
unfatigued condition—increased running velocity led to
greater hip flexion and lower ankle flexion at initial contact,
lower knee and ankle flexion at midstance, and greater hip
extension at toe-off. These differences appear to be totally log-
ical because lower ankle flexion at initial contact has been
related to a shorter CT”’*' and lower knee and ankle flexions
at midstance have been associated with shorter CT and higher
leg stiffness, all key factors in running performance.'®***
Likewise, increased hip flexion at initial contact has been pre-
viously associated with running velocity.**

The difference in running velocity has also been demon-
strated to influence FSP.>**’ Despite the lack of differences in
FSP between the 2 protocols (10 x 400m vs. 40 x 100 m), the
results obtained provide support to this statement, showing a
higher prevalence of midfoot and forefoot strikes (~28%—33%
midfoot and ~22% forefoot, averaged from both HIIT protocols)
than previous studies in which athletes ran at slower velocities
(~87%—95% rearfoot).”**® Therefore, the lack of differences
between protocols reported by the current study might be due to
the high velocity reached during both HIIT protocols.

A limitation of the present study is that we focused only on
sagittal plane movements. It is likely that fatigue also causes
alterations in movements in the frontal and transverse planes.
Another limitation is that subjects might run asymmetrically
between left and right lower extremities; however, only the
right leg was analyzed. For future reference, setting more cam-
eras on both sides of the race and from different planes could
minimize some of these limitations and increase validity.
Obviously, all these limitations are related to the use of a two-
dimensional motion analysis. However, notwithstanding these
limitations, the current field-based study offers some insight
into the running kinematic alterations during typical HIIT pro-
tocols for endurance runners and provides helpful data for
coaches and athletes.

5. Conclusion

In summary, the results obtained showed that HIIT sessions
that included runs for 15—90 s and were performed at an inten-
sity above the velocity associated with VO,,,,,« did not consis-
tently perturb the running kinematics of trained endurance
runners. Additionally, a comparison made between runs per-
formed at different velocities and in unfatigued conditions
revealed some differences in spatial-temporal parameters and
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joint angles that must be taken into consideration when the
intensity of running exercises is prescribed. Finally, in focus-
ing on the 10 x 400m vs. 40 x 100m comparison—because
previous studies had suggested that 40 x 100 m might be a
more efficient HIIT for improving the performance of endur-
ance runners because of a faster average running pace with
similar physiological and neuromuscular response—this study
reinforces that statement, with no kinematic alterations
observed during any of those running exercises.

From a practical point of view, this study indicates that
coaches and runners need not fear substantial detrimental
effects from HIIT protocols on running technique. Such
information is essential for the design of more effective
training programs for injury prevention and performance
enhancement in running. Knowledge about the effect of
every training session on the athlete plays a key role in
proper training prescription, which means that a further
description of the impact of the most typical running exer-
cises on endurance runners is needed, which can lead to
better understanding and accuracy in the training prescrip-
tion process. Additionally, because most injuries in running
can be attributed to overuse from repeated bouts of activ-
ity, more evidence is needed about the cumulative effects
of HIIT-based running sessions.

Acknowledgments

This study received no financial support. However, the
authors would like to thank Club Atletismo Renacimiento
(Ubeda, Jaén, Spain) for its support and collaboration, and also
all those athletes who contributed in this research.

Authors’ contributions

FGP conceived of the study, carried out the data collection,
performed the statistical analysis, and drafted the manuscript;
AMM participated in its design and coordination; JAPM
helped to draft the manuscript; PALR participated in its design
and coordination and helped to draft the manuscript. All
authors have read and approved the final version of the manu-
script, and agree with the order of presentation of the authors.

Competing interests

The authors declare that they have no competing interests.

References

1. Buchheit M, Laursen PB. High-intensity interval training, solutions to the
programming puzzle. Part II: anaerobic energy, neuromuscular load and
practical applications. Sport Med 2013;43:927-54.

2. Laursen PB. Training for intense exercise performance: high-intensity or
high-volume training? Scand J Med Sci Sports 2010;20(Suppl. 2):S1-10.

3. Billat LV. Interval training for performance: a scientific and empirical
practice. Special recommendations for middle- and long-distance running.
Part I: aerobic interval training. Sport Med 2001;31:13-31.

4. Billat LV. Interval training for performance: a scientific and empirical
practice. Special recommendations for middle- and long-distance running.
Part II: anaerobic interval training. Sports Med 2001;31:75-90.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

F. Garcia-Pinillos et al.

. Esfarjani F, Laursen PB. Manipulating high-intensity interval training:

effects on the lactate threshold and 3000 m running performance in mod-
erately trained males. J Sci Med Sport 2007;10:27-35.

. Gunnarsson TP, Bangsbo J. The 10-20-30 training concept improves per-

formance and health profile in moderately trained runners. J App! Physiol
2012;113:16-24.

. Garcia-Pinillos F, Camara-Pérez JC, Soto-Hermoso VM, Latorre-Roman

PA. A HIIT-based running plan improves athletic performance by improv-
ing muscle power. J Strength Cond Res 2017;31:146-53.

. Gliemann L, Gunnarsson TP, Hellsten Y, Bangsbo J. 10-20-30 training

increases performance and lowers blood pressure and VEGF in runners.
Scand J Med Sci Sports 2015;25:¢479-89.

. Denadai BS, Ortiz MJ, Greco CC, de Mello MT. Interval training at 95% and

100% of the velocity at VO, effects on aerobic physiological indexes and
running performance. Appl Physiol Nutr Metab 2006;31:737-43.

Bangsbo J, Gunnarsson TP, Wendell J, Nybo L, Thomassen M. Reduced
volume and increased training intensity elevate muscle Na'-K" pump
alpha?-subunit expression as well as short- and long-term work capacity
in humans. J Appl Physiol 2009;107:1771-80.

Skof B, Strojnik V. Neuromuscular fatigue and recovery dynamics follow-
ing prolonged continuous run at anaerobic threshold. Br J Sports Med
2006;40:219-22.

Millet GY, Lepers R. Alterations of neuromuscular function after prolonged
running, cycling and skiing exercises. Sports Med 2004;34:105-16.

Hreljac A. Impact and overuse injuries in runners. Med Sci Sports Exerc
2004;36:845-9.

Higashihara A, Ono T, Kubota J, Okuwaki T, Fukubayashi T. Functional
differences in the activity of the hamstring muscles with increasing run-
ning speed. J Sports Sci 2010;28:1085-92.

Castro A, LaRoche DP, Fraga CHW, Gongalves M. Relationship between
running intensity, muscle activation, and stride kinematics during an
incremental protocol. Sci Sports 2013;28:¢85-92.

Hanley B, Mohan AK. Changes in gait during constant pace treadmill run-
ning. J Strength Cond Res 2014;28:1219-25.

Mizrahi J. Effect of fatigue on leg kinematics and impact acceleration in
long distance running. Hum Mov Sci 2000;19:139-51.

Derrick TR, Dereu D, McLean SP. Impacts and kinematic adjustments
during an exhaustive run. Med Sci Sports Exerc 2002;34:998-1002.
Collins MH, Pearsall DJ, Zavorsky GS, Bateni H, Turcotte RA, Mont-
gomery DL. Acute effects of intense interval training on running mechan-
ics. J Sport Sci 2000;18:83-90.

Dierks TA, Davis IS, Hamill J. The effects of running in an exerted state on
lower extremity kinematics and joint timing. J Biomech 2010;43:2993-8.
Benson LC, O’Connor KM. The effect of exertion on joint kinematics and
kinetics during running using a waveform analysis approach. J Appl Bio-
mech 2015;31:250-7.

Schubert AG, Kempf J, Heiderscheit BC. Influence of stride frequency
and length on running mechanics: a systematic review. Sports Health
2014;6:210-7.

Abt J, Sell T, Chu Y, Lovalekar M, Burdett R, Lephart S. Running kine-
matics and shock absorption do not change after brief exhaustive running.
J Strength Cond Res 2011;25:1479-85.

Latorre-Roman PA, Jiménez MM, Hermoso VMS, Pinillos FG, Sanchez
JS, Molina AM, et al. Acute effect of a long-distance road competition on
foot strike patterns, inversion and kinematics parameters in endurance
runners. Int J Perform Anal Sport 2015;15:588-97.

Chan-Roper M, Hunter I, Myrer JW, Eggett DL, Seeley MK. Kinematic
changes during a marathon for fast and slow runners. J Sports Sci Med
2012;11:77-82.

Hanley B, Smith LC, Bissas A. Kinematic variations due to changes in
pace during men’s and women’s 5 km road running. /nt J Sport Sci Coach
2011;6:243-52.

Koblbauer IF, van Schooten KS, Verhagen EA, van Dieén JH. Kinematic
changes during running-induced fatigue and relations with core endurance
in novice runners. J Sci Med Sport 2014;17:419-24.

Larson P, Higgins E, Kaminski J, Decker T, Preble J, Lyons D, et al. Foot
strike patterns of recreational and sub-elite runners in a long-distance road
race. J Sports Sci 2011;29:1665-73.


http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0010
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0010
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0010
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0015
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0015
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0020
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0020
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0020
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0025
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0025
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0025
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0030
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0030
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0030
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0035
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0035
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0035
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0040
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0040
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0040
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0040
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0040
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0040
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0040
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0040
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0045
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0045
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0045
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0050
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0050
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0050
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0050
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0055
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0055
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0055
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0055
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0055
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0055
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0055
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0060
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0060
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0060
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0065
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0065
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0070
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0070
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0075
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0075
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0075
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0080
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0080
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0080
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0080
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0085
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0085
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0090
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0090
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0095
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0095
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0100
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0100
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0100
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0105
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0105
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0110
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0110
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0110
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0115
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0115
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0115
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0120
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0120
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0120
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0125
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0125
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0125
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0125
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0125
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0125
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0125
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0125
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0130
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0130
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0130
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0135
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0135
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0135
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0140
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0140
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0140
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0140
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0145
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0145
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0145

HIIT and running kinematics

29.

30.

31.

32.

33.

34.

35.

Vuorimaa T, Vasankari T, Rusko H. Comparison of physiological strain
and muscular performance of athletes during two intermittent running
exercises at the velocity associated with VOjyax. Int J Sports Med
2000;21:96-101.

Buchheit M, Laursen PB. High-intensity interval training, solutions to the
programming puzzle: Part I: cardiopulmonary emphasis. Sport Med
2013;43:313-38.

Tschakert G, Hofmann P. High-intensity intermittent exercise: methodo-
logical and physiological aspects. Int J Sports Physiol Perform
2013;8:600-10.

Garcia-Pinillos F, Parraga-Montilla JA, Soto-Hermoso VM, Latorre-
Romaén PA. Changes in balance ability, power output, and stretch-shorten-
ing cycle utilization after two high-intensity intermittent training proto-
cols in endurance runners. J Sport Health Sci 2016;5:430-6.
Garcia-Pinillos F, Parraga-Montilla JA, Soto-Hermoso VM, Salas-
Sanchez J, Latorre-Romén PA. Acute metabolic, physiological and neuro-
muscular responses to two high intensity intermittent training protocols in
endurance runners. Isokinet Exerc Sci 2016;24:99—-106.

Lacour JR, Padilla-Magunacelaya S, Barthélémy JC, Dormois D. The
energetics of middle-distance running. Eur J Appl Physiol Occup Physiol
1990;60:38-43.

Demarie S, Koralsztein JP, Billat V. Time limit and time at VOy,,,, during
a continuous and an intermittent run. J Sports Med Phys Fitness
2000;40:96-102.

36.

37.

38.

39.

40.

41.

42.

43.

44,

449

Borg G. Psychophysical bases of perceived exertion. Med Sci Sports
Exerc 1982;14:377-81.

Daoud Al, Geissler GJ, Wang F, Saretsky J, Daoud YA, Lieberman DE.
Foot strike and injury rates in endurance runners: a retrospective study.
Med Sci Sports Exerc 2012;44:1325-34.

Landis JR, Koch GG. The measurement of observer agreement for cate-
gorical data. Biometrics 1977;1:159-74.

Kellis E, Liassou C. The effect of selective muscle fatigue on sagittal
lower limb kinematics and muscle activity during level running. J Orthop
Sport Phys Ther 2009;39:210-20.

Kulmala JP, Avela J, Pasanen K, Parkkari J. Forefoot strikers exhibit
lower running-induced knee loading than rearfoot strikers. Med Sci Sports
Exerc 2013;45:2306-13.

Brughelli M, Cronin J, Chaouachi A. Effects of running velocity on run-
ning kinetics and kinematics. J Strength Cond Res 2011;25:933-9.
Dumke CL, Pfaffenroth CM, McBride JM, McCauley GO. Relationship
between muscle strength, power and stiffness and running economy in
trained male runners. Int J Sports Physiol Perform 2010;5:249-61.

Morin JB, Samozino P, Zameziati K, Belli A. Effects of altered stride fre-
quency and contact time on leg-spring behavior in human running. J Bio-
mech 2007;40:3341-8.

Bushnell T, Hunter I. Differences in technique between sprinters and
distance runners at equal and maximal speeds. Sports Biomech
2007;6:261-8.


http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0150
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0150
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0150
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0150
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0150
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0155
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0155
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0155
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0160
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0160
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0160
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0165
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0165
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0165
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0165
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0165
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0165
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0165
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0170
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0170
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0170
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0170
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0170
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0170
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0170
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0170
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0170
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0175
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0175
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0175
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0175
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0175
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0180
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0180
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0180
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0180
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0185
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0185
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0190
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0190
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0190
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0195
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0195
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0200
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0200
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0200
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0205
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0205
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0205
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0210
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0210
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0215
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0215
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0215
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0220
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0220
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0220
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0225
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0225
http://refhub.elsevier.com/S2095-2546(16)30100-4/sr0225

	Kinematic alterations after two high-intensity intermittent training protocols in endurance runners
	1. Introduction
	2. Materials and methods
	2.1. Subjects
	2.2. Procedures
	2.3. Materials and testing
	2.3.1. Anthropometric variables
	2.3.2. Physiological variables
	2.3.3. Athletic performance
	2.3.4. Kinematics

	2.4. Statistical analysis

	3. Results
	4. Discussion
	5. Conclusion
	Acknowledgments
	Authors' contributions
	Competing interests
	References


