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Abstract

The aim of this study was to investigate the running pace and step characteristics among
various competitive-level 400-m hurdlers through inter-group and intra-athlete comparisons.
We analysed spatiotemporal data involving the split time, mean step length (SL) and mean
step frequency (SF) for 13 male world-class and 14 male national-level 400-m hurdlers. We
analysed 16.5 + 3.9 races for each world-class hurdler and 19.8 + 6.0 races for each
national-level hurdler (the total number of analysed runs was 491) using publicly available
television and internet broadcasts. Inter-group comparisons showed that both first- and lat-
ter-halves split times of the world-class hurdlers were significantly shorter than those of the
national-level hurdlers. In the latter-half phase, no significant differences of SL and SF were
observed between the world-class and national level hurdlers. Intra-athlete comparisons
showed that no athletes favoured only first-half phase in terms of running speed in short fin-
ish times. In contrast, finish times of all hurdlers were sensitive to running speed in the latter-
half phase. In the latter half of the race, 18 of the 27 hurdlers were identified as being SF reli-
ant during speed enhancements; running speed of the other 9 hurdlers were also sensitive
to high SF. In conclusions, important findings regarding high performance in inter-group
comparisons do not always corresponded with those in intra-athlete comparisons. All ath-
letes and coaches should first prioritize maintaining high running speeds in the latter half of
400-m hurdles rather than in the first half of the race.

Introduction

In a 400-m hurdles race for men, a total of ten hurdles at 91.4 cm height are positioned 35 m
apart. So as to achieve and maintain high running speed during all inter-hurdle distances, it is
essential for the 400-m hurdlers to enhance long sprint running ability [1], which is largely
contributed by anaerobic glycolytic system [2-7]. In addition, hurdlers are needed to minimize
decelerations in the running direction during clearing hurdles. Therefore, performance in
400-m hurdles is uniquely related to better techniques of adjusting step characteristics, unlike
performance in 400-m flat runs.
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Running pace and step characteristics of elite athletes in the 400-m hurdles

Race pace is a key strategy for a good finish time in a long sprint running event [8]. As a sig-
nificant number of previous studies reported notable changes in biochemical reactions after
sprinting for 200-m during long sprint running events [4,6,8], the race paces are often investi-
gated using a simple method of dividing the whole race into two parts [6,8]. During the hurdles
race, split times are measured as touchdown split times, which are separated by the instant of
touchdown of the leading leg [9]. Inter-group comparisons in 400-m hurdles races reported
that the faster the finish times of hurdlers are, the faster touchdown split times are during the
latter half of the race [10, 11]. However, because “correlation does not imply causation,” it is
unclear whether the first- or latter-half split time is more important for each elite hurdler to
improve the finish time. Nonetheless, to our knowledge, there are few intra-athlete compari-
sons on the running pace during the 400-m hurdles event.

Hierarchical models can help to prevent choosing performance arbitrarily and to give the
necessary theoretical basis for examining the relative importance of various factors that affect
the outcome a movement task [12]. Fast sprinting speed (short split time) is determined by
high step frequency (SF) and high step length (SL); therefore, fast finish time can be hierar-
chically explained by relationships between split times and relationships between split times
and step characteristics. SF and SL are often used to evaluate why some sprinters can run faster
[13,14] and how sprinters can enhance running speed [15-17]. In 400-m hurdles race in the
Olympic Games, most of hurdlers decrease the mean SL taken between hurdles from latter
half of the race after clearing fifth hurdles [10]. When the mean SL between hurdles decreases,
the running speed decreases [10]. Unfortunately, even previous studies on inter-group com-
parisons have not reported the detailed step characteristics of faster 400-m hurdlers in the first
and latter halves of the race. The intra-athlete comparisons show that SF and/or SL reliance is
based on individual changes to maintain high performance in a 100-m race [18] and long
jump [19]. Hence, using a hierarchical model, it is required to investigate that high SF and/or
high SL would achieve shortened split times and thereby a shortened finish time in the 400-m
hurdles based on individual changes.

The influence of SL and SF on the 100-m finish time is individually different among various
sprinters and the influence is not affected by the competitive level [18]. In contrast to the flat
sprints, in the hurdles race, hurdlers are not often able to run with an optimal combination
between SL and SF to achieve the highest running speed [20], which is externally caused by the
fixed inter-hurdle distance [21]. In order to maintain the highest running speed as possible
throughout the race, 400-m hurdlers are required to adjust step characteristics involving stride
patterns in all fixed inter-hurdle distances, based on running fatigue. Higher competitive-level
hurdlers would have the better techniques of adjusting step characteristics; therefore, effect of
sensitivities of step characteristics on the split and finish times would be different between dif-
ferent competitive-level hurdlers.

Split time and step characteristics can be externally measured using a video camera [6,22].
In particular, researchers can easily analyse spatiotemporal parameters because they can calcu-
late these parameters just by visually counting the number of steps in the running distance.
Therefore, a number of samples can be obtained, for example, through public data analysis
[18].

Both intra-athlete and inter-group comparisons would be helpful for individual athletes
when determining the target race pace and step characteristics in the 400-m hurdles. There-
fore, the purpose of this study was first, to investigate whether the hurdlers are individually
more reliant on the first- or latter-half phase in terms of speed during the race and either hav-
ing more SF or SL reliance during speed enhancements in each half of the race, and second, to
investigate running pace and step characteristics between different competitive-level 400-m
hurdlers cross-sectionally. We had three main hypotheses: First, the finish times of hurdlers
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would be individually influenced by their race pace and step characteristics. This hypothesis
was hierarchically tested by intra-athlete comparisons across world-class and national-level
hurdlers using public data analysis. Second, world-class 400-m hurdlers would run faster than
national-level hurdlers in the latter half of the race. Third, the influences of step characteristics
on the split time and finish time would differ between world-class and national-level hurdlers.
Second and third hypotheses were tested comparing the two hurdler groups.

Materials and methods
Athletes

Because our data set was obtained from publicly-available Internet broadcasts, we did not
obtain informed consent.

The sample comprised 13 male world-class and 14 male national-level 400-m hurdlers (best
record: 47.71 + 0.44 s and 49.28 + 0.41 s, respectively). They were ranked in the top 20 more
than three times from 2010 to 2014 in the World and Japan, respectively. This study was con-
ducted after obtaining approval from the Research Ethics Committee involving Living Human
Subjects at Ritsumeikan University (BKC-human-2016-053).

Design

This study was laid out as an observational research design. We obtained the movie data dur-
ing competitive races from publicly available television and internet broadcasts [18,23-25].
We conducted intra-athlete and inter-group comparisons to answer the research questions.

Methodology

The competitions involved Olympic, International Association of Athletics Federation cham-
pionships, Grand Prix series competitions, national championships, and local competitions in
Japan (see, S1 Table). In this study, races in which the individual hurdler was likely to run with
maximal effort through the finish line were analysed. We disregarded individual races in
which the hurdler clearly slowed without maximal effort before the finish line from the analy-
sis. A total of 16.5 + 3.9 races (2012.4 + 2.3 yr. race) for each world-class hurdler and 19.8 + 6.0
races (2013.5 + 1.6 yr. race) for each national-level hurdler were analysed; so the total number
of the analysed runs was 491. The single mean values of finish times in all analysed trials were
48.84 £ 0.37 s for world-class hurdlers and 50.40 + 0.43 s for national-level hurdlers, respec-
tively. The research procedures complied with the companies’ terms and conditions for all
websites and broadcasts used in this study.

We used the finish time as the official race time. We determined the split times for the first
and latter halves of the race at the instant of touchdown for the leading leg after clearing the
fifth hurdle (hereafter, fifth touchdown).

We counted the total number of steps involved in clearing ten hurdles in the race until the
first step over the finish line. During the first half of the race, we calculated the mean SL by
dividing 185 m (from the start line to the position at the fifth hurdle) by the number of steps
until the fifth touchdown and the mean SF by dividing the numbers of steps by the duration
from the instant of the gunfire to the instant of the fifth touchdown. During the latter half of
the race, we calculated the mean SL by dividing 215 m (from the position at the fifth hurdle to
the finish line) by the number of steps to the finish time, and the mean SF by dividing the
number of steps by the duration from the fifth touchdown to the finish line. Because most of
the hurdlers did not complete a step exactly at 400 m, we estimated the total step number
(Stepiorar) using linear interpolation of the time prior to and after 400-m for each sprinter as
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follows:

Steptoml [Step} = StepStartfprMOD [Step] + T * 1 [Step}

pred00 + Tposr400

Stepstare—aoo is the number of steps from start to just before the finish line. T}.49p is the duration
from the touchdown of the step just before the finish line to the finish line. T},o5400 is the dura-
tion from the finish line to the touchdown of the step just after the finish line.

There were many trials analysed for each hurdler; therefore, single mean values and single
standard deviation (SD) of split times, mean SF and mean SL in all analysed trials were calcu-
lated for each hurdler and utilized for further analysis.

Statistical analysis

We present all parameters mean + SD for two groups. We checked all datasets for normality
and homogeneity of variance.

In the intra-athlete comparisons, we analysed each hurdler individually [8,16]. We natural
log-transformed finish time, split time, mean SF, and mean SL before analysis to normalize
distributions and stabilize variance. To determine any first- or latter-half speed reliance for an
individual hurdler, we derived the 90% confidence interval (CI) for the difference between
first-half split time vs. finish time and latter-half split time vs. finish time relationships (hereaf-
ter, r difference for finish time; Fig 1) using a criterion nonparametric bootstrapping technique
(Matlab R2017a, Marthworks Inc., Natick, MA). Similarly, we calculated the 90% CI for the
difference between the mean SL vs. split time and mean SF vs. split-time relationships in the
first and latter halves of each race (hereafter, r difference for first-half split time and r differ-
ence for latter-half split time, respectively). We used Spearman’s correlations to calculate the
intra-athlete relationships between the parameters for each resample. We employed a boot-
strapping technique to provide 10,000 resamples of the natural log transformed finish time,
split time, mean SL, and mean SF values. Salo et al. [18] present this data analysis in detail. We
rigorously identified hurdlers as being first-half speed or SL reliant if the mean correlation dif-
ference was positive with the lower limit of the 90% CI > +0.1; in contrast, we identified them
as being latter-half speed reliant or SF reliant if the mean correlation difference was negative
with the upper limit of the 90% CI < -0.1.

To assess any differences were tested using paired and unpaired T-tests for parametric data.
To assess any differences were tested using Wilcoxon and Mann-Whitney U tests were used.
To assess the cross-sectional relationships between two parameters, we used Pearson’s correla-
tions coefficients. Eta-squared was calculated for assessing the sample size in Wilcoxon and
Mann-Whitney U tests.

We set statistical significance at P < 0.05.

Results
Intra-athlete comparisons

A greater number of finish time—split time correlations were over 0.70 in the latter half of the
race (24/27) compared to the first half (5/27) (Table 1). A greater number of correlations were
less —0.70 in split time—mean SF compared to split time—mean SL in both first (21/27 vs. 0/27)
and latter halves (19/27 vs. 4/27) of the race.

5 of 27 athletes were identified as being latter-half speed reliant; in contrast, no athletes
demonstrated first-half speed reliance and the 22 remaining athletes did not favour either
characteristic (Fig 2). In the first half of the race, 21 of the 27 athletes were identified as being
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Fig 1. A typical example of intra-athlete relationships in terms of finish time, split time and step characteristics (hurdler #7). (a) A
hierarchical relationship in terms of finish time (Tyota1), split time (Tgygp, first-half split lime; Tiaye,, latter-half split time) and step

characteristics (SFgs» mean step frequency during the first half of the race; SLg,«» mean step length during the first half of the race; SFjyter»

mean step frequency during the latter half of the race; SLjyer» mean step length during the latter half of the race) with three levels. The

numbers show the correlation coefficients between two parameters which were natural log-transformed. (b) Scatter plots for Tyotan, Thirse and
Thatter- () Scatter plots for Tgy, SFgrse and SLgy. 1. s. = not significant. (d) Scatter plots for Tiaer> SFiatter and SLiayer. Points on the scatter-plot

figures with trend lines are from original data whereas r values are from log-transformed data. The r difference for finish time and r
differences for first- and latter-halves split times were calculated by the differences of the two correlation coefficients.

https://doi.org/10.1371/journal.pone.0204185.g001

SF reliant, only one athlete demonstrated SL reliance, and the remaining five athletes did not
favour either characteristic (Fig 3). In the latter half of the race, 9 of the 27 athletes were identi-
fied as being SF reliant, no athletes demonstrated SL reliance, and the remaining 18 athletes
did not favour either characteristic (Fig 4). As the supporting information, intra-athlete rela-
tionships between split time and stride pattern, which is equal to the mean SL, are shown in S2
and S3 Tables.

Table 1. Intra-athlete correlation coefficients among spatiotemporal parameters.

Hurdler Level 1 &2 Level 2 & 3
Triotar—Tirst Tiotar~Thatter Tirst—SFirst Tirst—SLirst Tratter—SFiatter Tratter—SLiatter

#1 0.41 0.85 -1.00 0.00 —-0.40 —-0.40
#2 0.36 0.81 -1.00 0.00 -0.29 —-0.66
#3 0.76 0.89 -0.29 -0.58 061 -0.55
#4 0.35 0.89 ~0.86 0.1 ~0.80 -0.63
#5 0.67 0.97 -0.85 0.00 ~1.00 -0.03
#6 0.45 0.65 -0.98 -0.15 -0.48 —-0.89
#7 0.63 0.86 -0.91 -0.18 -0.75 -0.76
#8 0.74 0.74 -0.43 -0.68 -0.68 -0.19
#9 0.27 0.75 -0.97 0.15 ~0.89 -0.50
#10 0.76 0.74 ~0.98 031 -0.84 -0.78
#11 0.52 0.67 -1.00 0.00 -0.80 —0.58
#12 0.35 0.97 -0.67 -0.10 -0.51 -0.57
#13 0.01 0.79 ~1.00 0.00 -0.93 -0.06
#14 0.76 0.74 ~0.87 ~0.35 ~0.70 -0.19
#15 0.35 0.77 0.29 -0.64 -0.82 —-0.42
#16 0.68 0.79 ~1.00 0.00 -0.76 -0.38
#17 0.63 0.64 -0.87 -0.06 -0.65 -0.50
#18 0.71 0.90 -0.97 ~0.03 ~0.94 -0.05
#19 0.53 0.70 -0.95 ~0.24 -0.99 ~0.23
#20 0.54 0.88 -1.00 0.38 -0.95 -0.71
#21 0.43 0.81 0.28 -0.31 -0.97 -0.34
#22 0.41 0.79 ~0.58 ~0.18 -0.88 0.1
#23 0.63 0.86 ~1.00 0.00 -0.84 -0.63
#24 0.33 0.84 -1.00 0.00 -0.78 -0.31
#25 0.60 0.89 ~0.81 -0.36 -0.82 0.02

#26 0.16 0.82 -0.99 -0.39 ~0.77 -0.42
#27 0.61 0.79 -1.00 0.00 -0.80 -0.11

Note. Tyota, finish time; Tgyqr, split time during the first-half phase; Tiyer, split time during the latter-half phase; SFg,q, mean step frequency during the first-half phase;

SLgyst mean step length during the first-half phase; SFjy e, mean step frequency during the latter-half phase; SLjag.r» mean step length during the latter-half phase. The

underlined numbers indicate that the magnitudes were over 0.70.

https://doi.org/10.1371/journal.pone.0204185.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0204185 March 28,2019

6/17


https://doi.org/10.1371/journal.pone.0204185.g001
https://doi.org/10.1371/journal.pone.0204185.t001
https://doi.org/10.1371/journal.pone.0204185

@ PLOS | O N E Running pace and step characteristics of elite athletes in the 400-m hurdles

[ #1 | 27.195 —— 21325
#2756 ! <> i 20.81s
#3 |27.275 —OH 2118
#4 2693 —— 21.76 s
wn
e
5} " PN
2 #5 |27.79s b & 2130
2 #6 | 27665 : & : 21625
)
E #7 |2753s ——H 21.39s
Q
o #8 | 27.27s —O— 21335
[
g #9 | 27505 @ 20.97s
#10 | 27285 —— 2148
#11 | 27705 b O i 2167
#12 | 27495 b ‘ i 21515
[ #14 | 27905 —O— 21708
#15 | 2779 ' <> i 22025
#16 [ 28515 —Or— 22215
#17 | 28.10s —O——— 22.27s
£ #18 | 28.025 —O— 22,00
=
5 #19 | 27.50 I | 22.64s
=
§ #20 | 28535 —— 22095
2 #21 | 27955 ' <> i 2236
=
,§ #22 | 28.08s |—’—< 2227
=
2 #23 | 28715 —O— 22145
#24 | 28445 —O— 2192
#25 | 28465 —— 22.00s
#26 | 28465 ! ’ i 22425
K #27 | 2875 I | 22.40s
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Latter-half speed reliant First-half speed reliant

Fig 2. r difference for finish time (diamonds) with 90% confidence interval (bars) for each hurdler (#1 to #27). The
area 0.1 from zero in the middle demonstrates the trivial (nonreliant) effect. Green diamonds and the bar denote data
from the latter-half speed reliant and yellow green diamonds and the bar denote data from the both first- and latter-
halves speed reliant. Numbers on the right are single mean values of first-half split time in all trials. Numbers on the left
are single mean values of latter-half split time in all trials.

https://doi.org/10.1371/journal.pone.0204185.9002
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https://doi.org/10.1371/journal.pone.0204185.9003
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Inter-group comparisons

Single mean values of first- and latter-halves split times and finish time in all trials of the
world-class hurdlers were significantly shorter than those of the top national-level hurdlers
(Table 2). Single mean value of mean SF of the world-class hurdlers was significantly greater
than compared to that of the national-level athletes during the first-half phase. In contrast, no
significant difference of single mean value of mean SF and most frequent stride patterns (see
S4 Table in detailed) were observed between two hurdler groups in each phase.

No significant differences in the single SDs for finish time, split time, and mean SF in all tri-
als were obtained between the two different groups. However, the single SD for the latter-half
mean SL of the world-class hurdlers was significantly larger than that of national-level hur-
dlers. As with the other parameters, the personal best times in the 400-m race of the world-
class hurdlers were significantly shorter than those of the national-level hurdlers (45.74 + 1.01
s vs. 47.42 + 0.65 s, P < 0.01); in contrast, no significant difference in body height was observed
between the two different groups (1.84 £+ 0.07 m vs. 1.79 + 0.05 m, n.s.).

Overall, positive relationships of finish times were significantly obtained between single
mean values of first- and latter-halves split times (Fig 5). In contrast, no significant

Table 2. Single mean value and SD of spatiotemporal parameters in all trials of world-class and national-level
hurdlers (mean + SD for two groups).

World-class hurdlers National- level hurdlers
Single mean value

Tiota [s] 48.84 +£0.37" 50.40 + 0.43
Tirse [s] 21.39 £ 0.29 *#§ 22.17 + 0.24 #§
Tiatter [8] 27.45£0.24" 28.23 + 0.38

SFiotal [Hz] 3.59+0.14 3.50 + 0.10
SFiret [Hz] 3.75+£0.12%# 3.60+0.11 #
SFyaster [Hz] 3.47 £0.16 342 +0.11

SLiotal [m] 2.29 £ 0.09 2.27 +0.07
SLiirst [m] 2.31£0.09 # 2.32 +0.08 #
SLiatter [m] 2.26 £0.10 2.23 +0.08

Single SD

Tiotar [s] 0.60 £ 0.10 0.60 +0.11
Tirst [s] 0.31+0.07 # 0.31 + 0.06 #
Thateer [8] 0.50 £ 0.08 0.50 + 0.10

SFotal [Hz] 0.04 £ 0.01 0.04 + 0.01
SFirst [Hz] 0.06 + 0.01 0.05 + 0.02 #
SFyaster [Hz] 0.05+0.01 0.06 + 0.01

SLiotal [m] 0.02 £ 0.01 0.02 + 0.01
SLfirst [m] 0.01 £0.02 # 0.02 + 0.02
SLiatter [m] 0.03 + 0.02 * 0.02 + 0.01

Note. A typical example for the calculation of single mean value and single SD is shown in S5 Table). Tt = finish
time; Ty = split time during the first-half phase; Tjye, = split time during the latter-half phase; SFo(, = mean step
frequency throughout the race; SFg, = mean step frequency during the first-half phase; SFj,ye; = mean step
frequency during the latter-half phase; SLio. = mean step length throughout the race; SLg, = mean step length
during the first-half phase; SLj,e; = mean step length during the latter-half phase.

*Significant difference from national-level hurdlers (P < 0.05).

#Significant difference from latter-half phase (P < 0.05).

§When calculating the mean running speeds in each phase, significant difference was also obtained.

https://doi.org/10.1371/journal.pone.0204185.t002
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Fig 5. Scatter plots for single mean values of finish time, split time and step characteristics in inter-athlete relationships. The single
mean value in all parameters were calculated from those in all trials (world-class hurdlers: 16.5 + 3.9 races; national-level hurdlers: 19.8 £ 6.0
races). Filled circles denote data of world-class hurdlers and open circles denote data of national-level hurdlers. Solid lines indicate the
regression lines for all hurdlers. Dot lines indicate the regression lines for world-class and national-level hurdlers separately. Single mean
value of T\, single mean value of finish time; single mean value of Ty, single mean value of split time during the first half of the race; single
mean value of Ty, single mean value of split time during the latter half of the race; single mean value of SFg,, single mean value of mean
step frequency during the first half of the race; single mean value of SLg,,, single mean value of mean step length during the first half of the
race; single mean value of SFy,,» single mean value of mean step frequency during the latter half of the race; single mean value of SLi,er»

single mean value of mean step length during the latter half of the race; n. s., not significant.

https://doi.org/10.1371/journal.pone.0204185.9005
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relationships of split-time were obtained between single mean values of mean SF and mean SL
in either the first or latter half of the race. By dividing all hurdlers into two groups, in world-
class hurdlers, a negative relationship was significantly observed between the single mean val-
ues of split time and mean SL during the first-half phase. Overall, the finish time of the 400-m
hurdles was significantly related to personal records in the 400-m race (r = 0.73, P < 0.01); in
contrast, by breaking two hurdler groups apart, only in world-class hurdlers, a positive rela-
tionship was significantly observed between them (world-class hurdlers: r = 0.54, P < 0.01;
national-level hurdlers: r = —0.03, n. s.)

No significant differences in the r difference for finish time (7* = 0.00) and the r difference
for first-half split time (17° = 0.02) were observed between world-class and national-level hur-
dlers (Fig 6). In contrast, the r difference for latter-half split time of the world-class hurdlers
was significantly larger than that of national-level athletes (1* = 0.35).

Discussion

This study was the first to investigate the running paces and step characteristics of 400-m hur-
dlers using both intra-athlete and inter-group comparisons. Our main findings were as fol-
lows: first, even if the inter-group comparisons showed the extreme importance of the split
time during both first and latter halves of the race, the intra-athlete comparisons showed that
only latter-half split time was important for all hurdlers to better their finish times. Second, in
the latter-half phase whose running speed was slower than that in the first-half phase, the step
characteristics of world-class hurdlers were not different from the those of national-level hur-
dlers; in contrast, the mean SF was important for most of the hurdlers to decrease their split
times. Third, the influence of mean SL on the split time in the latter half of the race was larger
for the world-class hurdlers than for the national-level hurdlers. Therefore, the inter-group
comparisons do not directly indicate causation in the 400-m hurdles, and the individualization
principle for elite hurdler training can be considered essential.

In intra-athlete comparisons, the r difference for finish time is calculated by the difference
between the two related correlation coefficients. Therefore, for the evaluation of the interrela-
tionships, it is not possible to divide the whole race into three or four phases simultaneously.
In this study, we simply divided the whole-race into first- and latter-halves phases, which led
to a hierarchical relationship in terms of finish time, split time and step characteristics, in three
levels as shown in Fig 1A. Great number of the finish time—split time correlations over 0.70
were obtained in the latter half of the race (27 of the 27 hurdlers). Interestingly, there were no
first-half speed reliant hurdlers, who had only a high relationship between finish time and
first-half split time, suggesting our first hypothesis was partially not accepted. These findings
demonstrate that a shorter split time in the latter half of the race is more important for all hur-
dlers to achieve better personal finish times rather than a shorter split time in the first half of
the race. Good split times in the latter half of a long sprint race are determined by several fac-
tors: small or optimal energy consumption in the first half of the race [6], increased utilization
of glycolytic and aerobic systems [7], good technique while clearing the hurdles [26,27], and
external environment such as wind (this effect changes depending on the combination of
speed, direction, lane and timing of the blow motion) and high altitude [28]. Unfortunately,
we cannot determine the factors in detail because of our observational methodology; however,
these factors might affect the high performance of individuals in the latter half of the race.

In contrast to the intra-athlete comparisons, inter-group comparisons clarified that both
single mean values of first- and latter-halves split times of the world-class hurdlers were signifi-
cantly shorter than those of the national-level hurdlers. Overall, very strong inter-athlete rela-
tionships of single mean value of finish times were significantly observed between both single
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Fig 6. Box plot of the r differences for finish time, first- and latter-halves split times, comparing world-class and
national-level hurdlers. The horizontal bars in the box plot indicate the highest value, upper quartile, median, lower
quartile and lowest value from top to bottom, respectively. #Significant difference from latter-half phase (P < 0.05).
*Significant difference between two groups (P < 0.05).

https://doi.org/10.1371/journal.pone.0204185.9006

mean values of first- (r = 0.90) and latter-halves split times (r = 0.91). One previous study
investigated the inter-athlete relationships of finish times between touchdown split times in all
inter-hurdle distances and showed high relationships whose correlation coefficients were over
0.70 as observed in only the latter-half phase in the race [11]. These correlation coefficient val-
ues were lower as compared to those in this study. These differences in the strength of correla-
tion coefficients, especially the relationship between the finish time and first-half split time,
might be because the spatiotemporal data in this study were averaged from many competitive
races for each hurdler (16.5 + 3.9 races for world-class hurdlers and 19.8 + 6.0 races for
national-level hurdlers) so the acute daily effects of the sudden wind speed [28] and different
race pace can be considered smaller compared to the analysis of only one race. In fact, the sin-
gle SDs of the first- and latter-halves split times ranged widely over many competitive races
(e.g., latter-half split time of world-class hurdlers: 0.50 + 0.08 s). This finding suggests that ana-
lysing only one race for each hurdler cannot reflect the athlete’s normal performance; so, our
cross-sectional methodology, which used the mean value for various races, can be considered
as more accurate than that in a previous study [11]. Thus, our second hypothesis was accepted;
furthermore, the high running speed in the first half of a race can be considered as an impor-
tant factor in inter-group comparisons.

The intra-athlete comparisons clarified that, for most hurdlers, the short split time was
more sensitive to high mean SF as compared to long mean SL during both first and latter
halves of the race. At high sprinting speeds in short sprint running events, increases in step fre-
quency have greater effects on increases in sprinting speeds [14,16,29]. This finding corre-
sponds with our results. In contrast, our no significant inter-athlete relationships were
observed between single mean values of split times and mean SF in both first and latter halves
of the race. These suggest that important findings regarding high performance in inter-group
comparisons do not always correspond with those in intra-athlete comparisons.

Moreover, we found that in world-class hurdlers, a significant negative relationship was
observed between the single mean values of first-half split time and mean SL. In a 400-m race
without hurdles, the differences in running speed among different level male sprinters are not
caused by the differences in mean SF, but rather by the differences in mean SL throughout the
whole race [8]. This finding supports our results. Conversely, in national-level hurdlers, no sig-
nificant inter-athlete relationship was observed between the single mean values of split time
and mean SL during the first-half phase. This might be due to the fact that a certain number of
national-level hurdlers could not run with an optimal combination between mean SL and
mean SF (over-lengthened SL with lower SF) to achieve the highest running speed [20] because
they were forced to run as adjusting step characteristics in fixed inter-hurdle distances [21].
Indeed, even though the 400-m personal records of the national-level hurdlers were longer
than those of the world-class hurdlers, which means they might have shorter SL during flat
running [8], no significant difference in the single mean value of mean SL and pattern during
the first-half phase was observed between the two groups.

In the latter half of the race, the mean SL is more sensitive to the split-time as compared to
the during the first-half phase. The single SD of mean SL of the world-class hurdlers was signif-
icantly greater than that of the national-level hurdlers. Depending on the race, more world-
class hurdlers (hurdler #1, #4, #6, #7 and #10 as shown in S3 Table) increased over two steps in
the inter-hurdle distances and increased the split time as compared to national-level hurdlers
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(only hurdler #24 as shown in S3 Table). Therefore, even if the competitive level is higher in
world-class hurdlers, the reliability of adjusting stride patterns is not higher compared to that
in national-level hurdlers. This cannot be regarded as a good technique for the world-class
hurdlers. The reason for the difference between two groups is unclear; however, this may lead
the r difference for latter-half split time of the world-class hurdlers to be higher than that of the
national-level hurdlers. Thus, our third hypothesis was accepted.

From the results in this study, we can provide the following information as practical appli-
cations for the 400-m hurdlers. First, when developing training programs and pace strategies,
all hurdlers should prioritize improving high SF and running speed without shortening SL in
the latter half of the 400-m hurdles rather than in the first half of the race. Second, improving
performance in the first half of the race should be considered based on the individualization
principle. This is because short finish times of all hurdlers were not sensitive to short first-half
split times. Certain hurdlers should enhance their running speeds during the first-half phase in
accordance with their physical conditions and/or motivation, other hurdlers should not
enhance their running speeds even though their physical conditions and/or motivation are
favourable. Evidence-based training will enhance running performance for 400-m hurdles [1].

We have three limitations in this study. First, we could not measure the parameters to assess
biochemical energy expenditure. Long sprint running is performed by the glycolytic system
with chemical energy supplies involving adenosine triphosphate and phosphocreatine, as well
as aerobic systems [3-6,30]. This biochemical energy is finally converted to mechanical energy
and various biomechanical parameters involving the step length and frequency [6,22], leading
us to answer our question with a detailed explanation. Second, we did not measure the normal
step length and step frequency during the 400-m flat race. Both world-class and national-level
hurdlers may adjust the stride patterns before clearing hurdles in accordance with their levels
of fatigue; however, we cannot confirm the manner in which they should adjust their stride
patterns. Third, we did not investigate race paces of hurdlers with a more controlled experi-
ment. The single SD of first-half split time of world-class hurdlers was 0.31 + 0.07 s; however,
the best racing strategy during the long sprint events is normally investigated with a wider
range of running speeds during the first-half phase (e.g., the largest difference of 200-m split-
time was 1.9 s [6]). However, during competition, it is very difficult to obtain these parameters.
Further research is needed to answer our questions using parameters for biochemical energy
expenditure, capacity for adjusting stride patterns and best racing strategy that would benefit
individual athletes.

Conclusion

In conclusion, although the inter-group comparisons showed running performances in the
first and latter halves of the race of world-class hurdles were greater than that of national-level
hurdlers, the intra-athlete comparisons showed latter-half performance is more essential for all
hurdlers. Therefore, the important findings regarding high performance in inter-group com-
parisons do not always correspond with those in intra-athlete comparisons.
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closely related to the split time by the stepwise regression analysis.
(PDF)

S4 Table. The most frequent number of steps in each running distance of world-class and
national-level hurdlers.
(PDF)

S5 Table. Typical example for calculation of single mean value and single SD.
(PDF)

Author Contributions
Conceptualization: Mitsuo Otsuka.

Data curation: Mitsuo Otsuka.

Formal analysis: Mitsuo Otsuka.

Funding acquisition: Mitsuo Otsuka.
Investigation: Mitsuo Otsuka.
Methodology: Mitsuo Otsuka, Tadao Isaka.
Supervision: Tadao Isaka.

Writing - original draft: Mitsuo Otsuka.

Writing - review & editing: Mitsuo Otsuka, Tadao Isaka.

References

1. Przednowek K| Iskra J, Wiktorowicz K, Krzeszowski T, Maszczyk A. Planning training loads for the 400
m hurdles in three-month mesocycles using artificial neural networks. J Hum Kinet. 2017; 60. 175-189.
https://doi.org/10.1515/hukin-2017-0101 PMID: 29339998

2. Beaulieu P, Ottoz H, Grange C, Thomas J, Bensch C. Blood lactate levels of decathletes during compe-
tition. Br J Sports Med. 1995; 29(2): 80-84. PMID: 7551765

3. Hannon C, Thomas C. Effects of optimal pacing strategies for 400-, 800-, and 1500-m races on the VO,
response. J Sports Sci. 2011; 29(9): 905-912. https://doi.org/10.1080/02640414.2011.562232 PMID:
21547833

4. Hirvonen J, Nummela A, Rusko H, Rehunen S, & Harkénen M. Fatigue and changes of ATP, creatine
phosphate, and lactate during the 400-m sprint. Can J Sport Sci. 1992; 17(2): 141-144. PMID:
1324108

5. Nummela A, Vuorimaa, Rusko H. Changes in force production, blood lactate and EMG activity in the
400-m sprint. J Sports Sci. 1992; 10(3): 217-228. https://doi.org/10.1080/02640419208729920 PMID:
1602525

6. Saraslanidis PJ, Panoutsakopoulos V, Tsalis GA, Kyprianou E. The effect of different first 200-m pacing
strategies on blood lactate and biomechanical parameters of the 400-m sprint. Euro J Appl Physiol.
2011; 111(8): 1579-1590. https://doi.org/10.1007/s00421-010-1772-4 PMID: 21190037

7. Zouhal H, Jabbour G, Jacob C, Duvigneau D, Botcazou M, Ben Abderrahaman A et al. Anaerobic and
aerobic energy system contribution to 400-m flat and 400-m hurdles track running. J Strength Cond
Res. 2010; 24(9): 2309-2315. https://doi.org/10.1519/JSC.0b013e3181e31287 PMID: 20703164

8. Hanon C, Gajer B. Velocity and stride parameters of world-class 400-meter athletes compared with less
experienced runners. J Strength Cond Res. 2009; 23(2): 524-531. https://doi.org/10.1519/JSC.
0b013e318194e071 PMID: 19209080

9. BreizerV, Korchemny R. The preparation of women for the 400 metres hurdles. New Stud Athl. 1990;
4:21-28.

10. Ditroilo M, Marini M. Analysis of the race distribution for male 400m hurdlers competing at the 2000 Syd-
ney Olympic Games. New Stud Athl. 2001; 16(3): 15-30.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204185 March 28,2019 16/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204185.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204185.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204185.s005
https://doi.org/10.1515/hukin-2017-0101
http://www.ncbi.nlm.nih.gov/pubmed/29339998
http://www.ncbi.nlm.nih.gov/pubmed/7551765
https://doi.org/10.1080/02640414.2011.562232
http://www.ncbi.nlm.nih.gov/pubmed/21547833
http://www.ncbi.nlm.nih.gov/pubmed/1324108
https://doi.org/10.1080/02640419208729920
http://www.ncbi.nlm.nih.gov/pubmed/1602525
https://doi.org/10.1007/s00421-010-1772-4
http://www.ncbi.nlm.nih.gov/pubmed/21190037
https://doi.org/10.1519/JSC.0b013e3181e31287
http://www.ncbi.nlm.nih.gov/pubmed/20703164
https://doi.org/10.1519/JSC.0b013e318194e071
https://doi.org/10.1519/JSC.0b013e318194e071
http://www.ncbi.nlm.nih.gov/pubmed/19209080
https://doi.org/10.1371/journal.pone.0204185

® PLOS |ONE

Running pace and step characteristics of elite athletes in the 400-m hurdles

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Yasui T, Aoyama K, Ogiso K, Asaba K, Ogura Y. The study of the model interval time in 400m hurdle
race for men. In: Abrantes JMCS, editor. Proceedings 14th International Symposium of Biomechanics
in Sports; 1996. pp. 77-81.

Chow KW, Knudson DV. Use of deterministic models in sports and exercise biomechanics research.
Sports Biomech. 2011; 10(3): 219-233. https://doi.org/10.1080/14763141.2011.592212 PMID:
21936290

Ito A, Ishikawa M, Isolehto J, Komi PV. Changes in the step width, step length, and step frequency of
the world’s top sprinters during a 100 m race. New Stud Athl. 2006; 21(3): 35-39.

Weyand PG, Sternlight SB, Bellizzi MJ, Wright S. Faster top running speeds are achieved with greater
ground forces not more rapid movements. J Appl Physiol. 2000; 89(5): 1991-1999. https://doi.org/10.
1152/jappl.2000.89.5.1991 PMID: 11053354

Hunter JP, Marshall RN, McNair PJ. Interaction of step length and step rate during sprint running. Med
Sci Sports Exerc. 2004; 36(2): 261-271. https://doi.org/10.1249/01.MSS.0000113664.15777.53 PMID:
14767249

Otsuka M, Kawahara T, Isaka T. Acute response of well-trained sprinters to a 100-m race: higher sprint-
ing velocity achieved with increased step rate compared with speed training. J Strength Cond Res.
2016; 30(3): 635—642. https://doi.org/10.1519/JSC.0000000000001162 PMID: 26907837

Paradisis GP, Cooke CB. Kinematic and postural characteristics of sprint running on sloping surfaces. J
Sports Sci. 2001; 19(2): 149-159. https://doi.org/10.1080/026404101300036370 PMID: 11217013

Salo AIT, Bezodis IN, Batterham AM, Kerwin DG. Elite sprinting: are athletes individually step-fre-
quency or step-length reliant? Med Sci Sports Exerc. 2011; 43(6): 1055—1062. https://doi.org/10.1249/
MSS.0b013e318201f6f8 PMID: 20980924

Theodorou AS, Panoutsakopoulos V, Exell TA, Argeitaki P, Paradisis GP, Smirniotou A. Step charac-
teristic interaction and asymmetry during the approach phase in long jump. Journal of Sports Sciences.
2017; 35(4): 346—354. hitps://doi.org/10.1080/02640414.2016.1164884 PMID: 27008363

Donati A. The development of stride length and stride frequency in sprinting. New Stud Athl. 1995; 10
(1): 51-66.

McDonald C. Hurdling is not sprinting. In: Jarver J, edior. The hurdles: contemporary theory, technique
and training. 4th ed. Mountain View: Tafnews Press; 2004. pp. 12—19.

Girard O, Brocherie F, Tomazin K, Farooq A, Morin JB. Changes in running mechanics over 100-m,
200-m and 400-m treadmill sprints. J Biomech. 2016; 49(9): 1490—-1497. https://doi.org/10.1016/j.
jbiomech.2016.03.020 PMID: 27015963

Hobara H, Hashizume S, Kobayashi Y, Mochimaru M. Spatiotemporal parameters of 100-m sprint in dif-
ferent levels of sprinters unilateral transtibial amputation. PLoS One. 2016; 11(10): e0163712. https://
doi.org/10.1371/journal.pone.0163712 PMID: 27701443

Hobara H, Kobayashi Y, Mochimaru M. Spatiotemporal variables of able-bodied and amputee sprinters
in Men’s 100-m sprint. Int J Sports Med. 2015; 36(6): 494-497. https://doi.org/10.1055/s-0034-
1387794 PMID: 25700099

Hobara H, Sano Y, Kobayashi Y, Heldoorn TA, Mochimaru M. Step frequency and step length of 200-m
sprint in able-bodied and amputee sprinters. Int J Sports Med. 2016; 37(2): 165—168. https://doi.org/10.
1055/5-0035-1564171 PMID: 26509370

Otsuka M, lto M, Ito A. Analysis of hurdle running at various inter-hurdle distances in an elementary
school PE class. Int J Sport Health Sci. 2010; 8: 35—42. https://doi.org/10.5432/ijshs.20090027

Salo AIT, Scarborough S. Changes in technique within a sprint hurdle run. Sports Biomech. 2006; 5(2):
155-166. https://doi.org/10.1080/14763140608522871 PMID: 16939150

Quinn MD. External effects in the 400-m hurdles race. J Appl Biomech. 2010; 26(2): 171-179. https://
doi.org/10.1123/jab.26.2.171 PMID: 20498488

Mero A, Komi PV. Effects of supramaximal velocity on biomechanical variables in sprinting. Int J Sport
Biomech. 1985; 1(3): 240-252. https://doi.org/10.1123/ijsb.1.3.240

Furusawa K, Hill AV, Parkinson JL. (1927). The energy used in “sprint” running. Proc Royal Soc Ser B.
1927; 102: 43-50. https://doi.org/10.1098/rspb.1927.0036

PLOS ONE | https://doi.org/10.1371/journal.pone.0204185 March 28,2019 17/17


https://doi.org/10.1080/14763141.2011.592212
http://www.ncbi.nlm.nih.gov/pubmed/21936290
https://doi.org/10.1152/jappl.2000.89.5.1991
https://doi.org/10.1152/jappl.2000.89.5.1991
http://www.ncbi.nlm.nih.gov/pubmed/11053354
https://doi.org/10.1249/01.MSS.0000113664.15777.53
http://www.ncbi.nlm.nih.gov/pubmed/14767249
https://doi.org/10.1519/JSC.0000000000001162
http://www.ncbi.nlm.nih.gov/pubmed/26907837
https://doi.org/10.1080/026404101300036370
http://www.ncbi.nlm.nih.gov/pubmed/11217013
https://doi.org/10.1249/MSS.0b013e318201f6f8
https://doi.org/10.1249/MSS.0b013e318201f6f8
http://www.ncbi.nlm.nih.gov/pubmed/20980924
https://doi.org/10.1080/02640414.2016.1164884
http://www.ncbi.nlm.nih.gov/pubmed/27008363
https://doi.org/10.1016/j.jbiomech.2016.03.020
https://doi.org/10.1016/j.jbiomech.2016.03.020
http://www.ncbi.nlm.nih.gov/pubmed/27015963
https://doi.org/10.1371/journal.pone.0163712
https://doi.org/10.1371/journal.pone.0163712
http://www.ncbi.nlm.nih.gov/pubmed/27701443
https://doi.org/10.1055/s-0034-1387794
https://doi.org/10.1055/s-0034-1387794
http://www.ncbi.nlm.nih.gov/pubmed/25700099
https://doi.org/10.1055/s-0035-1564171
https://doi.org/10.1055/s-0035-1564171
http://www.ncbi.nlm.nih.gov/pubmed/26509370
https://doi.org/10.5432/ijshs.20090027
https://doi.org/10.1080/14763140608522871
http://www.ncbi.nlm.nih.gov/pubmed/16939150
https://doi.org/10.1123/jab.26.2.171
https://doi.org/10.1123/jab.26.2.171
http://www.ncbi.nlm.nih.gov/pubmed/20498488
https://doi.org/10.1123/ijsb.1.3.240
https://doi.org/10.1098/rspb.1927.0036
https://doi.org/10.1371/journal.pone.0204185

