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Running speed represents the optimal balance between stride frequency (SF) and stride length (SL), both crucial 
determinants of performance. In recent years, there has been a significant increase in performance in the 400-m hurdles 
(mH) for both men and women. The main purpose of this study was to assess whether SF and SL were significant 
indicators of performance in the 400 mH. Additionally, the study sought to determine whether the ratio of stride length 
to stride frequency (SL/SF) could serve as a more effective performance indicator compared to analysing SL and SF 
separately. A total of 511 individual performances from four major championships (the World Championships Doha 2019 
and Oregon 2022, the Tokyo 2020 Olympics and the Munich 2022 European Championships) were analysed through 
video during competition. SL showed high to moderate correlations with performance in both sexes, especially in the 
second half of the race. However, SF did not correlate with final performance and showed only minor differences between 
groups. Elite athletes demonstrated a higher SL/SF ratio, as well as greater SL, with more pronounced differences in the 
second half of the race. Coaches should consider using the SL/SF ratio rather than SF alone to enhance its validity as a 
kinematic variable related to performance. The current top athletes exhibit higher values for SL and the SL/SF ratio, with 
particular emphasis during the second half of the event.   
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Introduction 

The 400-m hurdles (mH) is one of the most 
complex disciplines in athletics, demanding both 
exceptional speed endurance and precise hurdle 
technique (Przednowek et al., 2016; Quercetani, 
2000). This event has a significant glycolytic 
component, leading to a progressive decrease in 
speed, which is characterised by a reduction in 
both step length (SL) and frequency (SF) (Cicchella, 
2022; Gupta et al., 1999; Hanon et al., 2010; Zouhal 
et al., 2010). 

Running speed is the product of SL and SF, 
requiring an optimal balance between them 
(Otsuka and Isaka, 2019; Salo et al., 2011). A step is 
defined as half of a running cycle, specifically, the 
phase from the contact of one foot to the contact of 
the opposite foot (Hunter et al., 2004). It should be 
emphasised that, although the product of SL and 

SF is equal to speed, and therefore increasing both 
would theoretically increase speed, they usually 
have an inversely proportional relationship during 
maximal efforts (Salo et al., 2011). The literature 
has sometimes been inconsistent on whether SF or 
SL is the more critical limiting factor for speed 
(Hunter et al., 2004; Mero et al., 1992). Recent 
findings suggest that the duty factor can also serve 
as a valuable indicator of running biomechanics, as 
it relates to external loading characteristics 
independently of step frequency, thereby offering 
additional insight beyond SF alone (Van der 
Meulen et al., 2024). 

In the 400 mH, both the SF and SL cannot 
be understood without considering the rhythm. 
Placing 10 hurdles every 35 m requires athletes to 
adopt what is known as the hurdle rhythm, which 
is a key factor of performance in this event. Hurdle  
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rhythm is determined by the number of steps taken 
between each hurdle (rhythmic unit), the speed of 
each interval based on the number of steps (step 
frequency), and the athlete's motor skills and 
physical conditioning (Iskra and Coh, 2011). In 
addition, laterality and coordination play a crucial 
role in the 400 mH. Apart from an athlete’s 
preference for their dominant leg, attacking 
hurdles with the left leg on the curve reduces the 
distance covered (Schiffer, 2012). 

In the 400 m flat race, the highest SF is 
achieved between 50 m and 100 m, with a 
significant decrease occurring between the 250 m 
and the 400 m segment (Gajer et al., 2007; Hanon 
and Gajer, 2009). Moreover, it has been found that 
under fatigue conditions, the decrease is more 
pronounced in SF than in SL in 400-m sprinters 
(Mackala et al., 2024). This decline is also observed 
at a similar location in the 400 mH, where the first 
change in the rhythm typically occurs between the 
sixth and eighth rhythmic units among elite 
athletes (Guex, 2012; López and Casal, 2023). 
Velocity loss is caused by fatigue, due to the high 
anaerobic component in both events (Duffield et 
al., 2005; Hanon et al., 2010). 

There is a lack of recent studies on SF and 
its derived variables in high-level 400 mH. Existing 
research primarily focusses on finals, often 
segregated by sex, and sometimes relies on 
television footage, which can lead to data loss due 
to changes in camera perspectives and the focus on 
top athletes, excluding those in the last positions. 
Furthermore, to our knowledge, only two studies 
have addressed this topic (Guex, 2012; Otsuka and 
Isaka, 2019). Although the relationship between SF 
and SL has been analysed in terms of 400 mH 
performance, no studies have directly compared 
these variables between sexes. This study provides 
highly relevant information on current 400 mH 
performance, including data from many of the top 
performances in recent years (such as the men’s 
world record and three previous women’s world 
records), representing the historical peak 
performance moment of the event. These data can 
be used by coaches to evaluate the significance of 
different variables in the athlete’s performance 
assessments. Therefore, the primary objective of 
this study was to determine whether SF and SL 
were key indicators of performance in the 400 mH. 
The secondary objective was to assess whether the 
ratio between SL and SF was a better performance  
 

 
indicator than these variables considered 
separately. We hypothesised that SL would be a 
crucial variable in performance; however, due to 
its characteristics, SF might not be as significant. 
Therefore, the SL/SF ratio might provide valuable 
insights into their relationship and its impact on 
performance in the 400 mH. 

Methods 
Participants 

The sample included all participants in the 
400 mH from four major championships: the 2019 
World Championships in Doha, the 2020 Tokyo 
Olympics, the 2022 World Championships in 
Oregon, and the 2022 European Championships in 
Munich. A total of 511 individual performances 
(255 and 256 of women and men, respectively) 
were analysed. The average final performance for 
the female sample was 55.48 ± 1.42 s, and for the 
male sample, it was 49.47 ± 1.16 s (Table 1). The 
average age was 26.2 ± 3.8 years for women and 
25.4 ± 3.4 years for men. 

Performances were categorized into three 
groups based on final times. Final results were 
divided equally by performance levels. In the event 
of identical times across groups, both were placed 
in the same group to avoid duplication. The high-
performance (HP) group included 84 women and 
86 men, the intermediate-performance group (IP) 
included 85 women and 86 men, and the low-
performance (LP) group included 84 men and 85 
women. To further analyse finalists, a secondary 
analysis was performed, categorising participants 
into finalists (Group A), comprising 32 men and 31 
women, and semi-final and preliminary round 
participants (Group B), comprising 224 men and 
224 women. Of the finalists, 29 (90.6%) men and 24 
(77.4%) women belonged to the HP group, 1 (3.1%) 
man and 6 (19.4%) women to the IP group and 2 
(6.3%) men and 1 (3.2%) woman to the LP group. 

Design and Procedures 

Since 2D video analysis is a commonly 
used tool for calculating kinematic variables in 
sports (Mundt et al., 2024), the data were collected 
using four HD Sony R6 cameras (60 Hz) placed in 
the stadium stands (Figure 1): one camera at the 
end of the first curve, one at the 200-m mark on 
lane 5, one at the end of the second curve, and one 
at the 80-m mark on the home straight. The 
placement of cameras remained as consistent as  
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possible across the championships, considering 
architectural differences among stadiums. 
However, the following criteria were maintained 
for each camera: all cameras must have captured 
all athletes throughout every race. Cameras 
positioned at the end of the first and second curves 
must have had a clear view of the back straight and 
the main straight, respectively, ensuring that the 
athletes did not block each other from the camera's 
perspective. This setup guaranteed that all 
athlete’s steps and lead legs were recorded by the 
cameras. The study was observational and did not 
interfere with athletes’ performance, thus 
informed consent was not required. The final result 
was obtained from the official results, measured by 
SEIKO (Tokyo, Japan) and OMEGA (Biel, 
Switzerland).  

The video files were imported into 
Kinovea (0.9.5), a reliable tool for analysing spatial 
and temporal variables (Nor Adnan et al., 2018), 
and analysed by three independent experts. Race 
time for the first half was obtained from camera 2, 
using the starting gun as a reference. Steps were 
counted from multiple cameras and totalled for 
each race half. For the first 200 m, steps were 
counted directly from camera 2, eliminating the 
need for indirect calculations. The number of steps 
was counted for each interval between hurdles (H) 
(from the start to H1, H1–H2, H2–H3, H3–H4, H4–
H5, H5–H6, H6–H7, H7–H8, H8–H9, H9–H10, and 
H10 to the finish line). Step length was calculated 
by dividing the total distance by the number of 
steps, with an average computed for each interval. 
Step frequency was determined by dividing the 
number of steps per interval by the interval time. 
The collected data were processed using Microsoft 
Excel (16.86, Microsoft). The study was approved 
by the Ethics Committee of the Catalan Sports 
Council, Barcelona, Spain (approval code: 
026/CEICGC/2021; approval date: 23 July 2021).  

Statistical Analysis 

Descriptive statistics for each variable, 
including mean, standard deviation, minimum, 
and maximum, are presented in Table 1. Normality 
was assessed using the Kolmogorov-Smirnov test. 
A one-way analysis of variance (ANOVA) was 
used to determine differences in SL, SF, and the 
SL/SF ratio among the HP, IP, and LP groups. 
Additionally, a Student's t-test was conducted to 
compare these variables between finalists (Group  
 

 
A) and other participants (Group B). Post-hoc 
comparisons were conducted using Bonferroni 
correction when applicable. Homogeneity of 
variances was tested with the Levene’s test, and 
Welch's correction was applied when the 
assumption was violated. The effect sizes were 
calculated using η², and interpreted as follows 
(Fritz et al., 2012): trivial (< 0.01), small (≥ 0.01), 
moderate (≥ 0.06), and large (≥ 0.14). Cohen’s d 
thresholds were set and interpreted as (Fritz et al., 
2012): trivial (0–0.2), small (0.2–0.8), moderate (0.8–
1.2), large (1.2–2), and very large (>2). Statistical 
analysis was performed using JASP (0.18.3, 
University of Amsterdam). 

Results 
The descriptive statistics of the analysed 

variables are shown in Tables 1 and 2. A similar 
trend was observed for both men and women. 
High-performance athletes exhibited higher 
average SL because they took fewer steps. These 
differences were more pronounced in the second 
half of the race. SF was higher among lower-
performing athletes for both sexes. However, the 
SL/SF ratio was greater in high-performing 
athletes. The finalists achieved similar values in all 
variables compared to the HP group. Regarding 
the use of the left leg for hurdle clearance, both 
men and women showed a lower number of 
hurdles cleared with this leg among finalists and 
higher-level athletes. 

Regarding the differences between groups 
for SL, significant differences were found in almost 
all groups in SL for both men (F(2,254) = 62.914, p < 
0.001,η² = 0.310, large) and women (F(2,252) = 
82.487, p < 0.001, η² = 0.396, large). For SL over 400 
mH, the effect size was large between the HP and 
LP groups (p < 0.001, d = 1.61), and moderate 
between the HP and the IP group (p < 0.001, d = 
0.91) and between the IP and LP groups (p < 0.001, 
d = 0.70). For SL in the first 200 m, the differences 
were moderate between the HP and LP groups (p < 
0.001, d = 0.80) and small between the HP and IP 
groups (p = 0.01, d = 0.45), with no significant 
differences between the IP and LP groups (p = 0.15). 
In the second 200 m, the differences were large 
between the HP and LP groups (p < 0.001, d = 1.46) 
and moderate between the HP and IP groups and 
between the IP and LP groups (d = 0.80 and d = 0.66, 
respectively). No significant differences were 
found between the 200-m segments (p > 0.05). In the 
female sample, significant differences were  
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observed between all groups for the three variables 
(p < 0.001). For SL over 400 mH, the effect size was 
moderate between the IP group and the HP and LP 
groups (p < 0.001, d = 1.03 and p < 0.001, d = 0.93, 
respectively) and large between the HP and LP 
groups (p < 0.001, d = 1.96). For SL in the first 200-
m interval, the differences remained moderate 
between the IP group and the HP and LP groups (p 
< 0.001, d = 0.63 and p < 0.001, d = 0.76, respectively) 
and large between the HP and LP groups (p < 0.001, 
d = 1.39). For SL in the second 200-m interval, the 
differences between the groups were more 
pronounced, with moderate differences between 
the IP and LP groups (p < 0.001, d = 0.90), large 
differences between the HP and IP groups (p < 
0.001, d = 1.24), and very large differences between 
the HP and LP groups (p < 0.001, d = 2.13). In 
contrast to the male sample, there were significant 
differences in the change in SL between the first 
and second 200-m segments between female 
athletes. Specifically, significant differences were 
observed between the HP group and the IP group 
(p < 0.001, d = −0.81, moderate) as well as between 
the HP group and the LP group (p < 0.001, d = −1.07, 
large). 

When analysing each interval 
independently, significant differences in SL 
between groups were also found. In the male 
sample, significant differences were found for the 
following intervals: H1–H2 (p < 0.001, d = 1.08, 
moderate) between LP and HP groups; H2–H3 
between HP and IP groups (p < 0.001, d = 0.59, 
small) and between HP and LP groups (p < 0.001, d 
= 1.08, large); H3–H4  among HP, IP and LP groups 
(p < 0.001, d = 0.68, small; p < 0.001, d = 1.18, large); 
H4–H5 among HP, IP and LP groups (p < 0.001, d = 
0.73, small; p < 0.001, d = 1.23, large ); H5–H6 among 
HP, IP and LP groups (p < 0.001, d = 0.90, moderate; 
p < 0.001, d =1.55, large, respectively) and between 
IP and LP groups (p < 0.001, d = 0.65, small); H6–H7 
among HP, IP and LP groups (p < 0.001, d = 1.04, 
moderate; p < 0.001, d = 1.63, large, respectively) 
and between IP and LP groups (p < 0.001, d = 0.58, 
small); H7–H8 among HP, IP and LP groups (p < 
0.001, d = 0.91, moderate; p < 0.001, d = 1.60, large, 
respectively) and between IP and LP groups (p < 
0.001, d = 0.69, small); H8–H9 among HP, IP and LP 
groups (p < 0.001, d = 0.87, moderate; p < 0.001, d = 
1.39, large, respectively); and at the H9–H10 
interval among HP, IP and LP groups (p < 0.001, d 
= 0.77, small; p < 0.001, d = 1.32, large, respectively).  
 

 
Significant differences were also found in the 
female sample in the following intervals: H1–H2 
among HP, IP and LP groups (p < 0.001, d = 0.60, 
small; p < 0.001, d = 1.06, moderate, respectively); 
H2–H3 among HP, IP and LP groups (p < 0.001, d = 
0.66, small; p < 0.001, d = 1.14, moderate, 
respectively); H3–H4 among HP, IP and LP groups 
(p < 0.05, d = 0.50, small p < 0.001, d = 0.99, moderate, 
respectively); H4–H5 among LP, HP and IP groups 
(p < 0.001, d = 1.20, large; p < 0.001, d = 0.74, 
moderate, respectively); H5–H6 among HP, IP and 
LP groups (p < 0.001, d = 0.87, moderate; p < 0.001, 
d = 1.42, large, respectively); H6–H7 among HP, IP 
and LP groups (p < 0.001, d = 0.87, moderate; p < 
0.001, d = 1.65, large, respectively) and between IP 
and LP group (p < 0.001, d = 0.78, small); H7–H8 
among HP, IP and LP groups (p < 0.001, d = 1.04, 
moderate; p < 0.001, d = 1.74, large, respectively) 
and between IP and LP groups (p < 0.001, d = 0.69, 
small); H8–H9 among HP, IP and LP groups (p < 
0.001, d = 1.01, moderate; p < 0.001, d = 1.85, large, 
respectively) and between IP and LP groups (p < 
0.001, d = 0.85, moderate); and in the H9–H10 
interval among HP, IP and LP groups (p < 0.001, d 
= 1.21, large; p < 0.001, d = 2.15, very large, 
respectively) and between IP and LP groups (p < 
0.001, d = 0.94, large). 

In contrast, differences in SF were not 
significant for any of the segments analysed among 
the groups (p > 0.05). For the male sample, the 
ANOVA results were as follows: SF for the 400 mH 
race (F(2,254) = 2.025, p = 0.135, η² = 0.016); SF for the 
first 200-m segment (F(2,254) = 0.537, p = 0.585, η² = 
0.004), and SF for the second 200-m segment (F(2,254) 
= 3.280, p = 0.039, η² = 0.025), with Bonferroni post-
hoc comparisons revealing no significant 
differences among groups (p > 0.05). No differences 
were found between SF in the first and the second 
200-m interval. For the female sample, the ANOVA 
results were as follows: SF for 400 mH race (F(2,252) 
= 0.173, p = 0.841, η² = 0.002), SF for the first 200 m 
(F(2,252) = 0.322, p = 0.725, η² = 0.003), SF for the 
second 200 m (F(2,252) = 3.34, p = 0.260, η² = 0.011) and 
the SF difference between the first and the second 
200-m segment (F(2,252) = 3.31, p = 0.04, η² = 0.003), 
with a small difference between IP and LP groups 
(p = 0.04, d = 0.39). 

When analysing each interval 
independently, small significant differences were 
found only in some intervals in the male sample: 
H7–H8 among HP, IP and LP groups (p = 0.02, d =  
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−0.42; p < 0.1, d = −0.53, respectively), and at the H6–
H7 interval among HP, IP and LP groups (p = 0.02, 
d = −0.42; p < 0.01, d = −0.55, respectively). In 
contrast, no such differences were found in the 
female sample. 

Regarding the SL/SF ratio, in the male 
sample, significant differences were found for the 
400 mH between the high-performance (HP) and 
intermediate-performance (IP) groups (p = 0.001, d 
= 0.53), with a small effect, and between the HP and 
low-performance (LP) groups (p < 0.001, d = 0.89), 
with a moderate effect. No differences were 
observed among the groups for the SL/SF ratio in 
the first 200 m. In the second 200 m, significant 
differences were found between the HP group and 
the IP and LP groups (p < 0.001, d = 0.63 and p 
<0.001, d = 0.96), with moderate effects. In the 
female sample, similar differences were observed. 
For the 400 mH, significant differences with small 
and moderate effects were found between the HP 
group and the IP and LP groups (p < 0.001, d = 0.59 
and p < 0.001, d = 0.82). In the first 200-m segment, 
significant differences were observed between the 
LP group and the IP and HP groups (p = 0.01, d = 
0.44 and p < 0.001, d = 0.74), with small and 
moderate effects. Finally, larger differences were 
found in the SL/SF ratio for the second 200 m, with 
moderate effects between the HP group and the IP 
and LP groups (p < 0.001, d = 0.74 and p < 0.001, d = 
1.11, respectively). 

When the intervals were analysed 
independently, significant differences were found 
between the HP and LP groups in all intervals, and 
between the HP and IP groups in the second half 
of the race. In the male sample, significant 
differences were found for the following intervals 
and groups: H1–H2 between HP and LP groups (p 
< 0.001, d = 0.57, small); H2–H3 between HP and LP 
groups (p < 0.01, d = 0.53, small); H3–H4 between 
HP and LP groups (p < 0.001, d = 0.58, small); H4–
H5 between HP and LP groups (p < 0.001, d = 0.62, 
small); H5–H6 among HP, IP and LP groups (p < 
0.001, d = 0.57, small; p < 0.001, d = 0.97, moderate, 
respectively); H6–H7 among HP, IP and LP groups 
(p < 0.001, d = 0.76, small; p < 0.001, d = 1.13, 
moderate, respectively); H7–H8 among HP, IP and 
LP groups (p < 0.001, d = 0.67, small; p < 0.001, d = 
1.08, moderate, respectively) and a small difference 
between IP and LP groups (p = 0.02, d = 0.42); H8–
H9 among HP, IP and LP groups (p < 0.001, d = 0.63, 
small; p < 0.001, d = 0.88, moderate, respectively);  
 

 
and at the H9–H10 interval among HP, IP and LP 
groups (p < 0.001, d = 0.58, small; p < 0.001, d = 0.79, 
small, respectively). However, in the female 
sample, no significant differences were found in 
the H1–H2 and H3–H4 intervals, with differences 
observed in the following intervals: H2–H3 
between HP and LP groups (p < 0.001, d = 0.59, 
small); H4–H5 between HP and LP groups (p < 
0.001, d = 0.66, small); H5–H6 between HP and LP 
groups (p < 0.001, d = 0.83, moderate); H6–H7 
between HP and LP groups (p < 0.001, d = 1.00, 
moderate); H7–H8 among HP, IP and LP groups (p 
< 0.001, d = 0.62, small; p < 0.001, d = 1.02, moderate, 
respectively) and a small difference between IP 
and LP group (p = 0.03, d = 0.40); H8-H9 between 
HP and IP and LP groups (p < 0.001, d = 0.60, small; 
p < 0.001, d = 1.02, moderate, respectively) and a 
small difference between IP and LP groups (p = 
0.03, d = 0.42); and at the H9–H10 interval among 
HP, IP and LP groups (p < 0.001, d = 0.78, small; p < 
0.001, d = 1.19, moderate, respectively) and a small 
difference between IP and LP groups (p = 0.02, d = 
0.41). 

Regarding the correlations with the final 
performance (Figure 2), in the male sample, SL 
during the race showed an inverse proportional 
correlation with the final performance (r = −0.58, p 
< 0.001, moderate), as did SL in the first 200-m 
interval (r = −0.34, p < 0.001, weak) and in the 
second 200-m interval (r = −0.59, p < 0.001, 
moderate). The difference in SL between the two 
200-m segments was also significant (r = 0.20, p = 
0.016, weak). The SL/SF ratio showed a statistically 
significant inverse correlation for the entire race (r 
= −0.32, p < 0.001, weak) and in the second 200-m 
interval (r = −0.38, p < 0.001, weak), but not for the 
first 200 m (r = −0.12, p = 0.05). In the female sample, 
SL exhibited a statistically significant inverse 
correlation with final performance throughout the 
race (r = −0.65, p < 0.001, strong), in the first 200-m 
interval (r = −0.51, p < 0.001, moderate), and in the 
second 200-m interval (r = −0.68, p < 0.001, strong). 
A significant correlation in the difference between 
the two 200-m segments with respect to SL was 
also found (r = 0.42, p < 0.001, moderate). The SL/SF 
ratio showed a statistically significant inverse 
correlation throughout the race (r = −0.34, p < 0.001, 
weak), in the first 200 m (r = −0.27, p < 0.001, weak), 
and in the second 200-m interval (r = −0.36, p < 
0.001, weak). SF did not show significant 
correlations or showed trivial correlations: average  
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SF (r = −0.01, p = 0.87; r = −0.12, p = 0.05), average SF 
in the first 200 m (r = −0.06, p = 0.30; r = −0.02, p = 
0.74), average SF in the second 200 m (r = 0.06, p = 
0.35; r = −0.15, p = 0.02); and the SF difference 
between the first and the second 200-m interval (r 
= 0.09, p = 0.16; r = 0.14, p = 0.02) in men and women, 
respectively. No correlations were found between 
the number of hurdles attacked with the left leg 
during the race or in the curve.  

The descriptive statistics of SL, SF, and the 
SL/SF ratio for each hurdle interval are presented 
in Tables 2 and 3 for men and women, respectively. 
The differences between groups A and B are shown 
in Figure 3. In the male sample, differences in SL 
were found in all intervals between groups A and 
B. Moderate differences were found in the 
following intervals: H3–H4 (p < 0.001, d = 0.85), H4–
H5 (p < 0.001, d=0.88), H5–H6 (p < 0.01, d = 0.83), 
H6–H7 (p < 0.01, d = 0.99), and H8–H9 (p < 0.001, d 
= 0.80). The differences between the other intervals 
were small (d < 0.80). Regarding SF, no significant  
differences were found. In contrast with SL, only 
small differences were found for the SL/SF ratio in 
the following intervals: H6–H7 (p < 0.001, d = 0.72), 
H8–H9 (p < 0.5, d = 0.54) and H8–H9 (p < 0.5, d = 
0.61). However, in the female sample, no 
significant differences were found in the H1–H4 
intervals (p > 0.05) regarding the SL. Moderate 
differences were found in H4–H5 (p < 0.001, d = 
0.97), H6–H7 (p < 0.001, d = 1.04), H7–H8 (p < 0.001, 
d = 1.13) and H9–H10 (p < 0.01, d = 0.97) intervals. 
Similarly to the male sample, no significant 
differences were found in SF between groups A 
and B. In contrast to SL, only small differences 
were found for the SL/SF ratio, as in the male 
sample, in H6–H7 (p < 0.5, d = 0.59), H8–H9 (p < 
0.001, d = 0.72) and H9–H10 (p < 0.001, d = 0.68) 
intervals. 

Finally, no significant differences were 
observed between the groups in relation to the lead 
leg used during the race or in the curves in both 
sexes (p > 0.05). 

Discussion 
The purpose of this study was to analyse 

the influence of SF and SL on final performance in 
400 mH and to introduce a new variable—the 
SF/SL ratio—as a key performance indicator in this 
event. Typically, athletes increase both SF and SL 
to enhance speed, with SL generally being the most 
critical variable (Hanley et al., 2023; Otsuka and  
 

 
Isaka, 2019). The data in this study represent a 
significant sample of top performances from recent 
major championships, including the current men's 
world record and three women's world records, 
before being surpassed by Sydney McLaughlin at 
the 2024 Paris Olympics. 

Step Length 

Elite athletes tend to take fewer steps 
during the race (Iskra, 2012). However, a lower 
number of steps is not the cause of better 
performance; rather, it is the superior physical 
condition of these athletes that leads to this 
reduction (Lindeman, 1995). The number of steps 
in each rhythmic unit, or what is known as the 
stride or step pattern, is not consistent throughout 
the race; it increases or decreases depending on the 
typology of pace changes made by the athlete. This 
race rhythm is individual, and there are multiple 
rhythmic structures among the world's top athletes 
(Casal et al., 2020; López et al., 2020). The first 
change in the pace usually occurs between the sixth 
and the eighth rhythmic unit, with lower-
performing athletes making more frequent 
changes during the race (Iskra et al., 2021a, 2021b, 
2022a). As shown in this study, the number of steps 
during the second half of the race significantly 
impacts final performance in both sexes, with 
significant differences between all performance 
groups, especially in the female sample, where a 
higher number of pace changes is usually 
observed. Additionally, step length was 
significantly correlated with the final performance 
across the entire sample. Therefore, the hypothesis 
that greater step length enhances performance in 
this discipline is accurate, though it must always 
consider individual characteristics (Iskra et al., 
2021b). Furthermore, a reduction in the number of 
steps has been observed in recent years (Iskra et al., 
2022b, 2024; Pietrzak and Iskra, 2016), 
corresponding to higher performance levels in the 
discipline, as also reflected in the data of this study. 
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Table 1. Mean ± SD, minimum and maximum divided by groups and sex for the variables  
derived from step length and step frequency. 

Variable 
Men 

(n = 256) 
Women 
(n = 255) 

 HP 
(n = 86) 

IP 
(n = 86) 

LP 
(n = 84) 

Finalists 
(n = 32) 

HP 
(n = 84) 

IP 
(n = 85) 

LP 
(n = 86) 

Finalists 
(n = 31) 

Performance (s) 48.26 ± 0.7 
(45.94–49.06) 

49.47 ± 0.21 
(49.08–
9.83) 

50.69 ± 0.77 
(49.86–
53.07) 

48.01 ± 1.06 
(45.94–
50.46) 

54.00 ± 0.88 
(50.68–
54.91) 

55.42 ± 0.30 
(54.93–
55.93) 

56.98 ± 0.83 
(55.94–60.36) 

53.84 ± 1.41 
(50.68–
56.02) 

SL 400 m (m) 
2.38 ± 0.06 
(2.12–2.52) 

2.31 ± 0.08 
(2.11–2.48) 

2.26 ± 0.09 
(2.06–2.40) 

2.38 ± 0.07 
(2.20–2.51) 

2.12 ± 0.05 
(2.00–2.23) 

2.07 ± 0.06 
(1.93–2.22) 

2.02 ± 0.05 
(1.89–2.12) 

2.12 ± 0.06 
(1.96–2.23) 

SL in the first 200 
m (m) 

2.46 ± 0.10 
(2.13–2.63) 

2.40 ± 0.12 
(2.13–2.63) 

2.36 ± 0.13 
(2.11–2.60) 

2.45 ± 0.08 
(2.26–2.63) 

2.16 ± 0.06 
(2.04–2.30) 

2.12 ± 0.07 
(1.98–2.29) 

2.08 ± 0.05 
1.95–2.15) 

2.16 ± 0.07 
(1.98–2.30) 

SL in the second 
200 m (m) 

2.31± 0.11 
(2.12–2.52) 

2.23 ± 0.10 
(2.00–2.50) 

2.16 ± 0.10 
(1.80–2.35) 

2.31 ± 0.10 
(2.11–2.52) 

2.09 ± 0.06 
(1.94–2.22) 

2.01 ± 0.07 
(1.87–2.16) 

1.96 ± 0.06 
(1.79–2.11) 

2.09 ± 0.07 
(1.91–2.22) 

Difference 
between SL first 

and second 200 m 
(m) 

0.14 ± 0.16 
(−0.09–0.38) 

0.18 ± 0.15 
(−0.09–
0.43) 

0.20 ± 0.14 
(−0.16–0.61) 

0.14 ± 0.13 
(−0.02–0.43) 

0.07 ± 0.05 
(−0.06–0.18) 

0.11 ± 0.05 
(0.00–0.21) 

0.12 ± 0.05 
(0.02–0.25) 

0.07 ± 0.06 
(−0.06–0.19) 

SF 400 m (Hz) 
3.48 ± 0.08 
(3.32–3.85) 

3.50 ± 0.12 
(3.26–3.84) 

3.50 ± 0.13 
(3.22–3.87) 

3.50 ± 0.06 
(3.36–3.65) 

3.37 ± 0.41 
(3.29–3.67) 

3.48 ± 0.19 
(3.27–3.71) 

3.49 ± 0.09 
(3.30–3.71) 

3.50 ± 0.09 
(3.33–3.68) 

SF in the first 200 
m (Hz) 

3.60 ± 0.14 
(3.21–4.03) 

3.58 ± 0.17 
(3.14–4.03) 

3.59 ± 0.18 
(3.19–4.00) 

3.65 ± 0.12 
(3.40–3.89) 

3.65 ± 0.09 
(3.38–3.82) 

3.65 ± 0.12 
(3.39–3.93) 

3.66 ± 0.10 
(3.47–3.96) 

3.67 ± 0.11 
(3.42–3.93) 

SF in the second 
200 m (Hz) 

3.38 ± 0.14 
(3.13–3.88) 

3.44 ± 0.16 
(3.05–3.84) 

3.43 ± 0.16 
(3.02–4.08) 

3.38 ± 0.09 
(3.21–3.52) 

3.35 ± 0.09 
(3.17–3.57) 

3.37 ± 0.12 
(3.13–3.61) 

3.34 ± 0.11 
(3.10–3.59) 

3.35 ± 0.10 
(3.13–3.52) 

Difference in SF 
between the first 
and the second 

200 m (Hz) 

−0.22 ± 0.23 
(−0.54–0.64) 

−0.14 ± 0.22 
(−0.52–
0.62) 

−0.16 ± 0.22 
(−0.52–0.48) 

−0.27 ± 0.17 
(−0.51–0.08) 

−0.31 ± 0.09 
(-0.55– 
−0.11) 

−0.28 ± 0.11 
(−0.52–0.10) 

−0.32 ± 0.10 
(−0.68– 
−0.14) 

−0.32 ± 0.09 
(-0.52– 
−0.17) 

SL/SF ratio 
0.68 ± 0.03 
(0.55–0.76) 

0.66 ± 0.04 
(0.55–0.76) 

0.66 ± 0.05 
(0.53–0.73) 

0.68 ± 0.03 
(0.61–0.74) 

0.65 ± 0.12 
(0.54–0.68) 

0.60 ± 0.06 
(0.52–0.68) 

0.58 ± 0.03 
(0.51–0.64) 

0.61 ± 0.03 
(0.53–0.67) 

SL/SF first 200 m 
ratio 

0.68 ± 0.05 
(0.53–0.87) 

0.68 ± 0.07 
(0.53–0.88) 

0.66 ± 0.07 
(0.53–0.80) 

0.67 ± 0.04 
(0.59–0.77) 

0.59 ± 0.03 
(0.54–0.68) 

0.58 ± 0.04 
(0.50–0.67) 

0.57 ± 0.03 
(0.51–0.62) 

0.59 ± 0.03 
(0.50–0.67) 

SL/SF second 200 
m ratio 

0.69 ± 0.06 
(0.51–0.80) 

0.65 ± 0.06 
(0.52–0.81) 

0.63 ± 0.05 
(0.44–0.77) 

0.69 ± 0.04 
(0.60–0.78) 

0.63 ± 0.03 
(0.55–0.69) 

0.60 ± 0.04 
(0.52–0.69) 

0.59 ± 0.03 
(0.50–0.67) 

0.62 ± 0.03 
0.55–0.68 

% of hurdles 
attacked with the 

left leg (%) 

52.33 ± 39.25 
(0.00–100.00) 

63.72 ± 
29.86 
(0.00–
100.00) 

66.07 ± 
27.64 
(0.00–

100.00) 

52.50 ± 
39.84 
(0.00–

100.00) 

49.88 ± 
33.67 

(10.00–
100.00) 

53.76 ± 30.39 
(00.00–
100.00) 

57.33 ± 26.72 
(10.00–
100.00) 

49.35 ± 32.76 
(10.00–
100.00) 

% of curved 
hurdles attacked 
with the left leg 

(%) 

52.79 ± 40.57 
(0.00–100.00) 

63.95 ± 
29.08 
(0.00–
100.00) 

62.62 ± 
26.85 
(0.00–

100.00) 

52.50 ± 
41.81 
(0.00–

100.00) 

49.29 ± 
36.79 
(0.00–

100.00) 

52.47 ± 29.76 
(00.00–
100.00) 

57.44 ± 27.58 
(0.00–100.00) 

49.03 ± 34.95 
(0.00–
100.00) 

SL: Step length, SF: Step frequency, HP: high performance group,  
IP: intermediate performance group, LP: low performance group 
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Table 2. Mean ± SD, minimum and maximum of each interval for the male sample  
for the variables SL, SF and the SL/SF ratio. 

 SL SF Ratio SL/SF 

 
HP 

(n = 86) 
IP 

(n = 86) 
LP 

(n = 84) 
Finalists 
(n = 32) 

HP 
(n = 86) 

IP 
(n = 86) 

LP 
(n = 84) 

Finalists 
(n = 32) 

HP 
(n = 86) 

IP 
(n = 86) 

LP 
(n = 84) 

Finalists 
(n = 32) 

H1–
H2 

2.69 ± 
0.04 

(2.33–
2.69) 

2.63 ± 
0.10 

(2.33–
2.69) 

2.58 ± 
0.14 

(2.33–
2.69) 

2.69 ± 
0.03 

(2.50–
2.69) 

3.56 ± 
0.10 

(3.31–
3.92) 

3.53 ± 
0.13 

(3.31–
3.93) 

3.57 ± 
0.18 

(3.27–
4.02) 

3.60 ± 
0.09 

(3.39–
3.76) 

0.76 ± 
0.03 

(0.60–
0.81) 

0.75 ± 
0.05 

(0.59–
0.81) 

0.73 ± 
0.07 

(0.58–
0.82) 

0.75 ± 
0.02 

(0.68–
0.79) 

H2–
H3 

2.69 ± 
0.06 

(2.33–
2.92) 

2.63 ± 
0.11 

(2.33–
2.92) 

2.58 ± 
0.14 

(2.33–
2.69) 

2.69 ± 
0.05 

(2.50–
2.92) 

3.48 ± 
0.09 

(3.26–
3.87) 

3.47 ± 
0.14 

(3.18–
3.88) 

3.48 ± 
0.17 

(3.17–
3.88) 

3.51 ± 
0.10 

(3.33–
3.70) 

0.77 ± 
0.03 

(0.60–
0.89) 

0.76 ± 
0.06 

(0.60–
0.92) 

0.74 ± 
0.07 

(0.60–
0.85) 

0.77 ± 
0.03 

(0.70–
0.88) 

H3–
H4 

2.71 ± 
0.08 

(2.33–
2.92) 

2.63 ± 
0.11 

(2.33–
2.92) 

2.58 ± 
0.14 

(2.33–
2.69) 

2.72 ± 
0.09 

(2.50–
2.92) 

3.40 ± 
0.11 

(3.08–
3.85) 

3.38 ± 
0.14 

(3.08–
3.83) 

3.40 ± 
0.18 

(3.07–
3.95) 

3.43 ± 
0.12 

(3.13–
3.64) 

0.80 ± 
0.05 

(0.61–
0.95) 

0.78 ± 
0.06 

(0.61–
0.95) 

0.76 ± 
0.08 

(0.59–
0.88) 

0.80 ± 
0.05 

(0.69–
0.93) 

H4–
H5 

2.71 ± 
0.08 

(2.33–
2.92) 

2.63 ± 
0.11 

(2.33–
2.92) 

2.57 ± 
0.14 

(2.33–
2.69) 

2.72 ± 
0.09 

(2.50–
2.92) 

3.30 ± 
0.12 

(2.97–
3.77) 

3.29 ± 
0.13 

(2.98–
3.74) 

3.30 ± 
0.19 

(2.97–
3.80) 

3.33 ± 
0.11 

(3.05–
3.58) 

0.82 ± 
0.05 

(0.62–
0.98) 

0.80 ± 
0.06 

(0.62–
0.98) 

0.78 ± 
0.08 

(0.61–
0.91) 

0.82 ± 
0.05 

(0.72–
0.96) 

H5–
H6 

2.68 ± 
0.08 

(2.33–
2.92) 

2.58 ± 
0.14 

(2.33–
2.92) 

2.50 ± 
0.13 

(2.33–
2.69) 

2.67 ± 
0.08 

(2.50–
2.92) 

3.21 ± 
0.10 

(2.95–
3.65) 

3.25 ± 
0.17 

(2.91–
3.63) 

3.27 ± 
0.16 

(2.97–
3.61) 

3.25 ± 
0.09 

(3.03–
3.58) 

0.84 ± 
0.04 

(0.64–
0.99) 

0.80 ± 
0.08 

(0.64–
1.00) 

0.77 ± 
0.07 

(0.65–
0.91) 

0.82 ± 
0.04 

(0.72–
0.94) 

H6–
H7 

2.62 ± 
0.11 

(2.33–
2.69) 

2.50 ± 
0.11 

(2.33–
2.69) 

2.44 ± 
0.10 

(2.19–
2.69) 

2.62 ± 
0.10 

(2.33–
2.69) 

3.16 ± 
0.12 

(2.93–
3.53) 

3.21 ± 
0.14 

(2.87–
3.50) 

3.23 ± 
0.14 

(2.86–
3.58) 

3.25 ± 
0.09 

(3.10–
3.47) 

0.83 ± 
0.06 

(0.66–
0.92) 

0.78 ± 
0.07 

(0.67–
0.94) 

0.76 ± 
0.06 

(0.61–
0.94) 

0.83 ± 
0.05 

(0.69–
0.89) 

H7–
H8 

2.56 ± 
0.12 

(2.33–
2.69) 

2.46 ± 
0.12 

(2.33–
2.69) 

2.38 ± 
0.10 

(2.19–
2.50) 

2.56 ± 
0.14 

(2.33–
2.69) 

3.12 ± 
0.11 

(2.91–
3.42) 

3.18 ± 
0.16 

(2.81–
3.43) 

3.19 ± 
0.15 

(2.78–
3.57) 

3.16 ± 
0.09 

(3.03–
3.44) 

0.82 ± 
0.07 

(0.68–
0.92) 

0.78 ± 
0.08 

(0.68–
0.96) 

0.75 ± 
0.06 

(0.61–
0.90) 

0.82 ± 
0.07 

(0.70–
0.92) 

H8–
H9 

2.50 ± 
0.13 

(2.19–
2.69) 

2.40 ± 
0.10 

(2.19–
2.69) 

2.34 ± 
0.10 

(2.06–
2.50) 

2.51 ± 
0.15 

(2.19–
2.69) 

3.11 ± 
0.13 

(2.91–
3.52) 

3.15 ± 
0.14 

(2.78–
3.59) 

3.14 ± 
0.14 

(2.78–
3.59) 

3.14 ± 
0.11 

(2.91–
3.39) 

0.81 ± 
0.07 

(0.62–
0.93) 

0.76 ± 
0.07 

(0.63–
0.95) 

0.75 ± 
0.06 

(0.57–
0.90) 

0.81 ± 
0.07 

(0.67–
0.93) 

H9–
H10 

2.47 ± 
0.14 

(2.19–
2.69) 

2.38 ± 
0.09 

(2.19–
2.69) 

2.32 ± 
0.10 

(2.06–
2.50) 

2.45 ± 
0.14 

(2.19–
2.69) 

3.07 ± 
0.14 

(2.75–
3.41) 

3.11 ± 
0.13 

(2.82–
3.52) 

3.09 ± 
0.13 

(2.82–
3.52) 

3.09 ± 
0.13 

(2.84–
3.41) 

0.81 ± 
0.08 

(0.65–
0.98) 

0.77 ±  
0.66 

(0.64–
0.97) 

0.75 ± 
0.06 

(0.58–
0.89) 

0.79 ± 
0.08 

(0.68–
0.95) 

SL: Step length, SF: Step frequency, HP: high performance group,  
IP: intermediate performance group, LP: low performance group 
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Table 3. Mean ± SD, minimum and maximum of each interval for the female sample  
for the variables SL, SF and the SL/SF ratio. 

 SL SF Ratio SL/SF 

 
HP 

(n = 86) 
IP 

(n = 86) 
LP 

(n = 85) 
Finalists 
(n = 32) 

HP 
(n = 86) 

IP 
(n = 86) 

LP 
(n = 85) 

Finalists 
(n = 32) 

HP 
(n = 86) 

IP 
(n = 86) 

LP 
(n = 85) 

Finalists 
(n = 32) 

H1–
H2 

2.37 ± 
0.07 

(2.19–
2.50) 

2.33 ± 
0.08 

(2.19–
2.50) 

2.29 ± 
0.07 

(2.19–
2.50) 

2.37 ± 
0.09 

(2.19–
2.50) 

3.60 ± 
0.12 

(3.31–
3.84) 

3.59 ± 
0.13 

(3.28–
3.87) 

3.58 ± 
0.11 

(3.22–
3.72) 

3.61 ± 
0.13 

(3.36–
3.84) 

0.66 ± 
0.04 

(0.57–
0.76) 

0.65 ± 
0.04 

(0.57–
0.76) 

0.64 ± 
0.04 

(0.57–
0.76) 

0.66 ± 
0.05 

(0.57–
0.74) 

H2–
H3 

2.37 ± 
0.07 

(2.19–
2.50) 

2.32 ± 
0.08 

(2.19–
2.50) 

2.29 ± 
0.07 

(2.19–
2.33) 

2.37 ± 
0.09 

(2.19–
2.50) 

3.50 ± 
0.10 

(3.22–
3.72) 

3.50 ± 
0.11 

(3.20–
3.74) 

3.49 ± 
0.11 

(3.28–
3.81) 

3.51 ± 
0.12 

(3.29–
3.72) 

0.68 ± 
0.04 

(0.60–
0.78) 

0.66 ± 
0.04 

(0.59–
0.78) 

0.66 ± 
0.04 

(0.57–
0.71) 

0.68 ± 
0.05 

(0.59–
0.76) 

H3–
H4 

2.36 ± 
0.08 

(2.19–
2.50) 

2.32 ± 
0.08 

(2.19–
2.50) 

2.29 ± 
0.07 

(2.06–
2.33) 

2.36 ± 
0.08 

(2.19–
2.50) 

3.43 ± 
0.11 

(3.14–
3.70) 

3.41 ± 
0.12 

(3.13–
3.72) 

3.40 ± 
0.11 

(3.19–
3.75) 

3.45 ± 
0.13 

(3.13–
3.72) 

0.69 ± 
0.04 

(0.60–
0.80) 

0.68 ± 
0.05 

(0.59–
0.80) 

0.67 ± 
0.04 

(0.57–
0.73) 

0.69 ± 
0.05 

(0.59–
0.80) 

H4–
H5 

2.36 ± 
0.09 

(2.06–
2.50) 

2.32 ± 
0.08 

(2.19–
2.50) 

2.25 ± 
0.08 

(2.06–
2.33) 

2.36 ± 
0.08 

(2.19–
2.50) 

3.33 ± 
0.12 

(3.05–
3.66) 

3.32 ± 
0.11 

(3.07–
3.60) 

3.33 ± 
0.11 

(3.13–
3.72) 

3.36 ± 
0.12 

(3.09–
3.60) 

0.71 ± 
0.05 

(0.56–
0.82) 

0.70 ± 
0.05 

(0.61–
0.82) 

0.68 ± 
0.05 

(0.55–
0.75) 

0.71 ± 
0.05 

(0.61–
0.81) 

H5–
H6 

2.32 ± 
0.06 

(2.06–
2.50) 

2.25 ± 
0.09 

(2.06–
2.33) 

2.20 ± 
0.09 

(2.06–
2.33) 

2.33 ± 
0.07 

(2.19–
2.50) 

3.27 ± 
0.09 

(3.09–
3.52) 

3.29 ± 
0.13 

(3.08–
3.62) 

3.29 ± 
0.13 

(3.05–
3.56) 

3.30 ± 
0.09 

(3.16–
3.46) 

0.71 ± 
0.03 

(0.59–
0.78) 

0.68 ± 
0.05 

(0.57–
0.76) 

0.67 ± 
0.05 

(0.58–
0.77) 

0.70 ± 
0.03 

(0.63–
0.78) 

H6–
H7 

2.30 ± 
0.08 

(2.06–
2.50) 

2.26 ± 
0.09 

(2.06–
2.33 

2.10 ± 
0.08 

(1.94–
2.33) 

2.31 ± 
0.09 

(2.06–
2.50) 

3.21 ± 
0.10 

(3.04–
3.56) 

2.23 ± 
0.14 

(2.96–
3.51) 

3.24 ± 
0.12 

(3.00–
3.52) 

3.23 ± 
0.10 

(3.06–
3.47) 

0.72 ± 
0.04 

(0.58–
0.82) 

0.69 ± 
0.06 

(0.59–
0.79) 

0.67 ± 
0.05 

(0.55–
0.78) 

0.72 ± 
0.04 

(0.59–
0.82) 

H7–
H8 

2.26 ± 
0.09 

(2.06–
2.33) 

2.17 ± 
0.10 

(1.94–
2.33) 

2.10 ± 
0.08 

(1.94–
2.33) 

2.26 ± 
0.10 

(1.94–
2.33) 

3.17 ± 
0.11 

(2.97–
3.45) 

3.19 ± 
0.14 

(2.86–
3.50) 

3.20 ± 
0.12 

(2.81–
3.44) 

3.18 ± 
0.12 

(2.99–
3.46) 

0.71 ± 
0.05 

(0.60–
0.78) 

0.68 ± 
0.06 

(0.56–
0.82) 

0.66 ± 
0.05 

(0.56–
0.83) 

0.71 ± 
0.06 

(0.56–
0.78) 

H8–
H9 

2.21 ± 
0.08 

(2.06–
2.33) 

2.12 ± 
0.09 

(1.94–
2.33) 

2.05 ± 
0.08 

(1.84–
2.19) 

2.22 ± 
0.09 

(2.06–
2.33) 

3.15 ± 
0.11 

(2.94–
3.43) 

3.17 ± 
0.13 

(2.87–
3.43) 

3.16 ± 
0.12 

(2.91–
3.44) 

3.15 ± 
0.12 

(2.87–
3.33) 

0.70 ± 
0.05 

(0.60–
0.79) 

0.67 ± 
0.06 

(0.57–
0.81) 

0.65 ± 
0.04 

(0.54–
0.75) 

0.71 ± 
0.05 

(0.62–
0.81) 

H9–
H10 

2.19 ± 
0.08 

(2.06–
2.33) 

2.09 ± 
0.09 

(1.84–
2.33) 

2.01 ± 
0.08 

(1.84–
2.19) 

2.18 ± 
0.10 

(1.84–
2.33) 

3.11 ± 
0.11 

(2.87–
3.35) 

3.14 ± 
0.14 

(2.80–
3.66) 

3.11 ± 
0.12 

(2.84–
3.36) 

3.11 ± 
0.10 

(2.90–
3.34) 

0.71 ± 
0.05 

(0.62–
0.81) 

0.67 ± 
0.05 

(0.54–
0.83) 

0.65 ± 
0.04 

(0.56–
0.76) 

0.70 ± 
0.05 

(0.56–
0.79) 

SL: Step length, SF: Step frequency, HP: high performance group,  
IP: intermediate performance group, LP: low performance group 

 
 
 
 
 

 
 
 
 



 by Nerea Casal-García and López-del Amo x 

Articles published in the Journal of Human Kinetics are licensed under an open access Creative Commons CC BY 4.0 
license. 

 
 

 
Figure 1.  Location of the cameras in the stadium: Camera 1 at the end of the first curve; 
Camera 2 at the 200-m mark of lane 5; Camera 3 at the end of the second curve; camera 4 

20 m before the lane 1 start line. 
 

 

 
Figure 2. Pearson correlation of statistically significant variables, separated by sex  

(women: n = 255 and men: n = 256).  
SL = Step Length; SF = Step Frequency; D = Difference. Variables with p < 0.05 are considered significantly correlated 

 
 
 
 



x  The role of step length and step frequency in the 400 meters hurdles performance 

Journal of Human Kinetics, volume xxx, xxxxxxxxx http://www.johk.pl 

 
 
 
 

 
Figure 3. Results of the Student’s t-test for SL, SF and the SF/SL ratio by interval between finalists (A) and 

athletes participating in heats and semifinals (B) divided by sex.  
SF: step frequency, SL: step length; * p < 0.05, ** p < 0.01, *** p < 0.001 

 
 
 
 
 
 
 
 
 

Another factor to consider is the difference 
in step length between the first and the second 200-
m interval, which is attributed to fatigue (Cicchella, 
2022). In the 400-m flat race, this loss begins after 
the 200-m interval, becoming particularly 
pronounced after 300 m of the race (Hanon and 
Gajer, 2009). Although the 400 mH has a greater 
aerobic component, the decrease in step length is 
similar in the two events. However, no differences 
were found in the male sample in terms of the 
difference between the two halves of the race, 
while in the female sample, the HP group exhibited 
a slightly smaller decrease compared to the other 
two groups, as seen in previous studies (Guex, 
2012). When analysing the intervals between 
hurdles separately, it can be observed that both  
 

men and women experienced a decrease in their 
average SL after the fifth hurdle, with a similar 
reduction between the finalists and the other 
athletes. However, the differences between these 
athletes were significant, once again highlighting 
the importance of this variable. 

Moreover, when analysing step length 
considering the dominant leg, it should be noted 
that an even rhythmic structure will result in 
clearing alternate hurdles with each leg, while an 
odd rhythmic structure allows the same lead leg to 
be maintained for subsequent hurdles (Lindeman, 
1995). Although attacking with the left leg offers 
biomechanical benefits and enables a shorter 
distance to be covered (Schiffer, 2012), no 
correlation was found with the final performance,  
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nor were significant differences observed between 
groups. This may be due to the individual athlete’s 
preference for their dominant leg. 

Therefore, analysing step length is crucial 
to understand performance in 400 mH, being a 
more critical variable for elite female athletes than 
for males. Additionally, analysing the second half 
of the race is essential (Pietrzak and Iskra, 2016). 

Step Frequency 

Given the importance of optimising the 
number of steps per interval, it is logical to assume 
that step frequency is also crucial for performance. 
Both elite athletes and those at the national level 
experience a reduction in step frequency towards 
the end of the race, which is important to be 
minimised for maintaining the pace in both 
samples (Otsuka and Isaka, 2019). Additionally, 
step frequency appears to correlate well with final 
performance in athletes of various levels of 
performance (Guex, 2012). In the 400-m flat race, 
the reduction in SF becomes critical after 300 m, 
with a more pronounced decline in the final 50 m, 
which is greater than the loss in SL (Gajer et al., 
2007; Hanon and Gajer, 2009; Mackala et al., 2024). 
In the first half of the race, athletes, especially 
women, tend to maintain the same number of steps 
between hurdles (Iskra et al., 2021b, 2022b), thus SF 
is the variable that determines whether speed is 
gained or lost. However, no significant differences 
were found in the first half of the race (Otsuka and 
Isaka, 2019), contradicting other research (Guex, 
2012). This discrepancy could be due to a change in 
trends and a higher level of current athletes who, 
tending towards an effort distribution with a 
smaller decrease in speed at the end of the race—
what is referred to as the "endurance" athlete 
typology (Iskra, 2012), perform a more similar first 
half of the race.  

Lastly, in both male and female samples, 
there appears to be a prioritisation of SL over SF 
among higher-level athletes, with no significant 
differences between groups. When analysing the 
differences between the finalists and athletes who 
competed in the heats and semifinals, a trend 
towards lower SF in the final intervals was 
observed for the higher-level athletes. This is also 
related to greater SL and the effect of fatigue. 
Therefore, regarding the first objective of the 
study, it seems that step frequency alone may not 
be a reliable indicator of performance in elite 400  
 

 
mH, requiring a more complex analysis in relation 
to other variables. 

SL/SF Ratio 

Considering that the placement of the ten 
hurdles during the race affects both the SL and SF, 
athletes cannot run with an optimal relationship 
between these variables (Otsuka and Isaka, 2019). 
Therefore, a ratio between them has been proposed 
to allow for a more integrated interpretation 
(Guex, 2012). In the same study, a correlation was 
observed between the ratio throughout the race 
and during the second 200-m segment and the final 
performance. This value was found to be higher in 
high-performance athletes, although the analysis 
was conducted only on female athletes. Despite the 
lower step frequency values observed earlier, it is 
noticeable that the SL/SF ratio is higher in the HP 
group in both sexes. Additionally, significant 
differences were found between the HP group and 
the other groups in both sexes, both in the SL/SF 
ratio throughout the race and in the second 200-m 
segment. 

Therefore, this variable is important for 
analysing performance in the 400 mH at an elite 
level, fulfilling the second objective of the study. 
This phenomenon can be attributed to the 
tendency of high-performing athletes to take fewer 
steps, which alters or decreases SF values in the 
latter half of the race. However, despite this 
reduction, the importance of SF should not be 
underestimated. Moreover, this study represents 
the first comparison between both sexes and, to our 
knowledge, it is the first study to include this 
variable in a male sample. 

Limitations 
It should be noted that due to the 

observational nature of this study and the 
competitive context, it was not possible to obtain 
anthropometric data from athletes, which would 
influence SL or SF in the 400 mH. While the study's 
greatest strength lies in the use of in-competition 
cameras to analyse the world's top athletes, which 
yielded highly ecological results, the analyses do 
not possess the same sensitivity as those conducted 
in a laboratory setting. Given the competition 
situation, it was not possible to obtain the exact 
individual step length data for each athlete, 
necessitating the use of averages instead. 
Additionally, future research would benefit from  
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including hurdle clearance data, which could 
provide insight into a broader range of kinematic 
variables. Finally, the characteristics of the sample, 
consisting of the world’s top athletes in 
competition, result in a smaller sample size than in 
other studies. Therefore, caution should be 
exercised when generalising these findings beyond 
the level of performance of these athletes. 

Practical Implications 
SF is a crucial variable for performance in 

sprint events. However, the unique characteristics 
of the 400 mH require a distinct approach to its 
analysis. High-performance athletes appear to 
maintain speed through greater SL compared to 
lower-performing athletes, even if this results in a 
decrease in SF. Therefore, for training of the 400  

 
mH, focusing on the interaction between both 
variables is crucial. To better understand the 
relationship between these variables, it seems 
beneficial to use a ratio that considers both SL and 
SF. This ratio enables a more in-depth analysis of 
the interaction between SL and SF in the 400 mH 
athlete’s performance. The finalists of both sexes 
maintained a higher SL/SF ratio throughout the 
race, with this difference being particularly 
significant towards the end of the race. Given their 
higher average SL and, consequently, fewer steps 
performed, it will be fundamental to adapt the step 
pattern to the one that allows each athlete to 
maintain the ratio between both variables with 
minimal loss during the final part of the race. 
Implementing this ratio in future studies is 
important, as analysing SF in isolation could lead 
to an underestimation of its significance. 
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