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How Do Spatiotemporal Parameters and Lower-Body Stiffness
Change with Increased Running Velocity?
A Comparison Between Novice and Elite Level Runners

by
Felipe Garcia-Pinillos!, Amador Garcia-Ramos*®, Rodrigo Ramirez-Campillo?,
Pedro A. Latorre-Romdn’, Luis E. Roche-Seruendo®

This study aimed to examine the effect of running velocity on spatiotemporal parameters and lower-body
stiffness of endurance runners, and the influence of the performance level on those adaptations. Twenty-two male
runners (novice [NR], n =12, and elite runners [ER], n = 10) performed an incremental running test with a total of 5
different running velocities (10, 12, 14, 16, 18 km/h). Each condition lasted 1 min (30 s acclimatization period, and 30 s
recording period). Spatiotemporal parameters were measured using the OptoGait system. Vertical (Kvert) and leg
(Kleg) stiffness were calculated according to the sine-wave method. A repeated measures ANOVA (2 x 5, group x
velocities) revealed significant adaptations (p < 0.05) to increased velocity in all spatiotemporal parameters and Kvert in
both NR and ER. ER showed a greater flight time (FT) and step angle (at 18 km/h) (p < 0.05), longer step length (SL)
and lower step frequency (SF) (p < 0.05), whereas no between-group differences were found in contact time (CT) nor in
the sub-phases during CT at any speed (p = 0.05). ER also showed lower Kvert values at every running velocity (p <
0.05), and no differences in Kleg (p = 0.05). In conclusion, lower SF and Kvert and, thereby, longer FT and SL, seem to
be the main spatiotemporal characteristics of high-level runners compared to their low-level counterparts.
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Introduction

The proliferation of recreational running evidence has examined the influence of stride
events has increased considerably, especially in characteristics on the risk of injury (eg,
recent years (van Dyck et al., 2017). Along with spatiotemporal parameters such as step frequency
the popularity of running, the number of people [SF], step length [SL], and ground contact time
suffering from running-related injuries has [CT]) (Luedke et al, 2016; Schubert et al., 2014).
steadily increased (Abt et al., 2011; Fields et al., However, the relationship between the
2010). In an effort to combat this high level of spatiotemporal parameters of running and both
injuries, there has been increased demand for performance and injury risk still remains unclear.
running gait research and a growing body of Some previous works have analyzed the
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influence of running velocity on spatiotemporal
gait characteristics (Brughelli et al., 2010; Mann et
al.,, 2015; Mercer et al., 2002; Ogueta-Alday et al.,
2014). It seems logical that, in order to run faster,
some changes in spatiotemporal parameters are
required: decreases in CT and increases in flight
time (FT), SL and SF (Brughelli et al., 2010;
Ogueta-Alday et al., 2014; Padulo et al., 2012;
Roche-Seruendo et al., 2018). Those adaptations
have been associated to changes in running
kinematics. For example, the shorter CT with
increasing running velocity has been linked with
lower ankle flexion during the initial ground
contact as well as lower knee and ankle flexion in
the mid-stance phase (Brughelli et al., 2010;
Daoud et al., 2012).

Despite more and more research is
available about running biomechanics and its
association with both athletic performance and
risk of injury, the evidence about some potential
confounding variables (i.e., lower-body stiffness
or athletic level) is limited. While some authors
have reported a lack of correlation between lower-
body stiffness and running economy of runners
(Heise and Martin, 1998; Slawinski et al., 2008),
others have found significant associations
between those variables (Dumke et al., 2010;
Dutto and Smith, 2002; Heise and Martin, 2001).
Lower-body stiffness has been related to hopping
and jumping performance (Granata et al., 2002),
running performance (Taylor and Beneke, 2012),
running economy (Dutto and Smith, 2002; Heise
and Martin, 2001), and injury incidence (Butler et
al.,, 2003; Granata et al., 2002), which suggests that
some level of stiffness is required for optimal
performance although its value remains a topic of
debate among researchers.

This leaves certain questions unanswered,
including whether the spatiotemporal parameters
of high-level runners adapt to incremental
running speed in the same way as for their low-
level counterparts, and whether lower-body
stiffness changes during running at different
velocities similarly for both high- and low-level
endurance runners. Therefore, this study aimed to
examine the effect of running velocity on
spatiotemporal parameters and lower-body
stiffness of endurance runners, and the influence
of the performance level on those kinematic
adaptations. These results are expected to provide
evidence regarding the effects of running at

Journal of Human Kinetics - volume 70/2019

incremental velocities on spatiotemporal gait
parameters and lower-body stiffness and, more
importantly, whether these adaptations differ
between high- and low-level endurance runners.
The authors hypothesized that high-level runners
would adapt better to the need for efficient work
output (associated to higher velocity) than low-
level runners, so that spatiotemporal adaptations
would be different in both groups.

Methods

A unilateral crossover design was used,
with all participants performing the same
protocol (incremental running test) under the
same conditions. The dynamics of spatiotemporal
gait characteristics at different velocities were
analyzed, and the relationship with vertical and
leg stiffness and the influence of the performance
level were determined.

Participants

Male endurance runners (n = 22; age: 32 +
7 years; body height: 176 + 6 cm; body mass: 71 +5
kg) participated in this study. All participants
were >18 years old and they had not suffered
from any injury in the 6 months preceding the
data collection. The 22 athletes were selected by
convenience according to their performance level
(elite [ER] vs. novice runners [NR]). For NR (n =
12; age: 34 + 7 years; body height: 174 + 7 cm; body
mass: 73 + 5 kg), the additional inclusion criterion
was that the runners must be able to run 10 km in
45-50 min (48.1 = 1.3 min), whereas ER (n = 10;
age: 30 = 6 years; body height: 179 + 4 cm; body
mass: 69 + 4 kg) had to have a 10 km personal best
of 30-35 min (33.3 + 1.4 min). After receiving
detailed information on the objectives and
procedures of the study, each participant signed
an informed consent form, which complied with
the ethical standards of the World Medical
Association’s Declaration of Helsinki (2013); it
was made clear to the participants that they were
free to leave the study at any time. The study was
approved by the ethics committee at the San Jorge
University (Zaragoza, Spain).

Design and Procedures

Participants were individually tested
(between 16:00 and 21:00 h). They refrained from
severe physical activity 248 h prior to testing, and
all tests were performed >3 h after the ingestion of
a meal. Tests were performed using the
participant’s usual training shoes.
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Participants performed a warm-up before
the running protocol, which consisted of 10 min of
continuous running followed by 5 min of general
exercises (i.e., high skipping, leg flexion, jumping
exercises and short bursts of acceleration). The
running protocol was performed on a motorized
treadmill (Salter M-835, Salter Int., Barcelona,
Spain). Athletes were experienced at running on a
treadmill; however, according to a previous study
(Schieb, 1986) on human locomotion that showed
that accommodation to a new condition occurs
within ~6-8 min, the protocol was preceded by a
standardized 10-min accommodation program.
All  participants verbally reported feeling
comfortable when running on the treadmill at the
set speed.

Participants completed an incremental
test with a total of 5 different running velocities
(10, 12, 14, 16 and 18 km/h). Each condition lasted
1 min to accommodate an acclimatization period
(30 s) and a recording period (30 s). The protocol
design was based on previous studies (Roche-
Seruendo et al., 2017, 2018), with short duration of
the velocity conditions aimed to minimize the
effect of fatigue on running kinematics (i.e., the
whole running protocol lasted 5 min).

Measures

i)  Anthropometry. For descriptive
purposes, body height (cm), leg length (cm) and
body mass (kg) were determined using a
precision stadiometer and a weighing scale (SECA
222 and 634, respectively, SECA Corp., Hamburg,
Germany). All measurements were taken while
the participants were wearing running shorts and
underwear.

ii) Spatiotemporal parameters were
measured using the OptoGait system (Optogait;
Microgate, Bolzano, Italy), which had been
previously validated for the assessment of
spatiotemporal parameters of gait in young adults
(Lee et al, 2014). This previous study also
reported  high  reliability = for  different
spatiotemporal parameters as assessed by intra-
class correlation coefficients (0.785-0.952) and
coefficients of variation (1.66-4.06%), standard
error of measurement (2.17-5.96%) and the
minimum detectable change (6.01-16.52%) (Lee et
al., 2014). This system consisted of two parallel
bars that were placed on the side edges of the
treadmill at the same level as the contact surface.
The OptoGait system was connected to a
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computer controlled by one researcher, and data
were recorded and averaged during the 30 s
recording period for the subsequent analysis. In
accordance with the findings of Brown et al
(2014), limb dominance was not taken into
account. Step angle, CT, FT, SL and SF were
measured for every step during the treadmill test.

- Contact time (CT) (s) was defined as the
time from when the foot contacted the
ground to when the toes lifted off the
ground.

- Flight time (FT) (s) was defined as the
time from the toes lifting off to the initial
ground contact of the consecutive footfall.

- Step length (SL) (m) was defined as the
distance between two ground contacts,
from forefoot to forefoot (e.g. left to right
or vice-versa) plus the distance the
treadmill belt moved during the flight
time (i.e. distance during FT, which is: FT
x Horizontal speed).

- Step frequency (SF) (steps/min) was
defined as the number of ground contact
events per minute.

- Step angle (SA) (°) was defined as the
angle of the parable tangent, which was
derived from the SL and the height
obtained with FT. These parameters
allowed to tie SL and FT. The
determination of SL is provided above,
and the maximal height of the foot during
a stride was calculated by the OptoGait
system as indicated by a previous study
(Santos-Concejero et al., 2014).

- The percentage of ground CT (%CT) at
which the different subphases of stance
occurred (based on activated LEDs) was
automatically measured by the OptoGait
system for every step:

o Initial contact (Phasel) was
defined as the time taken from
initial ground contact (one LED
activated was needed to be
considered) to the foot becoming
flat (the number of LEDs
activated stayed steady +2).

o Midstance (Phase2) was defined
as the time taken from a foot flat
to the initial take-off. During this
phase, the number of LEDs
stayed steady + one LED. This
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phase finished when the heel
came off the ground and the
number of LEDs was reduced to
22.

o DPropulsion (Phase3) was defined
as the time taken from the initial
take-off (the number of LEDs was
reduced >2) to the toe lifting off
(i.e. when the forefoot came off
the ground and the number of
LEDs was 0).

iii) Lower-body stiffness. Vertical (Kvert)
and leg stiffness (Kleg) were calculated according
to the Morin’s method (Morin et al., 2005). The
Kvert (kN/m) was defined as the ratio of the
maximal force to the vertical displacement of the
centre of mass as it reached its lowest point (i.e.,
the middle of the stance phase) (Farley and
Gonzaélez, 1996). The Kleg (kN/m) was defined as
the ratio of the maximal force in the spring to the
maximum leg compression at the middle of the
stance phase (Farley and Gonzdlez, 1996). Kvert
represents the overall body stiffness and defines
the relationship between the ground reaction
force and the vertical displacement of the centre
of mass, while Kleg represents the stiffness of the
lower extremity complex (e.g., foot, ankle, knee,
and hip joints) and describes the ratio between the
ground reaction force and the deformation in leg
length (Morin et al., 2005).

This method allows the estimation of
Kvert and Kleg during running using only a few
mechanical parameters (i.e.,, body mass, forward
velocity, leg length, FT, and CT). As indicated by
Morin et al. (2005), stiffness values calculated with
the sine-wave method are only 0.67-6.93% lower
than the ones obtained with the force platform
method, which was acceptable. Another paper
(Pappas et al, 2014) concluded that the
measurements of Kvert and Kleg obtained during
treadmill running using the sine-wave method
were highly reliable for both intra-day and inter-
day designs, exhibiting ICCs between 0.86-0.99.
Statistical analysis

Descriptive statistics are represented as
mean (standard deviation). Tests of normal
distribution and homogeneity (Shapiro-Wilk and
Levene’s test, respectively) were conducted on all
data before analysis. A one-way analysis of
variance (ANOVA) was performed in order to
compare the age and anthropometric data

Journal of Human Kinetics - volume 70/2019

between groups (ER vs. NR). A repeated
measures ANOVA (2 x 5, group x velocities), with
a Bonferroni post-hoc test, was performed to
determine the effect of different running velocities
on spatiotemporal parameters and stiffness for
endurance runners with different performance
levels (LLG vs. HLG). A partial correlation
analysis, adjusted by the performance level and
body mass index, was conducted between lower-
body stiffness and spatiotemporal adaptations
with increased velocity (A) (i.e., CT at 12 km/h CT
at 10 km/h). The magnitude of the differences
between values was also interpreted using the
Cohen'’s d effect size (ES) (within- and between-
group differences) (Cohen, 1988). Effect sizes are
reported as: trivial (<0.2), small (0.2-0.49), medium
(0.5-0.79), and large (=0.8) (Cohen, 1988). The data
were analyzed with SPSS, version 21.0, for
Windows (SPSS Inc., Chicago, IL, USA), and the
significance level was set at p < 0.05.

Results

No between-group differences (p > 0.05)
were found in age, body height or body mass, yet
differences were found in the body mass index
(BMLI, p = 0.006).

Figure 1 shows the dynamics of
spatiotemporal variables (CT, FT, SF, SA and SL)
with increased running velocity (10-18 km/h) and
compares NR with ER. The increase of running
velocity caused significant changes in all analyzed
variables for both groups (within-group
differences, p< 0.001: ES presented in Table 2).
Significant between-group differences were found
in FT (p = 0.005, ES = 0.121) and SA at 18 km/h (p =
0.01, ES = 0.462), in SF and SL at 14 (p = 0.029 and
0.045, ES = 1.055 and -0.962, respectively), 16 (p =
0.006 and 0.008, ES = 2192 and -1.333,
respectively) and 18 km/h (p < 0.001, ES = 1.715);
whereas no differences were found in CT at any
speed (p 2 0.05, ES < 0.4).

Figure 2 shows the CT-FT percentages
during a step cycle (A), and the percentages of the
different sub-phases during the ground contact
phase (B). An increased running velocity caused
significant reductions in both ER (p < 0.001, ES >
0.7 for both %CT and %FT) in %CT-%FT -
reduction in %CT and an increase in %FT-, and
NR (p < 0.001, ES > 0.4 for both %CT and %FT)
(Figure 2-A); whereas the effect on the sub-phases
during the contact period was: unchanged Phasel
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(ER: p = 0.938, ES < 0.2; and NR: p = 0.976, ES <
0.1), longer Phase2 (ER: p = 0.034, 0.02 < ES > 0.690,
with no post-hoc differences; NR: p = 0.061, 0.01 <
ES > 0.715) and shorter Phase3 (both groups p <
0.001, ES > 0.7, with post-hoc tests revealing
differences between 10 and 12 km/h) (Figure 2-B).
As for the between-group comparison, no
significant differences were found in %CT during
the step cycle at any running velocity (p > 0.05, ES
< 0.4), while %FT was significantly greater in ER
at 18 km/h (p = 0.026, ES = -1.084) (Figure 2-A). No
significant between-group differences were found
in the sub-phases during the ground contact
period at any velocity analyzed (p = 0.05, ES <0.4).

Figure 3 shows the ER vs. NR comparison
over the entire protocol for Kvert and Kleg. The
increased velocity caused significant changes in
Kvert for both high- and low-level athletes (p <
0.001 in both groups), with post-hoc analysis
revealing differences between each velocity in
both groups (p < 0.01, ES > 0.7). Significant
between-group differences were found with
higher values for NR at every running velocity (10
km/h: p =0.037, ES =1.002; 12 km/h: p = 0.017, ES =
1.241; 14 km/h: p = 0.001, ES = 1.277; 16 km/h: p =
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0.004, ES = 1.479; 18 km/h: p = 0.008, ES = 1.332).
As for Kleg, the increased running velocity caused
significant changes in ER (p = 0.001), with post-
hoc tests showing differences between 10-12 km/h
(p = 0.018, ES > 0.7); whereas within-group
differences were found in NR (p = 0.014), but the
post-hoc  analysis reported no significant
differences. No significant differences were found
between-group at any running velocity (p > 0.05,
ES <0.4).

The partial correlation analysis, adjusted
by the performance level and BMI, revealed some
significant correlations between the adaptations
that occurred in lower-body stiffness and
spatiotemporal parameters when running velocity
increased - for the whole group. The vertical
stiffness adaptations (AKvert) showed significant
correlations (p < 0.01) with ACT (r > - 0.579) at
each velocity (10-18 km/h), and with ASF (r >
0.616) and ASL (r > - 0.451) at 12, 14, 16 and 18
km/h; whereas AKleg correlated significantly (p <
0.001) with ACT (r > - 0.884), AFT (r > 0.908) and
ASA (r > 0.855) over the entire range of velocities.

Characteristic of participants according to the performance level (elite [ER] vs. novice runners [LLG]).

Table 1

Whole-group (n = NR (n=12) ER (n=10) 14
22)
Age (years) 32.34 (6.95) 34.40 (6.93) 29.87 (6.44) 0.130
Body mass (kg) 71.05 (5.15) 72.67 (5.30) 69.10 (4.48) 0.108
Height (cm) 176.36 (6.11) 174.08 (6.59) 179.10 (4.33) 0.053
BMI (kg/m?) 2291 (2.22) 24.03 (2.00) 21.58 (1.72) 0.006

BMI: body mass index
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Table 2
Cohen’s d effect size (ES) for spatiotemporal and lower-body stiffness
adaptations with increasing running velocity (within-group magnitude
of change).

Elite Runners Novice Runners

10-12 12-14 14-16 16-18 10-12 12-14 14-16
km/h km/h km/h km/h km/h km/h km/h

16-18
km/h

CT 2.1 1.4 1.1 1.5 1.9 1.1 1.2
FT 2.1 0.8 0.6 0.7 1.2 0.4 0.4
SF 1.2 0.9 0.1 22 1.1 0.9 1.2
SA 1.7 0.5 0.2 0.4 0.8 0.1 0.2
SL 3.5 3.4 3.0 2.6 3.0 3.3 24
%CT 22 1.1 0.7 1.1 1.4 0.6 0.6
%FT 22 1.1 0.7 1.1 1.4 0.6 0.6
Phasel 0.1 0.1 0.1 0.2 0.1 0.01 0.01
Phase2 0.7 0.1 0.1 0.4 0.7 0.01 0.01
Phase3 1.7 0.2 0.6 0.4 0.9 0.01 0.01
Kvert 1.1 1.1 1.1 1.4 1.1 1.1 1.7
Kleg 0.9 0.1 0.1 0.4 0.6 0.1 0.1

1.3

0.1

1.3

0.2

1.1

0.4

0.4

0.01

0.01

0.01

1.6

0.1

CT: contact time; FT: flight time; SF: step frequency; SA: step angle; SL: step
length; %CT: percentage of CT during gait cycle; %FT: percentage of FT
during gait cycle; Phasel: initial contact; Phase2: midstance; Phase3:
propulsion; Kvert: vertical stiffness; Kleg: leg stiffness
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Figure 1

Dynamics of spatiotemporal variables (contact time, flight time, step frequency, step

angle and step length) with increased running velocity (10-18 km/h) according to the

performance level (elite [ER] vs. novice runners [NR]). * indicates within-group

differences for high-level athletes between running velocity increments (*p < 0.05;, **p <

0.01; ***p < 0.001); Nindicates within-group differences for low-level athletes between
running velocity increments ("p < 0.05; "p < 0.01; ""p <0.001); T indicates between-

group differences (p < 0.05)
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(A) CT and FT (%) during a step cycle
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(B) Percentages of the different sub-phases during the ground contact period
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Figure 2
Relative value of spatiotemporal parameters with increased running velocity (10-18
km/h) according to the performance level (elite [ER] vs. novice runners [NR]): (A)
Contact and flight times (%) during a step cycle; (B) Percentages of the different sub-
phases during the ground contact period. Phase 1: initial contact; Phase 2: midstance;
Phase 3: propulsion
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Figure 3
Vertical (Kvert) and leg stiffness (Kleg) over the running protocol, according to the
performance level (elite [ER] vs. novice runners [NR]). * indicates within-group
differences, p < 0.05; ** indicates within-group differences between each velocity, p <
0.01, *indicates within-group differences between each velocity, p < 0.001; t indicates

between-group differences (p < 0.05)
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Discussion

This study aimed to examine the effect of
running velocity on spatiotemporal parameters
and lower-body stiffness and the influence of the
performance level on those kinematic adaptations.
Together with the spatiotemporal adaptations
induced by increased running velocity (already
reported by previous papers), the main findings
of this study included: (i) determining the
dynamics of lower-body stiffness when running
velocity increased (Kvert increased, while Kleg
remained unchanged); (ii) comparing running
kinematics in high- and low-level endurance
runners at different velocities, with ER showing
longer FT, longer SL and lower SF at 14-16-18
km/h, lower Kvert at every velocity tested, and
similar CT and Kleg over the entire protocol.
Spatiotemporal adaptations with increased
running velocity

The results obtained in the current study
reinforce previous studies” findings. It was
observed in a previous study that an increase of 2
km/h in running speed could mean an increase of
~7.4 step/min in SF, ~0.284 m in SL and a decrease
of ~0.020 ms in CT, independently of the type of
the foot strike pattern (Ogueta-Alday et al., 2014).
It seems clear that to run faster, FT needs to be
increased and CT needs to be decreased to aid in
repositioning the legs during running (Brughelli
et al., 2010; Roche-Seruendo et al., 2018). Based on
that relationship, SF also needs to be increased to
run faster (Morin et al., 2007). More controversial
is the dynamics of SL when velocity increases. It
has been suggested that SL increases linearly with
running velocity up to 25 km/h (Brughelli et al.,
2010), which is in consonance with our findings
(SL increased over the protocol up to 18 km/h).
Changes in these parameters during running have
been suggested as influencing factors on impact
shock (Heiderscheit et al., 2011, Mercer et al.,
2002, 2003) and, thereby, on risk of injury (Lenhart
et al., 2014a, 2014b; Mercer et al., 2003). Changes
in spatiotemporal parameters at a fixed speed can
alter electromyography and kinetics (Heiderscheit
et al., 2011; Lenhart et al., 2014a, 2014b; Schubert
et al., 2014) and, thereby, the magnitude and rate
of impact force loading during the stance phase of
running (Mercer et al., 2003). Running injuries
may be associated with that magnitude and rate
of impact force loading during the stance phase of
running (Mercer et al., 2003).
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As for the SA, the available information is
quite limited which makes comparisons much
more difficult. A previous study (Santos-
Concejero et al., 2014) points to SA as an easily
obtainable measure that reveals more valuable
information for running performance and
economy. The current study shows that SA
increases with an increased running velocity and
this finding is in accordance with the results
reported by that study (Santos-Concejero et al.,
2014). The authors suggest this adaptation may be
a marker of the athlete’s ability to efficiently
maximize FT and minimize CT with effective
energy transfer during ground contact. Greater
SA would lead athletes to experience shorter CT,
allowing better running economy (Novacheck,
1998; Santos-Concejero et al, 2014). This
phenomenon could be due to an early contraction
of the muscles involved in the movement of a
stride during the stance phase, leading the centre
of mass to be projected forward more efficiently
(Santos-Concejero et al.,, 2014). All these changes
in spatiotemporal parameters have also been
associated to athletic performance (Roche-
Seruendo et al., 2018; Tartaruga et al., 2012).
Changes in lower-body stiffness with increased
running velocity

During locomotion, Kvert is always
greater than Kleg because leg length changes
exceed those of the centre of mass (Morin et al,,
2005; Pappas et al., 2014). Although Kvert and
Kleg are derived from similar mechanical
concepts, they are not synonymous and adapt
differently to changes in running conditions
(Farley and Gonzalez, 1996, Morin et al., 2005;
Pappas et al, 2014), therefore examining both
Kvert and Kleg is justified.

The lower-body stiffness values reported
in the current study are slightly lower than those
reported by Morin et al. (2005). Whereas Morin
and colleagues reported ~29-46 kN/m (Kvert) and
~7.5-12 kN/m (Kleg), the participants in the
current work reached ~20-35 kN/m (Kvert) and
~6.5-8 kN/m (Kleg). The sine-wave method was
used in both studies and, thereby, differences in
running velocity (12 km/h to 25 km/h in the
Morin’s study vs. 10 km/h to 18 km/h in the
current study) might explain differences in
stiffness.

As for the changes experienced in lower-
body stiffness during the incremental protocol,
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the increase in Kvert and the constancy of Kleg
with increasing velocity have been previously
noted in the literature (Morin et al.,, 2005). The
current study reinforces that finding with a clear
increase in Kvert with increasing running velocity
(10-18 km/h), whereas Kleg remained unchanged
(except for high-level runners at low velocities of
10-12 km/h).

Some previous studies have suggested a
relationship between spatiotemporal parameters
and lower-body stiffness (Dumke et al., 2010;
Dutto and Smith, 2002; Heise and Martin, 2001).
For example, it is known (and the current data
support it) that increasing running velocity causes
an increase in SF, which results in decreased CT,
vertical displacement of the centre of mass, and
leg length variation (compression) (Morin et al.,
2007; Tartaruga et al., 2012). All these parameters
appear to be a strong and direct determinant of
lower-body stiffness (Morin et al., 2007). The
correlation analysis performed in the current
work provides some insight into the relationship
between the lower-body stiffness level and
spatiotemporal  gait characteristics  during
running. The analysis indicated that changes in
lower-body stiffness (AKvert and AKleg) with
increased velocity correlated with spatiotemporal
adaptations (changes in CT, FT, SF, SL and SA).

A comparison between ER and NR

Some studies have considered the effect of
the performance level on the biomechanical
response to different speeds; however, lack of
methodological consensus makes the comparison
difficult (Goémez-Molina et al, 2016; Ogueta-
Alday et al., 2018). The running technique of
trained athletes may be expected to adapt better
to the need for efficient work output compared to
amateur runner, who would react differently to
the altered circumstances. That hypothesis seems
to be quite controversial. A recent study showed
differences in both SF and SL, but not in CT when
trained and untrained runners were compared
(GOmez-Molina et al., 2016). Trained runners
showed higher SF and shorter SL at the same
running speeds than untrained ones. Another
previous study (Ogueta-Alday et al, 2018)
reported no differences between groups created
according to the performance level in a half-
marathon. The authors found that, at
standardized submaximal speeds (11, 13 and 15
km/h), no differences between groups were
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observed in SF and SL, while CT was shorter in
higher level runners (Ogueta-Alday et al., 2018).
In the current study, high-level runners showed
greater FT, SA (at high velocity, 18 km/h) and SL
(at 14-16-18 km/h) with no differences in CT;
whereas low-level runners showed higher SF (at
14-16-18 km/h). As mentioned before, lack of
methodological consensus makes the comparison
difficult.

This study also examines the dynamics of
lower-body stiffness during the incremental
protocol in both groups (ER vs. NR). NR showed
greater Kvert (at every velocity tested: 10-18
km/h), while no differences were observed in
Kleg. The relationship between stiffness and
running performance is complex and often
misunderstood, and the information available to
discuss this finding is limited. Some previous
studies have found associations between lower-
body stiffness and running economy, and thereby,
running performance (Dumke et al.,, 2010; Dutto
and Smith, 2002; Heise and Martin, 2001). As
indicated by Arampatzis et al. (1999), more
compliant quadriceps, tendons and aponeuroses
augment force production at submaximal running
intensities and thus reduce energy costs.
Additionally, a previous study (Morin et al., 2005)
concluded that elite middle-distance runners
showed higher Kvert and Kleg than novice
athletes. Although data should be interpreted
with caution due to methodological differences,
the authors suggest that the lack of consensus
might be due to the influence of other running
biomechanical parameters (i.e., foot strike pattern
and SF). First, a previous work showed that
increases in plantar-flexion angles during ground
contact caused significant changes in the spring-
mass characteristics describing human motion,
with higher stiffness values (Horvais and
Samozino, 2013). Unfortunately, this parameter
was not controlled in the current study, but a
previous work (Latorre-Roman et al, 2015)
concluded that rearfoot striking was more
frequent in lower level endurance runners.
Anyway, more evidence is needed to highlight the
role of the foot strike pattern in lower-body
stiffness during running. Second, a higher SF
seems to be related to greater Kvert (Farley and
Gonzalez, 1996). Low-level runners showed a
higher SF during the entire protocol which may
explain the differences.
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Eventually, some potential limitations
need to be considered. First, the use of laboratory
settings should be taken into account to interpret
these findings; however, athletes were well
familiarized with treadmill training and testing.
Second, although the Morin’s method (Morin et
al., 2005) has shown good validity and reliability,
it is not a direct measure of lower-body stiffness.
Third, foot strike patterns were not considered in
this study and, as mentioned earlier, it might
influence spatiotemporal characteristics and
lower-body stiffness during running.
Notwithstanding these limitations, it seems
important for coaches and athletes to investigate if
spatiotemporal adaptations with increased
velocity vary with athletic levels, how stiffness
changes, and what role stiffness plays in
spatiotemporal gait characteristics while running.

In summary, the current study highlights
the effect of increasing running velocity (10-18

body stiffness — increases in Kvert with Kleg
remaining unchanged, as well as running
kinematic differences between low- and high-
level endurance runners at submaximal velocities.
Lower SF and Kvert and, thereby, longer FT and
SL, seem to be the main gait characteristics of
high-level runners compared to their low-level
counterparts.

Since the relationship between lower-
body stiffness and running performance is
controversial, this study highlights the dynamics
of Kvert and Kleg when increasing running
velocity by providing some evidence to the
spring-mass model for running. Additionally, the
high-level vs. low-level runners’ comparison lets
us detect some differences in spatiotemporal
parameters. This comparison might provide
useful information for sport scientists and
clinicians working on gait retraining, with a
special focus on SF and Kvert.

km/h) on spatiotemporal parameters and lower-
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