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A B S T R A C T

Background: The current evidence leaves certain questions unanswered, including whether well-trained athletes
adapt to different slope gradients in the same way as amateurs, and whether stiffness influences spatiotemporal
adaptations during uphill running.
Research question: This study aimed to determine the effect of different slope gradients (0%–11%) on spatio-
temporal gait characteristics during running, taking into account the influence of athletic level, vertical and leg
stiffness.
Methods: Male endurance runners (12 amateurs, 10 highly-trained) performed a running test on a motorized
treadmill. The running velocity was set at 12 km/h, and participants completed six different running conditions
(0, 3, 5, 7, 9 and 11% gradients). Spatiotemporal parameters were measured using the OptoGait system. Vertical
(Kvert) and leg (Kleg) stiffness were calculated according to the sine-wave method.
Results: A 2 (amateur; highly-trained) × 6 (running conditions) ANOVA found no significant between-group
differences in spatiotemporal parameters at any gradient (P≥ 0.05); however, significant Kvert and Kleg dif-
ferences (P < 0.05) were found within both groups with increasing gradients. Stepwise linear regression ana-
lysis showed that Kleg was strongly associated with contact time (R2 =0.797, P < 0.001), whereas Kvert was
associated with spatiotemporal adaptations to different slope gradients (R2 =0.547, P=0.002).
Significance: An increased slope gradient (0–11%) at a given running velocity (12 km.h−1) caused spatio-
temporal adaptations (i.e., increased CT and SF and decreased FT, SL and SA) regardless of the athletic level of
the runner, although a non-significant trend differentiated the adaptations between the amateur and highly-
trained groups. The results also indicated that leg stiffness plays a key role in the characteristics of spatio-
temporal gait during level running, whereas vertical stiffness is strongly associated with spatiotemporal adap-
tations when running uphill.

1. Introduction

It is well-known that running biomechanics can favour or limit
running performance by influencing the economy and efficiency of
running [1–4]. Nevertheless, despite trail running has become in-
creasingly popular and it includes a broad range of distances and slope
variations, the majority of running biomechanics studies have only
considered flat (level) running. Running speed was reported to decrease
by 0.1–0.3 km.h−1 per every 1% increase in gradient [5], which led to
important biomechanical, neuromuscular and physiological changes.

Thus the study of the physiological and biomechanical changes asso-
ciated with graded running is important, as the ability to appropriately
regulate locomotor behaviour in response to gradient changes is fun-
damental to the understanding of human locomotion control [6].

Several studies have examined the influence of uphill running on
the kinematic variables [6–14], and the results reported are incon-
clusive. On one hand, uphill running was characterized by a shorter
duration of the swing phase and a greater proportion of the stride cycle
spent in stance [13]. Higher gradients were also reported to be asso-
ciated with a higher step frequency (SF) during uphill running [7,9,15].
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Conversely, some studies [7,15] did not observe any variation in con-
tact time (CT), flight time (FT), SF and step length (SL) at a given
running speed (∼11 km.h−1) between level running and uphill run-
ning.

In addition, limited evidence is available on the influence of po-
tential confounding variables such as stiffness or athletic level. This
leaves certain questions unanswered, including whether well-trained
athletes adapt to different slope gradients in the same way as amateurs,
and whether stiffness influences spatiotemporal adaptations during
uphill running. Some studies have considered the effect of athletic level
on the biomechanical response to different speeds [16] and different
slopes [10]; however, the lack of methodological consensus makes the
comparison difficult. In addition, despite stiffness being strongly related
to hopping and jumping performance [17], running performance [18],
running economy [19,20], and injury incidence [17,21], some level of
stiffness appears to be required for optimal performance although its
value remains a topic of debate among researchers. Altogether, more
evidence is clearly needed to highlight the effect of slope gradient on
spatiotemporal gait characteristics during running, and the influence of
athletic level and stiffness on this relationship. Therefore, this study
aimed to determine the effect of different slope gradients (0%–11%) on
spatiotemporal gait characteristics during running, taking into account
the influence of athletic level, vertical and leg stiffness. It was hy-
pothesized that an increased slope gradient at a given running velocity
would cause spatiotemporal adaptations regardless of the athletic level
of the runner, and that stiffness would be associated with spatio-
temporal adaptations when running uphill.

2. Methods

2.1. Participants

A group of 22 male endurance runners (age: 32 ± 7 years; height:
176 ± 6 cm; body mass: 71 ± 5 kg) participated in this study
(Table 1). All participants were older than 18 years old and were free
from injuries in the 6 months preceding their participation in the study.
The 22 athletes were selected by convenience according to their athletic
level (amateur or highly-trained). For the amateur group (n= 12), the
additional inclusion criterion was that the runners must be able to run
10 km in 45–50min (48.1 ± 1.3min), whereas athletes had to have a
10 km personal best of 30–35min (33.3 ± 1.4min) to be included in
the highly-trained group (n= 10). 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 [22]. The study
was approved by the local ethics committee.

2.2. Procedures

Participants were individually tested (between 16:00 and 21:00 h).
Participants refrained from severe physical activity for at least 48 h
prior to testing, and all tests were performed at least 3 h of latest meal.
Tests were performed using the participant´s usual training shoes and
athletic garment to attain their most typical performance.

The participants performed a running protocol on a motorized
treadmill (Salter M-835, Salter Int., Barcelona, Spain). The protocol was

preceded by a standardized 10-min accommodation procedure. Athletes
were experienced at running on a treadmill; however, previous studies
[23] on human locomotion have showed that accommodation to a new
condition occurs within ∼8min. The running velocity was set at
12 km/h, as this was considered to be a normal pace for these athletes
and was consistent with previous studies [24]. All participants verbally
reported feeling comfortable when running on the treadmill at the set
speed.

Participants completed a total of 6 different running conditions (0,
3, 5, 7, 9 and 11% of slope gradients). The order of these conditions was
incremental (from 0% to 11% [0–6.27º]), and velocity was maintained
at 12 km/h. Each condition lasted 1min (i.e., 30 s of acclimatization,
and 30 s of recording). The short duration of the gradient conditions
aimed to minimize the effect of fatigue on running kinematics (i.e., the
whole running protocol lasted 6min).

2.3. Materials and testing

Spatiotemporal parameters were measured using the OptoGait
system (OptoGait; Microgate, Bolzano, Italy), which was previously
validated for the assessment of spatiotemporal parameters of gait in
young adults [25]. The device used two parallel bars that were placed
on the side edges of the treadmill at the same level as the contact
surface. The device was connected to a computer controlled by the
researcher, and data were recorded and averaged for the subsequent
analysis. In accordance with the findings of Brown et al. [26], limb
dominance was not taken into account. Step angle (SA), CT, FT, SL, SF,
percentage of ground CT (%CT) and FT (%FT) and sub-phases during
ground contact (Phase1: initial contact; Phase2: midstance; Phase3:
propulsion) were measured for every step during the treadmill test.
Spatiotemporal parameters have been carefully defined by previous
studies [27,28]:

- Contact time (CT) (s): time your foot spends in contact with the
ground on each step (i.e. from initial contact to the moment when
the toes lifted off the ground).

- Flight time (FT) (s): time with no ground contact (i.e. from the toes
lifting off, to the initial contact of the consecutive footfall).

- Step length (SL) (m): 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): number of ground contact events
per minute.

- Step angle (SA) (º): angle of the parable tangent, which was derived
from the SL and the height obtained with FT. These parameters al-
lowed the tying together of 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 [29].

- Percentage of ground CT (%CT) and FT (%FT) during the step cycle.
Different sub-phases of stance phase were also determined (based on
activated LEDs). This was automatically measured for every step
during the treadmill test by the OptoGait system:

• Initial contact (Phase1): time from initial ground contact (1 LED
activated is needed to be considered) to foot flat (the number of
LEDs activated stays steady± 2 LEDs).

• Midstance (Phase2): time from foot flat to initial take-off. During
this phase, the number of LEDs stays steady±1 LEDs. This phase
finishes when the heel comes off the ground and the number of
LEDs is reduced ≥2.

• Propulsion (Phase3): time from initial take-off (the number of
LEDs is reduced ≥2) to toe-off (when forefoot comes off the
ground and the number of LEDs is 0).

Vertical (Kvert) and leg stiffness (Kleg) were calculated according to

Table 1
Characteristics of participants according to their level of athletic performance.

Whole-group
(n= 22)

Amateur
(n= 12)

Highly-trained
(n= 10)

p-value

Age (years) 32.3 (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
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Morin´s method [30]. 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) [31]. 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 [31].
This method allows the estimation of Kvert and Kleg during running
using only a few mechanical parameters (i.e., body mass, forward ve-
locity, leg length, FT, and CT). As indicated by Morin et al. [30],
stiffness values calculated with the sine-wave method ranged from 0.67
to 6.93% less than the force platform method, which was acceptable.
Another paper [32] concluded that the measurements of Kvert and Kleg
obtained during treadmill running by using the sine-wave method were
highly reliable for both intra-day and inter-day designs, exhibiting ICCs
between 0.86-0.99.

2.4. Statistical analysis

Descriptive statistics are represented as mean (± SD). 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 to compare the groups´
characteristics. A repeated measures ANOVA (2 [amateur; highly-
trained] x 6 [running conditions]), with Bonferroni post-hoc test, was
performed to determine the effect of different slope gradients on spa-
tiotemporal parameters and stiffness for the whole group and the sub-
groups. A partial correlation analysis, adjusted by athletic level, was
conducted between stiffness and spatiotemporal gait characteristics and
between stiffness and spatiotemporal adaptations with increased gra-
dients (Δ) (e.g., CT at 11% - CT at 0%). Finally, a stepwise linear re-
gression analysis was performed between stiffness (Kvert and Kleg),
spatiotemporal characteristics and spatiotemporal adaptations with
increased gradients. 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.

3. Results

Fig. 1 shows the spatiotemporal variables (CT, FT, SF, SA and SL)
with increasing slope gradient (0–11%) and compares the amateur vs.
highly-trained group. The 2× 6 ANOVA found no significant between-
group differences in CT (p=0.315), FT (p=0.116), SF (p= 0.189),
SA (p=0.189) and SL (p= 0.266) at any gradient; however, sig-
nificant within-group differences were observed with increased gra-
dients (relative to level running, 0% slope) in both groups for every
variable (p < 0.05).

Fig. 2 shows the CT-FT percentages during the step cycle (A), and
the percentages of the different sub-phases during the ground contact
phase (B). No significant between-group differences were found in CT
and FT percentages during the step cycle (%CT: p=0.131; %FT:
0.191), while significant within-group differences (p < 0.001) were
found in both groups for CT and FT (relative to level running, 0% slope)
(Fig. 2-A). As for the percentages of the different sub-phases of ground
contact phase (Fig. 2-B), no between-group differences were found in
Phase1 (p= 0.779), Phase2 (p= 0.393) or Phase3 (p= 0.174); how-
ever, significant within-group differences (p < 0.05) were found in
both groups for each variable (relative to level running, 0% slope).

Fig. 3 shows comparison of amateur vs. highly-trained athletes over
the entire protocol (0–11% slope gradients) for Kvert and Kleg. Be-
tween-group differences were found for Kvert (p= 0.017) which was
higher (at 0% slope) in the amateur group, but not for Kleg (p≥ 0.05).
Relative to level running (0% slope), greater Kvert were found in both
the amateur group and the highly-trained group with increased slope
gradients (p < 0.05). Kvert significantly increased when running on
severe slopes (9% and 11%) compared to level running (0%) in both
amateurs (p= 0.039 at 9%, p=0.010 at 11%) and highly-trained
athletes (p= 0.004 at 9%, p= 0.006 at 11%). Kleg was significantly

reduced at increased gradients in both amateurs (p=0.03) and highly-
trained athletes (p=0.043). Amateur athletes reduced Kleg at 3%
slope (p= 0.001), 5% slope (p= 0.004) and 7% gradient (p < 0.001)
relative to level running, whereas highly-trained athletes reduced Kleg
at 5% (p= 0.037) and 7% gradients (p= 0.019).

Partial correlation analysis adjusted by athletic level revealed some
significant correlations between stiffness and certain spatiotemporal
parameters. During level running (0%), Kvert was significantly corre-
lated with SF and SL (r= 0.674 and -0.665, respectively; p < 0.001);
while Kleg was significantly correlated with FT, CT and SA (r= 0.852,
-0.901 and 0.872, respectively; p < 0.001). Spatiotemporal adapta-
tions when running uphill compared to level running (i.e., Δ: 11%-0%
comparison) were correlated with Kvert and Kleg. Kvert was shown to
be significantly correlated with ΔSF and ΔSL (r= 0.872 and -0.805,
respectively; p < 0.001), while Kleg was significantly correlated with
ΔCT, ΔFT and ΔSA (r=-0.998, 0.875 and 0.893, respectively;
p < 0.001).

Stepwise linear regression analysis showed significant associations
between stiffness and spatiotemporal parameters. During level running
(0%), Kvert (dependent variable) showed a significant association with
SF (R2=0.483, p < 0.001), with FT, CT, SL and SA excluded from the
model. The Kleg showed a significant association with CT (R2=0.797,
p < 0.001), with the rest of spatiotemporal parameters excluded from
the model. Regarding the association between stiffness and spatio-
temporal adaptations to different slope gradients, Kvert was associated
with ΔCT, ΔFT, ΔSF and ΔSA, with ΔSL excluded from the model
(R2= 0.547, p=0.002), while Kleg was associated with ΔCT with the
rest of the variables excluded from the model (R2= 0.322, p=0.003).

4. Discussion

The aim of this study was to determine the effect of different slope
gradients (0%–11%) on spatiotemporal gait characteristics during
running, taking into account the influence of athletic level, vertical and
leg stiffness. The main findings were: (i) at a given speed (12 km.h−1),
runners increased their CT and SF and decreased their FT, SL and SA at
increased gradients (0–11%); (ii) no differences in the spatiotemporal
adaptations were found between amateur and highly-trained athletes
with increasing gradients, although highly-trained athletes showed a
non-significant increased FT, SL, SA, and phase3 during stance period,
and reduced CT, SF and phase2; (iii) relative to level running, Kvert
increased with severe slopes (9–11%) while Kleg was reduced with
moderate slopes (3–7%) regardless of the athletic level and; (iv) Kleg
was strongly associated with spatiotemporal parameters during level
running, whereas Kvert was associated with spatiotemporal adaptations
at increasing gradients (0–11%).

Some previous studies have examined the influence of uphill run-
ning on the kinematic variables [6–14], and some differences when
compared to level running have been reported. Higher gradients have
been reported to be associated with a higher SF during uphill running
[7,9,14,15]. Padulo et al. [10] indicated that there was an increase in
the phase3 and a decrease of ground reaction force at a constant speed
on slopes, which produced a considerable SF increase and SL decrease.
Swanson and Caldwell [13] used a speed of ∼16 km h−1 at 0% and
30% gradient and reported a reduction in SL and an increase in SF.
Gottschall and Kram [7] also found a decrease in SL and an increase in
SF at∼11 km.h−1 speed and gradients of 3, 6, and 9%. The results from
this study support the results of these aforementioned experiments.
Conversely, other studies reported no changes or opposing changes
when running uphill. For example, Telhan et al. [15] reported no
changes in SF and SL when comparing –7% downhill, level (0%), and
7% uphill running at 11 km.h−1, whereas Gottschall and Kram [7]
found no change in CT. One reason for the lack of agreement may be the
methodological disparities.

The running technique of the highly-trained athletes may be ex-
pected to adapt better to the need for efficient work output than the
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amateur runner, who would react differently to the altered circum-
stances. To the best of the authors´ knowledge, only one previous study
[10] has examined the dynamics of CT, FT, SL and SF at different
running speeds and considering different gradients (0, 2, and 7%), in
amateur and elite marathon runners. Padulo et al. [10], reported no
differences in the spatiotemporal adaptations to running uphill between
amateurs and highly-trained athletes, suggesting that increasing gra-
dients might impair the more efficient ability of highly-trained athletes
to use the ground reaction force to increase the SL and FT in a shorter
stretch-shortening cycle. These results are in line with the current study
results, which found no significant differences between the two athletic
groups. However, we must be cautious to interpret data because a no
significant trend is observed in the amateur vs. highly-trained com-
parison (with highly-trained athletes showing increased FT, SL, SA, and
phase3 during stance period, and reduced CT, SF and phase2). The
authors hypothesize that a greater sample size or a more homogeneous
group might reveal differences in spatiotemporal adaptations.

During locomotion, Kvert is always greater than Kleg because leg
length changes exceed those of the centre of mass [30,32]. Although
Kvert and Kleg are derived from similar mechanical concepts, they are
not synonymous and adapt differently to changes in running conditions
[30–33], therefore examining both Kvert and Kleg is justified. Limited
evidence is available on the effect of running uphill on stiffness. A
previous study [14] concluded that Kvert increased when running up-
hill, whereas Kleg remained constant across the different gradients

under investigation (-8 to +8%). These results partially agree with
those reported in this study, which were that Kvert increased with se-
vere gradients (9–11%) while Kleg was reduced with moderate slopes
(3–7%) (relative to level running). Methodological differences (i.e., the
Lussiana´s study was performed at 10 km.h−1 and with slopes -8 to
+8%) along with methodological limitations (i.e., the calculation of
stiffness during running on slopes, discussed further in the limitations
section) make the comparison difficult. Nevertheless, the regression
model performed in the current study provides some interesting in-
formation about the dynamics of lower-body stiffness during level and
uphill running. A strong association between Kleg and spatiotemporal
parameters was found during level running, whereas Kvert was asso-
ciated with spatiotemporal adaptations at increased slope gradients
(0–11%). Padulo et al. [10], indicated that increasing the slope may
impair the ability to use the ground reaction force to increase the SL
and FT in a shorter stretch-shortening cycle. The authors suggest that
athletes have to apply greater forces (Fmax in the Morin´s equation
[30]) to maintain running velocity with increased slope gradients and
that, along with the reduction of the centre of mass displacement
caused by higher SF [14], increases Kvert during running uphill.

The relationship between stiffness and running performance is
complex and often misunderstood [33]. This study reports no differ-
ences between the amateur and highly-trained groups, apart from
higher Kvert observed during level running in the amateur athletes;
whereas, a previous study [30] concluded that elite middle-distance

Fig. 1. Dynamics of spatiotemporal variables with increased slope gradients (0–11%) according to the athletic level (amateur vs. highly-trained groups): (A) Contact
time; (B) Flight time; (C) Step frequency; (D) Step angle; (E) Step length. * indicates within-group differences, p < 0.05; ** indicates within-group differences,
p < 0.01, ***indicates within-group differences, p < 0.001.
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runners showed higher Kvert and Kleg than the non-specialists athletes.
Again, the data should be interpreted with caution due to methodolo-
gical differences. The authors suggested that the differences might be

due to the foot strike pattern and/or SF. First, a previous work showed
that increases in plantar-foot and plantar-flexion angles during ground
contact cause significant changes in the spring-mass characteristics
describing human motion, with higher stiffness values [34]. This
parameter was not controlled in the current study and therefore more
evidence is needed to highlight the role of foot strike pattern. Second, a
higher SF seems to be related to a higher Kvert [31]. Amateurs showed
a non-significant higher SF during level running which may explain the
differences.

Eventually, some limitations of this study need to be considered.
First, the use of laboratory settings to simulate uphill running creates
significant technical challenges and limits the participant’s ability to
regulate their running speed [5]. Second, there are limits to the as-
sessment of stiffness during slope running (e.g., the assumption of
symmetrical oscillations of the spring-mass model is not entirely re-
spected). Despite this is an important point and readers must be cau-
tious when interpreting and applying these findings, the use of slopes
smaller than 15.8% (< 9°) has minor biomechanical implications re-
garding parameters involved into the sine-wave method [7,8,35] and,
thereby, the use of the Morin´s method during uphill running
(< 15.8%) seems to be reasonable. Indeed, a previous study already
used this method with light slopes (-8 to +8%) [9]. Snyder et al. [8]
reported no differences in the elastic energy storage while running
uphill across grade up to 15.8%. Similarly, Kowalsky and Li [35] found
changes in total lower extremity power absorption and generation with
significant slopes (> 15.8%). Regarding ground reaction forces, Gott-
schall and Kram [7] concluded that the normal active force peaks (i.e.,
active peak studied by Gottschall and Kram is the Fmax calculated by
the sine-wave method by Morin and colleagues [30]) did not sig-
nificantly change during uphill running using slopes up to +9° (15.8%).
Notwithstanding these limitations, it seems important to investigate if
spatiotemporal adaptations during uphill running vary with athletic
levels, how stiffness changes with gradient, and what role stiffness plays
in spatiotemporal gait characteristics while running at different gra-
dients.

In conclusion, an increased slope gradient (0–11%) at a given run-
ning velocity (12 km.h−1) caused spatiotemporal adaptations regard-
less of the athletic level of the runner, although a non-significant trend
differentiated the adaptations between the amateur and highly-trained
groups. The results also indicated that leg stiffness plays a key role in
the characteristics of spatiotemporal gait during level running, whereas
vertical stiffness is strongly associated with spatiotemporal adaptations
when running uphill.

Conflict of interests

The authors declare that they have no conflict of interests.

References

[1] K.R. Barnes, A.E. Kilding, Running economy: measurement, norms, and de-
termining factors, Sport. Exerc. Med. - Open J. 1 (2015) 8, https://doi.org/10.
1186/s40798-015-0007-y.

[2] M.P. Tartaruga, J. Brisswalter, L.A. Peyré-Tartaruga, A.O.V. Ávila, C.L. Alberton,
M. Coertjens, E.L. Cadore, C.L. Tiggemann, E.M. Silva, L.F.M. Kruel, The relation-
ship between running economy and biomechanical variables in distance runners,
Res. Q. Exerc. Sport 83 (2012) 367–375, https://doi.org/10.1080/02701367.2012.
10599870.

[3] M. Mooses, K. Mooses, D.W. Haile, J. Durussel, P. Kaasik, Y.P. Pitsiladis,
Dissociation between running economy and running performance in elite Kenyan
distance runners, J. Sports Sci. 33 (2015) 136–144, https://doi.org/10.1080/
02640414.2014.926384.

[4] T. Anderson, Biomechanics and running economy, Sport. Med. 22 (1996) 76–89.
[5] A.D. Townshend, C.J. Worringham, I.B. Stewart, Spontaneous pacing during over-

ground hill running, Med. Sci. Sports Exerc. 42 (2010) 160–169, https://doi.org/
10.1249/MSS.0b013e3181af21e2.

[6] G. Vernillo, M. Giandolini, W.B. Edwards, J.B. Morin, P. Samozino, N. Horvais,
G.Y. Millet, Biomechanics and physiology of uphill and downhill running, Sport.
Med. 47 (2017) 615–629, https://doi.org/10.1007/s40279-016-0605-y.

[7] J.S. Gottschall, R. Kram, Ground reaction forces during downhill and uphill

Fig. 2. Spatiotemporal parameters with increased slope gradients: (A) Contact
and flight times (in percentages) during the step cycle; (B) Percentages of the
different sub-phases during the ground contact period. Phase 1: initial contact;
Phase 2: midstance; Phase 3: propulsion.

Fig. 3. Vertical (Kvert [A]) and leg stiffness (Kleg [B]) during the running
protocol at different slope gradients according to the athletic level (amateur vs.
highly-trained comparison). * indicates within-group differences, p < 0.05; †
indicates between-group differences (p < 0.05).

F. García-Pinillos et al. Gait & Posture 68 (2019) 72–77

76

https://doi.org/10.1186/s40798-015-0007-y
https://doi.org/10.1186/s40798-015-0007-y
https://doi.org/10.1080/02701367.2012.10599870
https://doi.org/10.1080/02701367.2012.10599870
https://doi.org/10.1080/02640414.2014.926384
https://doi.org/10.1080/02640414.2014.926384
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0020
https://doi.org/10.1249/MSS.0b013e3181af21e2
https://doi.org/10.1249/MSS.0b013e3181af21e2
https://doi.org/10.1007/s40279-016-0605-y


running, J. Biomech. 38 (2005) 445–452, https://doi.org/10.1016/J.JBIOMECH.
2004.04.023.

[8] K.L. Snyder, C.T. Farley, F. Saibene, Energetically optimal stride frequency in
running: the effects of incline and decline, J. Exp. Biol. 214 (2011) 2089–2095,
https://doi.org/10.1242/jeb.053157.

[9] T. Lussiana, N. Fabre, K. Hébert-Losier, L. Mourot, Effect of slope and footwear on
running economy and kinematics, Scand. J. Med. Sci. Sports 23 (2013) 246–253,
https://doi.org/10.1111/sms.12057.

[10] J. Padulo, G. Annino, G.M. Migliaccio, S. DʼOttavio, J. Tihanyi, Kinematics of
running at different slopes and speeds, J. Strength Cond. Res. 26 (2012) 1331–1339,
https://doi.org/10.1519/JSC.0b013e318231aafa.

[11] J. Padulo, G. Annino, L. Smith, G. Migliaccio, R. Camino, J. Tihanyi, S. D’Ottavio,
Uphill Running at Iso-Efficiency Speed, Int. J. Sports Med. 33 (2012) 819–823,
https://doi.org/10.1055/s-0032-1311588.

[12] J. Padulo, D. Powell, R. Milia, L.P. Ardigò, A paradigm of uphill running, PLoS One
8 (2013) 69–76, https://doi.org/10.1371/journal.pone.0069006.

[13] S.C. Swanson, G.E. Caldwell, An integrated biomechanical analysis of high speed
incline and level treadmill running, Med. Sci. Sports Exerc. 32 (2000) 1146–1155.

[14] T. Lussiana, K. Hébert-Losier, L. Mourot, Effect of minimal shoes and slope on
vertical and leg stiffness during running, J. Sport. Med. Allied Health Sci. Off. J.
Ohio Athl. Train. Assoc. 4 (2014) 195–202, https://doi.org/10.1016/j.jshs.2013.
09.004.

[15] G. Telhan, J.R. Franz, J. Dicharry, R.P. Wilder, P.O. Riley, D.C. Kerrigan, Lower
limb joint kinetics during moderately sloped running, J. Athl. Train. 45 (2010)
16–21, https://doi.org/10.4085/1062-6050-45.1.16.

[16] J. Gómez-Molina, A. Ogueta-Alday, C. Stickley, J.C. Tobalina, J. Cabrejas-
Ugartondo, J. García-López, Differences in spatio-temporal parameters between
trained runners and untrained participants, J. Strength Cond. Res. 31 (2016)
2169–2175, https://doi.org/10.1519/JSC.0000000000001679.

[17] K.P. Granata, D.A. Padua, S.E. Wilson, Gender differences in active musculoskeletal
stiffness. Part II. Quantification of leg stiffness during functional hopping tasks, J.
Electromyogr. Kinesiol. 12 (2002) 127–135.

[18] M.J.D. Taylor, R. Beneke, Spring mass characteristics of the fastest men on Earth,
Int. J. Sports Med. 33 (2012) 667–670, https://doi.org/10.1055/s-0032-1306283.

[19] D.J. Dutto, G.A. Smith, Changes in spring-mass characteristics during treadmill
running to exhaustion, Med. Sci. Sport. Exerc. 34 (2002) 1324–1331.

[20] G.D. Heise, P.E. Martin, Are variations in running economy in humans associated
with ground reaction force characteristics? Eur. J. Appl. Physiol. 84 (2001)
438–442.

[21] R.J. Butler, H.P. Crowell, I.M. Davis, Lower extremity stiffness: implications for
performance and injury, Clin. Biomech. (Bristol, Avon) 18 (2003) 511–517.

[22] World Medical Association, World medical association declaration of Helsinki,

JAMA 310 (2013) 2191, https://doi.org/10.1001/jama.2013.281053.
[23] D.A. Schieb, Kinematic accommodation of novice treadmill runners, Res. Q. Exerc.

Sport 57 (1986) 1–7.
[24] J.B. Morin, P. Samozino, K. Zameziati, A. Belli, Effects of altered stride frequency

and contact time on leg-spring behavior in human running, J. Biomech. 40 (2007)
3341–3348.

[25] M.M. Lee, C.H. Song, K.J. Lee, S.W. Jung, D.C. Shin, S.H. Shin, Concurrent validity
and test-retest reliability of the OPTOGait photoelectric cell system for the assess-
ment of spatio-temporal parameters of the gait of young adults, J. Phys. Ther. Sci.
26 (2014) 81–85, https://doi.org/10.1589/jpts.26.81.

[26] A.M. Brown, R.A. Zifchock, H.J. Hillstrom, The effects of limb dominance and fa-
tigue on running biomechanics, Gait Posture 39 (2014) 915–919, https://doi.org/
10.1016/j.gaitpost.2013.12.007.

[27] L.E. Roche-Seruendo, F. García-Pinillos, J. Haicaguerre, A.V. Bataller-Cervero,
V.M. Soto-Hermoso, P.Á. Latorre-Román, Lack of influence of muscular perfor-
mance parameters on spatio-temporal adaptations with increased running velocity,
J. Strength Cond. Res. 32 (2018) 409–415, https://doi.org/10.1519/JSC.
0000000000001845.

[28] L.E. Roche-Seruendo, F. García Pinillos, I. Auria-Martin, A.V. Bataller-Cervero,
P.A. Latorre Román, V.M. Soto -Hermoso, Effects of different percentages of body
weight support on spatiotemporal step characteristics during running, J. Sports Sci.
(2017) 1–6, https://doi.org/10.1080/02640414.2017.1394584.

[29] J. Santos-Concejero, N. Tam, C. Granados, J. Irazusta, I. Bidaurrazaga-Letona,
J. Zabala-Lili, S.M. Gil, Stride angle as a novel indicator of running economy in
well-trained runners, J. Strength Cond. Res. 28 (2014).

[30] J.B. Morin, G. Dalleau, H. Kyröläinen, T. Jeannin, A. Belli, A simple method for
measuring stiffness during running, J. Appl. Biomech. 21 (2005) 167–180, https://
doi.org/10.1519/JSC.0b013e318260edad.

[31] C.T. Farley, O. González, Leg stiffness and stride frequency in human running, J.
Biomech. 29 (1996) 181–186, https://doi.org/10.1016/0021-9290(95)00029-1.

[32] P. Pappas, G. Paradisis, C. Tsolakis, A. Smirniotou, J.-B. Morin, Reliabilities of leg
and vertical stiffness during treadmill running, Sport. Biomech. 13 (2014) 391–399,
https://doi.org/10.1080/14763141.2014.981853.

[33] M. Brughelli, J. Cronin, Influence of running velocity on vertical, leg and joint
stiffness, Sport. Med. 38 (2008) 647–657, https://doi.org/10.2165/00007256-
200838080-00003.

[34] N. Horvais, P. Samozino, Effect of midsole geometry on foot-strike pattern and
running kinematics, Footwear Sci. 5 (2013) 81–89, https://doi.org/10.1080/
19424280.2013.767863.

[35] E. Kowalski, J.X. Li, Lower limb joint angles and ground reaction forces in forefoot
strike and rearfoot strike runners during overground downhill and uphill running,
Sport. Biomech. (2016), https://doi.org/10.1080/14763141.2016.1185458.

F. García-Pinillos et al. Gait & Posture 68 (2019) 72–77

77

https://doi.org/10.1016/J.JBIOMECH.2004.04.023
https://doi.org/10.1016/J.JBIOMECH.2004.04.023
https://doi.org/10.1242/jeb.053157
https://doi.org/10.1111/sms.12057
https://doi.org/10.1519/JSC.0b013e318231aafa
https://doi.org/10.1055/s-0032-1311588
https://doi.org/10.1371/journal.pone.0069006
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0065
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0065
https://doi.org/10.1016/j.jshs.2013.09.004
https://doi.org/10.1016/j.jshs.2013.09.004
https://doi.org/10.4085/1062-6050-45.1.16
https://doi.org/10.1519/JSC.0000000000001679
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0085
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0085
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0085
https://doi.org/10.1055/s-0032-1306283
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0095
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0095
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0100
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0100
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0100
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0105
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0105
https://doi.org/10.1001/jama.2013.281053
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0115
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0115
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0120
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0120
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0120
https://doi.org/10.1589/jpts.26.81
https://doi.org/10.1016/j.gaitpost.2013.12.007
https://doi.org/10.1016/j.gaitpost.2013.12.007
https://doi.org/10.1519/JSC.0000000000001845
https://doi.org/10.1519/JSC.0000000000001845
https://doi.org/10.1080/02640414.2017.1394584
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0145
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0145
http://refhub.elsevier.com/S0966-6362(18)31452-8/sbref0145
https://doi.org/10.1519/JSC.0b013e318260edad
https://doi.org/10.1519/JSC.0b013e318260edad
https://doi.org/10.1016/0021-9290(95)00029-1
https://doi.org/10.1080/14763141.2014.981853
https://doi.org/10.2165/00007256-200838080-00003
https://doi.org/10.2165/00007256-200838080-00003
https://doi.org/10.1080/19424280.2013.767863
https://doi.org/10.1080/19424280.2013.767863
https://doi.org/10.1080/14763141.2016.1185458

	How does the slope gradient affect spatiotemporal parameters during running? Influence of athletic level and vertical and leg stiffness
	Introduction
	Methods
	Participants
	Procedures
	Materials and testing
	Statistical analysis

	Results
	Discussion
	Conflict of interests
	References




