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Abstract

The aim of this study was to compare the spatigtaal parameters of trained runners and
untrained participants with the same foot strikdétgua (rearfoot) during running at
controlled speeds. Twenty-one participants werssdiad in two groups according to their
training experience: Trained (n=10, amateur runmetts long distance training experience)
and Untrained (n=11, healthy non-trained participanAnthropometric variables were
recorded, and the participants performed both anssbnal (between 9 and 15 kribhand

a graded exercise running test (from 6 Kmuntil exhaustion) on a treadmill. Physiological
(VO2max heart rate, running economy, peak speed...) antdabanical variables (contact
and flight times, step rate and length) were siamdbusly registered. Trained runners
showed higher step rate and shorter step lengthtbieaUntrained group at the same running
speeds (between 4-7%, p < 0.05) and at the sanstobbygical intensities (between 7-11%,
p < 0.05). However, there were no differences intact and flight times between groups.
Significant differences (p < 0.05) and large effsizes (Cohen’sl) between groups were
found for body mass, sum of 6 skinfolds, M@ peak speed, ventilatory threshold and
respiratory compensation threshold speeds. Thenddagroup also showed &% better
running economy (ml-K§”km™) than the Untrained groufm conclusion, adopting higher
step rate and shorter step length may be an aeaptechanism of the Trained group to
reduce injury risk and possibly improve running remmy. However, contact and flight

times were consistent regardless of training level.
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INTRODUCTION

Long-distance running has increased in populantythe last decade. According to the
Running USA annual half-marathon report (32), sip@80, the number of finishers in half-
marathon races increased from 482,000 to 2,046r6Q014. This has led to great interest
within the scientific community in studying differefactors affecting both performance and
injury risk in long-distance runners. The runneyBysiological characteristics (i.e. ¥
anaerobic threshold and running economy) and thé@irence on performance have been
widely studied (2, 11). Additionally, some biomenlwal variables such as leg stiffness and
foot strike pattern have been shown to influencefopmance (26, 33). However, the
relationship between the spatio-temporal parameiersinning (i.e. step rate and length,

contact and flight times) and both, perfermance iandy risk still remains unclear.

Previous studies have compared step rate and leamgtrying levels of trained runners (6,
31, 35). There are indications that experiencedets self-select higher step rates than
novice ones (6, 10), which could an adaptation gbnuze energy expenditure (18). De
Ruiter et al. (10) observed that untrained indieidiself-select a step rdi®@0 % lower than
that which would produce an optimal running econofR¥). Conversely, other authors
have found that amateur marathon runners had &hsgép rate and shorter step length than
elite marathon runners at various standardizeddspél). Only two studies analyzed the
differences between trained runners and untraindd/iduals (10, 35), and their results
were also contradictory. Moreover, several studigsmpting to modify runners’ preferred

step rate and length showed decrements in RE (632p Some other studies tried to
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identify an optimal relationship between thesealales and RE, without satisfactory results

(19, 36, 39).

The examination of the relationship between contaud flight times with RE vyields
similarly conflicting results. Some studies ardhbat for a given running speed, increased
contact time is related to a better RE and perfogaabecause a higher contact time implies
a lower ground reaction force, which explains bemw&0-90% of energy cost of running
(13, 15). Conversely, others associated a lowetacbime with a better performance (15,
30), possibly because running speeds and footestpktterns were not always well-
controlled. To address this issue, it has beenesigd that foot strike pattern and running
speed be standardized when comparing running ecpaachspatio-temporal parameters of

running between different level of runners andfutrained individuals (29).

Modifications in step rate and length have alsonbassociated with increased injury risk
while running (34) likely due association with tiheagnitude and rate of impact force
loading during the stance phase in . some runningrieg (23). Research suggests that
increased step rate, and subsequent reductiorejnlshgth, decreases the magnitude of
several key biomechanical factors associated witining injuries (34), such as the center of
mass vertical excursion, ground reaction force,actshock, and may ameliorate energy
absorption at the hip, knee, and ankle joints (3#us, increasing step rate during running
has been commonly advocated as an injury preventechanism (34). Previous studies (7,
16, 34) have shown that the minimum change in deemth required to observe
biomechanical changes was 5%, though an increamemohd 10% was required step rate in
step rate to elicit biomechanical differences @, 43, 34). Curiously, De Ruiter et al. (10)

reported that trained runners had a step@% higher than untrained participants.



Taking into account the influence of spatio-tempparameters of running on performance
and injury risk, and the conflicting research rekatto differences between trained runners
and untrained individuals, the aim of this studysw@a compare the spatio-temporal
parameters (i.e. contact and flight times, stee @td length) of trained long distance
runners and untrained participants with the samedtiike pattern (rearfoot) during running
at controlled speeds. Additionally, running econowgs examined and compared between
groups. It was hypothesized that step rate wouldigjeer and step length shorter in trained
runners compared to untrained participants, regasdbf running speed. Conversely, no
differences in either contact or flight times aé ttame absolute velocities were expected

between groups based on the standardized reatfo@ gattern among participants.

METHODS

Experimental Approach to the Problem

Spatio-temporal parameters of running (i.e. step ed length, contact and flight times)
and physiological variables (Vax ventilatory threshold, respiratory compensation
threshold and RE) among trained runners and uetlaparticipants with the same foot
strike pattern (i.e. rearfoot strikers) were congpgain the present study. Submaximal
running test and graded exercise were performeavaldy comparison of biomechanical and
physiologic parameters between groups at standsedds and at the same physiological

intensities.



ubjects

Twenty-one participants took part in the preseatlgt They were divided into two groups
according to their training experience: Untrainecbup were 11 healthy non-trained
participants (age: 25.6 + 4.8 years; height: 12653 cm;X 6 skinfolds: 61.5 £ 25.4 mm;
body mass: 73.2 + 6.3 kg; body mass index: 23.41#g-m?) who performed 2-3 days per
week of moderate physical activity, but not specrfinning training. The trained groups
consisted of 10 amateur runners with at least twarg of training experience in long
distance running, a training frequency of at léastays per week and a personal best time
on a half marathon between 1:10:00 and 1:26:00 imhss (age: 26.6 = 6.6 years; height:
174.7 + 4.9 cm¥ 6 skinfolds: 41.0 + 9.3 mm; body mass: 65.9 £lg2body mass index:
21.6 + 1.0 kg-m: weekly training volume: 57.5 +22.6 km). Nonetloém were involved in
strength training programs at the time of partit@a in the study. The protocol was
approved by the University Ethics Committee, in aadance with the Declaration of
Helsinki for human research. All participants signa written informed consent to
participate in the study and were informed of thmgectives, procedures, benefits, and

possible risks involved in the study.

The foot strike pattern was considered as an irmusriteria for both groups, because it has
been shown that this variable affects contact &igtitftimes (29). All of the participants
were rearfoot strikers, which is the most commaot &irike pattern in long distance runners

(15).



Procedures

All the participants were evaluated during the saer@od of the year (May-June) in a single
data collection session. First, their anthropometharacteristics and the weight of their
shoes were collected. After this, they performedrii@ of running warm-up on a treadmill
at (10 km-K', followed by 5 min of free stretching of the lowémbs. Second, a
submaximal running test followed by a graded eserdcest were performed with 25-min
rest in-between. All testing sessions were conduatethe same time of day (between 10
a.m. and 1 p.m.), under similar environmental cbos (600 m altitude, 20-24°C and 45-
55% relative humidity). All subjects were instrutten proper hydration and carbohydrate
intake prior to testing (21) and they were instedcto not perform hard training in the 48

hours prior to testing.

All runners wore the same running shoes (250-30@egght for each shoe) in both
submaximal and graded tests to prevent this variibin affecting running economy (28,
29). Runners’ body mass and height were recoragether with six skinfold measurements
(triceps, subscapular, suprailiac, abdominal, fribmgh, and medial calf) using standard
equipment (Harpender, CMS Instruments, London, UMl).measurements were made by
the same researcher following the guidelines of theernational Society for the

Advancement of Kineanthropometry (27).

Running tests were performed on a calibrated trdadBRGelek EG2, Vitoria-Gasteiz,
Spain) with a 1% of slope to mimic the effects wfrasistance on the metabolic cost on a
flat outdoor running track (21). In both runningte respiratory gases were collected via
open-circuit indirect calorimetry (Medisoft ErgodaMedisoft Group, Sorinnes, Belgium)
and HR was monitored (Polar RS800, Polar Electrg Kgmpele, Finland). Equally, a

contact laser platform, previously validated anddus other studies (28, 29), was installed
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in the treadmill to obtain the spatio-temporal paggers of running (SportJUMP System
PRO, DSD Inc., Leodn, Spain) allowing the analygisantact and flight times, step rate and
length during running. Spatio-temporal parameteesewegistered during the last 30 s of
each stage to obtain at least 32—-64 consecutiys sted thus reduce the effect of intra-
individual step variability (3). To determine thenners’ foot strike pattern a high-speed
video camera recording at 600 Hz (Casio Exilim Ei®-F1, Casio Europe GMBH,
Norderstedt, Germany) was placed on the right gidbe treadmill (~1 m), perpendicular to
the sagittal plane (28, 29). All runners were anaetlyby the same researcher, who identified
their foot strike pattern at speeds correspondnthé runners’ race pace for the Trained
Group (15-18 km-f) and for the Untrained Group (12-14 kihOnly the runners who
landed on the ground with the heel first (i.e. feair strikers) were included for further

analysis.

The submaximal test consisted on three running afefsmin with 5-min rest in-between.
Untrained Group ran at 9, 11 and 13 kihdmd Trained Group ran at 11, 13 and 15 Km-h
VO, and HR registry of the last 3-min of each set wamesidered as representative values
and used for analysis (29). Running economy wasraéted as the VOcost at a given
running speed expressed in mitkgin® and ml-kg ">min* (4). As previously reported by
Helgerud et al. (17), there is no difference betwB& at velocities representing intensities
between 60 and 90% of \ihy therefore the better RE value between thesesgities was

chosen as representative value.

The graded exercise test started at 6 Kmahd increased 1 knithevery 1 min until
volitional exhaustion. Achievement of \deuxwas determined based on the attainment of at
least two of the following three criteria: a plaiean VO, with increasing speeds; a

respiratory exchange ratio above 1.15; participaegching their age-predicted maximal
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heart rate (220-age) (12). The ventilatory thredi{MT) and the respiratory compensation
threshold (RCT) were identified according to thigecia of Davis (9). The V&h./RE ratio
was calculated as the quotient between,\Qand RE, both expressed in mifapin™ (19,
36, 39). Biomechanical parameters were recordethgllgach stage above 10 km-to

ensure that all subjects were running (identifigdie presence of flight time) (28, 29).

Satistical Analysis

All values are expressed as mean * standard dawvi&8D), and in some variables 95%
confidence intervals (95% CI) were also calculatéde Kolmogorov-Smirnov test was
applied to ensure a normal distribution of all tssuA one-way ANOVA was used to
analyze the differences between both groups. Thgnitumle of differences or effect sizes
(ES) were calculated according to Coheth@) and interpreted as small (2 ES < 0.5),
moderate (0.5 ES < 0.8) and large (E$0.8). Intraclass correlation coefficient (ICC) was
used to assess the validity of spatio-temporal matars between both running tests
(submaximal test and graded exercise test) at 1hkamd 13 km-H. The ICC was greater
than or equal to 0.90 for all parameters (contadtfight time, step rate and length) at both
speeds. SPSS version 23.0 statistical softwareSIBS., Chicago, IL) was used. Values of

p < 0.05 were considered statistically significant.
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RESULTS

Table 1 shows the participants’ anthropometric ati@ristics and their physiological
variables during the graded and submaximal testmiffeant differences (p < 0.05) and
large effect sizes (ES) between groups were foonthddy mass, body mass index, sum of
6 skinfolds, VQmax, peak speed, VT speed, RCT speed,, RE expresseidkig”">km* and
the quotient V@no/RE. No significant differences were found in kiR height and RE

expressed in ml-kgkm™.

#Table 1 about herett

Table 2 shows the step rate and length of bothpgraluring the graded exercise test.
Overall (i.e. considering all the speeds), the f@digroup showed 5.2 + 0.9% higher step
rate than Untrained group (2.94 = 0.1 and 2.812tHx, respectively; p < 0.05 and ES =
0.97) and 5.6 + 1.2% shorter step length (1.360b @nd 1.46 + 0.09 m, respectively; p <
0.05 and ES = 1.37) than the Untrained group. NMaiddo large effect sizegere observed

for speeds from 10 to 17 kni:h

#Table 2 about herett

Figure 1 shows no significant differences betweerugs in contact and flight times during

the graded exercise test.
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#Figure 1 about here#

Figure 2 shows significant differences (p < 0.01ytep rate between both groupsiatilar

physiological intensities. The Trained group useghér step rate at VT and RCT (2.82 +
0.13 Hz, 95% CIl 2.74-2.90 Hz and 3.01 + 0.12 H2696I 2.94-3.07 Hz, respectively)
than Untrained group (2.62+0.12 Hz, 95% CIl 2.55621z and 2.75 +0,14 Hz, 95% CI

2.66-2.85 Hz, respectively).

#Figure 2 about here#

DISCUSSION

The main outcome of the present study was thategdarunners demonstrated a higher step
rate and shorter step length (between 4-7%) th&mained participants at all running speeds
above 10 km-fi (Table 2). These differences were more pronoufisetiveen 7-11%) at the
same physiological intensities (Figure 2). Thislddoe an adaptation to reduce loading at
the hip and knee joints during running, which ma&ydn adaptive mechanism to prevent
some of the most common running-related injurie®).(Additionally, the present study
demonstrated that when both foot strike pattern \aidcity were controlled, contact and

flight times were independent of running experie(tfégure 1).

Only two previous studies analyzed the differennestep rate among trained and untrained
participants (10). Slawinski & Billat (35) observétat highly trained runners used a step
rate [I7-8% greater than well trained and untrained rus@rthe same running speed but

that there were no differences between the lastergroups. Their findings conflict with the
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results of the present study (Table 2), possiblyabse their experiment was performed in
the field (i.e. real conditions), and the ability ¢ontrol speed (i.e. it was betweeh-7%
different among groups) and record a representativeber of steps (i.e. only two steps
were analyzed) was limited. Conversely, de Ruiteale (10) has reported that trained
runners had a step rai®% higher than untrained participants at the samgsiplogical
intensity (80% of RCT). These differences are @amib those reported in the present study
(between 7-11%) at different physiological inteiesit (Figure 2), demonstrating a clear

preference in experienced runners to self-selggttdnistep rates than untrained ones.

The higher step rate and shorter step length foundhe experienced runners when
compared to untrained participants could be aswmtiavith, among other factors, an
adaptive mechanism to reduce injury risk by indreastep rate (35). Previous studies (16,
20) have observed that at a given running spestipger step length decreases the impact
of the foot on the ground, thereby reducing injusk (23, 34). Considering the running-
related injury rate among those who _begin a runmpnggram (ranging from 19.4% to
79.3%) (37), the findings of the present study, mviviewed in context with previous
research examining injury risk indicate that, sdae@hnical strategies could be adopted (i.e.
cadence training with feedback) in an attempt tor@se injury risk and positively affect

running economy (14).

The Trained and Untrained groups in the preserdystoth exhibited a rearfoot strike
pattern and demonstrated no differences in eithercontact or flight times (Figure 2).
These results disagree with previous research stiggean association between shorter
contact times and better performance (15, 30) \zl lef expertise (10). However, not all
previous research has controlled for factors thay mffect this association. Due to the

effect of foot strike pattern and running speedcontact and flight times, both variables
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were controlled in the present study, as in sone@ipus studies (28, 29). Additionally, at
running speeds of 12, 14 and 16 kih-bontact times (0.276 + 0.017, 0.249 + 0.014 and
0.228 + 0.013 s, respectively) were similar to thosported (0.278 £ 0.017, 0.252 + 0.014
and 0.230 £ 0.011 s, respectively) in a previousstvhich involved highly trained runners
with a rearfoot strike pattern (half marathon tiloeer than 1:15:00 hh:mm:ss) (29). These
results suggest that for the same submaximal rgnspeed, contact and flight times do not
seem to vary with the level of training or runniexperience. In other words, at submaximal
speeds, timing is very consistent in humans whitening. This new finding warrants further

investigation (i.e. neural mechanisms associatél tis phenomenon).

In the present study, there were no significanfedéinces in running economy between
trained runners and untrained participants if tlaisable was expressed in mikgm*, and
the contrary when it was expressed in mf:-kgkm™ (Table 1). Since V@at a submaximal
speed does not increase linearly in proportioroybmass, if the V@s expressed in ml-kg
Lk, lighter runners may be classified as less efficthan heavier runners (4). Given the
differences in mass between the two groups, amoWolg the recommendations of Bergh et
al. (4), it could be assumed that running econompressed in ml-kg">km* more
accurately reflects the differences between grogmveral studies associated running
economy with running performance (1, 5, 26, 33)halgh in homogeneous groups of
runners the effect size of this association has logeestioned (24). The present study found
that trained runners were between 5-7% more ecarartiian the untrained ones. These
values are in line with the reduction in aerobinded (6-7%) observed between trained and
untrained adults undergoing extended training @agr (38, 39). Specifically, Morgan et al.
(26) noted that sub-elite runners were 3% more @mical than moderately trained runners,

and these were 9% more economical than untraineoweker, economical and
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uneconomical runners could be identified at alklswof performance (22, 26), and possibly

between trained and untrained subjects.

Some limitations of the present study were: a-ahalysis of treadmill running instead of
track running. Although it can be assumed that rkiaics and kinetics are very similar,
instruments’ accuracy and environmental conditiares better controlled in the laboratory
(28); b- the differentiation between the effectbofth running experience and step rate on
running economy. Because of the collinearity ofsthgariables, it is difficult to know the
real effect of running experience on the other wanables. However, according to previous
studies, running economy in untrained participant® Increased step rated% only

improved 1-2% (9).

In conclusion, this study examined differences pat®-temporal parameters between
trained long distance runners and untrained ppdids which can be applied to benefit
novice runners. Besides possessing a decreasslolgycal capacity (e.g. lower \iRax
and running economy, higher percent body fat),amnéd runners also demonstrated lower
step rate and longer step length compared to ttaineners at the same running speeds
(between 4-7%) and at the same physiological iitiess (between 7-11%). These
differences may represent an adaptive mechanisradiace the injury risk while running
that may be trained in novice runners to improvecfion and reduce injury risk. However,
there were no differences in contact and flightemat the same submaximal speeds,
showing a consistent timing for runners with thmedoot strike pattern, independent of the
level of training. The underlying mechanisms fds thimilarity between runners of different

training levels warrants further investigation.
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PRACTICAL APPLICATIONS
Since high step rate has been related to a decireasening injuries, specific intervention,
strategies and technical exercises employed byhesao increase step rate of their runners
may be advantageous. This is particularly impar@nnovice runners given their tendency
to use lower step rates at all speeds, but canb&sapplied for experienced runners, when
this pattern is detected. According to the reswaltsthis study, step rate values in
experienced runners should be near 2.82 +0.13 NZ g05% Cl 2.74-2.90 Hz) and 3.01+
0.12 Hz at RCT (95% CI 2.94-3.07 Hz). In this refyastep rate and length could be easily
registered by means of portable and miniaturizens@s (e.g. Polar Sensor Running,
Garmin HRM-Run, Suunto Foot POD, etc.) and compaxéti these reference values,
which may help coaches and athletes monitor thassaneters and determine their adequacy

during training and competitions.
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FIGURES CAPTIONS

Figure 1. Contact (top marks) and flight times {bot marks) of Trained and Untrained

participants during the graded exercise test (ftono 17 km-H).

Figure 2. Step rate at ventilatory threshold (WEgpiratory compensation threshold (RCT)
and peak speed for both groups (Traisetdntrained). Significant differences between both

groups: ** p < 0.01; *** p < 0.001.



Table 1. Anthropometric and physiological chardst&s (means + SD) of trained

and untrained participants.

Variables Trained (n=10) Untrained (n=11) p ES
Anthropometric
Mass (kg) 65.9 + 4.2%* 73.2+6.3 0.006 1.37
Height (cm) 174.7+ 4.9 176.7 +5.3 0.940 -
BMI (kg-mi?) 21.6 +1.0* 23.4+2.1 0.012 1.12
% 6 skinfolds (mm) 41.0 £ 9.3* 615+254 0.028 1.07
Graded test
VO2max (Ml-kg™-min™) 61.8 + 5.4** 54.1+5.8 0.006 1.38
HRmax(bpm) 184.4 +9.0 190.0+9.5 0.274 -
Peak speed (kmi'h 20.0 + 1.0%** 16.5+1.2 0.000 3.14
VT speed (km-1) 12.2 £4.1%+* 9.4+0.9 0.000 2.79
RCT speed (km 16,1 + 1.1%%* 13.2+0.7 0.000 3.16
Submaximal test
RE (ml-kg"-min™) 207.6 +17.4 217.6 £ 13.9 0.120 -
RE (ml-kg® ™ min?) 591.1 + 48.0* 635.5 + 36.0 0.0311.05
VOszmafRE (Min-nit) 298.2 + 15,1+ 248.4 +20.2 0.0002.79

BMI: body mass indext 6 skinfolds: triceps, subscapular, abdominal, @lipc, mid-
thigh, and medial calf; V&hax maximum oxygen uptake rate; HR maximum heart
rate; Peak speed: maximal speed reached durintgdhe/T speed: speed at ventilatory
threshold; RCT speed: speed at respiratory compiengareshold. RE, running
economy. Significant differences between both gsoéip < 0.05; **p < 0.01; ***p <

0.001. ES: Effect size, Coherdof the differences among groups.



Table 2. Step rate and length (means = SD) of €h{n= 10) and Untrained participants (n= 11) dythre

graded exercise test (from 10 to 17 ki):h

Step Rate (Hz)

Step length (m)

Speed Trained Untrained p ES Trained Untrained p S

10 km-R* 2.79+0.13* 2.67+0.14 0.048).88 0.99 + 0.05* 1.04 +£0.05 0.0449.00
11 km-h* 2.82+0.11 271+£0.13 0.050.91 1.08 +0.04 1.11+0.05 0.05b.66
12 km-i* 2.86+0.11* 2.73+0.14 0.0361.03 1.16 + 0.05* 1.22+0.06 0.0372.08
13 km-h* 2.91+0.10* 2.76+0.15 0.0211.17 1.24 + 0.04* 1.31+0.07 0.021.22
14 km-h* 2.95+0.09* 2.79+0.14 0.0111.35 1.32 + 0.04* 1.40+0.07 0.012.40
15 km-h* 2.99+0.08** 2.82+0.15 0.0081.41 1.39 £ 0.04** 1.47+0.08 0.004.26
16 km-h* 3.05+0.09** 2.85+0.15# 0.0051.61 1.45+0.04** 1.56+£0.09# 0.004.57
17 km-h* 3.10+0.11** 2.98+0.17$ 0.0010.83 1.52 +0.05** 1.58+0.09% 0.00D.82

Significant differences between both groups: *p&00p<0.01. Number of untrained runners in this

stages: n=9 (#) and n=7 ($). ES: Effect size,ddd of the differences among groups.

E
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