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ABSTRACT ARTICLE HISTORY
Overuse injuries are a common problem to triathletes’ population. Overuse injuries may arise from inter- Accepted 4 August 2020
limb biomechanical differences during running, but the literature lacks information regarding inter-limb
differences in triathletes. In this study inter-limb differences were investigated in injury-free triathletes
during the running portion of a simulated cycle-run transition. Thirteen triathletes performed a 5 km run
preceded by a 20 min cycling trial at 70% of maximal power output. During the Start, Mid and End stages
of running, kinetic, kinematic and muscle activation variables were compared between the preferred and
non-preferred limbs across the stance phase. A statistical parametric mapping analysis showed no
differences between limbs when considering kinetic and kinematic variables (p > 0.05, ES<0.60).
A lower soleus activation was observed in the preferred limb (p < 0.05, ES>0.60) from 53.40-75.9% of
the stance phase at the End stage of running. In conclusion, inter-limb differences in kinetic or kinematic
variables may not represent a risk for overloading in triathletes. However, inter-limb differences in triceps
surae activation during running after cycling may represent one potential factor leading to overuse
injuries in triathletes and should be further investigated.

KEYWORDS
Bilateral; triceps surae; EMG;
triathletes; transition

Introduction during the stance phase of running with the occurrence of
tendon overuse injuries (Azevedo et al, 2009; Baur et al,
2011; Davis et al., 2016; Donoghue, Harrison, Coffey et al.,
2008; Donoghue, Harrison, Laxton et al., 2008; Van Ginckel
etal., 2009; Wyndow et al., 2013). Parameters relating to ground
reaction forces (GRF) (Davis et al., 2016), knee (Azevedo et al.,
2009; Donoghue, Harrison, Coffey et al., 2008) and ankle joint
kinematics (Donoghue, Harrison, Coffey et al., 2008; Donoghue,
Harrison, Laxton et al, 2008), centre of pressure anterior-
posterior displacement (COP,p) (Van Ginckel et al., 2009), and
muscle activation (Baur et al., 2011; Wyndow et al., 2013) were
observed in runners that sustained or developed tendon over-
use injuries. Furthermore, excessive strain has been suggested
to induce structural damage within tendon tissue (Ros et al.,
2019; Wren et al., 2003), which may lead to overuse injury
development.

Studies investigating inter-limb differences during running
often assume that differences may exist at specific time points
[zero dimensional (0d) metrics] (Brown et al.,, 2014; Karamanidis
et al., 2003; Pappas et al., 2015; Radzak et al., 2017). Furthermore,
previous studies on triathletes observed that cycling induced
alterations in hip, knee and ankle kinematics, (Bonacci, Blanch
et al, 2010; Bonacci, Green et al., 2010; Rendos et al,, 2013),
kinetics (e.g., spring-mass behaviour) (Le Meur et al., 2012), and
neuromuscular parameters (Le Meur et al., 2012) during subse-
quent running. Unfortunately, those studies investigated only
a single limb using 0d biomechanical data. Similarly, studies
observing associations between biomechanical variables and
tendon overuse injuries also adopted 0d metrics (Azevedo

Lower limb overuse injuries are among the most prominent in
triathletes (Gosling et al., 2008; Vleck & Garbutt, 1998) and
running has a stronger association with lower limb injury inci-
dence than cycling or swimming in triathlon (Vleck & Garbutt,
1998). Overloading is one important factor in the development
of overuse injuries (Magnusson et al., 2010), and previous
research on the association between biomechanical variables
and overuse injuries has been conducted in runners (Becker
et al., 2017; Van Ginckel et al., 2009). However, findings on
runner’s biomechanics should not be translated to triathletes
since during triathlon the running segment is preceded by
a cycling trial.

Biomechanical inter-limb differences have been previously
investigated during running and cycling (Carpes et al., 2010;
Sadeghi et al., 2000). The relevance of investigating biomecha-
nical inter-limb differences relies on the assumption that inter-
limb biomechanical differences may potentially result in over-
loading of muscle-tendon components due to the systematic
exposition of one limb to greater external loadings, strains and
stresses. Thus, the systematic exposition of triathletes to inter-
limb biomechanical differences may be an aetiological factor in
the high incidence of overuse injuries in triathletes. However,
possible inter-limb differences occurring during running have
not previously been investigated in this population.

Tendons are a common site of overuse injuries in triathletes
(Gosling et al., 2008; Vleck & Garbutt, 1998). Previous studies
have observed associations between biomechanical variables
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et al, 2009; Baur et al, 2011; Davis et al, 2016; Donoghue,
Harrison, Coffey et al., 2008; Donoghue, Harrison, Laxton et al.,
2008; Van Ginckel et al., 2009; Wyndow et al., 2013). However, to
the best of our knowledge i) there is limited support for the
adoption of 0d metrics when investigating inter-limb differences
during running in injury-free individuals, ii) there is no evidence
for stating at which time point during the stance phase of run-
ning inter-limb differences are most relevant and iii) there is
a dearth of research regarding inter-limb differences in injury-
free triathletes when running after cycling.

Therefore, the present study aimed to investigate inter-limb
differences in biomechanical variables previously associated to
overuse injuries during running preceded by cycling in a group
of injury-free competitive triathletes. The identification of inter-
limb differences may guide coaches and clinicians in developing
procedures to minimize excessive external and internal loads in
triathletes when running after cycling. Due to the aforemen-
tioned lack of evidence for the adoption of 0d metrics on inter-
limb differences during running, time-series data from the entire
stance phase were analysed by employing a statistical parametric
mapping approach (SPM) (Pataky et al., 2013).

Material and methods
Participants

Thirteen  male  competitive  triathletes (mean =+
SD =34 + 5.7 years; 177.6 = 3.8 cm; 72.9 + 7.0 kg) participated
in this study after giving informed consent. The study was
approved by the Stockholm Regional Ethics Committee and
followed the Declaration of Helsinki ethical guidelines. The
triathletes reported no history of lower limb injury in the six
months prior to testing and limb preference was assessed by
a footedness questionnaire (Elias et al., 1998).

Experimental setup

Triathletes were asked to avoid high intensity training during
the 24 hours preceding testing. During their first visit to the
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laboratory, triathletes performed a maximal cycling test for
determination of maximal power output (POpmax). The cycling
POmax protocol began with a workload of 150 watts (W)
increasing with 25 W per minute. The pedalling cadence was
maintained at 90 *+ 2 rpm by using feedback provided by the
cycle-ergometer head unit (LC7, Monark Exercise AB, Sweden).
The triathletes pedalled until they reached volitional exhaus-
tion or until they could not maintain the target pedalling
cadence. The last finished workload stage was regarded as
each triathlete’s POpax. One week after their first visit to the
laboratory, triathletes performed a simulated cycle-run transi-
tion consisting of a 10 min warm-up at 150 W followed by the
cycle-run transition simulation. The cycle-run simulation con-
sisted of a 20 min cycling trial at 70% of POyax On a cycle-
ergometer (LC7, Monark Exercise AB, Sweden) immediately
followed by a 5 km run on a motorized treadmill (RL2500E,
Rodby Innovation AB, Sweden). The transition from cycling to
running was conducted as fast as possible to mimic race con-
ditions. Triathletes were not informed about their actual speed
but were allowed to increase or decrease the treadmill speed in
order to achieve their preferred race-pace.

Passive reflective markers were placed on anatomical land-
marks on the torso, pelvis and lower limbs. Torso markers were
placed on the spinal process of the C7 vertebrae and on the
right and left acromion. Pelvis markers were placed on the right
and left anterior and posterior superior iliac spines. Lower limb
markers were placed bilaterally on the medial and lateral epi-
condyles of the femur, medial and lateral malleoli, the 1t and
5™ metatarsophalangeal joints and on the calcaneus. Four rigid
clusters of four non-collinear reflective tracking markers were
strapped bilaterally to the thigh and shank. The 3-D coordinates
of the reflective markers were registered at 300 Hz during
running by a twelve-camera motion analysis system (Oqus
4-series, Qualisys AB, Sweden). A static trial was conducted in
order to register the triathletes’ anatomical position immedi-
ately before the start of the 5 km run. The static trial was
performed in order to scale a musculoskeletal model
(Rajagopal et al., 2016) composed of feet, shanks, thighs, pelvis
and torso to each participant’s anthropometrical characteristics
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Figure 1. GRF and COP, p mean 1 standard deviation (shaded areas) values for the preferred (solid blue line, upper panels) and non-preferred limb (solid orange line,
upper panels) at each running stage (Start, Mid, End). Respective SPM{t} and ES analysis are presented below each GRF and COP, p panels. SPM{t} = solid blue lines;

t threshold = blue dashed lines; ES = solid orange lines.
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Figure 2. Joint and tendon kinematics mean +1 standard deviation (shaded areas) values for the preferred (solid blue line) and non-preferred (solid orange line) limb at
each running stage (Start, Mid, End). Respective SPM{t} and ES analysis are presented below each joint and tendon kinematics panel. SPM{t} = solid blue lines;

t threshold = blue dashed lines; ES = solid orange lines.

following standard procedures in OpenSim 3.3 (Delp et al,
2007). After scaling, each triathlete’s musculoskeletal model
and 3-D coordinates recorded from running were used as
input for the Inverse Kinematics tool in OpenSim. Bilateral
generalized coordinates in the sagittal plane for the hip, knee
and ankle joints were provided by the inverse kinematics ana-
lysis. The lengths of the MG, SOL, and TA series elastic elements,
here referred to as SOL, MG and TA tendon lengths respectively,
were computed using the Analysis tool in OpenSim based on
each triathletes’ muscle-tendon paths defined during the scal-
ing procedure together with the knee and ankle joint kine-
matics from the inverse kinematics analysis.

The GRF was registered bilaterally during running by
a pressure measuring insole system (Pedar®, Novel GmbH,
Germany) sampling at 100 Hz placed in the triathletes’ running
shoes. The MG, LG, SOL and TA activations were registered at
3000 Hz bilaterally during running by a wireless electromyo-
graphy (EMG) system (TeleMyo 2400 R G2, Noraxon Inc., USA).
The triathletes’ skin was carefully shaved and cleaned with
alcohol swabs to reduce skin impedance prior to electrode
placement. Bipolar surface electrodes (Neuroline 720, Ambu
Inc., Denmark) were placed parallel to the muscle fibres over
the mid-belly of the MG, LG, SOL and TA muscles with an inter-
electrode distance of 20 mm. The EMG procedures were con-
ducted according to SENIAM recommendations (Hermens et al.,
2000). All systems were synchronized by an analogue pulse
sent from the QTM® software (Qualisys AB, Sweden) to the
EMG and pressure insole systems. Data were sampled for 30 sec-
onds at the Start, Mid and End stages of the 5 km run (i.e. at
0.5 km, 2.5 km and 4.8 km, respectively).

Joint kinematics and tendon lengths were filtered using
a 3 order low pass IIR Butterworth filter with a cut-off

frequency of 10 Hz in OpenSim. GRF data were filtered using
a 2" order low pass Butterworth filter with a cut-off frequency
of 10 Hz and then up-sampled to 300 Hz by a Fast Fourier
Transform (FFT) interpolation method to improve data resolu-
tion. EMG signals were filtered using a 5" order band-pass
Butterworth filter with a cut-off frequency of 20-500 Hz and
the root mean squared (RMS) envelopes were subsequently
computed for eleven subjects (two triathletes were excluded
from the analysis due to excessive noise to signal ratio in the
EMG signals). Touch-down and toe-off were determined using
a 50 N threshold (Becker et al, 2017). The average of ten
complete stance phases (e.g., touch-down to toe-off) were
adopted as representative of each limb in each running
stage. The stance phase was normalized to 100 data points
for all variables. GRF was normalized to body weight (W),
EMG was normalized to the peak RMS value (%RMSx) found
between running stages, and tendon strain was calculated as
percentage of tendon length at the standing position refer-
ence trials (%oLengthg,c). Asymmetries were calculated for the
whole stance phase as the absolute difference between limbs.
Data analysis was performed with customized scripts devel-
oped in Matlab® (v2017b, MathWorks Inc., USA).

Statistical analysis

The assumption of data normality was verified prior to compar-
ing limbs using paired samples t-tests in each running stage.
Repeated measures (RM) ANOVA were employed for testing the
effect of running stage on asymmetry level (Supplement 1) and
on running speed. Bonferroni corrections were conducted in
the case of differences occurring between stages when the RM
ANOVA indicated a p < 0.05. Cohen'’s d Effect sizes [(ES) (Cohen,
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Figure 3. Medial gastrocnemius (MG), lateral gastrocnemius (LG), soleus (SOL) and tibialis anterior (TA) mean +1 standard deviation (shaded areas) values for the
preferred (solid blue line) and non-preferred limb (solid orange line) at each running stage (Start, Mid, End). Respective SPM{t} and ES analysis are presented beside
each muscle activation panel. SPM{t} = solid blue lines; t threshold = blue dashed lines; ES = solid orange lines. Vertical red lines indicate the portion of stance phase in

which p < 0.05.

1988)] were computed for the entire stance phase of running
and their magnitude was interpreted as follows: <0.2, trivial; 0.2
to <0.6, small; 0.6 to 1.2, moderate; >1.2, large (Hopkins et al.,
2009). Results were discussed when p < 0.05 and a moderate or
greater effect was observed. The SPM analysis was performed
using the open-source spm1d statistical package (www.spm1d.
org) for Matlab®.

Results

Mean power output during the cycling stage was 235 (35)
W and the mean 5 km running time was 20.4 (2.4) minutes.
The mean running speed was 14.4 (1.8), 15.2 (4.8) and 15.5
(2.7) km.h™" in the Start, Mid and End stages respectively.
Running speed significantly increased from Start to Mid
(p = 0.03, ES = 0.93), and Start to End stage (p = 0.03,
ES = 0.94). No differences between limbs were observed in GRF
(W) or COP,_p towards the stance phase (Figure 1). GRF (Wy,)
and COP,p SPM{t} mean values during stance at each stage
were 1.1, 0.63, 0.05 and 0.82, 0.47, 0.05 respectively. ES mean
values during stance at each stage were 0.30, 0.29, 0.25 and
0.38, 0.47, 0.38, for GRF (W},) and COP4 p respectively.

No differences were observed in joint or tendon kinematics
during the stance phase between limbs at any stage (Figure 2).
Ankle angle SPM{t} and ES mean values during stance at each
stage were —0.27, 0.16, 0.22 (SPM(t}), 0.34, 0.44, 0.47 (ES); knee
angle values were 0.66, —0.07, —0.36 (SPM({t}), 0.30, 0.39, 0.35
(ES); and hip angles values —0.40, —0.17, —1.37 (SPM{t}), 0.27,
0.48, 0.40 (ES). SPM({t} and ES mean values for MG, SOL and TA
tendon strain during stance at each running stage were —0.39,
0.15,0.26 (SPM{t}), 0.10, 0.13, 0.13 (ES); —0.18, 0.16, 0.25 (SPM{t}),
0.10, 0.14, 0.14 (ES), 0.15, —0.13, —0.24 and (SPM({t}), 0.22, 0.31,
0.29 (ES) respectively.

SPM{t} mean values for muscle activation comparisons
across the stance at each running stage were 0.46, 1.8, 1.13
(MG), 0.21, -0.10, —0.52 (LG), <0.01, —0.75, —2.29 (SOL), 0.39,
0.78, 1.02 (TA). Mean ES during stance at each stage were 0.43,
0.47,0.52 (MG), 0.41, 0.37, 0.45 (LG), 0.55, 0.49, 0.61 (SOL), 0.47,

0.41, 0.28 (TA) (Figure 3). A greater MG activation in the P limb
(p = 0.0153) was observed at Mid stage from 75.24 to 80.78% of
stance, although with an ES of small magnitudes (ES ranged
from 0.41 to 0.51) (Figure 3). A lower activation of LG EMG
(p < 0.001) in the P limb was observed at the End stage from
67.75 to 82.66% of stance, although of small magnitude (ES
ranged from 0.39 to 0.58) (Figure 3). A lower activation of SOL
EMG (p < 0.001) in the P limb was observed at the End stage
from 53.40 to 75.89% of stance showing small to moderate
magnitude (ES ranged from 0.59 to 0.80) (Figure 3).

Discussion

In this study inter-limb differences in GRF, COPA,_p, lower limb
kinematics, tendon strain and muscle activation were investi-
gated during the stance phase of running after cycling in
a group of injury-free triathletes. Running speed increased
from the Start to Mid, and from Start to End stages. However,
no differences were observed in kinetics or kinematics between
the preferred and non-preferred limbs or in the asymmetry
level (Supplement 1) across stages. SOL activation was lower
in the preferred limb compared to the non-preferred limb after
53.4% of the stance phase at the End stage of running. Results
from GRF values were slightly lower than previously reported
for treadmill running (Kram et al., 1998), which may have been
due to treadmill damping or drift occurring in the pressure
insole sensors (Hurkmans et al., 2006). Joint kinematic results
were in line with prior studies during running at similar speeds
(Orendurff et al., 2018), and this also applied for to the simu-
lated tendon kinematics from a musculoskeletal model during
running (Lai et al., 2018). Muscle activation patterns were simi-
lar to those reported for triceps surae muscles during running
after cycling at comparable cycling and running intensities (Le
Meur et al., 2012).

Hip (Rendos et al., 2013), knee (Bonacci, Blanch et al., 2010)
and ankle kinematics (Bonacci, Green et al.,, 2010) have been
reported to be altered when running after cycling when com-
pared to a run without prior cycling. The reported effects of
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cycling on subsequent running have been attributed to triath-
letes’ experience or training level (Bonacci, Blanch et al., 2010;
Bonacci, Green et al., 2010; Rendos et al., 2013). The relative
cycling power output from triathletes in our study (3.26 W.kg™")
was close to that reported for elite level triathletes (3.6 to 3.9 W.
kg™") (Bernard et al.,, 2009; Etxebarria et al., 2014). The mean
cycling power output in the present study (236 + 35 W) was
also close to that reported for elite triathletes during competi-
tions (230 £ 53 W to 252 + 33 W) (Bernard et al., 2009; Etxebarria
et al., 2014). The running performance (duration = ~20 min,
speed = ~15 km.h™") was comparable to the ~17 min perfor-
mance on a 5 km run without a preceding cycling trial in
regional to national level triathletes (Girard et al, 2013).
Running speed in the present study (14.4, 15.2 and 15.5 km.
h™" at Start, Mid and End stages respectively) is comparable to
that of well-trained triathletes running to exhaustion (~15.7 km.
h™") for a shorter time (~15 min) (Le Meur et al., 2012). Inter-
limb differences in running mechanics that are dependent on
kinetics and kinematics have been observed to occur at speeds
above 18 km.h™' (Dalleau et al., 1998; Exell et al., 2017; Girard
et al,, 2017). The adoption of a preferred pace (~15 km.h™")
during the whole 5 km run by triathletes in this study may
therefore have limited the occurrence of inter-limb differences
in kinetics and kinematics previously observed at faster
running speeds (Dalleau et al., 1998; Exell et al., 2017; Girard
et al., 2017).

A reduction in SOL activation amplitude in the preferred
limb was observed at the End stage of running. This finding is
partially supported by previous findings of a reduced SOL
EMG amplitude at the end of a cycle-run transition (Le Meur
et al,, 2012). Regarding the lower activation in the preferred
limb, previous studies observed that one limb has
a preferential role in propulsion than the other during differ-
ent supporting tasks and locomotion (Chavet et al., 1997;
Dalleau et al., 1998; Sadeghi et al, 1997). Furthermore,
a greater SOL activation in the dominant limb and an associa-
tion between neural drive and limb dominance has previously
been reported during walking (Ounpuu & Winter, 1989). Due
to the bi- (e.g., MG and LG) and uni-articular (SOL) character-
istics of triceps surae muscles, a possible greater mechanical
demand on SOL compared to LG or MG may occur during
running. For example, a greater activation of SOL has been
described as a neuromuscular strategy to overcome a lower
MG activation when knee flexion induces shorter fascicle
lengths in this muscle (Lauber et al., 2014). Thus, it is possible
that the triathletes’ preferred limb may have played
a propulsive role throughout the whole cycle-run protocol,
thus placing a greater mechanical demand on SOL and
explaining the observed reduced SOL activation in that limb.
However, although of small magnitude, LG activation was also
lower in the preferredlimb in a similar range of the stance
phase as observed for SOL (Figure 3), implying that a cycle-run
transition may induce inter-limb neuromuscular alterations in
other triceps surae muscles than only in SOL. Further studies
should be conducted to confirm these suggested effects of
limb preference and the bi and uniarticular characteristics of
triceps surae muscles on their neuromuscular profiles during
running after cycling.
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The absence of kinetic and kinematic inter-limb differences
suggests no differences in the external loading experienced by
each limb, implying that the observed difference in SOL activa-
tion between limbs was not driven by external loading.
However, external loading is not a good predictor of internal
loading (Matijevich et al., 2019; Scott & Winter, 1990). Triceps
surae force production has been suggested to result in non-
homogenous forces, displacements and strains within the
Achilles tendon (Arndt et al, 1998; Franz & Thelen, 2015;
Froberg et al., 2017; Lersch et al., 2012), which in combination
with the results from this study may indicate possible differ-
ences in Achilles tendon loading, displacements and strains
between limbs. Inter-limb differences in SOL activation system-
atically occurring after mid stance and beginning of push off
when the Achilles tendon experiences its peak forces (Scott &
Winter, 1990), might increase chances of muscle or tendon
overloading in triathletes, thus increasing injury risk.

This study is not without limitations. Fatigue levels were not
directly assessed and future studies should address the effects
of fatigue on triathletes’ inter-limb differences during cycle-run
trials. A high risk of overuse injuries remains elusive when
assumptions are based only on inter-limb differences in muscle
activation, while inter-limb differences in variables related to
external loading limit direct association to internal loading.
Furthermore, strains estimated from musculoskeletal models
provide only an approximation of the real strain experienced
by muscle-tendon components, and thus inter-limb differences
in strain should be further investigated during running by
direct measurements such as ultrasonography (Aeles &
Vanwanseele, 2019). Finally, the findings in this study may not
have been revealed if 0d metrics were adopted, and therefore
inter-limb differences in injury free individuals should be
further investigated by 1d analysis. As a practical application
coaches and clinicians should implement plantar flexor
strength training protocols aiming to prevent the occurrence
of inter-limb differences in triceps surae activations during
running after cycling.

In conclusion, inter-limb differences in kinetic and kinematic
variables were not observed in triathletes during running after
cycling and thus might not represent a risk for overloading in
this population. However, within the experimental conditions
of this study, inter-limb differences in triceps surae activation
were observed. These may represent a possible factor leading
to overloading and therefore a possible link to the high rates of
overuse injuries in triathletes. Triathletes might benefit from
bilateral neuromuscular monitoring and strength training dur-
ing the training season to minimize overload-related injuries in
the triceps surae muscle-tendon complex.
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