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Discovering the sluggishness of
triathlon running - using the
attractor method to quantify the
impact of the bike-run transition

Christian Weich'*, Valentin Barth?, Nikolai Killer"’,
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Sports Science Department, University of Konstanz, Konstanz, Germany, Physics Department,
University of Konstanz, Konstanz, Germany, *Computer Science Department, University of Konstanz,
Konstanz, Germany, “Interdisciplinary Centre for the Study of Human Performance (CIPER),
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Running in a triathlon, a so-called brick run, is uniquely influenced by
accumulated load from its preceding disciplines. Crucially, however, and
irrespective of race type, the demands of a triathlon always exceed the sum
of its parts. Triathletes of all levels commonly report subjectively perceived
incoordination within the initial stages of the cycle run transition (T2).
Although minimizing it, and its influence on running kinematics, can
positively impact running and overall triathlon performance, the mechanisms
behind the T2 effect remain unclear. In the present study, we assessed the
influence of the pre-load exercise mode focusing on the biomechanical
perspective. To analyze inertial sensor-based raw data from both legs, the
so-called Attractor Method was applied. The latter represents a sensitive
approach, allowing to quantify subtle changes of cyclic motions to uncover
the transient effect, a potentially detrimental transient phase at the beginning
of a run. The purpose was to analyze the impact of a pre-load on the
biomechanics of a brick run during a simulated Olympic Distance triathlon
(without the swimming section). Therefore, we assessed the influence of
pre-load exercise mode on running pattern (SM) and precision (6D), and on
the length of the transient effect (ty) within a 10 km field-based run in 22
well-trained triathletes. We found that 6D, but not 6M, differed significantly
between an isolated run (lrun) and when it was preceded by a 40 km cycle
(Trun) OF an energetically matched run (Rgyn). The average distance ran until
overcoming the transient phase (t1) was 679 m for Tgyn, 450 m for Rryn, and
29 4 m for Igun. The results demonstrated that especially the first kilometer of
a triathlon run is prone to an uncoordinated running sensation, which is also
commonly reported by athletes. That is, i) the T2 effect appeared more
linked to variability in running style than to running style per se ii) run ty
distance was influenced by preceding exercise load mode, being greater for
a Trun than for the Ry, condition, and iii) the Attractor Method seemed to
be a potentially promising method of sensitively monitoring T2 adaptation
under ecologically valid conditions.
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Introduction

Triathlon involves consecutive swimming, cycling and
running over a variety of distances and formats (1, 2). At the
elite, but not at the amateur (or so-called age-group) level of
competition, the cycle section is draft-legal. These factors in turn
affect both the level and the distribution of exercise intensity
that the athlete experiences within each individual discipline of a
race (3, 4). Crucially, however, and irrespective of race type, the
demands of a triathlon always exceed the sum of its parts. Both,
triathlon cycling, and running are influenced by the demands of
their preceding discipline (s), with the most obvious effects of
this being manifested up to approximately seven minutes from
the bike dismount (5). Over the cycle-run transition (T2),
defined as the period from the last kilometer of the cycle section
through to the end of the first kilometer of the run, athletes
often sense a lack of coordination (5). This may result in altered
running kinematics, with adverse consequences for the athletés
running performance (6). The overall relative contribution of
this triathlon run to race performance generally differs with
event distance, within both non-drafting and draft-legal triathlon
(7-10). In draft legal triathlon, it has been demonstrated to
become increasingly decisive, the better the athletes (11-15).
This was shown clearly by the analysis that was carried out by
Piacentini et al. (16) of the performance, over the two Olympic
cycles from 2009 to 2016, of competitors in the World Triathlon
Series (WTS), ie., the highest level of Sprint and Olympic
distance (OD) competition below the Olympic Games. Athletes
were divided into 4 groups according to their final race placing
(G1: 1%-3% place; G2: 4-gh place; G3: 8-16" place and G4: >
17 place). For females, there were significant differences in the
swim and bike segment only between G4 and the other groups,
whilst for the run segment each group differed significantly
from each other. For males, there were significant differences in
swim only between G4 and the other groups, whilst for the
running segment each group differed significantly from the
others. Essentially, the athletés swimming ability affected how
many seconds they exited the swim behind the race leader, and
their capability to attain the leading bike pack(s)- within which
it was apparently important for overall success that a good
runner be positioned (17, 18). Importantly, over all the years
and races that were analyzed, both the female and the male
winners had, on average, the 2nd run split; the second finisher
exhibited, on average, the 4™ run split; whilst the third finisher
had, on average, the 5% run split -despite there being no
particular differences between the first three athletes in their
position at the exit from T2. Analysis, over six World
Championships and three Olympic Games, of the time lags in
(1.5 km/40 km/10 km) OD competition between the first
triathlete who started running and the rest of the athletes who
arrived in the transition area with the same pack has also
confirmed time lost in T2 to be inversely related to performance
in males (19). The higher the level and performance density of
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the race field, the more important a good T2 became. Based on
their results, Piacentini et al. (16) consequently suggested that
“both for males and females, it is worthwhile to train the actual
practice of T2 transitions. This advice can also be applied to
age-group athletes — for whom prior cycling appeared to have
more of an adverse effect on subsequent running than it did in
elites (20). However, it is unclear how best to devise such brick
workouts, i.e., back-to-back training sessions in multiple exercise
modes (2, 5), in an optimal manner, and so ensure a smooth
transition from cycling to running. Prior cycling (6, 18, 21) has
certainly been shown to elicit changes in neuromuscular (22),
physiological (5, 23, 24) and biomechanical (20, 25, 26)
parameters, especially during the initial minutes (or transient
phase) of the run, although energy availability may also play a
role (2, 5, 27). However, and in spite of the amount of research
that has been undertaken on this topic to date, it is not yet clear
why the phenomenon occurs. One out of various theories (e.g.,
26, 27), is that cycling destroys the activity pattern of a
subsequent run as a result of differences in the working
between the two disciplines.
Presumably -given that the relevant neuronal and muscular

conditions of the muscles
units were pre fatigued and needed time to adapt- the motor
program that had been established for cycling could not be
instantaneously switched to that of running (6, 28). The
problem with elucidating which mechanism(s) underly the T2
response, however, is that it is not easy to examine the effects of
the bike-run transition (as compared to control running) in
detail. Conventional biomechanical approaches, such as the
analysis of step-characteristics (29), ground-contact time (30), or
lower limb range of motion (31), often lacked the ability to
quantitatively discriminate between subtle running differences
because they were focusing only on a part of the content of
running motion. Consequently, they ran the risk of disregarding
essential gait related information (32, 33).

Nor, although the principle of specificity indicates that brick
workouts make sense, has much research to support them been
conducted (34-36). While assessment of the ability to run after
cycling within a triathlon specific test protocol (37), as well as on
its own, is important, neither task has been easy to conduct
under ecologically valid conditions (2). Added to that, exactly
what constitutes these ecologically valid conditions itself varies
with event distance and format. Of the five existing cycle-run
transition test protocols that were reviewed by Vleck and Alves
(37), for example, three (27, 38, 39) are laboratory- and two (40,
41) are field-based. The former involved ergometer-based cycling
and treadmill running — both of which exercise modes differed
kinematically from their real world, field based, equivalents (42).
Although they appeared to be able to distinguish between
neuromuscular adaptors vs. non-adaptors to T2; and were
sensitive both to differences in T2 adaptation between both
genders, between short-distance and long-distance specialists, and
between Senior and Junior National Squad athletes, all the
laboratory-based tests were and are still somewhat time
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consuming. Nor may all age-group athletes, as opposed to National
Squad level athletes, be able to complete them. As for the two field-
based methods, the level to which the specifics of their protocols
were appropriate proxies for the demands of actual racing, and/or
sensitive to training induced changes in a given athletés
adaptation to T2, may vary with athlete level and race format (40,
43). Furthermore, they have, as yet only been used to assess the
cardiorespiratory, biochemical, and/or pacing responses to bike
run transitions. Despite their potential for applied research with
real world implications, wearables have not yet been used to
assess the biomechanical response to a bike run transition in the
field (44, 45). To put the potential interest of the development of
such a system into context, we note that ‘the shorter the race
distance and the higher the exercise intensity that is required, the
more important a good cycle-to-run transition (T2) is likely to be
to the athlete’s overall placing” (4). It is not known to what extent
fast run starts occur within elite (0.75 km/20 km/5 km) Sprint
although
approximately a quarter of WTS events- but they have been
recorded within the (0.3 km/8 km/2 km) Triathlon Mixed Team
Relay- which debuted in the recent Tokyo Olympic Games (46).
At the elite level the opportunity to evaluate the athletés response

distance triathlons - they can account for

to a cycle run transition under race conditions, in conjunction
with the ability to provide him/her with speedy feedback on the
potential relationship between this and his/her race performance,
is becoming increasingly desirable (2, 47).

The Attractor Method, as introduced by Vieten, Sehle and
Jensen (32), which regards human motion as affected by
stochastic portions, may provide a solution to the problems of
sensitivity of the data so obtained, the need for ecological
validity of, and the ease providing feedback on adaptation to
the cycle-run transition. The outcomes of the method ie,
attractors— which are arrived from the computation of three-
dimensional acceleration data from sensors that are attached to
the athletés ankles, allow for very precise insights into
individual movement behavior of the lower kinematic chain. A
special role in research into the triathlon cycle-run transition
may possibly be attributed to the so-called “transient effect”
(48). The latter described a temporary variation in running
characteristics over less than ten minutes after the start of a
running session, before the motion stabilizes over time.

The aims of this study were to assess whether the Attractor
Method is indeed sensitive to the effects of a (simulated
Olympic Distance) cycle-run transition, by using it to quantify
the changes in running motion that occurred over an isolated

10.3389/fspor.2022.1065741

10km run (Ig,,) and comparing the data so obtained with
those acquired for when the same 10km (;_joun) run was
preceded either by an endurance cycle (Tg,,), or by another
run (Rgyn) - the energetic load of which was matched to that of
the cycling load within Tgy, The method essentially provided
two distinct parameters, how the running changed over, e.g.,
two time points during a race: M described changes in the
running motion itself and 6D reflected the variability (or
of the Given that the
characteristics of cycling differ from that of endurance running,
we hypothesized that the magnitude to which both, M (H1)
and 6D (H2), within Tgr,, and Rgy, diverged from their values
at equivalent points (;_jorm) Wwithin the isolated run (Igyn)-

precision) motion. movement

Thereby, the following hypotheses were formed: H1 = (6M;_;0im
Trun - IRun) > (GM1_10km Rrun - Irun) for running style as well
as H2=(8D1_10km Trun - Ikun) > (8D110km Rrun - Irun) for
running precision. We also aimed to evaluate the potential use
of the duration of the transient effect (ty) that occurred
prominently over the initial minutes of running exercise (48) as
a marker of the extent to which an athlete had adapted to T2.
We therefore hypothesized (H3) that t; would be biased by the
unfamiliar cycling motion within the preload of, and last
longest during the Tgr,,. As we would expect the running
preload of the Rg,, to act as a run-specific warm up for the
10km run, we hypothesized that the next longest duration of
the transient effect, across our three experimental conditions,
would be observed for the Ig,,, leading to the order tr: trgistance
Trun > tT distance IRun > tT distance Rrun for H3.

Lastly, and as a result of conducting the entire study outside
the laboratory environment, we aimed to explore the potential
of the Attractor Method to translate research into applied
practice, by providing rapid real world T2 training and/ or
racing related feedback in the field.

Materials and methods
Participants

A total of 22 well-trained, but non-elite, athletes (Table 1), 10 of
whom were female and 12 of whom were males, were tested over the
period June 2021 until October 2021, at the University of University
of Konstanz, Konstanz (Germany). In the preparation of the study,
the aim was to include a balanced proportion of male and female
triathletes. All the study participants were regularly physically

TABLE 1 Participant overview (F = female, M = Male, All = both, provided as mean (SD)).

N  Age Height Mass Triathlon
(year) (cm) (kg) experience (years)
F 10 31(92) 168 (64)  60.2 (6.7) 5 (4.7)
M 12 28(6.1) 179 (5.1) 723 (5.0) 7 (3.8)
Al 22 29(78) 174 (8.1)  66.8 (8.4) 6 (5.6)

Frontiers in Sports and Active living

VO,max cycling

VO,max running  Speed brick run (% of

(ml/min/kg) (ml/min/kg) anaerobic threshold)
49.6 (3.6) 493 (4.1) 96.4 (6.3)
59.7 (7.0) 61.1 (4.2) 98.1 (3.9)
55.4 (7.4) 56.0 (6.9) 97.3 (5.1)
03 frontiersin.org
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active, and none of them was suffering from any injury that could
possibly have impeded their performance. They further were
actively training and competing in triathlon, having at least three
starts in a triathlon race. They agreed that they did not undergo an
intensive modification of their individual running technique within
the past three months. The study prerequisites were to be aged 18
years or older and be able to run 10 kilometers faster than 50 min
(for females)/45 min (for males) and to have a cycling anaerobic
threshold (AT) of at least 2.5 W/kg (for female)/3.5 W/kg (for
male). The above performance-relevant parameters were ensured
in advance using remote performance diagnostics (PPD-Cycling
and PPD-Running, INSCYD GmbH, Switzerland, see https:/
All
participants provided their written informed consent. The study

inscyd.com/functions/power-performance-decoder).

was approved by the local University of Konstanz Ethics
Committee (Ref. No.: IRB21KN008-01w).

Equipment & test setting

Sensor technology

To collect the necessary raw data, two inertial sensors were used
(SpoSens 2.0, Wille Engineering, Germany). The sensors had a size
0f 77.5 x 37 x 34.5 mm and weighed 45 g each. They functioned as a

10.3389/fspor.2022.1065741

triaxial accelerometer with up to 400 G (16 G was used), a triaxial
Gyroscope with up to 2000° (maximum was used) and a
magnetometer measuring with up to 16 Gauss (maximum was
used). The possible sampling rate could be set up to 1.000 Hz
(250 Hz was used) and they were constructed as a micro-electro-
mechanical system (MEMS). Further, the sensors were equipped
with GNSS (max. 5 Hz) technology. They collected and saved the
running motion data in three dimensions (x, y, z) on an internal
storage device (8192 GB). The sensors were attached to both
ankles above each lateral malleolus by a hook-and-loop fastener.
All data were received and stored on a GARMIN Forerunner 945
(GARMIN, Schafthausen, Switzerland) during the entire test
session. Earlobe blood samples (each of 10 pl) were analyzed for
lactate concentration using a stationary laboratory device
(HITADO Super GL compact). Body weight, body fat percentage
and active muscle mass (required for the INSCYD analysis) were
measured with a Tanita BC-545N body analysis scale (Tanita
Europe B.V., Stuttgart, Germany).

Run course and bike setting

The runs were performed outside at the Graf Lennart
Bernadotte Allee in Konstanz (Germany). This is a cycling
path, between the sports facilities of the University Konstanz

Loop Triathlon Study 2021 x
3.02km =

Distance Avg Pace Goal Time

Running
Course Type
Elevation

13 m

Total Descent

8m
Total Ascent

500

400

300

Expand

& Private: Available only to you. Make Public * Learn More

Turn Notifications ()

This enables notifications for upcoming turns on your wearable
device.

* Send to Device Create PacePro Strategy

FIGURE 1

Running course map (extracted from Garmin Connect App, GARMIN, Switzerland)
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and the Island of Mainau, that is generally closed to traffic (see
Figure 1).

This three-kilometer loop was completely flat and had to be
ran 3.5 times to achieve the 10 km run distance equivalent to
that which occurs within an Olympic distance triathlon. The
running preload, which had an individually calculated length
and intensity, was also carried out over this route. For the
triathlon test all participants had to undergo a 40 kilometer
cycling time trial on an indoor smart trainer (Tacx NEO 2T,
Tacx, Wassenaar, Netherlands) using their own road bike. As
the route to be cycled we chose the first 40 kilometer of the
IRONMAN Frankfurt (see Figure 2) which represented an
appropriate mixture of flat and hilly sections (accumulated
altitude meters 208 m). The simulation was undertaken with
the indoor cycling reality app Rouvy (VirtualTraining s.r.o.,
Vimperk, Czech Republic).

Experimental protocol and data
measurement

Determination of performance parameter

The study was conducted as a cross-over study with three
conditions: Triathlon Run (Tgy,), Run-Run (Rg,,) and an
Isolated Run (Ir,,) separated by at least 5 days. To set the
right power for the cycling simulation and the running pace
for the preload of the Run-Run condition each athlete had to
undergo a performance diagnostic in both disciplines in
advance. For both analyses the Power Performance Decoder
(PPD) of INSCYD (Switzerland, see https://inscyd.com/
This
performance tool allowed remote performance testing, so that

functions/power-performance-decoder) ~ was  used.

all participants could gather their data on their own after

10.3389/fspor.2022.1065741

receiving prior instructions via video call. Finally, based on
these outcomes, we had access to the calculated (maximum)
oxygen uptake (VO,max) and the (anaerobic) threshold
power/pace, needed for further use. Additional training status
related feedback parameters that the tool provided, such as
the lactate building rate (Vi.max), substrate consumption or
derived training zones were offered to the participants after
they competed the entire test scenario.

The triathlon test (Tgryn)

The basic initial test session was always the triathlon
condition (Tgyy,), as this was needed to get reference values
for both other experimental conditions. The Tgy, consisted of
a 40-kilometer time trial (Figures 2,3) on a smart trainer at
90%-95% of the individually determined threshold power, i.e.,
average power within the cycle section of an Olympic distance
triathlon (see Table 2 in 3,4). Due to the often draft-legal
the
characterized by an intermittent character (49). To represent

racing formats, pacing (in OD races) is rather
this, athletes were instructed to ride significantly above the
given power range on two climbs (see Figure 3, blue area),
followed by sections below this range on the subsequent
descents (grey area). The entire ride was carried out in the
handlebar position with no use of aerobars being allowed (50).

The cycling part was followed by a 10km all-out outdoor
run (Figure 1). The pacing could be chosen individually. The
change between both disciplines had to be done as fast and
triathlon specific as possible. The transition time was noted.
Beforehand the athletes were equipped with several sensors
(see above) placed in such a way, that they did not interfere
with the sport-specific execution of running and cycling. All
the listed devices recorded the corresponding data during the

entire Ty, During the cycling section lactate samples were
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FIGURE 2
Cycling route (extracted from TrainingsPeaks, Peaksware, United States of America).
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FIGURE 3

Cycling course profile with hills and descents.

T
15km
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20km 25km 30km 35km 40km

TABLE 2 Distance over which transient effects (TE) were observed in
meters. The cases who showed no transient effect are labelled as
“no TE”. f = female; m = Male subject.

Subject Ipyn Trun Rrun Subject Igyn  Trun  Rgun
(m] [m] [m] [m] [m] [m]
1 (m) 380 200 232 12 (m) noTE 1600 940
2 () 60 20 no TE 13 (f) 180 no TE no TE
3 (m) 180 550 no TE 14 (f) no TE 1400 no TE
4 (m) no TE 338 no TE 15 (f) 228 no TE noTE
5 (m) no TE 238 18 16 (f) no TE 690 482
6 (m) 20 1180 no TE 17 (f) no TE 462 354
7 (m) no TE 160 no TE 18 (f) no TE 28 760
8 (m) no TE noTE 280 199(m) noTE noTE noTE
9 (m) no TE 250 600 20 (f) no TE 720 no TE
10 (m) no TE 540 no TE 21 (f) 1012 610 no TE
11 (m) no TE 2000 380 22 (f) no TE 1234 no TE

collected form the earlobe after both hills and descents
(Figure 3) to check if the athletes had followed instructions to
increase and lower their intensity. Further samples were taken
immediately after the bike session and right before the start of
the run. Finally, blood lactate concentrations were determined
immediately after the 10 kilometer run and at a further 1 min,
3 min, 5min and 7 min post-finish. The participants were
instructed following an appropriate carbohydrate diet before
and during the test, as well as regarding an adequate training
load to present themselves for testing in a fully recovered
state, with replenished glycogen stores. The runners were
accompanied throughout the entire trial by a cycling member
of the scientific team in order both to provide them with
nutrition (when requested) and ensure their safety.

The run-run test (Rgyn)

The Rpy, condition matched the Tg,, but instead of the
cycling preload the athletes had to run an individually
tailored running session. This multiple-step calculation was
carried out by metabolic matching of cycling and running
loads, based on the performance diagnostic data (INSCYD
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PPD,
decoder), as follows:

see https://inscyd.com/functions/power-performance-

(1) Active muscle mass for cycling (60% of muscle mass) and
running (70% of muscle mass) were determined based on
individual weight (BW), body fat percentage and muscle
mass.

(2) The aerobic capacities (VOsmax) of both disciplines were

multiplied by BW and divided by the active muscle mass

for (1) to get the absolute amount of oxygen used by the
active muscle mass in millilitre per minute.

(3) The average power output (in watts) during the Try,

cycling section could be attributed to an individual

oxygen consumption. The latter was taken from the
performance diagnostics and calculated as in (2) only for
the active muscle mass.

(4) The ratio between the active muscle mass used during the

cycling session (3) and the individual VO (2) resulted

in the proportional utilization of the VOsmax-

(5) This ratio was transferred to the calculation of the running

effort. On this basis, steps (3) and (4) were performed

backwards, so that ultimately an oxygen uptake for the
running section was obtained that was metabolically
equivalent to the cycling load.

(6) The calculated oxygen consumption was then assigned to

an appropriate running pace using the data from the

performance diagnostics.

As alast step, the running duration was adjusted due to the
significantly higher orthopaedic stress during running (weight-
bearing vs. non-weight-bearing exercise). This weight-bearing-
Miller &
Fuglevand (51). The latter provided vertical ground reaction

factor based on the observations of Munro,

forces (GRF) as an Impact maximum (See Table 3 in 51,
Table 3) relative to BW differentiated according to the
individual running speed. To determine the duration of the
preload run, the duration (in full minutes) of the cycling
section of the Tgr,, condition, was divided by the running
pace-related weight-bearing-factor.

The duration between the preload and the brick run was
adjusted to the time the athlete spent in the Tgy, condition.

frontiersin.org
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The brick run (Rgy,) was paced by a GARMIN sports watch
each kilometer, according to the kilometer splits that the
athlete had run during the baseline test (Tgr,,) + two seconds.
Again, the athletes were supported by a cyclist and the lactate
samples as well as the data collection were undertaken
similarly to as in the Tryp.

The isolated run test (Iryn)

The Isolated run (Ir,,) was paced by a GARMIN sports
watch each kilometer, according to the kilometer splits that
the athlete had had run during the baseline test (Tgry,). All
the study participants were allowed to warm up for 10 min
before Ip,y,, although none of them did so. The athletes were
supported by a cyclist and the lactate samples as well as the
data collection were undertaken similarly to the Tgy,. The
order of Ip,, and Rg,, was set randomly.

Data analyses

To detect subtle changes in the running behavior after the
preloads, the Attractor Method was used to create an
individual attractor from each kilometer, which then served as
the basis for further processing steps. We evaluated whether
there was a statistical difference between the Tgry, and the
Rgun conditions as compared to the basic run (Iryn), and if
the differences in transient time that we expected between
conditions could be seen. Furthermore, conventional running
analysis parameters, like stride frequency and ground contact
time were statistically examined.

Attractor parameter

Based on three-dimensional acceleration data, the Attractor
Method (see 33, p.3 for the complete mathematical derivation)
allowed the determination of two main parameters describing
changes in human cyclic motion. As a basis served the
calculation of an attractor A representing each measuring
interval, like one kilometer of running, (equation 1) and its
fluctuations D (equation 2).

o 1< . ) 1= .
Agc(my) = ;Zaa,c(z 1)+ ZZ bac(t =i )
i=1 i=1

1 n
A=Y dacli- ) (1)
=

Dac(r) = \/ﬁ S Racr) = ducli-p)l (@)
i=1

with t being the time, a the right or left foot ankle (where
sensors were attached) and C represented two different time/
distance intervals of the compared run.
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Subsequently, the two parameters, one describing changes
in the motion itself (6M, equation 3) and further, the
variability of the motion (8D, equation 4) can be calculated.

3
oM :% / [<(Ar,B,x,v - Ar,E,x,)2> + <(AI,B,x,v - Al,E,x,v)2 >]

i=1

3

with v being the running speed in m/s, r and [ stood for right or
left foot ankle (where sensors were attached) and B = begin and
E = end represented two different time/distance intervals of the
compared run.<...> meant the average of the included
expression.

O6M described the velocity normalized difference between
two attractors (30), allowing to quantify the two time points
or the running conditions of this study, regarding changes in
the individual running motion.

6D = \/((Ds — Do) + ((Dus — Die¥) @)

oD corresponded to the difference between the variability
around each of the two attractors and was therefore a proxy
measure for the precision of a movement. Its calculation was
based on the absolute D (equation 2) of each attractor, which
described the average deviation of single gait cycles from the
attractor. For the calculation of both, the research group
provided an open access application (available online http://
www.uni-konstanz.de/FuF/SportWiss/vieten/CyclicMove/).  In
the present study, based on previous work (for an overview
see 34), 6M and 6D values equal to or below 5 m/s*
represented a very high similarity of the compared running
motion and the movement precision respectively.

Attractor analysis

All runs were split into single data sets, each of which
represented one kilometer within each of the three conditions
(Trun, IRun> Rrun)> On the basis of the athletés recorded GPS
signals. This allowed for fluctuations in pacing to be
considered in the subsequent evaluation. In additional to
being the normal cycle and run unit that has been considered
within triathlon cycle and run pacing research (17, 18) a one-
kilometer-separation resulted in average interval lengths of
four to five minutes (per kilometer). This was an appropriate
duration for analyses of running motion to have sufficient
cycles for a meaningful attractor calculation. The 6M and 6D
values derived from comparisons of the single kilometers 1-
10 between the control Iy,, session, and each of the two brick
runs: Tryn and Rgyn, served as the basis for further statistical
calculations.
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Transient effect analysis

In a second analysis process the running data from each
condition were split into fifty 200 m sections, so as to obtain
a more precise insight into when the transient effect of a
running session ended, and the athletes finally adapted a
smooth running motion. To perform the transient analysis,
the procedure that has been extensively described in Weich
et al. (48) as “I. Delta M (6M)” was followed, using a slightly
modified equation for 6M:

1 =t &
6thnsienr = ; . <T” |:6"l‘ —er :| + ap
tp —t tp —t
{ (E—)+L11'Sin(a2'27T(E ))}) (5)
tg g

with the given constants TH’ tr, ag, ai, a, which are derived

measurements
2.6.5,
Development)), using the Levenberg-Marquardt algorithm.

from a curve fitting application of all

(CurveExpert  Professional  (version Hyams
The constants ao, a;, a, represented a morphing process
whereas T| and tr were based on the transient oscillations at
the onset of a movement (see 52 for a full description of all
components of cyclic human motion). t; quantified the time
until the oscillation decreased to e
value T.

In the final result, the durations of the transient effect ()

of its original starting

were given as a distance in meters for each individual run of
each person. Runs which did not show a transient effect are
reported (Table 2) but were not included in the average
distance calculation.

Statistical analysis

The traditional stride data, stride frequency and ground
contact time, were analyzed using a two-way repeated
measures ANOVA (SPSS, IBM Version 28) with one factor
being the distance in ten-kilometer levels and the second the
three running conditions. The stride lengths were not
analyzed because they are inversely related to stride frequency.
The attractor-based data were evaluated with pairwise
Student’s t-tests - comparing the 6M and 6D outcomes of
both comparisons (Igyn VS. Trun and Igy, Vs. Rgyn) within
each kilometer. To check whether the athletes’ pacing targets,
based on the initial brick run, were met, running speeds (as a
percentage of the average time for each running condition)
were compared, on a kilometer-by-kilometer basis, between
the three experimental conditions using a repeated measures
ANOVA (SPSS, IBM Version 28). This included looking at
potential gender differences. The significance level was set at
p<0.05.
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Results
Conventional parameter and pacing

When examining the traditional parameter of stride
frequency (Figure 4) there were no statistically significant
differences (p>0.05 between all kilometers, conditions, and
interaction) until kilometer 5. For kilometers 6 (p =0.040), 8
(p=0.002) and 10 (p=0.003) the Rp,, was significantly
different from the Iy, condition (but not from the Tgryn).
One noticeable aspect was that the first kilometer initially
started with a low cadence but then increased over the second
and third kilometer in all running categories, and that the
stride frequency increased steadily over the entire distance in
the Rgpyn condition. Another traditional parameter was the
ground contact time (GCT, Figure 5), where the conditions
and the interaction (distance*condition) showed no significant
difference (p>0.05). Although the first kilometer in all
conditions initially started with a somewhat elevated GCT
before the second kilometer always indicated the lowest GCT.
For the within-factor distance there was an overall significant
difference with post-hoc tests (Bonferroni correction)
revealing kilometer 2 to be significantly different from
kilometers 6, 8 and 9.

In terms of pacing, we typically observed a u-shaped pattern,
i.e., a higher initial pace above 100% of the later average pace of
the whole run, followed by a gradual decrease in running speed to
about 98% of the average pace up to kilometer 8, before the last
two kilometers were covered significantly faster (at about 100% of
the average pace). This was true for both genders. There was no
significant difference in running speed between the running
categories (Ipyn, Trun» Rrun) OVer any kilometer, indicating a
very good compliance with the pace prescriptions and allowing
a reliable comparability for the attractor-based motion analyses.

=
~N
w

Test conditions
----- Triathlon Run
=== Run Run

= =lIsolated Run

- -
~N ~N
N N

Step frequency [spm]
-
~
-

171
170
170
1 2 3 4 5 6 7 8 9 10
Distance [kilometer]
FIGURE 4

Kilometer-separated development of step frequency between the
three running conditions (Triathlon Run =dark grey dotted line;
Run Run = black solid line; Isolated Run = grey dashed line).
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Distance [kilometer]

FIGURE 5

Kilometer-separated development of ground contact time between
the three running conditions (Triathlon Run = dark grey dotted line;
Run Run = black solid line; Isolated Run = grey dashed line).

The average transition time between cycling and running (Tryp)
was 2.6 (SD 1.2) minutes. The runners were instructed to
replicate their transition time from the first test (Tgy,) during
the Rgyn.

Attractor-based motion analyses

In the pairwise 8M comparison for each kilometer between
the Irun and both brick conditions (Tryn, Rrun) No statistically
significant differences (at the p>0.05 level) could be seen
(Figure 6). Although within both conditions, Try, and Rpyn»
O6M increased slightly over the course of the runs, its absolute
size remained well below the cut-off of M =5 m/s® i.e., both
conditions were very similar in motion terms.

10.3389/fspor.2022.1065741

For 6D, reflecting the difference in variation of the running
motion, we saw equally generally low 8D scores clearly below
5m/s> (Figure 7). Here, the Tpy, usually showed higher
values and thus a higher range of variation, for kilometer 1
(p=0.026) and 10 (p=0.011) being significantly different to
the same kilometer within the Rgyy.

Transient effect

Table 2 and Figure 8 present an overview of all athletes’
occurrences of the transient effect, together with the distance
over which it was in effect. During both running conditions,
the Irun and the Rgy,, athletes experienced a transient phase
in only 32% and 41% of cases, respectively, whereas the
triathlon preload caused the initial effect in 82% of the group.
It was evident that both brick conditions took the longest way
for the runners to find their running rhythm: 450 m (min.
18 m, max. 940 m), a bit more than one lap on a usual track
in a stadium, during the Rg,, and almost 700 m (min. 20 m,
max. 2000 m) during the Tgry,. For the Ip,, on the other
hand, the few participants who showed any transient effect at
all, did not even need 300 m (min. 20 m, max. 1012 m) to get
into their running rhythm.

Discussion and practical implications

Our first aim was to quantify the running behavior of
triathletes with and without preloads. We assessed multiple
biomechanical and pacing related parameters between an
isolated run (Ig,,) and two brick runs, one involving a
previous run (Rgy,) and the other, as per within a triathlon,
involving a prior bike load (Tgy,). In this way, the

40
Test
condition
----- IRun vs. RRur|

o, === |Run vs. TRun|
35 T

30

DeltaM [mis2]

25

20

1 2 3 4 5 6 7 8 9 10

Distance [Kilometer]

FIGURE 6

8M analysis for the control run vs. the Tryn (black solid line with
rhombus) and the Rgyn (grey dotted line with circle). No statistical
difference can be seen.

Test
4.0 congition
----- IRun vs. RRun
=== |Run vs. TRuUn
3,5
¥
E
5 3.0
s
é
2,5
2,0
1 2 3 4 5 6 7 8 9 10
Distance [Kilometer]
FIGURE 7
8D analysis for the control run vs. the Tryn (black solid line with
rhombus) and the Rgy, (grey dotted line with circle). Kilometer 1
and 10 indicate a significant difference between both conditions.
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Isolated Run 294m
Run Run 450m
0 100 200 300 400 500 600 700 800
TRANSIENT DISTANCE [M]
FIGURE 8
Overview of the different distances that were covered to finish the transient process at the initial stage of a run. Only sessions with a measured
transient effect are included in the plot.

uncoordinative feeling of triathletes, which many experience state (and that tp: trgisance TRun > T distance RRun > UT distance
during the early phase of their run in a competition, was Irun). This was even true when the preload discipline
objectively quantified under field conditions. Our intention corresponded to the subsequent exercise mode (Rgyn),
was further to improve on the methodology of our initial although the preliminary runs in this study had always been
triathlon paper (21). That meant both, an improved performed at a more moderate pace. That is, the data that
evaluation algorithm of the Attractor Method, and an were obtained by this study clearly confirmed, yet again, that
improved study design i.e., one that used the additional Run- a basic transient effect seems to be present in cyclic
Run condition to test whether cycling per se impairs running movements such as running. This effect was prolonged
or preloads in general. In the aforementioned study, the temporarily by a preceding load and was further intensified if
authors noticed that the athletes’ running behavior was quite said preload involved a different exercise mode, such as
messy within the first five minutes after the run start, until cycling. This finding should also encourage research in other
the athletes finally found their running rhythm. That this (cyclic) sports, especially those with alternating disciplines
effect applied, even independently of the preload, was also (duathlon, biathlon, pentathlon etc.), to include the transient
confirmed by the results presented here. Moreover, it was not effect in their test designs and access its applications.

surprising that this transient effect, which was described by Furthermore, the runs were also compared between each
Weich, Vieten & Jensen (48) lasted longest after cycling (i.e, other using the Attractor Method. Pairwise comparisons of
679m, on average, in this study, confirming the tr: traisance each brick run with the session without a preload were made
TRrun > tT distance Irun section of our initial hypothesis H3). The to highlight how much they differed in running pattern and
explanation for this phenomenon is likely the different variability over the entire distance. The statistical analysis
motion pattern of cycling compared to running (28, 53). showed that for 6M, contrary to expectations, i.e., the possible
Particularly remarkable compared to our work from 2020 (48) change in the running style itself, there was no significant
was the finding that exceptionally high numbers of athletes difference at any time (Figure 6). That attractors are highly
(indeed, almost 70%) did not exhibit a transient effect in their individual and stable has already been shown in previous
Irun at all. A plausible reason for this, as already described studies for walking (54, 55) and also for treadmill running
back in the 2020 paper on a case wise basis, could be the (56) - which should have reduced the complexity of the
above average experience and performance level of all the movement, especially due to the steady running speed and the
participants in the present study (Table 1). Consequently, our even ground of the treadmill belt. Although the 6M-related
results contradicted our expectations (and the tr gistance IRun > hypothesis of the current study (our hypotheses H1) must be
tT distance Rrun section of our hypothesis H3) to the extent rejected, the results of previous works on the attractor
that the I,, not only presented quite few transient cases, but properties appeared to be confirmed even for more complex
also the shortest duration of all three conditions (294 m). test designs as applied here. This means that even, or
Thus, it seemed that preloads always caused a higher transient especially, in very trained athletes, that the running style itself
duration compared to a stand-alone run started from a resting remained very stable and other factors must be considered for
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the feeling of uncoordinated running and the accompanied
transient effect as reported above. One of the possible
explanations might be an increased variability of the
movement, thus an increased variation (D) within the gait
cycles which are summarized in one attractor (32). This
parameter was examined in the same way as 6M before,
however, it revealed a significant difference for the first and
This difference might be
attributed to the Rgyp, especially within the first and last

the last kilometer (Figure 7).

kilometer, possessing a higher movement precision as a result
of its lower 8D value. Accordingly, our initial hypothesis (H2)
concerning the motion variability (D), at least partially, can
be confirmed. It was reasonable to assume that for the
discrepancy between Rg,, and Tgr,, at the beginning
(kilometer 1) was caused by the transient effect described
above, which was probably driven by the variability of the
running motion. As noted in previous studies (21, 29, 57),
cycling itself appeared to have a very disruptive effect on the
subsequent run. This study showed, for the first time, that
this most likely influenced the precision and less of running
motion itself. This observation should therefore be more
closely examined in follow-up studies, in order to be able to
derive major practical consequences. That the tactics how to
run the first race kilometer could be of high importance has
already been shown by works on pacing (58, 59) as well as
the contribution of the individual performances to the overall
performance in triathlon (17, 18, 60). Changes in running
behavior were also commonly seen in the last few meters of a
triathlon, as indicated by the statistically relevant difference in
oD during the last kilometer, also in the present paper
(Figure 7, kilometer 10). Further, analyses of pacing strategies
showed, at least with respect to the running speed, a u-shaped
development, which reveals a re-increase of the pace towards
the end (16, 18). The results of this study suggested that the
cycling preload affects the 10km run substantially more than
a running preload does. This was furthermore supported by
the fact that on the second half of the run, ie., from
kilometer 5, the variability of the running behavior in the
triathlon run was permanently higher (although only
significantly different on the last kilometer; see Figure 7). In
general, it can also be stated that the absolute SM and D
values in this study could be classified as very low (< 5 m/s?),
which speaks for an extremely similar running motion. This
underlined once again the stability of the individual attractors.
Furthermore, it should be highlighted that the sensitivity of
the Attractor Method to analyze human cyclic motion had
been demonstrated by the fact that conventional parameters,
such as stride frequency/-length or ground contact time, were
unable to represent these findings (Figures 4 and 5).

One limitation to be mentioned here is that the data that we
presented were derived from sample of well- to very well-trained
endurance athletes. The results are therefore not applicable to
athletes ~ without  further

untrained or  professional
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investigation. The calculation of attractors was mathematically
based on mean values of many data points. In this study, the
algorithm was applied per kilometer, which lasted about five
minutes on average. This corresponded to an average step
frequency of 170 steps per minute, 85 complete step cycles
per minute and thus 425 cycles per kilometer. This means
that if only a few cycles are unrhythmic or distinctive, they
will disappear with the averaging process. In future studies, it
might be methodologically more appropriate to look at
smaller distances, such as 400m (= approx. 2min and
170 cycles), to be more selective. On the other hand, as seen
within kilometers 1 and 10 for 8D, if significant differences
show up due to the methodology used here, one can assume
that they are so severe that they occur for the majority of the
entire kilometer.

We already targeted to realize an evenly distributed sample
concerning male and female participants. The latter will allow
us to evaluate the important difference between the two in a
separate study in the future.

Future work should moreover focus on an application of the
methodology providing (live) feedback already during the
running session. The research group has already developed a
beta the that data
communication including analyses results within a marginal

version of software allows live
time delay <40 ms. A key and sport-practically relevant future
objective must be to find out whether the impairment during
the brick runs that has been described in this paper has a
negative impact on triathlon performance. If this is the case,
the Attractor Method may in itself present a promising
solution to determine which training and competition

strategies can best be used to reduce bike-run related deficits.

Summary and conclusions

This
methodology and applied tool, based on attractors, to analyze

triathlon transition study wused a hands-on
the motion pattern and variation of running after an
endurance sports related preload, in the field. While we could
not support our first hypothesis (HI), as we did not find
(OMi_10km Trun - Trun) > (OMi_1okm Rrun - Irun)> we did
observe that (6D;_1okm Trun - Irun) > (6D1-10km Rrun - Irun)>
confirming the second hypothesis (H2), at least for the first
and last kilometer. Moreover, rather than it being the case
that tr: traisance TRun > tT distance IRun > tT distance Rrun> a8 We
had initially hypothesized (H3), we found trgisance Trun > tr
distance RRun>tT  distance Irun- The data that we obtained
demonstrated that especially the first kilometer of a triathlon
run is prone to running in an uncoordinated manner, which
has been commonly reported by athletes. The results
indicated that the cause of this T2 effect is probably linked
not so much to running style itself, but, rather, to variability

in it. In a sport like triathlon, which is always striving for
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marginal gains, this finding could open another perspective
both to examine and improve the final discipline, and to be
able to do so under ecologically valid conditions. “At
minimum, easing (the cycle-run) transition can bring added
comfort to the athlete, and at maximum it could mean the
(...) difference between victory and defeat” (34).
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