














Figure 3 — Illustrations of mean muscle activation during the submaximal running (12 km/h) trial in one typical terrestrial runner (left) and one typical
aerial runner (right), expressed as a percentage of the running cycle. Shaded areas represent =1 SD. Dashed lines delineate toe-off events.

Figure 4 — Mean point of peak activity as a percentage of the running cycle for the rectus femoris (RF peak), semitendinosus (ST peak), tibialis ante-
rior (TA peak), and gastrocnemius lateralis (GL peak) muscles obtained during the submaximal running (12 km/h) trial in aerial and terrestrial groups.

Error bars indicate +1 SD.
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Table 2 Root-Mean-Square Activation Amplitude (% of Peak) During 4 Subphases of the Running Cycle
for the Muscles Monitored in the Study, As Well As Coactivation Indexes for Muscles, in the Aerial
and Terrestrial Running Pattern Groups, Mean = SD
First 50% Second 50% First 50% Second 50%
of Contact Phase of Contact Phase of Swing Phase of Swing Phase
Aerial Terrestrial Aerial Terrestrial Aerial Terrestrial Aerial Terrestrial
RF-RMS 454 +£15.6 473 +£12.0 59.2+£12.8 563 £12.7 389+13.8 402+133 15.8+£9.2 174 £9.7
ST-RMS 64.2+10.7 68.2+12.2% 523+ 183 50.3 +23.9 205+224  33.1+£30.7 599+13.7 653+13.2%
TA-RMS 72.0+£9.2 72.0£6.1 464 +17.4 389+194 344+108 37.2+104 46.7+14.6 465+134
GL-RMS 46.7+12.7 41.8+11.7* 769 4.5 763 +3.9 13264  148+8.7 10.3£8.3 8.4+5.1
RF/ST-CO 61.9+£13.0 55.1 £ 8.2% 69.0£11.6 59.5+15.6% 476145 414+159 402155 40.9 £ 10.6
TA/GL-CO 622115 584+123 67.2+163  59.8+17.6 432135 43.0=x14.7 33.0+164 312167

Abbreviations. RF, rectus femoris; ST, semitendinosus; TA, tibialis anterior; GL, gastrocnemius lateralis; RMS, root-mean-square; CO, coactivation indexes.

*P < .05 (significant difference between aerial and terrestrial patterns).

aerial pattern showed higher GL-RMS in the first contact phase.
Moreover, the RE/ST-CO was greater in the aerial than in the ter-
restrial pattern during the 5 contact phases.

Discussion

This study demonstrates for the first time that aerial and terrestrial
running patterns, determined using a subjective rating scale, exhibit
similar RE despite their distinct biomechanical and electromyo-
graphic characteristics. Our study adds to the scientific literature
indicating that different global running patterns can lead to similar
RE, reflecting results from previous work with a focus on footstrike
pattern.”

The GL showed an earlier activation onset in preparation for
landing and reached peak activation more quickly after ground
contact in the aerial runners compared with the terrestrial runners
(Figure 4); the aerial pattern demonstrated more positive ankle
angles (ie, less dorsiflexion) and negative foot-ground angles (ie,
less rear-foot strike) at foot strike. Landing in a more plantar-flexed
position suggests an increased capacity of the passive structures to
store elastic energy at the beginning of the stance phase.?! Greater
activation of the plantar flexors in preparation for ground contact
and during the braking phase can increase the utilization of elastic
energy during human locomotion,?? and preactivation increases leg
stiffness?? and stretch-shortening cycle efficiency.?* Furthermore,
the aerial runners demonstrated higher coactivation indexes during
the stance phase than the terrestrial runners, suggesting superior
knee joint stiffness, corroborating the higher leg stiffness values we
observed in the aerial group. By investigating joint-angle moment
curves and muscle-activity patterns at different running speeds,
Kyroldinen et al® inferred that increases in muscle stiffness around
the knee and ankle joints during the early stance phase of running
enhanced force potentiation during push-off and increased the
mechanical efficiency of runners. Furthermore, the coupling time
(ie, time between stretching and shortening of muscle tendon units
during the stretch-shortening cycle) is positively related to contact
time, with short coupling times believed to reflect a more efficient
utilization of elastic energy during the stretch-shortening cycle.?
We propose that the aerial runners’ self-optimization strategy is

to enhance force generation via a more efficient utilization of the
stretch-shortening cycle and to limit the braking phase by contacting
the ground close to the center of mass (Figure 5).

Aura and Komi?® highlighted that there may be substantial
interindividual differences in ability to store and release elastic
energy. Here, the aerial and terrestrial running patterns showed no
differences in RE despite demonstrating distinct neuromuscular and
biomechanical characteristics, suggesting that different biomechani-
cal strategies can lead to a similar oxygen cost of running. Terrestrial
runners contacted the ground more in front of their center of mass
(based on the visual observation) and with more pronounced ankle
dorsiflexion and rear-foot strike than aerial runners, which was fol-
lowed by a greater leg compression during stance and longer contact
time. There is evidence to suggest the existence of an inverse rela-
tionship between the energy cost of running, wherein longer contact
times are associated with lower rates of energy consumption.?’ In
fact, a longer contact time allows force to be generated over a longer
period of time.?” Thus, strategies associated with longer ground-
contact times, such as rear-foot strike patterns,> allow runners to be
economical without necessarily promoting the storage and release
of elastic energy through the mechanism described above. These
arguments are supported by a recent study wherein habitual rear-foot
strikers had shorter flight times and longer ground-contact times
than habitual forefoot strikers, as well as 5.4% and 9.3% better RE
at 11 and 13 km/h, respectively.

The EMG analysis showed that the ST muscle of the terres-
trial runners worked at a higher percentage of its peak recorded
amplitude during the first contact and second flight phases than in
the aerial runners. These results are consistent with observations
by Yong et al?®of greater activity (normalized to the peak found
during walking) of the lateral hamstring muscle during the terminal
swing phase in natural rear-foot strikers. The hip extensor muscles
are important in driving the body powerfully forward,? given that
a more horizontal resultant ground reaction force vector has been
recently associated with a better RE.? Ultimately, using energy to
drive the body forward rather than upward can reduce the oxygen
cost of running, because smaller vertical displacements of the center
generally improves RE.3 Although it is difficult to directly compare
the level of muscle activity between groups given the dynamic
normalization method used in this study, we propose that terrestrial
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Figure 5 — Illustration summarizing the biomechanical and electromyographic characteristics of both (1) aerial and (2) terrestrial self-optimizations.
Circled plus signs indicate greater activity, and circles minus signs indicate less activity. RF, rectus femoris; ST, semitendinosus; GL, gastrocnemius

lateralis; CoM, center of mass.

runners self-optimize their running pattern by propelling the body
forward rather than upward and limiting the work against gravity.

The correlation coefficients between V. and RE were trivial
and unclear, supporting our results of no meaningful difference
in the RE of aerial and terrestrial runners. On the other hand, the
small negative correlations between V... and PTS, as well as
between V.. and VO,max, are suggestive of a tendency toward
better performance during the maximal incremental test in our ter-
restrial runnerscompared with our aerial runners. Unfortunately,
at the time of participant recruitment and data collection, we did
not seek to collect data regarding the distances and types of events
that our runners preferred or in which they performed better. The
recreational level of our runners may limit the generalization of the
current study findings.

Moreover, the assessment of RE at a unique submaximal speed
(ie, 12 km/h) limits inferences to slower and faster speeds because
aerial and terrestrial runners might show different RE responses to
changes in running speed. For instance, given the enhanced contri-
bution from the storage and release of elastic energy to running as
speed increases,’! aerial runners may be relatively more economical
than terrestrial runners at faster speeds, and terrestrial runners may
be relatively more economical than aerial runners at slower speeds.
Another consideration here is the threshold used to classify aerial
and terrestrial runners. Consistent with previous investigations,”!° a
cut-off score of 15 was chosen to classify runners to facilitate the use
and interpretation of the V.., and data from all participants were
included in the analysis to reflect the reality of the population and
represent the entire running pattern continuum. Although excluding
runners with midrange V. values did not meaningfully influence
RE and PTS interpretation, further validation of the use of a 2-group
classification system with a deterministic V.o of 15 is needed.

Practical Applications

From a practical perspective, fix, bend, roll, and push summarizes
the terrestrial self-optimization strategy, whereas fly, touch, and
bounce summarizes the aerial one. As running pattern can vary under

different conditions (eg, in a fatigued state or under psychological
stress), we advise coaches to assess their athletes more than once
before using the V.o to inform their training prescription. In any
case, through a better understanding of these biomechanical strate-
gies and their relationships with RE at an individual level, our results
could assist athletes and coaches to individualize exercise prescrip-
tion, thereby improving training responses. Athletes and coaches
can modify certain aspects of the running technique, favoring either
the aerial or terrestrial pattern, or even both, depending on training
objectives and what might benefit the athlete the most. However,
a crossover intervention study assessing the effect of a training
program targeting either the stretch-shortening cycle or forward
propulsion on the RE of aerial and terrestrial runners is warranted.
In addition, it should be mentioned that running technique is not
the only factor to influence RE. Several other biomechanical and
physiological factors are involved that were not evaluated in the
current study.

Conclusions

Aerial and terrestrial runners demonstrate similar RE measures
despite exhibiting distinct running biomechanics and electromyo-
graphic characteristics. Aerial runners exhibited earlier GL activa-
tion, less dorsiflexion, and higher coactivation indexes and leg
stiffness than terrestrial runners. Terrestrial runners showed more
pronounced recruitment of the ST in the late swing phase and early
ground-contact phase, longer contact time, and greater leg compres-
sion than aerial runners. In fact, aerial runners appear to benefit
from storing and release of elastic energy (ie, shorter coupling
times and higher leg stiffness) to a greater extent than terrestrial
runners, who appear to propel the body more forward rather than
upward to minimize oxygen cost. Given that the Volodalen method
classifies runners along a continuum, the current study results also
include runners with a mixed running pattern who use both aerial
and terrestrial strategies to varying extents (ie, more midrange Vo)
Excluding these mixed runners from analyses still support that aerial
and terrestrial running patterns have similar RE, which is achieved

IJSPP Vol. 12, No. 4, 2017



through different biomechanical and neuromuscular means. Both
strategies involve a certain trade-off given that the aerial strategy
encourages vertical oscillation and work against gravity, whereas
the terrestrial strategy limits the energetic contribution from the
stretch-shortening cycle. Whether one can benefit fully from the
economical advantages of both strategies is not certain, because a
trade-off between strategies appears unavoidable.
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