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Introduction
This publication is a reply to comments made by six experts
in the field of running and running shoe construction (Becker,
2018; Clark, Udofa, Ryan, & Weyand, 2018; Federolf, Doix, &
Jochum, 2018; Hamill, Boyer, & Weir, 2018; Paquette & Miller,
2018; Vanwanseele, Zhang, & Schütte, 2018) regarding the
proposal of replacing the paradigms of impact force and
pronation control with some new paradigms (B.M. Nigg,
Mohr, & S.R. Nigg, 2017). The comments of the experts can be
summarized as follows:
(1) External impact force variables have not been correctly
assessed and/or their relationship with internal loading has
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not been considered. This has hampered the analysis of the
association between impact forces and running injuries and
thus, the ‘impact force’ paradigm should not be abandoned
(Becker, 2018; Clark et al., 2018; Paquette & Miller, 2018;
Vanwanseele et al., 2018).
(2) The methods to quantify muscle tuning and the preferred
movement path (PMP) along with the predictions that
can be made from this paradigm need to be improved/
developed (Federolf et al., 2018; Hamill et al., 2018;
Vanwanseele et al., 2018).
(3) The traditional variables to quantify pronation are not valid
and do not adequately describe foot movement or the
relative movement of foot and shank segments. Therefore,
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the topic of foot movement and injuries should be reevaluated (Becker, 2018; Vanwanseele et al., 2018).
(4) The association of the proposed new paradigms with
running injuries was a main topic of all comments. In
principal, we agree with comments 1-3 above. With respect
to comment 4, we agree that the proposed paradigms
can be used to formulate hypotheses related to running
injury mechanisms, but also want the readers to consider
other potential outcomes like the effect on performance
or comfort. We hope that the result of this process and
these papers will lead to a better understanding of running
related questions. Detailed replies to each of the four
generalized comments follow.
1.1 The difference between external and internal impact forces
Running paradigms can be used to formulate hypotheses about
mechanisms related to running injuries. Locomotion related
injuries should always be discussed from the perspective of
tissue loading and tissue adaptation (Hreljac, 2004; Paquette
& Miller, 2018). If the tissue is loaded in a way that results in a
more rapid tissue breakdown compared to the rate of tissue
regeneration, an injury of that tissue will follow eventually. If
a runner increases his/her exercise volume and frequency too
fast so that tissue adaptation and regeneration cannot occur,
the runner will get injured. From this perspective, different
mechanisms have been suggested for loading scenarios that
will make an injury more likely to occur, e.g. high magnitude
and rate of impact loading, the failure to adequately tune
muscles, excessive foot movement, deviation from the
preferred movement path and others. All these mechanisms
are lacking experimental evidence regarding how they affect
tissue-level strains. Therefore, we should acknowledge that
efforts must be made to investigate the relationship between
external variables (e.g. ground reaction forces, joint angles,
segmental / soft-tissue accelerations) and tissue-level strains.
This knowledge can be gathered by using 1) model calculations
to determine internal forces and stresses in vivo (e.g. Wright,
Neptune, van den Bogert, & Nigg, 1998) and 2) mechanical
tests to study the relationship between tissue loading profiles
(i.e. magnitude, rate, frequency, duration) and tissue failure
ex vivo (e.g. Edwards, 2018). One key result from the second
approach illustrated that the influence of the ground reaction
force loading rate on the fatigue behavior of bone may be
negligible compared to the influence of the loading magnitude
(Loundagin, Schmidt, & Edwards, 2018). In other words, we now
have evidence that increased loading rate may not correlate
well to damage at the bone tissue level. By conducting similar
investigations, we have the ability to systematically investigate
hypotheses regarding the relationship between external
loading rate signals and the risk for specific injuries.
Since the relationship between external ground reaction forces
(which are integral variables) and internal forces (which are local
variables) is typically not very strong, it seems inappropriate
to use external force variables to predict the development
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of internal injuries. Most reviewers agreed on this, and thus
statements like “excessive impact loading causes running
injuries” should be avoided.
The original impact force paradigm has been formulated using
the externally measured ground reaction forces and their
maximum peak, the impact force peak, and/or their maximal
or average first derivative, the (external) loading rate. It is well
understood that the ground reaction force during landing in
running is the sum of many different components, the two
most important components being the acceleration of part of
the lower leg and the accelerations of the rest of the human
body. The contribution of the foot and leg has originally been
described using the effective mass model (Denoth, 1986). The
combination of these two major force components has been
illustrated and explained and is well understood (Shorten &
Mientjes, 2011). There is no disagreement about the combination
of these forces into a resultant ground reaction force. The
possible disagreement is the interpretation of the initial peak.
Some researchers suggest that the impact force component
and the force component due to the rest of the body should
be considered separately (Shorten & Mientjes, 2011; Clark et al.,
2018). Two comments seem to be appropriate: (a) To determine
the loading on an internal structure of the athlete’s body,
one needs a model that calculates/estimates these internal
loadings and this model would, most likely, use the resultant
ground reaction force as an input. (b) Experimenting with the
effective mass model or with the actual lower leg initiated force
component may be helpful in understanding how the impact
force can be influenced and/or in understanding how certain
shoe construction elements influence the external loading.
However, to assess the actual loading of biological structures
one needs a biomechanical model using the actual ground
reaction forces as indicated above.
1.2 The impact force paradigm should not be abandoned
The impact force paradigm as currently formulated states that
high external impact force peaks and high external loading
rates are the reason for running injuries. We have shown
that functional and statistical evidence for such a statement
is missing. Consequently, we have argued that the impact
paradigm in its current form, i.e. that the early peak in the
external ground reaction force causes injuries per se should be
abandoned.
We do not generally reject the idea that impact loading could be
important for running mechanics and running injuries. Instead,
we argue that the traditional measures of external impact
loading are not useful in describing underlying biomechanical
phenomena and thus should not be used as a starting point
to investigate running mechanics and/or running injuries.
The ground reaction force is a variable that has magnitude,
frequency and variability. Theses aspects may and most likely
will help us to understand the neuro-motor and loading
aspects during running. Further, these aspects are not solely
associated with running injuries, but rather relate in a much
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broader sense to the understanding of the biomechanical and
neuro-motor aspects of running (Federolf et al., 2018). Too
understand the risk factors for running injuries, however, we
should concentrate on variables that quantify internal loading.

individual by nature, meaning there is not one solution for all
runners.

2.1 Muscle tuning and predictions

It should be emphasized that the proposed muscle tuning
paradigm is not equivalent to a possible explanation for an
injury mechanism. Instead, the muscle tuning paradigm aims
to describe basic neuromuscular strategies of the motor control
system during movement. However, the paradigm can be used
as a framework to formulate hypotheses about how the risk of
injury can be reduced or how comfort or performance during
running can be improved – particularly with a focus on how
footwear can be used to achieve this. This means that questions
in running biomechanics / motor control can be structured
into one of two categories: (1) Questions that further advance
our understanding of basic neuromuscular strategies during
running or (2) questions about how certain biomechanical
variables affect injury risk, performance and/or comfort.
Based on our current knowledge and based on theoretical
considerations we tend to see the application more in the
energy/performance and comfort field than in the injury field.

The fact that we adapt our muscles for any activity has not been
challenged. However, the practical implication of the proposed
muscle tuning paradigm remains unclear (Hamill et al., 2018;
Vanwanseele et al., 2018). We are used to accept changes in
muscle activity due to a specific change in movement (e.g.
walking versus hopping). However, we are not used to think of
such changes due to other reasons within the same movement
task. Furthermore, the concept that vibrations of soft tissue
compartments may affect our muscle activities is novel to
many.
The authors agree that working on this topic exceeds the typical
comfort zone of biomechanical studies. However, we think that
this topic is important, especially from an energy and fatigue
point of view. The athletes know what to expect when running
and they adapt quickly to changing situations. We suggest
that there are two reasons for changes in muscle activity; a) to
satisfy the mechanical requirements when movement changes,
and b) to minimize large soft tissue compartment vibrations.
Our proposed “muscle tuning paradigm” suggests that runners
activate specific muscles if the frequency of the input force
(impact) is close to the natural frequency of these soft tissue
compartments and the vibrations of these compartments could
become excessive. “Reacting” corresponds to increasing the
damping of these muscles or changing the natural frequency
of the soft tissue compartment. Both situations correspond to
a change in muscle activity and both situations correspond to
a change of the muscle-tendon unit characteristics (Federolf et
al., 2018). One major problem when working on the concept
of muscle tuning is that these muscle activity changes
cannot easily be differentiated. However, for running shoe
construction one has theoretically two possibilities: (a) One can
change the natural frequency of the soft tissue compartment
by increasing/decreasing muscle activity and/or (b) one can
shift the frequency of the input signal so that it is far away from
the natural frequency by changing the running mechanics (e.g.
the running kinematics or the running shoes). Based on results
of initial experimental results, the first strategy of changing
the natural frequency of the soft tissue compartments is
rarely used by athletes. This leaves the second possibility, i.e.
changing the input frequency. Preliminary experiments where
shoe properties were altered with the objective of reducing
soft-tissue vibrations, showed a decrease in vibration energy of
5dB, a substantial reduction when compared to normal running
shoes. Two important additional comments in this context are
1) that the individually correct changes in input frequency can
be an increase or a decrease in the input frequency depending
on the runner’s anthropometric characteristics, and 2) the
strategies to move away from the resonance phenomena are
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2.3 Preferred movement path and predictions
The proposed paradigm of the “preferred movement path”
was generally well accepted by the expert panel. The major
concern was how to determine the preferred movement path
(e.g. Hamill et al., 2018). Furthermore, it was suggested that the
variability of the actual movement path should be included in
further studies (Federolf et al., 2018; Vanwanseele et al., 2018).
We agree that the concept of the preferred movement path
is currently not easily quantified. At this point in time there
is (in the view of the authors) no valid method available to
determine and/or predict the preferred movement path. We
suggest that the concept of the preferred movement should be
investigated by analyzing not only the movement but include
muscle activity in the experimental set-up. We recently showed
that the muscle activation patterns of the vasti muscles during
running may be highly variable but non-random between steps
(von Tscharner, Ullrich, Mohr, Marquez, & Nigg, 2018). This may
reflect the strategy of the motor control system to maintain
the preferred movement path by continuously adjusting the
activity of leg muscles in response to slightly different external
forces at each heel strike. The goal of further studies should be
to investigate the link between variability in muscle activation
patterns and variability in segment kinematics. According
to the PMP, there should be a relationship between the two
variables.
If the influence of external conditions on the runner is small,
substantial neuromuscular adjustments to maintain the PMP are
not required. In this case, the integrated muscle activity should
be minimal. We suggest, that the measurement of running
kinematics and muscle activation patterns in conjunction with
global oxygen consumption could provide further insight
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into this prediction of the PMP and its relationship to energy
expenditure.
Furthermore, it has been proposed (Federolf et al., 2018) that
joint angles should not be viewed in isolation. Instead, the
simultaneous coordination of multiple joints and segments
should be of interest. Finally, it should be studied whether the
preferred movement path changes or remains with increasing
fatigue.
2.4 Preferred movement path and running injuries
The preferred movement path paradigm has been proposed
to improve the understanding of the biomechanical and
neurophysiological aspects of running (similar to the muscle
tuning paradigm). Whether or not it is associated with the
development of running injuries is not clear to the authors
at this point in time. Theoretically, one should expect that
running outside of one’s preferred movement path would
increase the muscular demand and, therefore, increase fatigue
(Paquette & Miller, 2018). Further research is needed to clarify
this aspect.
3.1 The traditional pronation variables do not adequately describe
the foot movement
There seems to be general agreement that the variables
currently used to assess pronation are questionable. Further
support for this general “feeling” has been provided through
the results of a recent study analyzing 62 currently used
“pronation variables” (Behling, von Tscharner, Manz, & Nigg,
2018). The results of this study showed no strong or moderate
correlation between different variables. This means that the
commonly used variables used to describe the term pronation,
are actually describing different aspects of foot movement
and may even not be associated with foot pronation. There
seems to be agreement in the responses of the experts that
this aspect requires further analysis and that the current
approaches are not helpful in understanding “pronation”
and its relationship (if any) with running injuries. We suggest
that further studies should concentrate on “foot movement”
and not on “pronation”, and that the foot movement should
be segmented into different aspects (forefoot, midfoot, and
calcaneal), in order to better understand each segment of the
foot, and the relationship between those segments.
3.2 Pronation and running injuries
The epidemiological studies assessing “pronation” as a
risk for running injuries show the same problems as the
epidemiological studies for impact loading. The studies use
typically small subject samples and consequently, the results
are random and can not be used for strong predictions. There
is, however, one study that has a large sample (927 participants
and 1854 feet) that provides enough statistical power to answer
the injury risk question (Nielsen et al., 2014). They showed that
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people that “pronate” have the lowest injury risk. Furthermore,
they showed that people that have excessive pronation only
represent about 1 % of the population, and these individuals
did trend to being susceptible to injury. The results of this study
seem to answer the question whether “pronation” is an injury
risk – yes if extreme, no for the average runner. However, the
study has some short comings. The “pronation” was quantified
using the FPI (foot posture index). The FPI is a static variable
and is one of the variables that does not have any correlation
with the other commonly used “pronation” variables. Thus,
we don’t know, whether or not the FPI actually quantifies
“pronation”. Consequently, it is fair to state that any proposed
injury risk factors related to “pronation” should be treated with
caution, unless we are dealing with a small sub segment of the
population.
We suggest that a good understanding of the detailed foot
movement (forefoot, midfoot and rearfoot) and its relationship
to internal tissue loading (Becker, 2018) may help to improve
the understanding of possible injury mechanisms.
4 The proposed paradigms and running injuries
In our opinion (and in agreement with Becker, 2018 and
Paquette & Miller, 2018) injuries should always be discussed
from the perspective of tissue loading and tissue adaptation.
Efforts must be made to investigate tissue-level strains or local
loading.
It is important, however, to avoid generalizing statements
about running injuries such as ‘excessive foot movement causes
injuries’ or “gait training reduces injuries in novice runners”
(Chan et al., 2018). Hypotheses must be specific for individual
running-related injuries. For example: ‘Tibialis posterior muscle
weakness may result in lower longitudinal arch stiffness and
therefore higher plantar fascia strain during running and thus
plantar fasciitis’. Or: ‘The necessity to tune the calf muscles, e.g.
when the input force signal during running would otherwise
cause resonance effects, increases calf muscle strain and
subsequently causes calf strain injuries’. Such hypotheses would
be helpful to advance our understanding, the prevention and
treatment of running injuries.
In summary, more studies for improving the understanding of
running injuries are needed. Large prospective epidemiological
studies using model calculations to determine internal loading
may not be feasible. Therefore, one may want to structure
future running injury research in two steps: (a) Studies with
relatively small sample sizes under controlled conditions
to identify external biomechanical variables that are highly
correlated with internal loading and (b) Large epidemiological
studies that use these external variables, restricted to one
injury based on a functional understanding of the possible
injury mechanism.
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