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1.1. Abstract

PURPOSE: Running with increased duty factors (DF) has been shown to effectively reduce external
forces during running. In this study, we investigated whether running with increased DF (INCR)
also reduces internal musculoskeletal loading measures, defined as peak muscle forces, muscle
force impulses and peak joint contact forces compared to a runners’ preferred running pattern

(PREF).

METHODS: Ten subjects were instructed to run with increased DF at 2.1 mes-1. Ground reaction
forces and three-dimensional kinematics were simultaneously measured. A musculoskeletal
model was used to estimate muscle forces based on a dynamic optimization approach, which in
turn were used to calculate muscle force impulses and (resultant and three-dimensional) joint

contact forces of the ankle, knee and hip joint during stance.

RESULTS: Runners successfully increased their DF from 40.6% to 49.2% on average. This reduced
peak muscle forces of muscles that contribute to support during running, i.e. the ankle plantar
flexors (-19%), knee extensors (-18%) and hip extensors (-15%). As a consequence, peak joint
contact forces of the ankle, knee and hip joint reduced in the INCR condition. However, several hip

flexors generated higher peak muscle forces near the end of stance.

CONCLUSION: Running with increased DF lowers internal loading measures related to support
during stance. Although some swing-related muscles generated higher forces near the end of
stance, running with increased DF can be considered as a preventive strategy to reduce the
occurrence of running-related injuries, especially in running populations that are prone to

overuse injuries.
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1.2. Introduction

Recreational running can be considered as one of the most popular types of physical activity 12.
Despite its well-known health benefits 34, the incidence of running-related injuries (RRI) is high
56, causing runners to interrupt their training program or even abandon running as a leisure
activity 7. The majority of these RRI are overuse injuries which occur when a repetitive load
exceeds the structure-specific musculoskeletal capacity, i.e. the load a tissue can withstand before
an injury occurs 89. As RRI behave as a mechanical fatigue phenomenon 8, the risk of developing a
RRI is primarily determined by the magnitude of peak loading (i.e. loading magnitude), and to a
lesser extent by the number of steps taken 8. This emphasizes the detrimental effect of excessive
loading on the musculoskeletal system during running. As such, many runners could benefit from
preventive strategies to avoid RRI, especially when these strategies aim to reduce the loading

magnitude on the musculoskeletal system.

Running with increased duty factors (DF - ratio of contact time on stride time) has recently been
proposed as a strategy to reduce loading magnitude 1911, According to Malisoux et al., who
investigated injury risk factors in 800+ recreational runners, running with lower DF can be
considered as an important risk factor for sustaining RRI 12. They suggested that a strategy aiming
at increasing DF could be effective to prevent overuse injuries in runners. This concurs with
spring-mass dynamics and the impulse-momentum theorem, stating that prolonging the stance
phase of running, in relation to stride time, results in lower average and peak vertical ground
reaction forces (VGRF) 13-15, In our previous study, subjects successfully altered their running
pattern by increasing DF from 42% to 51% on average 1°. As a result, the vertical excursion of the
body center-of-mass (bCOM), as well as several loading parameters such as peak vGRF (-20%)
and peak eccentric ankle (-34%) and knee power (-26%) reduced significantly. Although these
reductions seem promising to promote running with increased DF to an injury-prone population,
these parameters are based on external GRFs, which are a surrogate measure for internal loading
(e.g. muscle forces) and underestimate the actual loads experienced by the lower limbs 16-19. These
internal forces, which account for e.g. bi-articular muscle activity and individual muscle
contributions to the overall musculoskeletal loading, can therefore be considered as a more direct
measure of the loads responsible for injuries 1620. Hence, in-depth musculoskeletal analyses
investigating the internal loading of running with increased DF might shed more light on the
possibility of using this running pattern as a viable strategy to reduce loading magnitude and

eventually the incidence of RRI.



The main goal of this study was to investigate the effect of running with increased DF on
musculoskeletal loading. In this study, musculoskeletal loading was defined as a combination of
peak muscle forces, muscle force impulses and (three-dimensional and resultant) peak joint
contact forces of the ankle, knee and hip joint. As the greatest peak loads occur during stance (e.g.
1619.21) we focused on the stance phase of running. Due to the lower vertical excursion of the bCOM
when running with increased DF, less muscle force needs to be delivered to counteract gravity 10.
Therefore we hypothesized that running with increased DF will mainly reduce peak muscle forces
of muscles that contribute to support during running, i.e. the main ankle plantar flexors (m. soleus
and m. gastrocnemius), knee extensors (m. vasti and m. rectus femoris) and hip extensors (m.
gluteus medius and maximus) 22. It follows that we also expect the ankle, knee and hip peak joint
contact forces to be lower. As the stance phase is extended when running with increased DF 19,
but lower peak muscle forces can be expected, we hypothesize similar muscle force impulses
compared to the runners’ preferred running pattern. In general, we expect running with increased
DF to be a running pattern which can reduce the ‘overall’ musculoskeletal loading of the lower

limbs, thereby reducing the risk of RRI.

1.3. Methods

Subjects

Ten male subjects (24 + 2 year, 71.4 + 6.4 kg, 1.83 + 0.04 m, BMI: 21.4 + 1.6 kgem-2) who were
active in sports participated in this experiment. All subjects were pain- and injury-free for six
months and could run continuously for at least one hour. All subjects signed an informed consent
before the start of the experiment. The study was approved by the Ethical Committee of the Ghent

University hospital.
Experimental design

All runners performed two running conditions with neutral running shoes (Mizuno Wave Rider
18) on a force-instrumented split-belt treadmill (Bertec Corp., Columbus, OH). Before the start of
the actual experiment, a habituation protocol was conducted. Subjects walked and ran for 5 min
at speeds ranging from 1.4 to 3.2 mes-! and were instructed to run with higher DF for 5 min at a
pace of 2.1 mes-L. In order to run with higher DF, subjects received the verbal instruction ‘try to
run without a flight phase’ and a short demonstration that was given by the researchers. During
the actual experiment, subjects performed two running conditions at 2.1 mes-! in randomized
order. Each condition lasted for 5 min with 3 min of rest in between: running with increased DF

(INCR condition) based on the aforementioned verbal instruction and demonstration, and



running with their preferred running pattern (PREF). In the latter condition, subjects were asked

to run how they ‘normally’ run during a running session outside.

Measurements

Subjects performed the PREF condition single-belt and the INCR condition split-belt. This allowed
us to capture GRFs of both legs separately in the latter condition, in case DF exceeded 50% (i.e.
double support phase). When subjects ran split-belt, they were not instructed to place their right
foot on the right belt and their left foot on the left belt. Instead, they focused on an extension of
the midline between the two belts drawn on the floor in front of the treadmill. Foot contacts that
hit both belts simultaneously were deleted from data analysis. GRFs and three-dimensional
kinematics (12 Qualisys Oqus cameras, Goteborg, Sweden) were simultaneously measured during
the last 10 sec of each condition, at 1000Hz and 250Hz respectively. A full-body kinematic marker
set that consisted of 72 reflective markers was used to measure the motion-capture data (see

appendix D, Supplemental Digital Content 1, that describes the used marker set).

Data analysis

Spatiotemporal parameters were calculated based on events identified from the vGRF. Timings of
initial foot contact and toe-off were determined using a threshold of 20N 23. DF was calculated as
the ratio of contact time on stride time. Contact time was calculated as the time between initial
foot contact and toe-off of the same foot, stride time as the time between consecutive initial foot
contacts of the same foot and swing time as the time between toe-off and initial foot contact of the
same foot. Stride frequency was calculated as the inverse of stride time and stride length was

calculated by dividing running speed (i.e. 2.1 m.s1) by stride frequency.

A generic Hamner-model 22 consisting of 29 degrees-of-freedom and 92 musculoskeletal actuators
in the lower extremities and torso was used to calculate musculoskeletal loading. This model was
scaled in Opensim 3.3 2¢ based on the marker positions during a static trial and the subjects’ body
mass. Maximal isometric muscle forces were also scaled based on the subject’s body mass and
height 25. First, marker coordinates and GRF data were low-pass filtered at 15Hz, using a fourth-
order Butterworth recursive filter. Peak vGRF and peak braking forces (PBF) were calculated as
the maximal value of the vGRF and the minimal value of the anterior-posterior GRF (ant-post GRF)
respectively. Next, joint angles and moments were obtained through inverse kinematics and
inverse dynamics, implemented in Opensim. As invasive measurements of muscle forces are not
possible, an optimization approach was used to solve the muscle redundancy problem. We
estimated muscle forces during the stance phase of running in both conditions by using a dynamic

optimization algorithm that takes muscle-tendon dynamics into account while minimizing the



sum of muscle excitations squared 26, We preferred a dynamic optimization approach over a static
optimization approach as the latter simplifies muscle-tendon dynamics by neglecting activation
dynamics and assuming rigid tendons. Inverse dynamic joint moments along with muscle-tendon
unit lengths and moment arms were used as inputs to solve the muscle redundancy problem.
Dynamic optimization validity was verified 1) by comparing the muscle activation patterns in this
study (see appendix D, Supplemental digital content 2, which illustrates muscle activation
patterns) with measured (EMG 27.28) and estimated (modeled 1621) muscle activations from
literature, and 2) when reserve actuator torques (i.e. torques that are added about each joint to
enable the simulation to run when muscles cannot produce the needed force at a given point)
were lower than 10% of the respective joint moment, as recommended by Opensim guidelines.
The output of the dynamic optimization approach are muscle-tendon forces, but will be referred
to as muscle forces in this paper. Peak muscle forces were calculated as the peak value during the
stance phase for muscles that contribute most to support during running, which are the main
ankle plantar flexors: m. soleus (SOLEUS), m. gastrocnemius medialis (GAS MED) and lateralis
(GAS LAT); knee extensors: m. rectus femoris (REC FEM); m. vatus lateralis (VAS LAT) and
medialis (VAS MED) and hip extensors: the m. gluteus maximus (GLUT MAX) and medius (GLUT
MED) 22. We also calculated peak muscle forces of the m. psoas (PSOAS), m. iliacus (ILIACUS), m.
biceps femoris (BIC FEM), m. semimembranosus (SEMIMEM) and semitendinosus (SEMITEN) as
these muscles fulfill an important (swing-related) function during running. The BIC FEM total
muscle force was calculated by summing the muscle force of the long head and short head of the
BIC FEM. Likewise, the GLUT MAX and GLUT MED total muscle force was calculated as the sum of
the three muscle fiber bundles (GLUT MAX: superior, middle and inferior part; GLUT MED:
anterior, posterior and middle part) of these muscles, as these were modelled separately.
Additionally, muscle force impulses were calculated for the aforementioned muscles by taking the
integral of muscle force during stance. Lastly, joint contact forces were calculated using the joint
reaction analysis in Opensim 29. These forces are the forces transferred between consecutive
bodies as a result of all loads acting on the model and correspond to the internal loads carried by
the joint structures. The joint contact forces were reported in the child (distal) body (i.e. femur,
tibia and talus for respectively the hip, knee and ankle joint contact forces) and were calculated in
the axial, anterior-posterior (AP) and medio-lateral (ML) direction. Peak joint contact forces were
calculated as the maximal value during stance. Negative values indicate forces that are directed
downwards for the compressive component (i.e. axial), backward for the anterior-posterior
component (i.e. AP) and medial for the medio-lateral component (i.e. ML). Resultant joint contact
forces were calculated from these three-dimensional joint contact forces as a measure for the

‘overall’ contact force acting on the respective joint.



To calculate population means, all measures were first averaged over consecutive stance phases
of the same leg, then averaged between left and right and then averaged across subjects. On
average, 15 and 17 contacts were analyzed for the INCR and the PREF condition respectively for
every subject. Figures representing muscle forces and joint contact forces are expressed over

averaged contact time (in ms) for the respective condition.

Statistics

Paired samples t-test were performed to compare differences in spatiotemporal characteristics,
external force measures, peak muscle forces, muscle force impulses and joint contact forces

between the PREF and the INCR condition. The p-value was set at 0.05.

1.4. Results

Subjects increased their DF by 8.6% on average (Table 1, Figure 1). In the INCR condition, contact
time and stride frequency increased, while stride time, stride length, swing time, peak vGRF and
PBF decreased compared to the PREF condition (Table 1). The vGRF and ant-post GRF are

presented in Figure 2.

Table 1: spatiotemporal and external force parameters (MEAN + STDEV) for PREF and INCR.

PREF INCR
[MEAN + STDEV] [MEAN + STDEV] [t-; p-value]

Speed (m.s?) 2.10 2.10 N.A.

Duty factor (%) ' 40.6 + 4.4 49.2 +£ 2.7 [-5.558; <0.001]
Contact time (s) T 0.3240.03 0.3740.03 [-4.038; 0.003]
Stride time (s) ¢ 0.78 + 0.03 0.75 + 0.03 [4.514; 0.001]
Stride frequency (strides.s'1) T 1.28 + 0.05 1.33 £ 0.05 [-4.221; 0.002]
Stride length (m) ¢ 1.65 £ 0.06 1.58 £+ 0.06 [4.323;0.002]
Swing time (s) ¢ 0.47 £ 0.04 0.38 + 0.02 [5.937; <0.001]
Peak vGRF (BW) ¢ 2.32 4+ 0.25 1.92 + 0.16 [4.722;0.001]
PBF (BW) ¢ -0.24 + 0.02 -0.21 4+ 0.03 [-3.38;0.008]

INCR: increased condition; PREF: preferred condition; peak vGRF: peak vertical ground reaction force; PBF:
peak braking force; N.A.: not applicable. As speed was equal between conditions, no standard deviation was
given. Y indicates INCR < PREF; Tindicates INCR > PREF (with p < 0.05).



All muscle forces are depicted in Figure 3. Peak muscle forces during stance (Table 2) were
significantly lower in the INCR condition compared to the PREF condition for the following
muscles: SOLEUS, GAS MED, GAS LAT, VAS LAT, VAS MED, SEMITEN, BIC FEM, GLUT MED and
GLUT MAX. Peak muscle forces were higher in the INCR compared to the PREF condition for the
PSOAS, ILIACUS, and SEMIMEM. Muscle force impulses (Table 3) of the SOLEUS, GAS MED, GAS
LAT and GLUT MED were lower for the INCR compared to the PREF condition, whereas the muscle
force impulses of the PSOAS, ILIACUS and SEMIMEM were higher.
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Figure 1: duty factor (DF) for the increased (INCR - blue) and preferred (PREF - red) condition. Boxplot with
25t and 75t percentile, median and outlier (data point outside PREF boxplot; the outlier was not deleted
as it represents a true value and was not due to an artefact) representing DF for the PREF and INCR
condition. Data points are averaged DF for all (n = 10) individuals and are connected between conditions
for the respective subject (grey lines). Data points are color coded and are unique for every subject.
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Figure 2: Ensemble averages of the vertical (left) and anterior-posterior (right) ground reaction forces
(GRF) of the increased (INCR - blue) and preferred (PREF - red) condition. Forces were averaged over
consecutive steps and subjects (n = 10) during stance (expressed as averaged contact time (ms) for the
respective condition). Transparent lines represent the individual (averaged) ground reaction force of each
subject.



All peak joint contact forces (Table 4) were significantly lower for the INCR condition compared
to the PREF condition, except for the ML component in the ankle joint where no difference was
found. Figure 4 shows the resultant joint contact force for the ankle, knee and hip joint. A figure
of the joint contact forces in the axial, AP and ML direction of the respective joints can be found as
supplementary material (see appendix D, Supplemental digital content 3, which illustrates joint

contact forces in all directions).

Table 2: peak muscle forces (MEAN + STDEV) for PREF and INCR.

Peak muscle PREF INCR

forces (BW) [MEAN + STDEV] [MEAN + STDEV] [t-; p-value]
SOLEUS ¢ 5.80 + 1.03 471+ 0.72 [5.264;0.001]
GAS MED ¢ 1.07 £ 0.12 0.92 +0.08 [5.438; <0.001]
GAS LAT*¢ 0.35 £ 0.05 0.29 + 0.03 [4.950; 0.001]
VAS LAT ¢ 2.10+0.35 1.73 £ 0.19 [4.776; 0.001]
VAS MED ¢ 095+ 0.16 0.79 £ 0.09 [4.723;0.001]
REC FEM 0.91 + 0.45 0.85+0.28 [1.103; 0.299]
BIC FEM ¢ 0.75 £ 0.17 0.64 +0.17 [3.716; 0.005]
SEMIMEM * 0.65+£0.10 0.81+0.10 [-3.771; 0.004]
SEMITEN + 0.23 £ 0.07 0.15 £+ 0.08 [5.237;0.001]
PSOAS T 0.79 £ 0.20 1.02 +£0.17 [-3.157; 0.004]
ILIACUS T 0.71+0.17 0.88+0.12 [-2.405; 0.040]
GLUT MED ¢ 3.37+£0.35 2.87+0.21 [4.986;0.001]
GLUT MAX ¢ 0.97 + 0.27 0.83 +0.21 [2.656; 0.026]

INCR: increased condition; PREF: preferred condition; Abbreviation muscles: m. soleus (SOLEUS),
gastrocnemius medialis and lateralis (GAS MED and GAS LAT), vastus medialis and lateralis (VAS MED and
VAS LAT), rectus femoris (REC FEM), biceps femoris (BIC FEM), semimembranosus (SEMIMEM),
semitendinosus (SEMITEN), psoas (PSOAS), iliacus (ILIACUS), gluteus medius and maximus (GLUT MED
and GLUT MAX). ! indicates INCR < PREF; Tindicates INCR > PREF (with p < 0.05).
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Figure 3: Ensemble averages of muscle forces for the increased (INCR - blue) and preferred (PREF - red) condition. Muscle forces were averaged over consecutive
steps and subjects (n = 10) during stance (expressed as averaged contact time (ms) for the respective condition). Transparent lines represent the individual
(averaged) muscle forces of each subject. All muscles included in this figure are presented on the figure of the model (left of graph). Figure of the musculoskeletal
model was used by permission (Hamner SR, Seth A, Delp SL. Muscle contributions to propulsion and support during running. / Biomech. 2010;43(14):2709-16).



Table 3: muscle force impulses (MEAN + STDEV) for PREF and INCR.

Muscle force PREF INCR

Impulses (BWs) MEAN-STDEV MEAN-STDEV [t-; p-value]
SOLEUS ¢ 0.82 £ 0.10 0.74 £ 0.09 [5.295; 0.001]
GASMED ¢ 0.16 + 0.02 0.15 4 0.02 [5.084; 0.001]
GAS LAT ¢ 0.05+ 0.01 0.04 + 0.01 [5.268; 0.001]
VAS LAT 0.25 % 0.05 0.24 +0.04 [1.518; 0.163]
VAS MED 0.11 £ 0.02 0.11 £ 0.02 [1.016; 0.336]
REC FEM 0.11 £ 0.04 0.12 £ 0.02 [-1.311;0.222]
BIC FEM 0.13 +£0.02 0.12 £+ 0.02 [1.686; 0.126]
SEMIMEM 1 0.02 £ 0.01 0.03 + 0.01 [-4.606; 0.001]
SEMITEN 0.04 £+ 0.01 0.04 + 0.01 [0.020; 0.984]
PSOAS T 0.07 £ 0.01 0.11 +0.02 [-4.904; 0.001]
ILIACUS * 0.08 £ 0.01 0.13 +£ 0.02 [-5.818; <0.001]
GLUT MED * 0.54 £ 0.05 0.49 + 0.04 [3.753; 0.005]
GLUT MAX 0.08 + 0.03 0.07 + 0.03 [1.260; 0.239]

INCR: increased condition; PREF: preferred condition; Abbreviation

muscles: m. soleus (SOLEUS),

gastrocnemius medialis and lateralis (GAS MED and GAS LAT), vastus medialis and lateralis (VAS MED and
VAS LAT), rectus femoris (REC FEM), biceps femoris (BIC FEM), semimembranosus (SEMIMEM),
semitendinosus (SEMITEN), psoas (PSOAS), iliacus (ILIACUS), gluteus medius and maximus (GLUT MED
and GLUT MAX). ! indicates INCR < PREF; Tindicates INCR > PREF (with p < 0.05).

1.5. Discussion

The aim of this study was to investigate whether running with increased DF could reduce the
internal forces acting on the musculoskeletal system, defined as peak muscle forces, muscle force
impulses and joint contact forces. Overall, this study showed that running with increased DF
reduced peak muscle forces of muscles with a support-related function during stance, and as a
consequence peak joint contact forces of the ankle, knee and hip joint. Besides these reductions,
several hip flexor muscles related to the swing-phase of running generated higher peak muscle

forces near the end of stance in the INCR condition compared to the PREF condition.



Table 4: Peak ankle, knee and hip joint contact forces (MEAN + STDEV) for PREF and INCR.

Peak joint contact PREF INCR

forces (BW) [MEAN + STDEV] [MEAN + STDEV] [t- ; p-value]
Ankle AP ¢ 3.34 £1.02 2.74 £ 0.69 [4.435 0.002]
Ankle Axial ¢ -9.43 £ 143 -7.29 £ 0.99 [-5.948 <0.001]
Ankle ML -0.10 £ 0.05 -0.09 + 0.03 [-0.346 0.737]
Ankle resultant ¢ 10.01 + 1.65 7.79 £ 1.12 [5.958; <0.001]
Knee AP} -4.45 £ 0.73 -3.53 £ 0.45 [-6.760 <0.001]
Knee Axial ¢ -6.78 + 0.85 -5.44 + 0.65 [6.177 <0.001]
Knee ML ¢ -0.39 + 0.07 -0.33 + 0.05 [-3.463 0.007]
Knee resultant ¢ 8.10 +1.03 6.37 + 0.59 [6.394 ; <0.001]
Hip AP ¢ 2.23+0.36 1.94 4+ 0.20 [3.634 0.005]
Hip Axial ¥ -6.73 £0.70 -5.45 £ 0.47 [-7.018 <0.001]
Hip ML ¢ 243 £0.37 1.81+0.20 [7.217 <0.001]
Hip resultant 7.49 +0.76 5.96 + 0.42 [7.826; < 0.001]

INCR: increased condition; PREF: preferred condition; AP: antero-posterior; ML: medio-lateral; + indicates
INCR < PREF; Tindicates INCR > PREF (with p < 0.05);
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Figure 4: Ensemble averages of resultant joint contact forces for the increased (INCR - blue) and
preferred (PREF - red) condition. Resultant joint contact forces were averaged over consecutive steps and
subjects (n = 10) during stance (expressed as averaged contact time (ms) for the respective condition).
Transparent lines represent the individual (averaged) resultant joint contact forces of each subject. Figure
of the musculoskeletal model (left of graph) was used by permission (Hamner SR, Seth A, Delp SL. Muscle
contributions to propulsion and support during running. / Biomech. 2010;43(14):2709-16).



Subjects increased their DF by increasing contact time (+16%) and decreasing swing time (-
19%). As stride time decreased (-4%) and speed was kept similar between conditions, stride
length and stride frequency decreased and increased respectively. As a result, peak vGRF and peak
muscle forces of the muscles that contribute to support during running reduced significantly: peak
muscle forces of the main ankle plantar flexors (SOLEUS, GAS MED and GAS LAT) reduced up to
19%, of the knee extensors (VAS MED and VAS LAT) up to 18% and of the hip extensors (GLUT
MED and GLUT MAX) up to 15%. Also the muscle force impulses of the main ankle plantar flexors
reduced up to 20%. These results concur with findings of Dorn et al. 39, who related reductions in
peak vGRF to lower peak muscle forces of SOLEUS, GAS and VAS. As these muscles provide about
75% of the total vertical support impulse needed to accelerate the body upward, the reductions
in peak muscle forces in the current study indicate that running with increased DF engages the
muscles that are involved in body weight support less intensely. Furthermore, these reductions
resulted in lower ankle, knee and hip peak joint contact forces (up to 26%). Although these
reductions are promising in terms of RRI prevention, transferring them to a lower risk/incidence
of RRI is not straightforward because the aetiology of RRI is multifactorial and does not only
depend on the structure-specific musculoskeletal loading, but also on the runners’
musculoskeletal capacity 9. However, literature does suggest a relationship between increased
internal load measures and several RRI. For example: increased joint contact forces in the ankle
joint could relate to tibial stress fractures 31, increased joint contact forces in the knee joint to the
occurrence of knee osteoarthritis 32 and increased loading of the Achilles tendon to Achilles

tendon injuries 33.

Besides the increase in DF, stride frequency and stride length also changed when running with
increased DF, which could have influenced musculoskeletal loading as well. According to previous
literature 3437, these spatiotemporal adjustments can also reduce peak vGRF, extensor muscle
forces and joint contact forces similar to the reductions found in this study. As changes in stride
frequency and stride length can go together with changes in DF and vice versa (e.g. 14, 36), it is
difficult to attribute reductions in musculoskeletal loading to changes in one specific
spatiotemporal variable (e.g. DF), independent of changes in other spatiotemporal variables (e.g.
stride frequency). However, findings of Morin et al. 14 suggest that stride frequency rather
indirectly affects spring-mass characteristics through its effect on contact time in relation to stride
time, and thus DF. Nonetheless, which spatiotemporal adjustments mainly contribute to
reductions in musculoskeletal loading remains an open question. As such, future gait-retraining
studies should specifically focus on the relationship between various spatiotemporal
characteristics, their interaction with each other, and musculoskeletal loading. Such studies can
provide fundamental insights in the spatiotemporal determinants of load, which can guide the

development of effective gait retraining strategies to reduce RRI. Additionally, the increase in



stride frequency found in this study also indicates a higher repetition of the forces acting on the
musculoskeletal system. However, as the risk of developing a RRI is determined to a greater extent
by peak loading than by the numbers of steps taken 8, it can be argued that running with increased
DF can be considered as a promising gait-retraining strategy with the aim of avoiding RRI, while

maintaining a certain minimal load necessary to keep for example tissue remodeling ongoing 3.

One of the most common overuse injuries in running is patellofemoral (PF) pain. In this study we
could not determine PF forces because the Hamner model does not contain a PF joint 22, However,
the results of this study contain kinematics and muscle forces which can be used to get a rough
estimate of the PF forces, which in turn are related to PF pain. PF compressive forces have been
positively related to both muscle forces of the m. quadriceps, peak stance phase knee flexion and
peak vGRF 3440, In this study, lower muscle forces of the m. quadriceps (VAS MED: -17%; VAS LAT:
-18%) were found in the INCR condition. This implies, in combination with a lower peak vGRF (-
17%) and no difference in maximal knee flexion (see appendix D, Supplemental digital content 4,
which illustrates sagittal joint angles during stance), that running with increased DF will most

likely result in lower PF forces.

Whereas running with increased DF reduces peak muscle forces of the main muscles contributing
to the support phase of running, several swing-related muscles generated higher forces in the
INCR condition near the end of stance. Subjects increased their DF by increasing contact time and
decreasing stride time, while stride frequency increased slightly. These spatiotemporal
adjustments resulted in less time to swing the legs forward, which might explain the higher peak
muscle forces (up to 25%, see Figure 3) of the hip flexors near the end of stance (i.e. PSOAS,
ILIACUS). Although the hip flexors generated higher peak muscle forces in the INCR condition
compared to the PREF condition, the resultant hip joint contact force was lower. This can be
attributed to the temporal difference between the occurrence of the peak resultant hip joint
contact force (near mid-stance) and the occurrence of the peak hip flexor muscle forces (near the
end of stance). Additionally, at the timing of peak resultant hip joint contact force, peak hip flexor
muscle forces (up to 0.09 BW) were much lower compared to peak muscle forces of support-
related muscles located at the hip (up to 3.27 BW), indicating that the hip flexor muscles did not
substantially contribute to the peak joint contact force of the hip joint. However, since we did not
incorporate the flight phase in our analyses, it is difficult to make conclusive statements regarding

swing-related muscles.

Several strategies arise to achieve a reduction in the incidence of RRI. A first strategy is to focus
on a specific part of the running population that is at higher risk of RRI, such as novice runners 4.
As the incidence of RRI is high in these runners, it can be argued that their musculoskeletal system

is less familiar with the acting repetitive forces, which makes them more susceptible for overuse



injuries. Running with increased DF could then serve as an optimal ‘entry point’ to start with
progressive running programs (in terms of loading) for these runners, as it decreases the ‘overall’
loading compared to their preferred running pattern. Also runners who suffered from a
(recurring) injury, but are ready to return to running, might benefit from this adjustment in
running style to gradually built up the experienced loading. Another strategy is to target runners
that suffer from specific injuries which are related to the reductions found in this study, such as
tibial stress fractures 31, knee osteoarthritis 32 and Achilles tendon injuries 33. It holds for both
strategies that, given its ease of execution (especially at slow speeds), this gait-retraining strategy
could be implemented in intervention studies to investigate its effectiveness on injury incidence.
However, as mentioned before, extra care should be given to runners who suffer from injuries

located around the hip joint.

Although the calculated muscle forces and joint contact forces correspond well with those
reported in literature, it is not straightforward to compare them with other studies due to
differences in performed analyses, used models and running speed 16. In this study, the internal
force measures are somewhat lower compared to literature, which is probably due to the
difference in speed. While our subjects ran at a rather slow pace of 2.1 mes-!, almost all other
studies calculating internal force measures were performed at faster running speeds (3.2 to 5.3
mes-1). Nonetheless, the simulated muscle activation patterns (see appendix D, Supplemental
digital content 2, which illustrates muscle activations patterns) correspond well with those
estimated in other modelling studies (e.g. 161744-47.19-213234354243) even when taking
methodological differences into account. Additionally, the muscle activation patterns in this study
agree well with EMG data from other studies 2728, which contributes to the validity of the model

estimates.

While modelling studies can aid in finding the right modalities to implement running with
increased DF in substantiated training programs, several aspects remain to be elucidated.
Therefore, future studies should 1) investigate the effect of running with increased DF and stride
frequencies on musculoskeletal loading, independent of one another, 2) focus on the dose-
response relationship between DF and internal load measures, 3) investigate whether running
with increased DF can be learned and maintained over a longer period and 4) investigate the
relationship between running with increased DF and injury incidence in large-scaled intervention
studies. It should also be noted that this study has several limitations. Foremost, the experiment
was performed on healthy subjects at a slow running speed and not on a population that might
benefit most from this gait retraining strategy (e.g. the novice runner that is often injured).
Nonetheless, there are no reasons to believe that the mechanics behind the reductions in internal

load measures will be different when applied to other populations, mainly due to the strong link



between DF and spring-mass dynamics 4. Secondly, in the INCR condition runners ran split-belt
which might have influenced their gait characteristics. However, in order to calculate the
documented loading parameters when running with DF > 50%, GRFs needed to be captured for
both legs separately. Additionally, we did not include the swing phase in our analyses, as we were
mainly interested in peak muscle and joint contact forces which occur during stance. To gain more
insight into possible adverse effects of running with increased DF, we suggest incorporating the
swing phase in future studies. Finally, the muscle redundancy problem was solved by minimizing
muscle excitations squared. This implies a minimization of co-contraction and thus represents a
‘most optimal’ scenario when calculating internal loading parameters. As such, our findings do not
entirely reflect the reality of muscle behavior, especially in the INCR condition as runners changed
their running pattern towards a running style they were not familiar with. However, the results
of this study indicate how a reduction in musculoskeletal loading of certain anatomical structures

can be achieved once a runner is more adapted to this running style.

In conclusion, running with increased duty factors reduced peak muscle forces of muscles which
contribute to support during running: i.e. the ankle plantar flexor muscles (m. gastrocnemius and
soleus), knee extensor muscles (m. vastus lateralis and medialis) and hip extensor muscles (m.
gluteus maximus and medius). Consequently, this resulted in lower peak joint contact forces in
the ankle, knee and hip joint. Due to a higher stride frequency and a shorter swing time when
running with increased duty factors, several hip flexors (i.e. m. psoas and iliacus) generated higher
muscle forces near the end of stance, suggesting an increased loading of swing-related muscles
during the swing phase. These results show that running with increased DF can be considered as
a potential gait-retraining strategy to avoid overuse injuries, mainly in a population that is prone

to running-related injuries.
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