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ABSTRACT

Muscle fatigue can affect the absorption of impact forces during running which can increase the
risk for running injuries. Conflicting results exist about the change of plantar pressure (PP)
maxima. The study aimed to examine the influence of a standardised fatigue protocol on PP
distribution of rearfoot strike runners considering possible test effects and leg asymmetries. 30
male runners volunteered in a laboratory test with repeated-measures after familiarization on the
treadmill (11-15 km/h). Isokinetic fatigue protocol included ten sets of six concentric contractions
(10 s set break, ®=60°/s). The first force maximum and the peak PP for three foot-regions were
tested with an analysis of variance. The plantar flexors (PF) decreased to 52%-62% and the
dorsiflexors (DF) to 35-41% of the isometric maximum strength. Maximum of PP under the heel
and forefoot decreased to 8.3% and 5.9%, respectively. As hypothesized, the fatigue protocol
reduced the performance of DF more intensely which resulted in a muscle imbalance indicating an
increased injury-risk. Because of their greater muscle mass and function, PF are more fatigue-
resistant during running. The reductions in pressure values may indicate a possible protective

strategy to counteract injuries during muscle fatigue. For injury prevention, a strength training of
\iefoot muscles with focus on DF is recommended in addition to running. /

Keywords: Leg asymmetry; muscular imbalance; Isokinetic; Retest; Treadmill

INTRODUCTION the lower extremities have to provide
adequate shock absorption to avoid an over or
During running, the foot is subjected 2 to 3 incorrect  loading of  the  passive

times the runner’s body mass. The muscles of musculoskeletal system caused by these



forces, e.g. through concentric contraction of
the plantar flexors (PF) (26). If the muscles
become fatigued, a sufficient absorption of
the impact forces is no longer guaranteed, the
passive musculoskeletal system is affected
and the risk for running injuries increases.
This relationship between muscular fatigue
and injury risk has already been shown in
several studies (2, 5, 8, 13, 28). However,
despite numerous studies, it is still unclear
how foot loading changes as a result of
fatigue. To provide appropriate injury-
prophylactic training guidance, the details of
changes in foot loading caused by fatigue
need to be known. In particular, runners with
a history of injuries in the lower extremities
have an increased risk for re-injury (19, 20,
39). In this respect, ideally case, running
injuries should be prevented before they
occur.

Although the number of publications
investigating the influence of muscle fatigue
on plantar pressure (PP) distribution and
increased ground reaction force during
running has considerably increased since
2006, the effect of fatigue was not clarified
because of the diversity in results. In a meta-
analysis on the change of ground reaction
force following fatigue, Zadpoor and
Nikooyan (44) showed that most studies have
focused on the active peak vertical ground
reaction force because it reflects the muscular
reaction of the collision with the ground. On
this, two theories dominate the debate. On the
one hand, it is assumed that the ability for an
adequate shock absorption decreases with
fatigue, whereupon the ground reaction force
increases to counteract this effect. On the
other hand, a reduction of the ground reaction
force is supposed, because the human body
has a protective strategy that provokes this
reaction to prevent injuries (44).

The meta-analysis included eight studies that
determined the active peak of the ground
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reaction force with force plates before and
post fatigue caused by running. Three studies
showed a significant decrease (12, 27, 31),
while four studies only found minor non-
significant changes (8, 11, 36). Another study
examined the ground reaction force during
running after local muscle fatigue of
dorsiflexors (DF) and -invertors of the foot
(6). It was found that DF increased non-
significantly and the inversion vyielded to
reduced ground reaction force.

Other studies on ground reaction forces
showed also contrary findings. After extreme
fatigue following a 24-hours-treadmill-run or
an  ultra-mountain  marathon,  Morin,
Samozino and Milletl7 or Morin, Tomazin,
Edouard and Milletl8 found significantly
decreased ground reaction force of 2.24-times
to 2.14-times or of 2.32-times to 2.17-times of
the body mass. Quammen et al. (30)
compared two different fatigue protocols,
where strength tests and sprint as well as the
strength tests and a 30-min treadmill run led
to a non-significant increase of the ground
reaction force.

Contrary findings also exist for the PP-
distribution  after fatigued-running over
different distances (10 km up to marathon or
30-min-run). Some studies found an increase
of forefoot loading after fatigued running (3,
42, 43) as well as after local fatigue of PF and
DF (29). Inconsistencies were presented for
the effect of fatigue caused by running on PP-
distribution under the rear-, mid- and forefoot.
The results for the rearfoot (RF) showed both
significantly increased pressure distribution
(41, 42) as well as decreased pressure peaks
(1, 3). Some studies found increased values
under the metatarsals (3, 25, 41, 42, 43) and
under the medial midfoot (41, 42). Other
studies found a decrease under the lateral or
rather medial midfoot (1, 3). The pressure
values under the toes significantly decreased



(20, 25, 29, 42, 43). However, two studies
found no differences (3, 41).

Fatigue affects the cadence and step-length
during running: the cadence decreases and
step-length increases (10, 11) but also minor
changes (16) and no changes in cadence (1)
were observed. Moreover, treadmill running
is characterized by a change in cadence (10,
33, 35, 40). At moderate running speed on the
treadmill, reduced step-length and increased
cadence were observed compared to natural
ground-running (15). Because of the influence
of the treadmill on the running movement, the
results were discussed controversially (10)
Nevertheless, they were accepted by different
authors as representative for running
investigation (9, 33, 35).

In general, the strength in the two legs is not
the same; the jumping leg, in particular, is
stronger than the Kicking leg and achieves
longer distances in jump tests compared to the
preferred leg which is used e.g. for kicking a
ball. Therefore, the differences in muscle
strength are used to classify the legs into the
dominant-(jumping)-leg and the preferred
(kicking) leg (37). Only few studies exist that
describe leg asymmetries during running with
biomechanical analysis where no significant
differences between the dominant and non-
dominant-leg in kinematics of the lower
extremities and ground reaction force were
found. Neither before nor post fatigue (4, 14).

Controversial results exist for the influence of
fatigue on PP-distribution during running for
methodological reasons as the studies used
different fatigue protocols and foot regions.
Moreover, many studies often failed to
consider the foot strike patterns, leg
dominance, different running speeds and/or
repeated measurements. Most studies used
exhaustive running (10, 44) without
distinguishing which changes demonstrated a
direct result of local muscle fatigue.
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Electromyographic studies of DF and PF of
the foot showed that the flexor muscles were
active between 50% and 85% of the running
cycle and thus, can strongly fatigue (17, 32).
It was found that muscular imbalance
appeared during running with progressive
fatigue because the activity of PF remained
constant during the activity whereas that of
DF decreased (22).

Aim of the study was to examine the
influence of a standard fatigue protocol of PF
and DF on PP-distribution under three foot
regions of rear foot strikers (RFS) during
running at three different speeds during which
possible test effects and leg asymmetries as
confounding variables were taken into
account. It was assumed hypothetically that a
local fatigue protocol leads to different
reduced muscle efficiency of PF and DF and,
that during subsequent running at different
speeds reflects comparable changes of PP-
distribution under the foot.

METHODS

Study Design

PP-distribution under the left and right foot
before and post local muscle fatigue of PF
and DF of the foot was examined in a
laboratory study at three different speeds of
RFS barefoot on a treadmill. A repeated
measures (pre-post design) ANOVA was used
whereby the three factors were differentiated
in test 1 and 2 (factor: test), left and right leg
(factor leg) and standardized protocol,
respectively without fatigue (factor: fatigue).
Running speed varied between 11, 13 and 15
km/h. The differences in force curves under
the feet are used to control for the foot strike
pattern and to classify individuals as RFS.
Participants were included in the study only
when a first passive force maximum
appeared.



Participants

Thirty male recreational and athletic runners
(body height = 181.1 £ 5.0 cm, body mass =
79.3 £9.1 kg, age = 26.9 + 4.0 years) who ran
two to three times per week participated in the
study. AIll runners were healthy, without
cardiac  and  orthopedic  restrictions.
Participation in the study was voluntary, with
participant approval obtained according to the
criteria of the Declaration of Helsinki. Before
testing, an approval was obtained from the
ethics committee of the medical association in
Hamburg.

Procedures

Using a test—retest design, each participant
completed one training session as well as a
pre- and post-test evaluation by the same
examiner. During the training session, the
participants were familiarized with running
on the treadmill, the measuring devices and
the testing protocol. The participants’
positioning for the strength tests was recorded
and the foot strike patterns determined. The
post-test evaluation was repeated within 3-7
days after the pre-test evaluation. The
treadmill test always started after 10 min of
warming-up with increasing running speed up
to 15 km/h without pre-exhaustion. This was
followed by the standard fatigue protocol for
the first leg (strength test) and the running
analysis after pre-exhaustion of the same leg.
Afterwards, the strength tests as well as the
running analysis after pre-exhaustion were
conducted for the second leg. Appearance of
pre-exhaustion of the leg (left versus right) as
well as the running speeds was realized in
randomized order.

The running analysis followed immediately
after the fatigue protocol on the treadmill.
Participants ran only wearing socks to
eliminate the influence of shoes. After an
adaptation phase for each running speed, the
measuring system recorded running cycles for
30 sec. The trained runners completed the
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running speeds of 11, 13 and 15 km/h - also
without

after local muscle

complications.

fatigue -

Measuring instruments and variables

The treadmill (h/p/cosmos quasar — FDM
GmbH co.,
Germany) has a soft, non-slip running surface
of 170 x 65 cm and is controlled by the

THQ M of Zebris Medical

software h/p/cosmos para control. The
measuring system consists of a force
distribution platform (Force Distribution

platform - FDM-T) with capacitive pressure

sensors (measuring range 1 - 120 N/cm?,

accuracy = 5%). The 10240 sensors are
arranged in a matrix (135.5 x 54.1 cm) and
(1.4

are integrated in the treadmill
sensors/cm?) with a measuring frequency of
200 Hz.

Reproducibility of the strength test was good
reproducibility
intra-class correlation coefficient
(ICC) for PF or DF during the isometric
maximum strength test of 0.96-0.99 or 0.90-
0.98, with the fatigue protocol of 0.89-0.97 or
0.87-0.97 as well as with the fatigue index of
Absolute
reproducibility was for PF or DF with the
isometric maximum strength test 3.1 or 6.4%,
with isokinetic fatigue protocol 6.2% or
10.7% as well as with the fatigue index 12.3%

to excellent.40 Relative
reached

0.84-0.96 or

0.76-0.94.

or 21.8%.

The degree of asymmetry between left and
right foot was identified by the symmetry

index (SI) (34) which was defined as:

(Xg + X1)

= _RTZ 1009
05(kn — X 0%

With XR for strength or pressure values of the

right foot and XL for values of the left foot.



Data analysis was carried out with the
treadmill software FDM T version 0.39 of
zebris Medical GmbH (2009). By default, the
step length, cadence as well as averaged PP
maxima were calculated separately for the
foot regions rear-, mid- and forefoot as well
as the first passive strength maximum of the
averaged maximum pressure values of
running cycles of 30 s was calculated (Tab. 1
and 2).

Statistical Analyses

Data analysis included descriptive statistics
(arithmetic mean and standard deviation).
Influence of local muscle fatigue, test
repetition, leg asymmetry as well as running
speed on PP-distribution, cadence and step
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length while running was tested with a
repeated-measures variance analyses (General
linear model). Partial eta square (rlpz) was
used as effect size to determine the amount of
solved variance in relation to the total
variance. According to Cohen (1992) (7) the
following classification was used: small
effect, if n,° = 0.08, medium effect, if n,° =
0.20 and large effects, if n,” = 0.32. The LSD-
test (least significant difference) examined the

significance of the pairwise comparisons. a-

level was set at p < 0.05. Calculations were

realized with IBM SPSS 20.0, (Chicago, IL,
USA).

Table 1. Mean + standard deviation of the running test, cadence and double step length. N = 30

Running speed

Cadence [1/s] Double step length [cm]

Test Leg [km/h]
T1 T2 Tl T2
Baseline Left. right 1749+106 173.8+124 210+13 211+14
Fatigue I__eft 11 175.6 +11.6 1748+128 209+13 210%14
Right 176.6 +11 175+133 208+13 212+20
Baseline Left. right 1824 +11.1 1824+13.7 238+14 238z%17
Fatigue I__eft 13 183.7+12.6 1821+132 236+16 238x16
Right 183.4+12.7% 181.6+13.1 237+16 239+16
Baseline Left. right 1916+13.1 1915+149 261+18 261+20
Fatigue I__eft 15 193.3+15.8 191.6+15.6 259+20 261+20
Right 191.7+143 191+156 261+19 262+20
Main effect Test Test
Interaction
Between groups Running speed Running speed
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Table 2. Mean = standard deviation of the running test, symmetry index (Sl), tests of main effect (ME), tests of interaction (1A), tests of within-
subjects effects (speed). N = 30

Leg . imal f N Plantar pressure under the Plantar pressure under Plantar pressure under the Step length [cm]
Test [Skpn:ﬁ?] First maximal force [N] heel [N/cm?] the midfoot [N/cm?] forefoot [N/cm?] pleng
T1 T2 T1 T2 T1 T2 T1 T2 T1 T2
Left 1526 + 257 1521 + 28° 451+124° 469+146° 233+58 233+67 42 +8.8 429 £10° 105+6 106 £ 7
Baseline Right ~1552+265 1551+290 42.1+132 454+148° 227+7.2 235%6 429+9° 429+75 105+7 106 £7
Sl 1.7+£52 2+49 -7.5+20.2 -3.8+104 -33%£185 13+195 24 +20.2 1+187 -04+27 -02+34
11 Left 1506 +255  1515+274  42.7+133 44 +15.4° 229+49 242+6.1 41394 41.3+9.2 105+7 1057
Fatigue Right 1542+271 1538+288 41.1+139 423+155 236+58 238+65 40.7+7.3 4147 104 +6 106 = 10
Sl 2374 14+58 -4.7+153 -6 +14.7 23+201 -23+204 -09x205 1.2+189 -05+35 i %ii
Left 1553 +251%¢ 15424272 49.1+12"°¢ 20 ic14'9 : 244+64 23969 44.7 10 453 +10.4 1197 1199
Baseline Right 1599 +278° 1572 288 46 +13 483+ 147° 2377 25+6.5 446 +7.3° 451 +7.7° 119+8  119+8
13 Sl 28%57 1.8+55 -1.4+16.7 -52+89 -35+205 48=x204 0.8+194 0.5+18 00+£23 -01+23
Left 1522 +238° 1541+261 454+134 47.2+158 242+6 24.7+6.2 439+9.5 443+9.1 118 + 8° 120+ 8
Fatigue Right 1576 £+278 1562 +316 44.2+157 46.1+155 238+6.3 239+6.1 432+7.4 441 +7.2 119+8 120+8
Sl 3.1+56 04+11.9 -49+208 -28+127 -22+205 -35%187 -1+18.38 0+17.1 03+25 -03+28
Left ~ 1583+253 1580269 50.8+15.6° 537+16° 254+62 26+8.8 46.9 +10.7 473+103 131+9 131+10
Baseline Right 1601+308 1594+318 468+166 519%16.7° 254+69 257+7.2 47.7+6.9 4717 131+9 131+10
15 Sl 0.4+10.7 01+111 -10+£20.1 -46+129 -06+196 -01+26 3+18 05+16.8 -01+x24 0.2z+19
Left 1572 £241 1583 +£276 47.8+149 50.4+16.4 26+538 2576 453+£9.7 46.7+94 130 +10° 131410
Fatigue Right 1608 +259 1619+280 475+159 478+16.8 253+64 253+6.6 449 +6.5° 46.4 +6.7 131+10 13110
Sl 2263 23+6.2 -0.8+£13.6 -7+£16.7 -3.1+£224 -22+204 0.1+18.6 0+16.5 12+31 -05+28
ME Leg Fatigue*leg*Test Fatigue
1A Fatigue*leg*Test
Speed 0.04
Pairwise Comparisons ® Test 1 vs. Test 2; ° left leg vs. right leg. ¢ baseline vs. fatigue
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Table 3. Mean + standard deviation of the strength test, fatigue index = Mean torque of 60 isokinetic contractions /Maximum isometric torque. SI =

symmetry index. N = 30

Maximum isometric torque [Nm] Mean torque of 60 isokinetic contractions [Nm]

Fatigue index

Muscle group Leg Tl T2 Tl T2 T1 T2
Left 192.6+38°  190.5+38.9"° 98.7 +28.2 98.5+28.1 0.52 +0.14° 0.52 +0.14
Plantar flexors Right 154.2+337  154.1+31.8 94.2 +30.5 92.8+29.2 0.62+0.17 0.61+0.17
Sl -22.6+21.7  -21.3+198 6.6 +24.8 -75+237 16.13 + 25.55 13.84 + 24.69
Dorsiflexors Left 38.8+7.4 38.1+73 155+4.1° 154 +4.2° 041+0.1° 0.41 +0.09"
Right 35.7 +10.4 35.4+11.2 11.8+3.7 11.6 +3.3 0.35+0.12 0.35+0.13
Sl -109+26.2  -10.5+305 27.7+24.9 -28.7+21.3 -16.97 + 25.33 -18.15 + 28.44

Table 4 Variables for the analysis of variance. Fatigue index = mean torque of 60 isokinetic contractions / maximal isometric torque. Effect size (partial eta-

squared. n,°). N = 30

Variable Muscle / foot zone Effect df  Mean Square F p-value 1,
Maximal isometric torque Plantar flexors Strength 1 41895.5 385 0.00 0.57
Fatigue index 1 0.3 155 0.00 0.35
Mean torque of 60 isokinetic contractions Dorsiflexors 1 428.0 40.6 0.00 0.58
Fatigue index 1 0.1 10.7 0.00 0.27
Double step length Test 1 411.9 55 0.02 0.06
Step length 1 110.3 4.3 0.04 0.05
Cadence 1 150.6 2.8 0.10 0.03
First passive maximum force Foot Leg 1 172001.8 11.1 0.00 0.11
Maximal plantar pressure Forefoot Fatigue 1 316.4 20.5 0.00 0.19
Heel 1 1140.8 20.0 0.00 0.19

Leg 1 737.1 18.1 0.00 0.17

Test 1 845.6 8.5 0.00 0.09

Fatigue*leg*test 1 58.3 4.2 0.04 0.05

Forefoot Running speed 2 1281.1 3.2 0.04 0.07

Cadence 2 12559.9 13.2 0.00 0.23
Double step length 2 117264.3 77.9 0.00 0.64
Step length 2 38934.2 79.8 0.00 0.65
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RESULTS

Table 4 shows the effects and tables 1, 2 and
3 the means and standard deviations as well
as the results of the pairwise comparisons.
The strength tests led to a local muscle fatigue
with significant differences between left and
right leg with a large effect size whereas no
significance was found for the measuring-
repetition (Tab. 1). Both, the maximum
strength as well as the fatigue protocol in test
1 and test 2 revealed higher values for PF and
DF of the left leg. As a result of the fatigue
protocol, PF decreased to 52%-62% and DF
to 35%-41% of the isometric maximum
strength. The fatigue coefficient showed a
stronger local muscle fatigue of PF of the left
leg. In contrast, DF of the right leg were more
fatigued (Tab. 2).

Significant effects were found in the test-
retest on step length, cadence as well as PP
maximum under RF with smaller effect size
(Tab. 4). Step length increased while cadence
and PP maximum under RF decreased in test
2 (Tab. 1). The local muscle fatigue showed a
significant effect on maximal PP under the
fore- and RF with medium effect size and
lower maximal pressure values after pre-
fatigue (Tab. 2 and 4). A significant effect of
the leg was found (small effect size) at the
first force maximum and PP maximum under
RF. The right leg showed higher values at the
first force maximum whereas the left leg
showed higher maximum pressure values
under RF. An interaction of
Fatigue*Leg*Test was found for PP
maximum under RF (Tab. 4).

With increasing running speed, cadence, step
length and the first force maximum as well as
PP maximum under the foot regions increased
as well. A significant inter-subject effect of
running speed was found for step length with
high, for cadence with moderate and for PP
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maximum under the forefoot with low effect
size.

DISCUSSION

The primary aim of the study was to examine
the influence of local muscle fatigue of PF
and DF on PP-distribution while RFS running
at three different speeds as well as taking test
repetition and leg asymmetry into account.
The isokinetic strength test reproduced the
local muscle fatigue very well, so that the
same condition was given in the retest. As
hypothesized, the results of the strength tests
yielded to a less strong local fatigue of PF in
comparison with DF with an appearing
muscle imbalance. In comparison to other
studies (6), the induced muscle fatigue of DF
was greater. The reasons for this are the
higher strength of PF because of their bigger
muscle mass, and its divergent function while
running or walking as well as other everyday
movements that induce greater stress on PF
and thereby exercise their fatigue resistance.
As already shown in EMG analyses (22), the
arthromuscular ratio for the control of foot
motion changed with consequences for the
roll-over behavior as well as PP-distribution.
A muscular imbalance at the ankle joint as a
result of local muscle fatigue was also found
for DF by Christina et al. (6) as well as for PF
and DF by Kellis and Lissou (17) and can
result in an increased injury risk (11, 38).

After local muscle fatigue, a reduction of the
first force maximum and PP values under the
forefoot as well as under RF were observed.
These results coincide with findings of other
studies (1, 3, 10, 41, 42, 43,). Lower PP
values support the hypothesis of a possible
protective strategy to counteract fatigue in
injuries (44). The reduction of the first force
maximum as well as the maximal pressure
values under the heel could be explained by
lower landing forces due to a reduced vertical
motion of the body’s center of mass, a better



shock absorption due to stronger knee flexion
(17) and a flat foot strike caused by exhausted
DF (6). This also fits the reduced forefoot
loading which indicates - with the same
running speed and reduced strength ability of
PF - a changed strength direction with the
foot strike more horizontally. Moreover, the
differences in the first passive force
maximum with lower values of the dominant-
leg support the assumption of an active, flat
foot strike with increased shock absorption of
this leg, particularly as no difference was
observed in step length when comparing both
legs.

After local muscle fatigue, no change in
cadence and step length was found with same
running speed. This was consistent with
findings of Alfuth and Rosenbaum (1) who
also found no change in cadence. On the
contrary, other studies showed a change in
step length and cadence after fatigue (18).
Others report a decrease of cadence and an
increase of step length (11, 10) or an increase
of cadence (43).

Asymmetries in strength conditions of the
tested runners with higher values of the left
leg in the isometric strength maximum as well
as the isokinetic strength endurance is due to
its dominance as a jumping leg (37). The
higher fatigue of DF of the right leg can be
explained by a lower strength ability of the
non-dominant-leg. On the other hand, the
higher relative fatigue of PF of the dominant-
left leg could be explained by the index
formation of higher maximum strength in the
non-exhausted state because even after the
fatigue protocol, the absolute strength ability
of this leg was higher.

High leg asymmetries observed in the
strength tests was reflected in the values of
the first force maximum as well as the
pressure maximum under RF. However, this
was not observed in other values of PP-
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distribution, step length or related asymmetry
index. These differences were found in
baseline as well as under the local muscle
fatigue. This coincides with findings of
Brown et al. (4) who also found no relation
between fatigue and leg-dominance while
running. They concluded that side differences
during fatigued running probably have no
relation to leg-dominance which can be
supported by the present results.

In the homogeneous group of RFS, the
interaction Test*Leg*Fatigue influenced the
PP values under RF, i.e. the classification
according to the RFS pattern remained
constant under all test conditions. But loading
under RF was interactively influenced by
these factors.

In the three tested speed levels, a comparable
influence of the local muscle fatigue on PP
values appeared in accordance with the
hypothesis on three foot regions, step length
and cadence. Although by increasing the
running speed, step length, cadence as well as
the pressure values all together and in
particular under the forefoot increased.

The laboratory tests on the treadmill allow the
control of running speed and facilitate the
measurement of PP-distribution. On the other
hand, the disadvantage of the unusual
conditions of the treadmill affecting the
running motion may be exists in comparison
of test 1 and test 2. The recorded increase in
step length and decrease in cadence with the
same running speed can be attributed to the
insufficient familiarization to the treadmill.
The separate familiarization phases of
approximately 30 min as well as the 10 min
entrance (break) before both tests were not
sufficient for an adjustment of step length and
cadence. For the given running speed with
increasing routine, the cadence decreased and
step length simultaneously increased in test 2.
In future studies, more time must be given for



adapting the running technique to the
treadmill. A further limitation was the
measurement of PP-distributions as only the
vertical force was determined, in comparison
to force plates that additionally determine
shear forces; however, it did measure and
average several running cycles of 30 s. By
using the manufacturer's software, a reduction
to three foot regions without separating the
toes, and a distinction between medial and
lateral foot was performed, which limited the
comparability with other studies. The
evaluation in the strength test focused on the
respective maximum only  without
considering the average torque as well as the
work and performance values. Besides, only
an angular velocity of 60°/s was tested in a
seated position.

CONCLUSION

As hypothetically expected, it has been shown
that the local fatigue protocol with the same
number of repetitions lowers the muscular
efficiency of DF more than that of PF. This
results in a muscular imbalance in the foot
indicating an increased risk of injury. As a
result of local muscle fatigue in RFS runners,
the first passive force maximum as well as the
PP values under the rear- and the forefoot
decrease for a given running speed within the
range of 11-15 km/h. The higher strength
abilities of the dominant-leg were related with
a low, first passive force maximum as well as
with higher PP values under RF during
running without fatigue as well as after local
muscle fatigue. For testing on treadmills,
enough time must be given for getting used to
the device. Otherwise, an increase in cadence
and decrease in step length while running can
be expected. For injury prevention, strength
training of the foot muscles with a special
main focus on less efficient DF should
accompany the running routine.

J Sport Hum Perf
ISSN: 2326-6333

JOURINAL OF SPORT AND HUMAN PERFORMANCE

ACKNOWLEDGEMENTS

The authors would like to thank Bruce
Grainger for critically proof-reading the
manuscript.

REFERENCES

1. Alfuth, M, Rosenbaum, D. Long distance
running and acute effects on plantar foot
sensitivity and plantar foot loading.
Neuroscience Letters, 2011; 503(1):58-62.

2. Baker, J, Burnstein, A, Frankel, VH.
Fatigue fractures: Biomechanical
considerations. Journal of Bone & Joint
Surgery, 1972; 54:1345.

3. Bisiaux, M, Moretto, P. The effects of
fatigue on plantar pressure distribution in
walking. Gait and Posture, 2008;
28(4):693-698.

4. Brown, AM, Zifchock, RA, Hillstrom, HJ.
The effects of limb dominance and fatigue
on running biomechanics. Gait and
Posture, 2014; 39(3):915-9109.

5. Burr, DB.Bone exercise and stress
fractures. Exercise and Sport Science
Reviews, 1997; 25:171-194.

6. Christina, KA, White, SC, Gilchrist, LA.
Effect of localized muscle fatigue on
vertical ground reaction forces and ankle
joint motion during running. Human
Movement Science, 2001; 20(3):257-276.

7. Cohen, J. Statistic a power primer.
Psychonomic Buletinl, 1992:155-159.

8. Dickinson. JA, Cook, SD, Leinhardt, TM.
The measurement of shock waves
following heel strike while running.
Journal of Biomechanics, 1985; 18:415-
422.

10



10.

11.

12.

13.

14.

15.

16.

Fellin, RE, Manal, K, Davis, IS.
Comparison of lower extremity kinematic
curves during overground and treadmill
running. Journal of Applied
Biomechanics, 2010; 26(4):407.

Garcia-Pérez, JA, Pérez-Soriano, P,
Llana, S, Martinez-Nova, A, Sanchez-
Zuriaga, D. Effect of overground vs
treadmill running on plantar pressure:
Influence of fatigue. Gait and Posture,
2013; 38(4):929-933.

Gerlach, KE, White, SC, Burton, HW,
Dorn, JM, Leddy, JJ, Horvath, PJ. Kinetic
changes with fatigue and relationship to
injury in female runners. Medicine and
Science in Sports and Exercise, 2005;
37(4):657-663.

Girard, O, Millet, G, Slawinski, J,
Racinais, S, Micallef, JP. Changes in leg-
spring behavior during a 5000m self-
paced run in differently trained athletes.
Science and Sports, 2010; 25(2):99-102.

Grimston, SK, Zernicke, RF. Exercise-
Related Stress Responses in Bone.
Journal of Applied Biomechanics, 1993;
9(1).

Hamill, J, Bates, BT, Knutzen, KM.
Ground reaction force symmetry during
walking and running. Research Quarterly
for Exercise and Sport, 1984; 55(3):289-
293.

Hong, Y, Wang, L, Li, JX, Zhou, JH.
Comparison of plantar loads during
treadmill and overground running.
Journal of Science and Medicine in Sport,
2012; 15(6):554-560.

Hunter, I, Smith, GA. Preferred and
optimal stride frequency, stiffness and
economy: changes with fatigue during a

J Sport Hum Perf
ISSN: 2326-6333

JOURINAL OF SPORT AND HUMAN PERFORMANCE

17.

18.

19.

20.

21.

22.

23.

1-h high-intensity run. European Journal
of Applied Physiology, 2007; 100(6):653-
661.

Kellis, E, Liassou, C. The effect of
selective muscle fatigue on sagittal lower
limb kinematics and muscle activity
during level running. Journal of
Orthopaedic and  Sports  Physical
Therapy, 2009; 39(3):210-220.

Kellis, E, Zafeiridis, A, Amiridis, IG.
Muscle co-activation before and after the
impact phase of running following
isokinetic fatigue. Journal of Athletic
Training, 2011; 46(1):1

Macera, CA. Lower extremity injuries in
runners. Journal of Sports Medicine,
1992; 13(1):50-57.

Marti, B, Vader, JP, Minder, CE, Abelin,
T. On the epidemiology of running
injuries The 1984 Bern Grand-Prix study.
The American Journal of Sports Medicine,
1988; 16(3):285-294.

Mattes, K, Hazzaa Walaa Eldin, A,
Schaffert, N, Manzer, S. Local concentric
muscle fatigue of the ankle dorsiflexors
and plantar flexors: A reproducibility
study. Isokinetics and Exercise Science,
2015; 23:87-92.

Mizrahi, J, Verbitsky, O, Isakov, E, Daily,
D. Effect of fatigue on leg kinematics and
impact acceleration in long distance
running. Human Movement Science, 2000;
19(2):139-151.

Morin, JB, Samozino, P, Millet, GY.
Changes in running kinematics, Kinetics,
and spring-mass behavior over a 24-h run.
Medicine and Science in Sports Exercise,
2011; 43(5):829-836.

11



24,

25.

26.

217.

28.

29.

30.

31.

Morin, JB, Tomazin, K, Edouard, P,
Millet, GY. Changes in running
mechanics and spring-mass behavior

induced by a mountain ultra-marathon

race. Journal of Biomechanics, 2011;
44(6):1104-1107.
Nagel, A, Fernholz, F, Kibele, C,

Rosenbaum, D. Long distance running
increases plantar pressures beneath the
metatarsal heads: a barefoot walking
investigation of 200 marathon runners.
Gait and Posture, 2008; 27(1):152-155.

Noakes, TD. The Lore of Running.
Champaign: Human Kinetics, 1991.

Nummela, A, Rusko, H, Mero, A. EMG
activities and ground reaction forces
during fatigued and nonfatigued sprinting.
Medicine and Science in Sports Exercise,
1994; 26(5):605-609.

Nyland, JA, Shapiro, R, Stine, RL, Horn,
TS, Ireland, ML. Relationship of fatigued
run and rapid stop to ground reaction
forces, lower extremity kinematics, and
muscle activation. Journal of Orthopaedic
Sports Physical Therapy, 1994; 20:132-
137.

Olivier, P. Effect of invertor/evertor and
plantar-/dorsiflexor fatigue on plantar
pressure distribution.  South  African
Journal for Research in Sport Physical
Education, 2013; 35(1):143-152.

Quammen, D, Cortes, N, Van Lunen, BL,
Lucci, S, Ringleb, SI, Onate, J. Two
different fatigue protocols and lower
extremity motion patterns during a stop-
jump task. Journal of Athletic Training,
2012; 47(1):32.

Rabita, G, Slawinski, J, Girard, O, Bignet,
F, Hausswirth, C. Spring-mass behavior

J Sport Hum Perf
ISSN: 2326-6333

JOURINAL OF SPORT AND HUMAN PERFORMANCE

32.

33.

34.

35.

36.

37.

during exhaustive run at constant velocity
in elite triathletes. Medicine and Science
in Sports Exercise, 2011; 43(4):685-692.

Reber, L, Perry, J, Pink, M. Muscular
control of the ankle in running. The
American Journal of Sports Medicine,
1993; 21(6):805-810.

Riley, PO, Dicharry, J, Franz, JASON,
Croce, UD, Wilder, RP, Kerrigan, DC. A
kinematics and Kkinetic comparison of
overground and treadmill  running.
Medicine and Science in Sports Exercise,
2008; 40(6):1093.

Robinson, RO, Herzog, W, Nigg, BM.
Use of force platform variables to
quantify the effects of chiropractic
manipulation on gait symmetry. Journal
of Manipulative Physiological
Therapeutics, 1987; 10(4):172-176.

Schache, AG, Blanch, PD, Rath, DA,
Wrigley, TV, Starr, R, Bennell, KL. A
comparison of overground and treadmill

running for measuring the three-
dimensional kinematics of the lumbo-
pelvic-hip complex. Clinical

Biomechanics, 2001; 16(8):667-680.

Slawinski, J, Heubert, R, Quievre, J.
Changes in spring-mass model parameters
and energy cost during track running to
exhaustion. The Journal of Strength and
Conditioning Research, 2008; 22(3): 930-
936.

Van der Harst, JJ, Gokeler, A, Hof, AL.
Leg kinematics and Kkinetics in landing
from a single-leg hop for distance. A
comparison between dominant and non-
dominant leg. Clinical Biomechanics,
2007; 22(6):674-680.

12



13

JOURINAL OF SPORT AND HUMAN PERFORMANCE

38.Van Mechelen, W. Running injuries.
Sports Medicine, 1992; 14(5):320-335.

39. Walter, SD, Hart, LE, Mcintosh, JM,
Sutton, JR. The Ontario cohort study of
running-related injuries. Archives of
Internal Medicine, 1989; 149(11):2561-
2564.

40. Wank, V, Frick, U, Schmidtbleicher, D.
Kinematics and electromyography of
lower limb muscles in overground and
treadmill running. International Journal
of Sports Medicine, 1998; 19(7):455-461.

41. Weist, R, Eils, E, Rosenbaum, D. The
influence of muscle fatigue on
electromyogram and plantar pressure
patterns as an explanation for the
incidence of metatarsal stress fractures.
The American Journal of Sports Medicine,
2004; 32(8):1893-1898.

42. Willems, TM, De Ridder, R, Roosen, P.
The effect of a long-distance run on
plantar  pressure distribution  during
running. Gait and Posture, 2012;
35(3):405-4009.

43. Willson, JD, Kernozek, TW. Plantar
loading and cadence alterations with
fatigue. Medicine and Science in Sports
Exercise, 1999; 31(12):1828-1833.

44. Zadpoor, AA, Nikooyan, AA. The effects
of lower-extremity muscle fatigue on the
vertical ground reaction force a meta-
analysis. Proceedings of the Institution of
Mechanical Engineers, Part H: Journal of
Medical Engineering and Technology,
2012; 226(8):579-588.

J Sport Hum Perf
ISSN: 2326-6333



