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bjective: To determine the effect of modern-day running shoes on lower extremity joint
orques during running.
esign: Two-condition experimental comparison.
etting: A 3-dimensional motion analysis laboratory.
articipants: A total of 68 healthy young adult runners (37 women) who typically run in
unning shoes.

ethods: All subjects ran barefoot and in the same type of stability running footwear at a
ontrolled running speed. Three-dimensional motion capture data were collected in syn-
hrony with ground reaction force data from an instrumented treadmill for each of the 2
onditions.
ain Outcome Measurements: Peak 3-dimensional external joint torques at the

ip, knee, and ankle as calculated through a full inverse dynamic model.
esults: Increased joint torques at the hip, knee, and ankle were observed with running
hoes compared with running barefoot. Disproportionately large increases were observed in
he hip internal rotation torque and in the knee flexion and knee varus torques. An average
4% increase in the hip internal rotation torque, a 36% increase in knee flexion torque, and
38% increase in knee varus torque were measured when running in running shoes

ompared with barefoot.
onclusions: The findings at the knee suggest relatively greater pressures at anatomical

ites that are typically more prone to knee osteoarthritis, the medial and patellofemoral
ompartments. It is important to note the limitations of these findings and of current
-dimensional gait analysis in general, that only resultant joint torques were assessed. It is
nknown to what extent actual joint contact forces could be affected by compliance that a
hoe might provide, a potentially valuable design characteristic that may offset the observed
ncreases in joint torques.

NTRODUCTION

nee osteoarthritis (OA), which occurs symptomatically in approximately 6% of adults
lder than the age of 30 and in 10% of adults older than the age of 55, accounts for more
isability in the elderly than any other disease [1,2]. Previous studies on the effect of
hysical activity on propensity to OA have been conflicting [3-8]. The possibility that the
se of different types of footwear during physical activity may contribute to the progression,

f not the development of knee OA, deserves strong consideration because footwear is a
otentially controllable and easily modifiable factor for this prevalent and disabling disease.

In earlier studies, the authors showed that women’s high-heeled shoes increase the
xternal knee varus torque and prolong the external knee flexion torque compared with
arefoot walking [9,10], changes that are evident with the addition of even a moderate heel

n women’s dress shoes [11]. These findings were interpreted to be particularly pertinent
iven the relatively high incidence of knee OA in women. An increase in the external knee
arus torque implies relatively greater compressive force through the medial aspect of the
nee, the anatomical site of the knee most prone to degenerative changes, as compared with

he lateral aspect [6,12,13].
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Although the effect was less substantial than those ob-
erved in women’s dress shoes, men’s dress shoes and sneak-
rs also were found to increase the knee varus torque [14].
imilarly, the current authors [15] and others [16] have
ound that the addition of material under the medial aspect of
he foot, such as excessive arch supports or medial wedges,
lso serves to elicit a medial force bias in gait, thereby
ncreasing the external knee varus torque. Moreover, this
ncrease is further elevated when examining the effect of arch
upports during running [15]. Although the authors’ previ-
us studies have evaluated the effect of shoes primarily
uring walking, they sought in the present study to evaluate
he effect that typical modern-day running shoes have on
hese same knee joint torques. Such information could be
seful in guiding the prescription and possibly the design of
unning shoes.

Elevated repetitive loading, such as that experienced dur-
ng running, is believed to be an important etiological factor
n the development of OA [17]. In fact, in animal models, the

echanical stress experienced during strenuous running has
een shown to induce degeneration of articular cartilage at
he knee [7]. It has long been assumed that running shoes
inimize these mechanical stresses [18-20]. Although the

mmediate health benefits of running are substantial and well
ecognized, there is no clinical evidence to support that the
esign of modern running footwear is most favorable to
romote long-term health in runners [21].

Indeed, although it is recognized that the typical cush-
oned running shoes may alleviate actual joint contact forces,
he authors hypothesize that certain attributes of running
hoe design increase the relative distribution of these forces.
pecifically, typical running shoes are designed with charac-
eristics analogous to those previously identified to increase
nee joint torques in walking [9-11,14-16]. Current cush-

oning technologies in running shoes serve to elevate the heel
ompared with the forefoot. Further, motion control and
tability technologies inherent in running shoe design essen-
ially provide additional material under the medial aspect of
he foot, via medial posting and arch supports. The authors
ypothesize that the contribution of these design character-

stics in running shoes would serve to increase both the
xternal knee flexion torque and the external knee varus
orque. This study examined the effect of standard athletic
ootwear on lower extremity joint torques during running.

ETHODS

ixty-eight healthy runners (36 women) were recruited from
he local population. Subjects had no history of musculoskel-

able 1. Subject parameters

n Height (m) Ma

emale 37 1.68 � 0.06 60
ale 31 1.77 � 0.07 71
ombined 68 1.72 � 0.08 65
tal pathology and were without musculoskeletal injury at
M

he time of testing. Each subject described his or her running
s recreational and ran a minimum of 15 miles each week.
he experimental protocol was approved by the Institutional
eview Board for Health Science Research, and written in-

ormed consent was obtained from each subject. There were
o gender effects observed in any of the examined measures,
nd thus the analysis comprised all subject data (Table 1).

Standardized running footwear was provided to each sub-
ect. Although more cushioned or motion control footwear

ay have been more optimally suited for the foot character-
stics of a portion of the study population [22], the control
hoe used in this study was the Brooks Adrenaline (Brooks,
othell, WA), selected for its neutral classification and design
haracteristics typical of most running footwear. Specifica-
ions for the control shoe are compiled in Table 2. For both
he shod condition and for barefoot running, subjects were
sked to run on an AMTI compound instrumented treadmill
AMTI, Watertown, MA) at their self-selected comfortable
hod running speed and complete a 3- to 5-min warm-up
eriod. The acclimation period duration was selected based
n previous work concluding that such a duration was ap-
ropriate to produce stable estimates of kinetic parameter
ean values during treadmill running [23].
Sixteen retro-reflective markers were placed over the fol-

owing anatomical landmarks of the pelvis and lower extrem-
ty: bilateral anterior and posterior superior iliac spines,
ateral mid-thighs, lateral femoral condyles, lateral mid-
hanks, lateral malleoli, second metatarsal heads, and heels
24]. Excluding the markers placed over the heels and second
etatarsal heads, all marker placements were unchanged

etween conditions. Markers placed on the heels and second
etatarsal heads during the shod condition were placed on

he shoe over the anatomical landmarks located via palpa-
ion. The 3-dimensional positions of each marker were cap-
ured at 250 Hz by the use of a 10-camera Vicon 624 motion
nalysis system (Vicon Peak, Lake Forest, CA).

Ground reaction force (GRF) data were obtained at 1000
z from the instrumented treadmill in synchrony with the
otion capture data. The characteristics of the instrumented

readmill have been reported in detail elsewhere [23,25]. In
rief, it consists of 2 side-by-side forceplate units (330 mm �

g) Age (yrs) Running Speed (m · s-1)

.3 31.5 � 10.3 3.0 � 0.4

.3 36.8 � 11.9 3.3 � 0.4

.0 34.0 � 11.3 3.2 � 0.4

able 2. Footwear specifications of the control shoe

ast shape Semi-curved
osting Dual density
asting Stroebel board
hore (midsole/posting) 59/(63/70)
ushioning Hydroflow
ss (k

.0 � 6

.9 � 7
idsole height, mm (rearfoot/forefoot) 24/12
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395 mm) positioned behind a larger unit (662 mm � 2750
m) providing a continuous treadmill surface. The similarity

etween overground gait and both walking and running on
he instrumented treadmill used in this study has been estab-
ished previously [23,25].

Running data were obtained by use of the larger unit
ecause the existence of a flight phase allowed consecutive
trides to be collected from a single treadmill forceplate. The
easured vertical natural frequency of this larger treadmill
nit was 219 Hz. For each condition, two 15-second trials of
ynchronized motion capture and treadmill GRF data were
ollected. The first of these trials was used in the analysis in
he absence of significant marker dropout, in which case the
econd trial was used. Treadmill force plate data were low-
ass filtered at 30 Hz by the use of a second-order Butter-
orth filter before being down sampled and combined with

he motion capture data. Temporospatial parameters were
alculated from characteristic events, heel-strikes, and toe-
ffs, identified analytically for each trial by the use of a 60-N
hreshold of the vertical GRF. This threshold was selected
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0035.
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pparent in GRF signals obtained from standard static force-
lates [23].
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uring the stance phase of gait were calculated bilaterally
ver the course of 10 consecutive strides for each running
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ented by the use of Vicon Plug-In Gait. Joint torques at the
ip, knee, and ankle were resolved in the reference system of
he proximal segment, were normalized by body mass and
arefoot height, and were reported as external torques. Av-
rage curves of the 9 examined joint torques and the 3
omponents of the GRF were normalized to the gait cycle
0%-100%) and graphed over the stance phase of gait. Sub-
ect average maxima and minima during stance were ex-
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ive gait cycles.

The average overall cycles included in the analysis was
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ere calculated and reported for all comparisons. Applying a
onferroni adjustment for the use of multiple t tests, statisti-
al significance was defined as P � .0035 (0.05/14). For each
eak joint torque found to significantly differ between bare-
oot and shod running, Pearson correlation coefficients were
alculated to establish the amount of variance in the change
etween conditions that could be attributed to changes ob-
erved in temporospatial parameters.

ESULTS

oint torques at the hip, knee, and ankle in the sagittal,
oronal, and transverse planes are illustrated in Figure 1.
hod running was associated with increased peak torques at
ach of the 3 lower extremity joints compared with barefoot
unning (Table 3). The most prominent increases were ob-
erved at the hip and knee. Specifically, disproportionately
arge increases were observed in the hip internal rotation
orque and in the knee flexion and knee varus torques.
lthough far less substantial, running shod also was found to
ignificantly increase the adduction torque at the hip, and the
nternal rotation torques at both the knee and ankle as
ompared with barefoot running. Further, differences be-
ween barefoot and shod running were observed in each of
he 3 components of the GRF (Table 3). Shod running was
ssociated with a reduction in the propulsive peak of the
nterior–posterior GRF and increases in the peak medial–
ateral and peak vertical ground reaction forces.

Although identical running speeds were maintained be-
ween conditions by study design, subjects adopted a signif-
cantly longer stride length shod (2.29 � 0.29 m) than was
bserved barefoot (2.15 � 0.32 m) (P � .001). However, this
ncrease in stride length was found to have only weak corre-
ations with the increased joint torques observed for shod
unning (Table 4). In fact, of the 3 disproportionately large
ncreases in joint torques, only the increase in the external
nee varus torque was found to significantly correlate with
he increase in stride length, still only explaining approxi-
ately 8% of the variance in the increase while running shod.

able 3. Kinetic parameters

Barefoot

ip flexion torque (Nm · kg-1m-1) 1.18 � 0.36
ip adduction torque (Nm · kg-1m-1) 0.98 � 0.16
ip external rotation torque (Nm · kg-1m-1) 0.13 � 0.04
nee flexion torque (Nm · kg-1m-1) 0.55 � 0.22
nee varus torque (Nm · kg-1m-1) 0.60 � 0.15
nee internal rotation torque (Nm · kg-1m-1) 0.24 � 0.06
nkle dorsiflexion torque (Nm · kg-1m-1) 2.32 � 0.42
nkle eversion torque (Nm · kg-1m-1) 0.18 � 0.09
nkle internal rotation torque (Nm · kg-1m-1) 0.45 � 0.12
P GRF min (%BW) 29.1 � 4.8
P GRF max (%BW) 32.8 � 5.3
L GRF min (%BW) 9.9 � 3.6
ertical GRF max (%BW) 229.8 � 27.7

ean (� SD) values of select lower extremity kinetic parameters. All comparis
*Indicates significant difference between barefoot and shod conditions, P �
hile there were statistically significant correlations in each *
f the GRF components, only the vertical GRF was found to
ave a strong correlation.

ISCUSSION

hese findings confirm that one effect of the typical construc-
ion of modern-day running shoes is to increase joint torques
t each of the 3 lower extremity joints. These increases are
ikely caused in large part by an elevated heel and increased

aterial under the medial aspect of the foot because the
urrent authors [9,11,15] and others [16] have previously
hown that these 2 footwear characteristics each indepen-
ently contribute to increasing knee joint torques. The ob-
erved 36% increase in the knee flexion torque with running
hoes potentially increases the work of the quadriceps mus-
le, increases strain through the patella tendon, and increases
ressure across the patellofemoral joint [26]. Furthermore, a
8% increase in the knee varus torque implies relatively
reater compressive loading on the medial tibiofemoral com-
artment, an anatomical site prone to degenerative joint
hanges, as compared with the lateral compartment [27-30].
inally, the disproportionately large 54% increase in the hip

nternal rotation torque may have particularly high clinical
elevance, given previous findings that indicate that compet-
tive running may increase the risk of OA of the hip joint [8].
he running shoe used in this study is manufactured with

Shod 95% Confidence Interval P Value

1.20 � 0.41 �0.06 .422
1.03 � 0.17 �0.02 �.001*
0.20 � 0.05 �0.01 �.001*
0.75 � 0.21 �0.04 �.001*
0.83 � 0.16 �0.02 �.001*
0.27 � 0.08 �0.01 �.001*
2.34 � 0.37 �0.04 .485
0.19 � 0.07 �0.02 .544
0.51 � 0.13 �0.02 �.001*
26.5 � 4.1 �0.46 �.001*
33.2 � 5.6 �0.88 .364
10.9 � 3.2 �0.66 .002*

238.9 � 25.8 �2.90 �.001*

lude 95% confidence intervals. AP � anterior-posterior, ML � medial-lateral.
.

able 4. Pearson correlation coefficients between change in
tride length (�SL) and changes in kinematic parameters

�SL vs Parameter R R2 P Value

hip adduction torque 0.21 0.04 .09
hip internal rotation torque 0.21 0.04 .09
knee flexion torque 0.17 0.03 .17
knee varus torque 0.29 0.08 .02*
knee internal rotation torque 0.32 0.10 .01*
ankle internal rotation torque 0.26 0.07 .04*
AP GRF min 0.35 0.13 �.01*
ML GRF min 0.28 0.08 .02*
vertical GRF max 0.59 0.35 �.01*
ons inc
Indicates a correlation found statistically significant, P � .05.
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haracteristics typical of most running footwear, suggesting
hat these observed kinetic changes result from the com-
only accepted design of modern-day running footwear and

re likely not specific to any one manufacturer.
Remarkably, the effect of running shoes on knee joint

orques during running (36%-38% increase) that the authors
bserved here is even greater than the effect that was reported
arlier of high-heeled shoes during walking (20%-26% in-
rease) [9-11]. Considering that lower extremity joint load-
ng is of a significantly greater magnitude during running
han is experienced during walking [31], the current findings
ndeed represent substantial biomechanical changes. It is
ikely that the shoe characteristics previously found to in-
rease knee joint torques in walking are similarly responsible
or much of the increases in knee torques presently observed
n running. These design characteristics were found to signif-
cantly alter the GRF components and subsequently increase
he resulting joint torques. However, given the substantial
ncreases, there may be other factors as well. In this study,
espite controlling for running speed, the authors did note a
% increase in stride length, which is consistent with other
tudies investigating the effects of footwear [32,33]. How-
ver, this slight increase in stride length, likely deriving from
hoe characteristics that promote foot comfort, was found to
ccount for only a very small portion of the increase in joint
orques while running shod.

The design of current running shoes, with various heel-
ushioning strategies and technologies to increase medial
upport to control foot pronation, has become widely ac-
epted as the industry standard. However there is no clinical
vidence to support that this design is optimal to promote the
ong-term health of runners [21]. In fact, the rate of running-
elated injury in distance runners has not changed dramati-
ally despite advances in footwear design technologies [31].
ootwear theoretically could provide some level of beneficial
ompliance similar to that achieved with altering running
urface [34], potentially reducing joint contact forces. How-
ver, it is unlikely that midsole deformations evident in
urrent running shoes have an appreciable effect on leg
echanics at midstance [35]. Heel cushioning, primarily in

lace to counter impact forces in running, has limited to no
ffect at midstance, the time occurrence of peak GRFs, peak
oint torques, and presumably peak joint contact forces [31].

edial posting and arch supports on the other hand may
nhibit the natural, potentially beneficial compliance of the
oot in transitioning from a supinated to a pronated position
ear midstance back to a supinated position near toe-off [31].
n contrast, recent research has revealed that positive clinical
utcomes accompanied the prescription of custom foot or-
hoses designed with medial posting in women experiencing
unning-related overuse injury at the knee [36]. These find-
ngs emphasize that although the present study observed
ramatically increased lower extremity joint torques with the
se of typical running footwear, the individual needs of a
unner should ultimately dictate footwear prescription.

Although the methods used in this study are considered to

e the most technologically advanced noninvasive tech-
iques available to assess the biomechanics of running, a
ajor limitation of this study, and of noninvasive gait analy-

is in general, is that the calculated joint torques provide only
n estimate of the net difference between the forces on either
ide of a joint rather than an estimate of the actual joint
ontact forces. Clearly there is a role for the development of
ait analysis technologies that would allow for the evaluation
f these contact forces. It is also conceivable that the study
ubjects adopted a different contact style to minimize a
otential increase in impact loading associated with barefoot
unning. However, every effort was made to ensure subject
amiliarity with running on the instrumented treadmill and
ach subject reported feeling comfortable with the barefoot
ondition. Consequently, the reported increases in lower
xtremity joint torques are indeed genuine effects of the shod
ondition. Finally, the foot mechanics of the subject popula-
ion were not used to identify the specific type of footwear
hat would be most appropriate for each individual. How-
ver, the control footwear used in this study was considered
epresentative, with design characteristics typical of most
unning footwear. The authors have reported [22] on the
lignment and barefoot arch profiles of the subject popula-
ion in detail elsewhere.

Previous studies on the effect of strenuous physical activ-
ty, such as running, on propensity to OA have been conflict-
ng [3-8]. Although increased repetitive loading has been
hown to be a critical factor for the degeneration of articular
artilage at the knee, the forces experienced by distance
unners have not been consistently found to increase the risk
f onset of knee OA. Further, there has yet to have been
erformed an epidemiological study on the development
nd/or progression of knee OA that controls for footwear.
owever, the substantial magnitude of the changes presently
bserved does expose a potential concern regarding the de-
elopment of joint injury in runners. The use of athletic
ootwear in running as a means to protect the foot from acute
njury and the potentially debilitating effect of switching to
arefoot running on foot health excludes such an alternative.
he development of new footwear designs that encourage or
imic the natural compliance that normal foot function
rovides while minimizing knee and hip joint torques is
arranted. Reducing joint torques with footwear completely

o that of barefoot running, while providing meaningful
ootwear functions, especially compliance, should be the goal
f new footwear designs.
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