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Abstract

Patellar-tendinopathy (PT) is a common overuse injury in long distance runners, especially in women. Until today, no definite

combinations of clinical, biomechanical, or training variables, or causative factors in the development of PT have been found. This study

focused on assessing the differences in biomechanical characteristics between healthy runners (CO) and runners with PT only. We

examined a total of 42 women. 21 CO and 21 PT. 3D kinematics of barefoot running was used in the biomechanical setup. Both groups

were matched with respect to height and weight. After determining dropouts due to forefoot running, poor quality of data and lack of

matching subjects in CO in terms of body height and weight, the final population comprised 24 subjects (CO ¼ 12, PT ¼ 12).

Biomechanical evaluations indicate eccentric overloading of the quadriceps muscle group (knee extensors), increased pronation velocity

as well as a lack of joint coordination as major etiological factors in the development of PT. We assume that eccentric strengthening of

the knee extensors, as well as reduction of pronation velocity through orthotics, proper running shoes, and balance training will help

treat and possibly prevent PT.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Although running has numerous positive effects on
health, runners are prone to overuse injuries of the lower
extremities (Hreljac et al., 2000), with the knee being one of
the most common sites of injury (Taunton et al., 2002;
Thomee et al., 1999; van Mechelen, 1992). The term
anterior knee pain encompasses patellofemoral pain
syndrome (PFPS) and patellar-tendinopathy (PT) (Thomee
et al., 1999). Sports with jumping and explosive running are
more commonly the cause of PT (Lian et al., 1996; Pierets
et al., 1999; Stanish et al., 1985; Tibesku and Passler, 2005).
Up to 5% of distance runners suffer from PT (Clement
et al., 1981; Taunton et al., 2002).

The most important differential diagnosis for PT is
PFPS. On occasion, the two conditions may both be
present (Peers et al., 2005). The development of PT is
e front matter r 2008 Elsevier Ltd. All rights reserved.
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assumed to be multi-factorial (Kannus, 1997). In addition
to clinical and training variables (Allen et al., 1999; Devan
et al., 2004; Pierets et al., 1999), anatomical (Kujala et al.,
1986) and biomechanical abnormalities (Kannus, 1997) are
considered to be predisposing factors for PT.
After summarizing several studies about sports injuries,

Jozsa and Kannus, (1997) describe a higher incidence of
tendon and other overuse injuries among women than
among men.
There are many theories which attempt to explain the

development of PT (Cook and Khan, 2001; Kannus, 1997;
Peers and Lysens., 2005; Purdam et al., 2004; Stanish et al.,
1985). However, no evidence based biomechanical causes
or combinations of factors leading to the development of
PT have been reported. This knowledge would be a starting
point to efficiently treat PT in running. Therefore, the aim
of the present study was to investigate differences between
healthy female runners and female runners suffering from
PT with regard to biomechanical characteristics in order
to develop strategies to sufficiently treat or prevent PT.

www.elsevier.com/locate/jbiomech
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To accomplish this purpose, the following hypotheses were
developed and addressed: There are differences in frontal
plane kinematics, such as more adduction at the hip joint
and more pronation at the subtalar joint in runners with
PT compared to healthy runners. In sagittal plane
kinematics, there is more flexion at the knee joint in
runners with PT compared to healthy runners. Finally, a
lack of coordination between subtalar and knee joint
actions (Stergiou et al., 1999) is expected in runners
with PT.

2. Materials and methods

2.1. Subjects

Healthy runners (control group, CO) and runners with PT were

examined by the same investigating physician to ensure clinical relevance

in the diagnosis of PT. Altogether, 21 patients with PT and 21 CO were

selected as subjects for this study.

The study fulfilled all requirements of the Ethics Committee of the

University of Tübingen (30/2004 V), including written informed consent of

the subjects. Before analyzing the data, the subjects in the PT group and

the control group were matched according to height and weight, since

previous studies have shown that these gender-related variables can

influence biomechanical results (Krauss, 2006). Nine subjects in the PT

group were not included in the data analysis, because they were either

forefoot runners (5 subjects), the 3D reconstruction of their kinematic

data delivered poor results (2 subjects), or the matching partner in the

control group was not adequate in terms of body height and weight (2

subjects). Ultimately, two groups of n ¼ 12 each (CO: age 39 years, height

168 cm, weight 60 kg, BMI 21; PT: age 40 years, height 167 cm, weight

59 kg, BMI 21) were included in the data analysis.

2.2. Experimental procedures

2.2.1. Biomechanical measurement

Subjects ran barefoot in a laboratory setting on a 13m EVA foam

runway with a density of 100 kg/m3. The particularly soft foam density

was chosen to allow for natural and comfortable barefoot running.

Running speed was pre-specified at 3.3m/s (SD ¼ 5%) and verified by two

pairs of photo cells along the runway to enable a better comparison of the

kinematic data. However, pre-specification of running speed was not

critical for this study as anatomical differences were avoided by using the

matching process and including only female runners. A minimum of 7

valid trials was recorded for each subject, so that 5 valid trials could be

randomly selected for analysis. Trials were valid when speed was correct,

subjects were rearfoot strikers, and each running trial was visually rated as

being natural.

2.3. Kinematic measurements

All trials were recorded using a 6-camera 3D infrared system

(ViconPeak, MCam M1, 250Hz, Oxford). The marker set used in this

study comprises a total of 18 spherical reflective markers, marking the

pelvis (4th lumbar vertebra, 2� ASIS), the thigh (greater trochanter,

lateral and medial femoral condyle), the shank (tibial tuberosity, tibial

crest, lateral and medial malleolus), and the foot (posterior calcaneus,

medial and lateral calcaneus, navicular and cuniform bones, metatarsals 1,

2/3 and 5), constituting a four segment model. Three-dimensional joint

motions were quantified by calculating Cardan angles (Cappozzo et al.,

2005) using the program Bodybuilder 3.6 (ViconPeak, Oxford). Locating

joint centers and joint axes was accomplished according to Isman and

Inman (1969) for the talocrural and subtalar joints, and Bell et al. (1990)

for the hip joint. Measurements were recorded one-sidedly; the affected leg
in PT and a randomly selected leg in CO. The stance phase of the

measured leg was normalized to 100 frames. The following angular

displacements were calculated: hip flexion and extension, hip abduction

and adduction, knee flexion and extension, internal and external tibial

rotation, plantar flexion and dorsiflexion in the upper ankle joint, and

eversion and inversion in the subtalar joint. Subsequently, discrete values

(Maiwald et al., 2005; Stergiou et al., 1999) were examined for all joint

angle excursions. Furthermore, the timing of maximum joint angle

excursions, known as joint coordination, was calculated for both groups.

The dependent variables were:
�
 Maximum values (1) and timing of maximum values (% ROP) of hip

flexion (HFLmax, tHFLmax), hip adduction (HADmax, tHADmax), knee

flexion (KFLmax, tKFLmax), internal tibial rotation (TIRmax, tTIRmax),

ankle flexion (AFLmax, tAFLmax) and ankle eversion (AEVmax, tAEVmax)

in CO and PT (Table 1).
�
 Range of motion values (1), maximum velocity values (1/s) and timing

of maximum velocity values (% ROP) of sagittal hip motion

(HROMFL/EX, HVELFL, tHVELFL, HVELEX, tHVELEX) and frontal

hip motion (HROMAD/AB, HVELAD, tHVELAD, HVELAB, tHVELAB),

sagittal knee motion (KROMFL/EX, KVELFL, tKVELFL, KVELEX,

tKVELEX), transverse tibial motion (TROMIR/ER, TVELIR, tTVELIR,

TVELER, tTVELER), sagittal ankle motion (AROMFL/EX, AVELFL,

tAVELFL, AVELEX, tAVELEX) and frontal ankle motion (AROMEV/IN,

AVELEV, tAVELEV, AVELIN, tHVELIN) in CO and PT (Table 2).

2.4. Statistical analysis

An independent t-test was used to examine the differences between CO

and PT runners. The level of significance was set at a ¼ .05. To illustrate

the practical relevance of the effects of possible biomechanical differences

in terms of the measurement error, root mean square error (RMSE) was

calculated for each individual quantity (Bland and Altman, 1996).

Measurement differences larger than the RMSE value are considered to

have practical relevance.
3. Results

3.1. Kinematic measurements

The PT group showed higher velocity in knee flexion and
in ankle eversion compared to the healthy control group
(Table 1). Furthermore, the timing of the maximal velocity
was statistically significant earlier in knee flexion and in
internal tibial rotation in runners with PT (Table 1).
Finally, the maximum velocity in hip extension was
significantly lower in PT compared to CO (Table 1). The
absolute measurement differences between the groups were
beyond the measurement error (RMSE) for the variables
mentioned above.
Although the differences were not statistically signifi-

cant, runners with PT showed a tendency towards more
maximum adduction of the hip (Table 2). No statistically
significant differences between PT and CO were found for
the other variables (Table 2). Regarding the lower-
extremity joint coupling pattern during running, PT
showed earlier knee flexion, earlier internal tibia rotation
and later hip adduction compared to CO (Table 2). The
absolute measurement differences between groups were
beyond the measurement error (RMSE) for the coupling
variables.
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4. Discussion

In the past, no evidence based biomechanical variables
or combination of variables have been reported in the
development of PT during running. Therefore, efficient
treatment of PT in runners is still unclear. The aim of the
present study was to investigate possible biomechanical
differences in order to develop strategies to sufficiently
treat or prevent PT.

Unexpectedly, and contrary to assumptions made in
previous studies (Kannus, 1997; Taunton et al., 2002), the
amount of pronation does not seem to play a role in the
development of PT. Instead, pronation velocity is one of
the etiological biomechanical key factors in runners with
PT. As pronation is coupled with the internal rotation of
the tibia (Stergiou et al., 1999), higher pronation velocity
subsequently leads to an earlier maximum of internal tibial
rotation and not necessarily to a higher amount of internal
rotation, as seen in our study.

The importance of increased knee flexion velocity and
decreased hip extension velocity as etiological biomecha-
nical factors in PT was also unexpected, although the
amount of flexion at the knee and extension at the hip do
not seem to be important. This points to weak knee
extensors, abdominal muscles, and back muscles during the
eccentric touch down phase, and to weak hip extensors
during concentric push-off (closed kinetic chain). Subse-
quently, maximum knee flexion during ground contact
occurred earlier in runners with PT.

It seems that increased hip adduction during frontal
plane movement could also be an etiological factor in the
development of PT. If this is true, PT and PFPS would
have similar etiological patterns in the frontal plane at the
hip, since increased adduction of the hip, resulting in
increased knee abduction moments, is described as a major
risk factor in the etiology of PFPS (Stefanyshyn et al.,
2006). This would explain why PFPS and PT sometimes
coincide (Peers et al., 2005), and why typical symptoms of
PFPS, such as pain or crepitation in the patellofemoral
joint (Thomee et al., 1999), may also be present in patients
with PT.

The timing of the joint angle curves seems to be different
in the PT group compared to CO. The timing of the joint
angles in PT is characterized by a delayed maximum of hip
adduction and an early maximum of internal rotation of
the tibia, relative to maximum knee flexion. If the
differences in maximum joint excursion timing are accu-
rate, this contradicts Tiberio (1987), who expects delayed
maximum pronation in the development of knee problems,
mainly in PFPS and PT.

Treatment strategies for PT should focus on reducing the
loading of the knee extensors by eccentric strengthening.
Furthermore, it seems appropriate to increase hip abduc-
tion strength to reduce pain in PT patients. Finally, the
reduction of pronation velocity with customized orthotics
(e.g. bowl shaped heel, medial wedge), intelligent running
shoe design (e.g. crash-pad at the heel instead of dual
density midsoles) as well as performing eccentric and
concentric coordination exercises on balance pads could be
beneficial for reducing pain. Moreover, all treatment
strategies mentioned would automatically lead to an
improvement in joint coupling in runners with PT.
Forefoot running appears to be a major factor in the

development of PT, as almost a quarter of our initial
subject population was forefoot runners. We assume that
eccentric loadings of the knee extensors and/or increased
hip adduction are also major causes of PT in forefoot
running.
Our principal findings after comparing healthy female

runners to female runners with PT show faster knee flexion,
slower hip extension, increased pronation velocity, more
hip adduction, as well as a lack of joint coordination in
runners with PT. Future prospective studies should focus
on treatment strategies, such as eccentric strengthening of
knee extensors and reducing pronation velocity to ensure
their effectiveness in reducing pain in runners with PT.
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