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(frontal and transverse) associated with
landing.6 Therefore, focus on secondary-
plane mechanics may provide further
information regarding development and

treatment of AT.
A number of anatomical factors have

received attention as possible etiological
mechanisms in the literature. Most ten-
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Transverse-Plane Mechanics at the Knee
and Tibia in Runners With and Without a

History of Achilles Tendonopathy

A
chilles tendonopathy (AT) is one of the most prevalent overuse
injuries occurring in the lower extremities,24 accounting
for 5% to 18% of the total number of running injuries.3,7,8,19

A high incidence of AT is seen in middle-aged weekend
athletes, dancers, tennis players, racquetball players, soccer players,
and basketball players. A commonality among these activities is the
repetitive-impact loading and the control of secondary-plane motion

dons are surrounded by a synovial sheath,
while the Achilles tendon is covered by
a peritendon sheath,11 which has been
implicated in the inflammatory process.
Another anatomical factor related to the
pathology of AT is the tendon’s relatively
sparse blood supply, especially 2 to 6 cm
proximal to its attachment to the calca-
neus.1,10,13,20 This area of decreased blood
flow has been associated with higher rates
of AT injuries6,20 and rupture.5 Finally,
the tendon’s path may be an additional
anatomical factor contributing to the de-
velopment of AT. At 12 to 15 cm proximal
to its insertion the tendon twists approxi-
mately 90°, with the medial fibers of the
tendon rotating posteriorly and the poste-
rior fibers rotating laterally.25 Though this
rotation enhances the tendon strength, it
also places the tendon on constant ten-
sion. Excessive rotation of the lower leg as
a result of excessive pronation may place
the tendon under additional stress and
increase risk of injury. Measurement of
transverse-plane motion of the tibia, as
well as the resisting moments, may pro-
vide dynamic evidence for this proposed
rotation in the tendon and the subse-
quent development of AT.

In addition to anatomical factors, im-
proper training and biomechanical factors
have been implicated as the most preva-
lent etiological factors for AT in running
populations.7 While training errors are
relatively easy to address, biomechanical

 Retrospective cohort study.

 To determine if runners with a
history of Achilles tendonopathy (AT) demonstrate
a difference in transverse-plane motion and mo-
ments at the distal tibia and knee compared to
runners without a history of AT.

 One of the more preva-
lent overuse running injuries is AT. It has been
hypothesized that prolonged pronation causes
contradictory rotational forces acting on the AT.
Conflicting joint motions may also accentuate the
rotation of the tendon. This may further affect the
opposing transverse-plane moments at the knee
and distal tibia.

 Eight runners
with a history of AT and a noninjured control group
consisting of 8 runners ran along a 20-m runway at
a fixed speed. Biomechanical measurements were
taken using a 6-camera motion analysis system and
a force plate. Student t tests were employed to de-
termine statistically significant differences (P .05)
in transverse-plane motion and moment variables

at the distal tibia and knee between groups.

 The AT group showed less tibial
external rotation moment (P = .01) and peak knee
internal rotation (P = .05) compared to the control
group. There was no difference in external rota-
tion moment at the knee (P = .34) or peak tibial
internal rotation (P = .44).

 Runners with a previous his-
tory of AT exhibited less tibial external rotation
moments during running. The lack of control in
the transverse-plane at the distal tibia may be due
to decreased function of the muscles primarily
responsible for transverse-plane motion, resulting
in greater strain on the AT in the transverse-plane.
Designing an exercise program to strengthen
lower leg muscles and improve distal tibial control
in the transverse-plane may reduce the risk for
developing AT or augment the rehabilitation of AT.
J Orthop Sports Phys Ther 2008;38(12):761-767.
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and supination with tibial external rota-
tion should be relatively synchronous,2,12

occurring within 10% of one another dur-
ing the stance phase of gait. However,
compensation as result of muscle weak-
ness or structural differences may occur
and significantly disrupt this timing.21

Because of the kinetic chain in the lower
extremity, changes at the foot can affect
the knee and hip, and vice versa, during
the stance phase of running. Therefore,
changes in rotation at the knee joint
(tibia relative to femur) will also affect
the demand on the muscles controlling
pronation of the rearfoot, which may re-
sult in injury.

The mechanisms for development
of AT are still uncertain. Most of the
research concerning lower extremity
mechanics and AT has focused on the
motion occurring within the Achilles ten-
don itself. Research related to the mecha-
nism of AT injury should focus on lower
extremity kinetics at the tibia and knee
and how these motions contribute to the
motion of the Achilles tendon. Finally,
the coupling of motion and moment be-
tween the tibia and knee has not received
significant attention in the literature. In-
formation regarding asynchrony in the
lower extremity may provide mechanical
evidence for AT as has been suggested.21

The purpose of this study was to deter-
mine if individuals with a history of AT
demonstrate a difference in transverse-
plane motion and moments at the knee
and lower leg/tibia when compared to
previously noninjured controls. Further,
the synchrony of these events at the knee
and lower leg was compared between
groups. It was hypothesized that runners
with a history of AT would demonstrate
a greater external rotation moment at the
knee and lower leg when compared to
runners without a history of AT; second,
that runners with a history of AT would
show a greater peak internal rotation at
the knee and lower leg when compared
to runners without AT; and, finally, that
subjects with AT would demonstrate
asynchrony between these events when
compared to runners without AT.

Subjects

S
ubjects for this study were
recruited from the University, sur-
rounding communities, and local

running clubs. All subjects in this study
were between 22 and 50 years old at the
time of data collection. All runners ran
with a rearfoot strike pattern. The study
included 8 runners with a history of at
least 1 episode (mean, 2.1; range, 1-5) of
AT, as diagnosed by a medical profession-
al (physician, physician assistant, athletic
trainer, physical therapist). Five partici-
pants reported a history of bilateral AT,
2 reported right AT only, and 1 reported
left AT only. All runners included in the
group with AT were asymptomatic at the
time of data collection. A control group
consisted of 8 runners with no history of
AT. Subjects were closely matched by age,
mass, height, and mileage run per week.
Participants ran a minimum of 6 miles
(9.7 km) per week for at least 3 months
prior to this study. No criteria for maxi-
mum weekly mileage were set. Subjects
were excluded if they had orthopedic
or neurological problems. Examples of
the exclusion criteria were extreme pes
planus, extreme pes cavus, extreme leg
length discrepancies, and diabetes with
neuropathy. Each participant had a lower
extremity musculoskeletal examination by
a physical therapist with 12 years experi-
ence specific to the running population in
order to establish exclusion criteria. Prior
to testing, all subjects gave informed con-
sent, filled out an injury history question-
naire, and provided general demographic,
including running history ( ). The
protocol for this study was approved by
the East Carolina University and Medical
Center Institutional Review Board.

Protocol
Subjects who met the inclusion crite-
ria completed a 3-dimensional running
analysis. A standing calibration trial was
collected, during which retroreflective
markers were placed unilaterally on the
side of previous injury on the segments

factors are harder to identify and change.
Compensatory pronation and the result-
ing mechanical stress on the soft tissue
structures of the lower leg and rearfoot
are major biomechanical factors impli-
cated in the etiology of AT.4,6,7,15,22,23,26,29

Compensatory overpronation is defined
as either excessive pronation, pronation
that occurs too quickly, or a prolonged
duration of pronation during the stance
phase.17 Although overpronation is hy-
pothesized to be a principal etiological
cause of AT, no experimental studies have
provided supporting evidence.4,6,7,22,26,29

The amount of pronation in the rearfoot
has been shown to be greater in athletes
with Achilles peritendonitis than in in-
dividuals without it.27 As pronation is a
triplanar motion, quantifying motion in
all 3 planes is necessary to give clinicians
a complete understanding for effective
treatment. Because transverse-plane mo-
tion of the rearfoot is difficult to evalu-
ate when the foot is on the ground, the
tibia is commonly measured because of
its tight coupling with talar motion in the
transverse-plane.9 Therefore, evaluation
of the synchrony of joint motion and the
associated moments between the foot,
lower leg, and knee may provide insight
into the mechanism of running-related
injuries.

Normally, the rearfoot begins to re-
supinate after midstance, while the knee
extends and the tibia externally rotates.
Because the tibia has a tight articulation
with the talus, transverse-plane rearfoot
motion (calcaneus relative to talus) and
transverse-plane tibial motion (tibia rel-
ative to calcaneus) are considered equal
and opposite. The tibial internal rotation
associated with prolonged pronation
contradicts the typical pattern of tibial
external rotation coupled with knee ex-
tension. These conflicting motions are
hypothesized to accentuate the rotation
of the tendon and cause a “wringing out”
of the avascular zone of the tendon.7,16,25

This passive tension is likely to manifest
itself as greater transverse-plane joint
moments in the lower leg. The coupling
of pronation with tibial internal rotation
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of the calcaneus, shank, thigh, and pel-
vis ( ). Markers were placed by the
same investigator to reduce intersubject
variability. Investigators were not blinded
to subject group inclusion. Tibial motion
was defined as the tibia moving relative
to a fixed foot. Knee motion was defined
as the tibia moving relative to the femur.
Before dynamic data collection, static
markers (bilateral greater trochanters,
medial and lateral knees, medial and

lateral malleoli, and medial and lateral
forefoot) were removed and subjects were
allowed to run along the runway as many
times as necessary to feel comfortable
with the markers and the lab environ-
ment. Kinematic data were collected at
120 Hz with a 6-camera Qualisys motion
analysis system (Qualisys Inc, Glaston-
bury, CT). Qualisys software was used to
reconstruct 3-dimensional coordinates
for each marker. The subjects were asked
to run along a 20-m runway at a speed
of 3.35 m/s ( 5%). Speed was monitored
with photocells placed 4 m apart. This
was a comfortable pace for all runners.
A fixed pace was chosen to reduce differ-
ences in lower extremity biomechanics re-
lated to differences in speed. A force plate
(AMTI, Watertown, MA) mounted in the
floor of the runway recorded ground re-
action forces at 960 Hz. Ground reaction
force data were filtered at 50 Hz and a
vertical ground reaction force threshold
of 12 N was used to define heel strike and
toe-off. Ten successful foot strikes on the
force plate were collected for each sub-
ject. Participants were instructed not to
target the force plate. If the subject did
not hit the force plate as part of a normal
stride, the trial was disregarded.

Pelvis, thigh, shank, and foot segments
were created. The 3-dimensional data
were filtered using a second-order recur-
sive Butterworth filter with a 12-Hz cutoff
frequency. All data were time synchro-
nized at the time of collection through
system hardware. Data were further ana-

lyzed between heel strike and toe-off and
normalized to 100 data points, each repre-
senting 1% of the stance phase of running.
Utilizing Visual 3-D software (C-Motion
Inc, Bethesda, MD), joint rotations were
calculated via Cardan sequencing, where
motion about the local z (vertical) axis at
the knee was defined as internal/external
rotation. The y and z axes are rotated 90°
for the foot segment. Therefore, motion
about the local y (vertical) axis at the
rearfoot/tibia was defined as internal/
external rotation. Internal joint moments
were calculated using standard inverse
dynamic calculations. Joint moments
were normalized to subject mass. Mean
curves were created for each group for
tibia and knee motions and moments in
the transverse-plane. Peak values of tibial
internal rotation, knee internal rotation,
tibial external rotation moment, and knee
external rotation moment were compared
between the 2 groups. Differences in time
to these peak values of motion and mo-
ment between the knee and the tibia were
also calculated.

One-tailed, 2-sample, equal variance Stu-
dent t tests were employed to determine
if there were statistically significant dif-
ferences in peak tibial internal rotation
motion, knee internal rotation motion,
tibial external rotation moment, and
knee external rotation moment (P .05)
between the 2 groups. Further, tibia-to-
knee synchrony was compared by differ-
ence in time to peak between the knee
and tibia for internal rotation motion and
external rotation moment. Group demo-
graphics were also compared.

here were no differences in
body mass, height, age, and mileage
run weekly between groups. A sig-

nificant difference was present in number
of years running ( ).

Subjects with a history of AT dem-
onstrated significantly less peak inter-
nal rotation motion at the knee (P =

Subject Demographic Data*

* Data, except for gender, are mean  SD.

P

Gender (n male, female) 6, 2 5, 3

Age (y) 36.0  8.2 31.8  9.3 .19

Distance (km/wk) 41.3  20.8 35.3  23.1 .31

Years running 19.1  7.7 11.0  9.1 .05

Mass (kg) 67.3  11.4 65.6  13.5 .41

Height (m) 1.76  0.07 1.70  0.10 .10

Unilateral marker placement. Joint centers
were established during the standing calibration at
the hip with trochanteric markers, at the knee with
medial and lateral knee markers, and at the ankle,
with medial and lateral maleolar markers.
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riorly and the medial head being pulled
posteriorly. This would potentially place
the gastrocnemius portion of the Achil-
les tendon in a relatively shortened posi-
tion on the medial side. This reduction
in muscle length may result in changes
in mechanical stress at the musculoten-
dinous junction or midsubstance of the
tendon, common sites of AT injury.

Runners with a history of AT exhib-
ited lower tibial external rotation mo-

.05) ( ). In fact, the subjects with
AT remained in more external rotation
throughout stance phase when compared
to the subjects in the control group ( -

). Additionally, subjects with AT had
significantly less peak tibial external rota-
tion moment (P = .01) when compared to
the subjects in the control group ( ).
The subjects in the control group dem-
onstrated an external rotation moment
at the distal tibia throughout stance. The
group with previous AT exhibited an un-
characteristic internal rotation moment
of the tibia present just after heel strike
and just before toe-off ( ).

No significant differences were ob-
served between groups when comparing
peak tibial internal rotation motion (P =
.44) ( ) or peak knee external rota-
tion moment (P = .34) ( ). No tim-
ing differences were observed between
the knee and tibia in motion or moment
( ).

he purpose of this study was
to determine if runners with a his-
tory of AT would demonstrate dif-

ferences in transverse-plane motion and
moment at the knee and distal tibia dur-
ing running when compared to runners
without a history of AT. These variables
were of interest, as it has been suggested
that the interaction between the knee and
the distal tibia/rearfoot may predispose a
runner to overuse injury.

Runners with a history of AT exhib-
ited lower peak knee internal rotation
when compared to runners without his-
tory of AT. However, the tibial internal
rotation excursions were similar between
the 2 groups. Subjects with AT remained
in more relative external rotation posi-
tion at the knee throughout stance phase.
Because there is no difference between
groups in tibial peak or excursion angle,
this suggests that the femur is in more rel-
ative internal rotation in global space. This
internal rotation would potentially place
a rotational stress on the gastrocnemius,
with the lateral head being pulled ante-

ment compared to control subjects, while
demonstrating no difference in tibial in-
ternal rotation motion. This suggests a
difference in position and or magnitude
of the medial/lateral ground reaction
force during stance. Small changes in
the position or magnitude of the medial
ground reaction force can have profound
effects on joint moments especially in the
transverse-plane.28 It is possible that the
runners with AT compensate or change

Biomechanical Variables of Interest
During Stance Phase of Running*

Abbreviations: KER, knee external rotation; KIR, knee internal rotation; TER, tibial external rota-
tion; TIR, tibial internal rotation.
* Data, except for gender, are mean  SD. Positive values, internal rotation; negative values, external
rotation.
† A positive value in timing indicates that peak KIR motion occurred after peak TIR motion.
‡ A negative value in timing indicates that peak KER moment occurred before peak TER moment.

P

Peak TIR (deg) 13.9  6.5 13.4  5.5 .44

Peak KIR (deg) 3.1  3.8 7.3  4.8 .05

Peak TER moment (Nm/kg) –0.33  0.35 –0.80  0.34 .01

Peak KER moment (Nm/kg) –0.54  0.14 –0.52  0.09 .34

KIR-TIR motion timing (% stance)† 27.8  23.8 26.5  15.8 .45

KER-TER moment timing (% stance)‡ –17.6  12.0 –16.9  5.4 .44
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loading. Abduction motion of the foot
relative to the ground during stance is
limited by its contact with the ground
and therefore is not evident in kinematic
measures. Abduction of the foot would
be defined as lateral motion of the foot
relative to the tibia. However, abduction
of the foot is controlled in part by the me-
dial ground reaction force. A lower force
would result in a lower transverse-plane
joint moment without a change in the an-
gle. Although not specifically tested in the
current study, there was an approximate-
ly 50% reduction in the magnitude of the
medial ground reaction force during the
first half of stance in the group with AT.
Recent studies have shown similar results
in comparing older runners to younger
runners.18 If the posterior tibialis muscle
does not function properly, it is possible
that the gastrocsoleus complex, particu-
larly the medial side, may be forced to as-
sist in eccentric control of tibial internal
rotation or foot abduction. Other factors,
such as midfoot mobility, rearfoot mobil-
ity, and foot orthotic device use, may also
be considered as possible modifiers of the
medial/lateral ground reaction force.

There were 2 distinct subgroups with-
in the group with AT ( ). Each sub-
group consisted of 4 runners. One group
exhibited a very low tibial external rota-
tion moment and demonstrated an inter-
nal rotation moment near heel strike and
toe-off (IR group). This internal rotation
may be present as a compensation for the
past AT or as a predicating factor. The
other subgroup (ER group) demonstrated
a pattern similar to the uninjured group.
Although the pattern was similar to the
uninjured group in this ER group, the
magnitude of the peak external rotation
moment was still approximately 40% low-
er when compared to the control group.
This suggests that less external rotation
moment at the tibia may be an important
factor in the presence of AT. Therefore,
strengthening in the transverse-plane
may place runners at lower risk for in-
jury to the Achilles tendon. Upon further
evaluation of the IR group, subjects ran
significantly greater mileage per week

their medial loading in an attempt to
reduce the load on the muscles eccentri-
cally controlling internal rotation of the

tibia. Specifically, the tibialis posterior is
the primary muscle responsible for con-
trolling pronation in the rearfoot during
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(54.4 versus 28.2 km) and showed trends
toward a greater number of years running
(23.3 versus 15.0) and greater years of age
(41 versus 31). Greater mileage per week

or running for more years may stress the
tissues in the lower extremities to the
extent that compensations are made to
continue performing. If stress or fatigue

limits the use of the muscles responsible
for transverse sagittal-plane motion, larg-
er muscles may be required to compensate
for these muscles. This shift in control at
the joint could result in overuse or acute
injury to that structure (in this case the
Achilles tendon). Although it is nearly im-
possible to control for all variables, it is
important to recognize all potential con-
tributing factors. It is important to note
that all subjects in the current study were
rearfoot strikers. Therefore, none of the
differences in mechanics can be attrib-
uted to strike pattern.

Interestingly, there were no significant
findings in any of the timing variables be-
tween groups. In both groups, peak tibial
internal rotation motion was reached at
approximately 25% of stance prior to peak
knee internal rotation motion. This is in
contrast to the relative synchrony of tim-
ing (10% difference) between knee flexion
and rearfoot pronation previously found
in runners.12 Transverse-plane motion
is more inconsistent and therefore more
likely to be uncoupled when compared
to frontal- and transverse-plane motion.
However, both groups exhibited peak knee
external rotation moment at approxi-
mately 15% of stance prior to peak tibial
external rotation moment. While timing
of joint motion has been previously sug-
gested to be related to structure and po-
tential injury,14 the results of the current
study indicate that there is no difference
between runners with and without a his-
tory of AT. It is important to note that no
subjects in the current study were classi-
fied as overpronators or were determined
to have extreme foot types (pes cavus or
pes planus). Anatomic and mechanical
factors such as these have been previously
shown to affect lower extremity mechan-
ics.22,30 Finally, peak joint motion and mo-
ment do not seem to be synchronous in
the transverse-plane at the knee or tibia
during running. Further evaluation of op-
timal timing of motion and moment may
be necessary if this is to be a future variable
of interest for running-related injuries.

There are several limitations that are
worth noting. The current study is ret-
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of transverse-plane motion and control
during running may have implications
for function in other planes.

 Subject groups were deter-
mined based on a history of AT. Other
factors such as training, foot morphol-
ogy, and age were not considered.

rospective in nature and it is unknown
whether these biomechanical deviations
were present prior to the development
of AT. Therefore, no cause-and-effect re-
lationship can be determined. Although
statistical significance was obtained in
several variables, some variables did not
reach significance. Based on a power anal-
ysis of the current knee external rotation
moment data, an additional 15 subjects in
each group would have been necessary. It
is possible that additional subjects would
have strengthened our results for this vari-
able. All subjects had a history of previous
injuries that were not specifically evalu-
ated as part of this study. It is possible
that other injuries might have indirectly
resulted in, or combined with, the AT to
contribute to the mechanical results pre-
sented here. Further stratification based
on a history of only AT would have further
limited the subject pool.

he current study determined
that differences in transverse-plane
motion at the knee and moment

at the tibia exist between runners with
a history of AT and those without. Spe-
cifically, runners with a history of AT
exhibit less internal rotation of the knee
and a lower external rotation moment of
the tibia. Evaluation of injured runners
should focus on motion and control in all
3 planes, even if the injury is to a muscle
or other structure dominant in the sagit-
tal plane. Future studies should include
a prospective evaluation of runners and
their injuries in an attempt to strengthen
the finding of the current study. If AT is
related to preexisting transverse-plane
biomechanics, specific preventative strat-
egies could be developed to address these
faulty mechanics.

 Runners with a history of AT
exhibit greater internal rotation at the
knee and less external rotation moment
at the tibia.

 Evaluation and treatment
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