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inaccuracies [5, 6]. Evaluation of ankle-hindfoot stability
under applied force, such as inversion or anterior translation,
is widely performed clinically and radiologically. It is known
that these evaluating methods have some limitations. Stress
radiographs of the ankle measure two-dimensional displace-
ment, but instability occurs in three planes. Moreover, in
these stress evaluations and earlier studies, ankle-joint
stability was investigated in discrete joint positions.
However, the positions selected may or may not have
been positions in which laxity was at its maximum. The
optimal joint position for testing varies depending upon
the specific ligament being tested. Also, most of these
investigations were cadaveric studies that used methods
not directly applicable to testing patients.

We developed an ankle-testing device to measure three-
dimensional ankle and hindfoot motion with a specific
rotational force applied and succeeded in distinguishing
between controls and injured ankles and isolated the
anterior talofibular ligament (ATFL) and combined ATFL/
calcaneofibular ligament (CFL) laxity in vitro [7-9]. The
purposes of this- study were to: (1) determine the repeat-
ability of the testing methods in vivo; (2) apply this
technique to uninjured controls; (3) apply this technique
to patients with chronic lateral ankle ligament instability to
determine the feasibility of its use in routine clinical testing.

Materials and methods;‘
Patient profile

Ten individuals without previous foot trauma or pathology
were tested. Three were women; average age was 35 (range

Fig. 1 Ankle-testing apparatus
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26-42) years. The tests were performed three to five times on
two different days in order to assess the repeatability of the
method. Three patients with unilateral injuries to the lateral
ligaments were also tested. Mean age was 26 (range 14—
41) years. Two were women. All had chronic instability based
upon physical examination with a positive anterior drawer,
and all had abnormal stress radiographs. Both the unstable and
stable ankles were tested in the device. All three patients had
combined ATFL/CFL rupture confirmed at the time of
surgery. Patients underwent reconstruction of lateral ankle
ligament using the modified Brostrém procedure. '

Ankle-stability-testing device

The ankle-testing apparatus was constructed primarily of
acrylic plastic (Fig. 1). It allowed three rotations (internal/
external, inversion/eversion, plantar/dorsiflexion) of the
footplate and three translations (anterior/posterior, medial/
lateral, proximal/distal) in a global anatomical coordinate
system of the hindfoot. In this coordinate system, the X axis
was along the tibial shaft through the centre of the ankle.
The Z axis was parallel to the projection of a line
connecting the centre of the heel and the second metatarsal
on a plane perpendicular to the X axis. The Y axis was the
product of the X axis and Z axis following the right-hand
rule, passing through the ankle-joint centre. The X axis was
defined as the internal/external rotation axis, the Z axis as
the inversion/eversion axis, and the Y axis as the plantar/
dorsiflexion axis. A 1.7 Nm torque was applied separately
to each axis using a stainless steel, 180° torsion spring.
Each patient was placed in the apparatus in a seated
position in 90° of hip and 90° of knee flexion. The lower
leg was fixed on a low-friction sliding block to allow free
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proximal-distal motion of the tibia. The foot was fixed on
the foot plate with a Velcro® strap on the forefoot and
midfoot. The hindfoot was secured to a heel cup on the
plate by a Velcro® strap. Three-dimensional movement of
the calcaneus relative to the tibia (ankle—hindfoot complex)
was monitored with an electromagnetic tracking system
(Flock of Birds®, Ascension Technology, Burlington, VT,
USA), which provided 6 degrees of freedom tracking. The
magnetic source was mounted to the frame of the testing
device. One sensor was attached to the skin overlying the
calcaneal tuberosity, and another was attached to the
anteromedial aspect of the proximal leg. Placement of
sensors in these areas with less subcutaneous tissues limited
the potential for artifact from skin movement. A pilot study
was performed to compare kinematics data from both skin-
and bone-mounted sensors using cadaver feet, which
confirmed that the measurements from skin-mounted
sensors correlated well with bony movements [7].

Internal rotation then inversion stresses were applied
using constant loading of the foot with a built-in, spring-
loaded torque generator. A constant torque of 1.7 Nm was
applied, determined on the basis of previous tests and
clinical experience. The foot was moved slowly from
maximum plantarflexion to maximum dorsiflexion, with
the constant torque applied to the foot in either internal
rotation or inversion. Three-dimensional kinematic data
were recorded continuously during testing. Internal/external
rotation and inversion/eversion movement curves expressed
as functions of the plantar/dorsiflexion angle. Internal
rotation and inversion angles and the slope of the curves
were determined for the unstable and the opposite stable
ankle, as well as for controls. Discrete points were selected
for data analysis: the angle of each curve was determined at
20° and 10° of plantarflexion, neutral position, and 10° of
dorsiflexion. The slope was calculated between the points
representing maximum motion and a point corresponding to
motion at 10° of dorsiflexion from the internal rotation
curve or the inversion curve.

Statistical analysis was performed using a paired ¢ test to
evaluate the difference between stable and unstable ankles,
with statistical significance set at p<0.05. An unpaired  test
was used to evaluate the difference between unstable ankles
and controls, with statistical significance set at p<0.05
level.

Results
Repeatability
The technique had repeatable results. The intraclass

correlation (ICC) > was 0.97 for same-day testing and
0.95 for testing on different days for the inversion stress

test. For the internal rotation stress test, the ICC was 0.93
for intraday tests and 0.90 for interday tests. An example of
three trials obtained from one individual is shown in Fig. 2.

Uninjured control ankles

Angular data obtained from ten controls are shown in Fig. 3.
Maximum. inversion was observed in a position >20° of
plantarflexion and decreased as the ankle dorsiflexed. The
mean =+ standard deviation (SD) value of maximum inversion
was 15.8°£3.7° , with a range of 8.3-22.5°. Mean value of
minimum inversion was 6.6°£2.6°, with a range of 2.2-
10.6°. Mean maximum to minimum inversion was 9.2°+
3.2°, with a range of 2.7-13.4°. The shape of curves for the
internal rotation stress test was convex with the peak of the
convex curve at an average of 7.1°£6.1° plantarflexion,
ranging from 17° plantarflexion to 1° dorsiflexion. Mean
value of maximum internal rotation was 15.4°+3.4°, with a
range of 8.8-20.7°. Mean value of minimum internal rotation
was 11.7°£3.5°, with a range of 6.5-18.2°. Mean range from
maximum to minimum internal rotation was 3.7°£1.9°, with
a range of 1.2-7.4°.

Unstable ankles

The motion curve patterns in unstable ankles were similar
among the three patients with lateral ankle instability.
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Fig. 2 Ankle-hindfoot complex motion curve of an uninjured
control anke: three trials. Inversion or internal rotation motion of

the ankle-hindfoot complex is expressed as a function of plantar/
dorsiflexion angle. a Inversion stress test. b Intemal rotation stress test
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ten uninjured controls (solid lines) and three patients with instability
(dotted lines). a Inversion stress test. b Internal rotation stress test

Overall, there was more motion with inversion and internal
rotation testing. The degree of rotation at five discrete points
was identified and compared between the unstable and the
stable ankle. These points were 20° and 10° of plantarflexion,
nentral, 10° of dorsiflexion, and maximum internal rotation or
inversion position. For the inversion stress test, the difference
in motion curves was greatest in plantarflexion. Further
analysis of the motion curve slopes was much more
sensitive in differentiating between the unstable and the
opposite stable ankle (Figs. 4 and 5). With internal
rotation force applied, mean + SD slope was 29.4+8.3
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Plantar fiexion/Dorsifiexion Degree

Fig. 4 Determination of slope of the motion curve from a point at 10°
of dorsiflexion to a point at the peak of the motion curve

9] Springer

(in the unstable ankle, which was significantly greater than
11.74£5.0 in the opposite stable ankle (p=0.03). With
inversion force applied, the mean + SD slope of 44.8%11.4
in the unstable ankle was significantly different than that
of 20.7£2.4 in the opposite stable ankle (p=0.04).
Similarly, slopes of the inversion and internal rotation
motion curves were significantly greater in unstable ankles
than in uninjured controls (Fig. 5).

Discussion

Stress radiography with anterior drawer or inversion stress
is widely accepted as a means to assess patients with lateral
ankle ligament injuries. Anterior talar displacement or talar
tilt angle is measured under stress loading. However,
accuracy of these conventional stress tests is suspect [4-6,
10-15]. Some limitations in the standard evaluation
methods were because ankles were tested in various

12
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Fig. 5 Slopes from motion curves in three unstable ankles (dotted
lines), their opposite stable ankles (solid black lines), and ten
uninjured controls (solid gray lines). a Internal rotation stress test. b
Inversion stress test .
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positions and with different forces applied. Different
authors recommended stressing the ankle in dorsiflexion,
in the neutral position, or in plantarflexion during the stress
manoeuvre [6, 10, 16, 17]. The foot position affects ankle
stability because the relationship between ligamentous
laxity and bony constraints vary with flexion angle during
stress testing [7, 9, 18-21]. Our results showed that
mobility of the ankle—hindfoot complex varied as foot
flexion angle changed. The magnitude of inversion
increased with increasing plantarflexion position of the
ankle under inversion stress.

The diagnostic method in this study is based upon foot-
motion measurements under different specific manipula-
tions and analysis of motion curve patterns using trend
analysis [9]. This can be a fundamental improvement over
the existing stress testing, which depends upon a discrete
one-point value to determine laxity and type of injury. Each
ligament contributes to joint stability at a certain joint
position, and the rupture of a ligament will cause instability
at that position. Thus, comparison based on the overall
curve trend should be more sensitive than using discrete
points in evaluating ligament injury. The existing testing
analyses rotation in one plane (inversion) or translation in
one direction (anterior drawer) but does not consider other
planes of rotation or displacement, such as internal rotation.
It may be reasonable to measure internal rotation to
diagnose ATFL injury because the ATFL functions
primarily in restricting internal rotation of the talus in
the mortise [22]. Although this device may be applicable
to stress radiography, we think that the motion-curve
analysis during full range of sagittal motion will provide
more detailed information of ankle—hindfoot complex
kinematics and lead to more accurate diagnosis of severity
of ankle ligament injuries.

We calculated slopes from the motion curves and applied
them to differentiate between unstable (combined ATFL
and CFL rupture) and stable ankles because a previous in
vitro study demonstrated that it was possible to differentiate
simulated ATFL injury from an intact ankle and ATFL/CFL
injury from ATFL injury with this method [9]. Further
study is needed of patients who have persistent ankle pain
after sprains in order to determine whether these distinc-
tions can be made in vivo; such analysis is not possible
with conventional stress tests. Also, there is a subset of
patients with persistent pain after ankle ligament recon-
struction or after injury who have negative stress radio-
graphs and stable ankles on examination who are
considered to have “functional instability.” Perhaps the
diagnoses of some of these patients can be clarified with the
testing method described here. We tested patients with
inversion or internal rotation force applied. However, with
the testing device, it is also possible to apply constant
eversion, external rotation, combined inversion/internal

rotation, and eversion/external rotation stress to the ankles.
It may therefore be an applicable assessment for patients
with other diagnoses, such as suspected deltoid ligament
instability.

Although this is a promising noninvasive method of
differentiating ankle ligament instabilities, there are limi-
tations. We found variability in absolute values of inversion
or internal rotation measured between patients. It is well
recognised that there is wide variation among individuals in
stress tests [6, 12, 13, 23], which our testing confirmed.
This observation in preliminary testing led to refinements in
how the foot was secured to the footplate, standardising a
neutral position prior to testing, and the repeatability study
that was conducted. Data analysis was time consuming, and
a special device to measure continuous three-dimensional
movement is needed. Some modifications will be required
when this device is considered as a widely used examina-
tion tool in clinical settings.

Patients with unstable ankles were differentiated from
uninjured controls by using the ankle-stability-testing device.
The method is noninvasive, does not involve radiation
exposure, and is repeatable. It has the potential of providing
more accurate diagnosis of ankle-ligament injuries.
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ARTICLE INFO ABSTRACT

Article history: Background: Ankle joint stability is a function of multiple factors, but it is unclear to what extent extrinsic factors
Received 11 February 2011 such as ligaments and intrinsic elements such as geometry of the articular surfaces play a role. The purposes of

Accepted 26 August 2011 this study were to determine the contribution of the ligaments and the articular geometry to ankle stability
and to determine the effects of ankle position and simulated physiological loading upon ankle stability.

Keywof“: Methods: Sixteen cadaveric lower extremities were studied in unloaded and with axial load equivalent to body

Q?a'gﬁuy weight, Anterior-posterior, medial—lgteral translation and internal-external rotation tests were performed in

Ligaments neutral, dorsiflexion and plantarflexion ankle positions. Intact ankle stability was measured; ankle ligaments

Biomechanics were serially sectioned and retested.

Cadaver Findings: For unloaded condition, the lateral ligament accounted for 70% to 80% of anterior stability and the del-

toid ligaments for 50% to 80% of posterior stability. Both ligaments contributed 50% to 80% to rotational stability;
however, the ligaments did not provide the primary restraints to medial-lateral stability. For loaded ankle con-
dition, articular geometry contributed 100% to translational and 60% to rotational stability. The ankle was less
stable in plantarflexion and more stable in dorsiflexion. v

Interpretation: The contribution of extrinsic and intrinsic elements to ankle stability is dependent upon the load
and direction of force applied. This stiidy underscores the importance of restoring soft tissues about the ankle to
the anatomic condition during reconstruction operations for instability, trauma and arthritis.

© 2011 Elsevier Ltd. All rights reserved.

- 1. Introduction al,, 1998) including the ankle (Stormont et al., 1985; Tochigi et al.,

2006). A previous study reported contribution of the ligaments and
The ankie joint is affected by a variety of disorders such as sprains, articular surface in the ankle to rotation and version stability, but

fractures and arthritis (Mack, 1982; Yeung et al., 1994), The estimated did not include translational stability (Stormont et al., 1985). Another
incidence rate of ankle sprains in the general population presenting to study reported contribution of the articular surface geometry to ankle
emergency departments in the United States is 2.15 per 1000 person-  stability, but did not include ligamentous contribution (Tochigi et al.,
years (Waterman et al,, 2010). In the sports field, ankle sprains ac- 2006). There is still uncertainty about the effects of weightbearing,
count for 20% to 25% of all time-loss injuries in running or jumping different ankle positions and soft tissue integrity upon ankle stability,
sports such as basketball, football, soccer, field hockey and volleyball as well as the contribution of intrinsic factors such as joint geometry.
(Mack, 1982). Twisting of the ankle under load may cause ankle frac- ~ With lower levels of loading of the ankle, it is presumed that ligamen-
tures, ligamentous injuries, or both. Specific injuries depend on sever- tous structures function as more dominant stabilizers. As axial load
al factors such as weightbearing, orientation of the forces involved, or increases, the contribution of the articular geometry to stability is
stabilizing roles of ankie structures. presumed to increase. These relationships are relevant to understand-
Biomechanical studies have been performed on the ankle joint, ing the mechanisms of joint injury, as well as surgical interventions
specifically focusing on ankle stability. Ankle stability is a function such as ligament reconstruction and arthroplasty.
of both extrinsic elements such as ligaments and intrinsic elements Methods for measuring intrinsic joint stability as well as ligamen-
such as geometry of the articular surface. The contribution of extrinsic tous contributions have been reported from this laboratory in various
factors has been studied in joints (Butler et al., 1980; Itoi et al,, 2000; joints (Berglund et al,, 1994; Halder et al., 2001; Haugstvedt et al.,
Knutson et al., 2000; Minami et al., 1985; Morrey and An, 1983; Ritt et 2002; Itoi et al, 2000; Stuart et al., 2000), and established in the
ankle joint (Watanabe et al., 2009). The purpose of this study was
to determine the contribution of the deltoid and lateral ankle liga-
* Corresponding author at: Mayo Clinic, Department of Orthopedic Surgery, 200 First ments as well. as articular geometry to .Sfiablhty Of the ankle JO%Ilt
Street SW, Rochester, MN 55905, USA. and to determine the effects of ankle position and simulated physio-
E-mail address: an@mayo.edu (K-N. An). logical loading upon ankle stability.

0268-0033/% - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.clinbiomech.2011.08.015
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2. Methods

There were two parts of the study. In the first part, sixteen normal
(uninjured), fresh-frozen human cadaveric lower extremities donated
from 13 individuals without foot-ankle pathology were studied. The
mean age of the specimens was 72 years (range, 61 to 83 years). Four-
teen specimens were male and two were female. Eight were right feet
and eight were left feet. In the second part, eight specimens donated
from 6 individuals were tested under simulated ankle ligament injury
conditions. Seven specimens were male and one was female. Six were
right feet and two were left feet. The specimens were disarticulated at
the knee and at the mid-tarsal joints. Soft tissues including skin, sub-
cutaneous tissues and muscles were dissected, maintaining all liga-
ments and the interosseous membrane intact. The subtalar joint was
immobilized by Steinmann pins and hindfoot potted in polymethyl-
methacrylate (PMMA) cement in the neutral position. The institution-
al research ethics committee reviewed and approved the study.

The testing device provided simultaneous measurement of multi-
axis loading and displacements of the talus relative to the tibia
(Fig. 1). The device was designed in order to allow for testing in mul-
tiple planes without removing or repositioning the specimens for var-
ious directions of translation. It was designed to permit operative
procedures to be performed without unmounting and remounting
the specimen for each testing condition, thus reducing the potential
for artifact. The tibia, but not the fibula, was potted and fixed to the
testing frame to permit tibiofibular motion. A 6~component load cell
(AMTI, Newton, MA, USA) was used to measure forces and moments.
The hindfoot (talus, calcaneus) was potted in a rectangular metal fix-
ture. This fixture was attached to two X-Y motorized horizontal
stages for applying medial-lateral (ML) and anterior-posterior (AP)
translation forces and a motorized rotary stage for applying internal
or external rotation motions. An additional low friction x-y position-
ing slide was placed beneath the motorized stages to allow for proper
positioning of the hindfoot relative to the tibia and to minimize any
constraint in specific axis during the testing regimen. During AP
translation testing, the AP positioning slide was locked, but ML trans-
lation was unconstrained. During ML translation testing, the ML posi-
tioning slide was locked, but AP translation was unconstrained.
During rotation testing, both AP and ML positioning slides were re-
leased to allow unconstrained pure moments about that axis. Linear
potentiometers (Novotechnik, Southborough, MA) were used to mea-
sure translational displacements at the joint level and were affixed
between the potted hindfoot and distal tibia. Internal-external rota-
tion (adduction, abduction) of the ankle was measured with a rotato-
ry potentiometer incorporated in the motorized rotary stage.
Internal-external rotation occurred about the axis along the tibial
shaft which was perpendicular to the X-Y horizontal stage.

) Motor control and data acquisition were accomplished with Lab-

view software (National Instruments, Austin, TX, USA). The frame to
which the tibia was attached was clamped onto a low-friction vertical
slide. The tibia was suspended to this frame with multiple heavy

threaded Steinman pins, but the fibula was not fixed, in order to per- -

mit physiological tibio-fibular motion. Two axial loading conditions
were tested: a minimal level (5 N) and approximately body weight
(700 N) through this slide by a low-friction pneumatic cylinder (illi-
nois Pneumatic, Roscoe, IL, USA). The ankle bears high levels of com-
pressive forces during normal level walking (Simonsen et al., 1995),
but in preliminary experiments, we found that repeated testing of an-
atomic specimens at high loading levels could alter the soft tissue and
bony anatomy. In a pilot study, ankles were tested in 100 N axial load
increments up to 1000 N and we found that the load-displacement
characteristics of the talus relative to the tibia became consistent at
the 600 N level and higher. Therefore, 700 N was chosen as the simu-
lated physiological axial loading of body weight. Axial loads of 5N
(essentially unloaded) and 700 N (loaded) were applied in each of
three ankle positions: 15° of plantarflexion, neutral and 10° of

A) | R

:

j

Fig. 1. Multi-axis materials testing machine: A, testing device; B, lower extremity spec-
imen embedded in PMMA. a) Axial load actuator, b) low-friction vertical slide, c) talus,
d) six component load cell, €) motorized rotary stage, f) positioning stage, g) tibia,
h) fibula, i) potentiometer, j) motorized horizontal stage, k) polymethylmethacrylate,
I) calcaneus, m) potting fixture (gray), n) Steinmann pins. The tibial shaft was fixed
perpendicular to the X-Y horizontal stage (j) and internal-external rotation was
about the axis along the tibial shaft.

dorsiflexion. These angles represented the range of sagittal ankle mo-
tion during the stance phase of gait. Experimentally, these positions
were consistently obtained by inserting a wedge (10° or 15°) under
the ankle fixture. )

All anatomic specimens were tested in the normal, intact condi-
tion for the first part of the study. In the second part, further testing
was performed in eight feet. In four feet, the deltoid ligament was
sectioned first and testing repeated, then the lateral ankle ligaments
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were sectioned and testing performed. In another four feet, the lateral
ankle ligaments were sectioned and testing performed, then the del-
toid ligament and testing completed. The tibiofibular syndesmosis,
anterior tibiofibular and posterior tibiofibular ligaments proximally
and distally were left intact in order to permit free movement be-
tween the tibia and fibula.

Translation tests consisted of anterior, posterior, medial and later-
al translation of the talus at a rate of 2 mm per second. Translation
was described relative to the global horizontal rather than to the
foot's local segment horizontal. When the ankle was dorsiflexed and
plantarflexed, the anterior-posterior translation was determined
with respect to the global horizontal or the X~Y plane of the testing
apparatus. For intact specimens, after a load limit of 150 N in the di-
rection of motion was reached, the direction was reversed and testing
completed. For initial rotation testing of intact specimens, internal or
external rotation torque was applied to the talus at a rate of 2degrees
per second up to the torque limit of 2.5 Nm. After the ligament sec-
tioning, these tests were repeated; however translational and rota-
tional displacement values were used as endpoint limits for each
specimen. The limits for translation tests were determined as the dis-
placement in each direction corresponded to that measured under
150 N of load in the intact condition. The limits of rotation corre-
sponded to that measured at 2.5 Nm of torque in the intact specimen.

2.1. Data analysis

Testing conditions included the intact foot, sectioning the lateral
ligaments or deltoid ligament and sectioning both ligaments in each
of the three ankle positions (15° of plantarflexion, neutral and 10°
of dorsiflexion). All tests were performed for both the 5 N (unloaded)
and 700 N (loaded) axial load conditions. Load-displacement curves
were obtained from the intact, one ligament sectioned and both liga-
ments sectioned conditions. An example is seen in Fig. 2. The corre-
sponding forces at the predetermined displacement values were
derived from each curve. Relative contributions of the sectioned liga-
ments to joint stability were expressed as a percentage and calculated
as the reduction in load from the intact, divided by the intact load
value. Contribution of articular geometry to joint stability was
expressed as a percentage and calculated as the remaining load
after both ligaments were sectioned, divided by the intact load
value. For the purposes of this study, we defined a primary restraint
structure as one that provides more than 50% of restraint to transla-
tion or rotation.

Statistical analysis was performed with repeated measures
ANOVA and Friedman test. The level of significance was set at
P<0.05. Significant main effects were further analyzed using the Stu-
dent-Newman-Keuls multiple comparisons test.

Displac'ement
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150 & 3 /v of ligament
z
< B
@
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o geometry
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Fig. 2. Typical force-displacement curve in 5 N axial loading condition. The solid line
represents the intact condition, the gray line represents one ligament sectioned and
dotted line represents both ligaments sectioned. Tibiotalar displacement and contribu-
tion supporting £lements are shown.

3. Results

The average and standard deviation of the absolute values mea-
sured at the talus at prescribed maximum load or torque values for
all movement directions for the intact foot condition are shown in
Fig. 3. Ankle position altered laxity of the ankle. The plantarflexed po-
sition was less stable and the dorsiflexed position most stable. With
the unloaded ankle in plantarflexion, there was more movement in
posterior, medial and lateral displacement as well as internal rotation
than in dorsiflexion. In the dorsiflexion position, there was less poste-
rior, medial and lateral displacement, as well as external and internal
rotation than neutral position.

The effects of ankle position were also apparent when the ankles
were loaded. With the loaded ankle in plantarflexion, there was
more movement in medial and lateral displacement as well as inter-
nal and external rotation than in dorsiflexion. In the dorsiflexion po-
sition, there was less lateral displacement, as well as external and
internal rotation than neutral position.

The relative contributions of the ligaments and the articular geom-
etry to joint stability are shown in Figs. 4 and 5. In the unloaded ankie,
the lateral ligaments were the primary restraint to anterior transla-
tion with the relative contribution ranging from 71% to 81%. The pri-
mary restraint to posterior translation was the deltoid ligament, with
relative contribution ranging from 50% to 80%. The contribution of the
deltoid ligament was significantly higher in plantarflexion than in
dorsiflexion (P<0.05). For medial-lateral translation, neither of the
two ligamenits served as a primary restraint. For internal-external ro-
tation, both the lateral and the deltoid ligaments contributed in stabi-
lizing the ankle, The contribution of the deltoid ligament to external
rotation was significantly lower in dorsiflexion than in neutral and
plantarflexion (P<0.05).

The effect of ankle loading and articular geometry was apparent
with testing after sectioning one or both ankle ligaments, The loaded
ankle remained stable after ligament sectioning in anterior-posterior
and medial-lateral translation with little change in the load displace-
ment curves. Similarly, the loaded ankle remained stable with rota-
tion. The articular geometry was the primary restraint with relative
contributions ranging 50% to 74% (Fig. 5). We were unable to detect
a difference in relative contribution between the three ankle positions.

4. Discussion

The contribution of extrinsic and intrinsic elements to ankle sta-
bility was dependent upon the load level, direction of forces applied
and ligament integrity. We found that the ankle in dorsiflexion was
more stable in the majority of the conditions tested. The plantarflexed
ankle was the least stable. The articular geometry was the primary
stabilizer of the ankle joint for simulated physiological loading. The
lateral ankle ligaments were primary restraints in anterior transla-
tion, the deltoid ligament was most important in stabilizing posterior
translation and both ligaments provided rotatory stability.

The present study represents a more critical analysis of the sup-

‘porting elements of the ankle. We tested specimens under multiple

loading conditions whereas some previous studies were conducted
with a single loading condition. Previous studies did not specifically
examine the effects of ankle position. Others examined rotatory sta-
bility but not translation stability. In the current study, we first deter-
mined the degree of laxity in the intact specimens, then used this
limit in the testing of the injured conditions, in order to avoid damag-
ing the remaining soft tissue constraints. In addition, the design of the
testing device facilitated multi-axis testing without removing and
repositioning the specimens repeatedly.

In previous studies, the range of applied forces to the ankle for
translation tests varied from 50 N to 150 N (Hollis et al., 1995; Johnson
and Markolf, 1983). Several of the previous biomechanical studies did
not utilize the entire lower leg. In this study, the lower limb was
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Fig. 3. Tibiotalar translation and rotation under A) 5 N axial load and B) 700 N axial load. Neutral, dorsiflexed (DF) and plantarflexed (PF) positions. (Statistically significant differ-

ences, *, P<0.05; **, P<0.01.)

utilized, maintaining motion between the tibia and fibula. Several
studies reported that the fibula had apparent motion in all planes
when loaded and therefore it is important to preserve the entire
lower leg for testing (Barnett and Napier, 1952; Close, 1956; Stiehl,
' 1991). Recent investigations (Bahr et al, 1997; Cass and Settles,
1994; Hollis et al., 1995; Stiehl et al,, 1993) applied these conditions
to ankle stability tests and we believe they are more physiological.
Several investigators studied the range of anterior-posterior
translation motion at the ankle. Hollis et al. (1995) reported 7.5 mm
of anterior-posterior displacement for 50 N applied load in the neu-
tral ankle position for anterior-posterior translation, Johnson and
Markolf (1983) reported 6.6 mm of anterior-posterior displacement
for 100 N and Bulucu et al. (1991) reported 6.4 mm of anterior dis-
placement for 150 N. No axial load was applied to the ankle in any
of these studies. These reported values of anterior—posterior transla-
tion were similar to our results. The effect of ankle position on anteri-
or-posterior laxity measurements differed among investigators.
Dorsiflexion was the most stable position in all three studies de-
scribed above. However, Johnson and Markolf(1983) and Bulucu et
al. {1991) found that the neutral position was associated with the
greatest laxity, while Hollis et al. (1995) demonstrated greatest ante-
rior-posterior laxity that in plantarflexion. In the current study, pos-
terior displacement was significantly reduced in the dorsiflexed
ankle compared to the neutral and plantar flexed positions.
There are few previous reports that studied medial-lateral trans-
lation at the ankle. In our study, the plantarflexed ankle position

had significantly more medial-lateral motion than the dorsiflexed po-
sition, The geometry of the talus may be responsible for some of these
differences. The width difference between the anterior (wider) and
posterior (narrower) portions of the superior surface of the talar
body was reported to average 2.4 mm (Stiehl, 1991). Our data
reflected a significant difference in medial-lateral translation be-
tween plantar and dorsiflexed ankle positions. For internal-external
rotation testing of the ankle, Johnson and Markolf (1983) reported a
combined 13.8° of rotation at 2.5Nm torque in neutral position
with no axial load: McCullough and Burge (1980) reported a com-
bined 24° for a 3 Nm torque limit with 9.8 N axial load. These values
were consistent with our results of a combined 16.1° for 2.5 Nm at
5N axial load for the neutral ankle position. Dorsiflexion was the
most stable position for internal-external rotation in the current
study, which was consistent with other reports (Johnson and Markolf, ~
1983; Stiehl et al., 1993).

Earlier reports investigated the biomechanics of lateral ligaments
of the ankle. Both for in vitro and in vivo studies, rupture of the lateral
ligament resulted in significant increases in anterior laxity (Bulucu et
al,, 1991; Glasgow et al., 1980; Hollis et al., 1995; Larsen, 1986). These
findings supported our results in which the lateral ligaments contrib-
uted approximately 75% constraint to anterior translation. The deltoid
ligament has not been investigated as thoroughly, especially for its ef-
fect on translational stability. Harper reported that the deltoid liga-
ment was a secondary restraint against anterior talar translation
when no axial load was applied (Harper, 1987, 1990). Our findings
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Fig. 4. Contributions of A) lateral and B) deltoid ligaments to ankle joint stability, 5 N load. Pri‘mary restraints provide more than 50% of the stability in a given condition. (Statis-
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were consistent and the deltoid ligament contributed approximately
45% of the restraint to anterior translation. However, Harper also
reported that posterior instability of the ankle did not increase after
division of the deltoid ligament, contrary to our findings. We deter-
mined that the deltoid ligament was the primary restraint to
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Fig. 5. Contribution of articular geometry to rotation stability of ankle joint, 700 N load.

posterior translation for the unloaded ankle. He measured the maxi-
mum amount of direct talar excursion with a caliper (0.5 mm incre-
ments) during manual stress, but the magnitudes of the applied
forces were not described for each test. As Fig. 2 demonstrates, the
force and stiffness decreased after ligament sectioning. If further
force was applied, an increase in posterior displacement would be
expected.

During internal-external rotation, both the lateral and deltoid lig-
aments were responsible for restricting both directions of rotation for
the unloaded ankle. If either of the ligaments were ruptured, rotation-
al stability would be greatly reduced. Stormont et al. (1985) demon-
strated the effect of serial sectioning of the ankle ligaments for the
unloaded ankle for 3 ankle positions (plantarflexion, neutral and dor-
siflexion). For internal rotation, the anterior talofibular ligament was
the primary restraint in the plantar ankle position and the deltoid lig-
ament was the primary restraint for the neutral and dorsiflexed posi-
tion. For external rotation, the calcaneofibular ligament was the
primary restraint for all three ankle positions. Rasmussen et al. stud-
ied the function of specific components of the lateral and deltoid lig-
aments (Rasmussen, 1985; Rasmussen et al., 1983). They reported
that for the lateral ligaments, the anterior talofibular ligament pri-
marily restricted internal rotation and combined cutting of the calca-
neofibular and posterior talofibular ligament resulted in an increased
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external rotation. For the deltoid ligament, the anterior and interme-
diate tibiotalar ligaments, in combination, controlled both external
and, together with the anterior talofibular ligament, internal rotation
of the talus. These studies suggested that cooperative function of both
the lateral and deltoid ligaments was essential to provide internal and
external rotation stability of the talus in the ankle mortise.

Under simulated physiologic loading (700 N), the articular surface
accounted for 100% of stability in translation and 60% in external-in-
ternal rotation. Several studies support the importance of axial load
for ankle stability (Glasgow et al., 1980; Liu et al., 2000; McCullough
and Burge, 1980; Rasmussen, 1985; Stiehl et al., 1993; Stormont et
al., 1985; Tochigi et al., 2006). Stiehl et al. (1993) tested two axial
loading conditions and showed that increased axial load increased
stability. Anterior-posterior translation at a 150 N translation force
was 8 mm during a 147 N axial load and reduced significantly to
4 mm with an increased axial load of 686 N. Two other cadaver stud-
ies reported articular contribution to ankle stability (Stormont et al.,
1985; Tochigi et al., 2006). Stormont et al. (1985) reported that the
articular surface accounted for 100% of version stability and 30% of
stability in external-internal rotation for a 670 N applied axial load.
The range of the torque applied manually was between 3.36 Nm
and 3.98 Nm in their study which is greater than the 2.5 Nm limit
set in the present study. Their lower reported articular contribution
for external-internal rotation stability compared to our result (60%)
may be due to this higher torque, which results in larger magnitudes
of rotation and consequently, the contribution of the ligaments to
ankle stability may increase. Tochigi et al. (2006) reported that the ar-
ticular surface accounted for 70% of anterior/posterior stability, 50% of
version stability and 30% of stability in external-internal rotation for a
600 N applied axial load. They measured contact stress in the tibiota-
lar articulation by a real-time contact-stress sensor. Contribution of
articular geometry was calculated by analyzing the contact-stress
changes due to secondary loading (anterior/posterior force, eversio-
n/inversion torque, or external/internal rotation torque) with a com-
puter model of ankle geometry. Their study did not include the effect
of the talomalleolar articulations. These two studies (Stormont et al.,
1985; Tochigi et al., 2006) and the current study analyzed contribution
of joint structures to ankle stability. Conclusions from all three studies
were consistent.

There are limitations of this study. The mean age of the cadaveric
specimens was elderly and may not represent results from a younger
population, Inversion-eversion stability was not included in our ex-
perimental protocol. Finally, we did not specifically examine the ef-
fects of muscle activity to stability were excluded or load the ankles
dynamically.

Understanding the contribution of supporting elements to ankle
stability is not only important in modeling the ankle and foot, but
also is of importance clinically. Joint injuries such as displaced intraar-
ticular fractures should be restored to anatomic alignment, in order to
preserve joint stability. Insufficiency of the lateral and/or deltoid liga-
ments has an effect upon joint stability in multiple planes and efforts
should be directed towards restoring normal ankle ligament function.
Recanstruction of the ankle joint with total ankle arthroplasty is de-
pendent upon successful restoration of ankle ligament stability. In
‘the normal ankle, various ligaments and articular geometry interact
to stabilize the joint for a wide range of loading and functional re-
quirements. Injury or loss of supporting structures has the potential
of disturbing functional stability. When primary joint stability is
lost, impaired function may result. This study demonstrated the pri-
mary contribution that ankle geometry provided to stability of the
ankle under physiologic loads.

In conclusion, there are many factors affecting stability of the
ankle joint. There is no single factor that is most important. The con-
tribution of each of these supporting elements is dependent upon the
ground condition, loading level, the direction the forces applied and
the degree of loading.
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Many biomechanical studies investigated pathology of flatfoot and effects of operations on flatfoot. The
majority of cadaveric studies are limited to the quasistatic response to static joint loads. This study
examined the unconstrained joint motion of the foot and ankle during stance phase utilizing a dynamic
foot-ankle simulator in simulated stage 2 posterior tibial tendon dysfunction (PTTD). Muscle forces were
applied on the extrinsic tendons of the foot using six servo~pneumatic cylinders to simulate their action.
Vertical and fore-aft shear forces were applied and tibial advancement was performed with the
servomotors. Three-dimensional movements of multiple bones of the foot were monitored with a
magnetic tracking system. Twenty-two fresh-frozen lower extremities were studied in the intact
condition, then following sectioning peritalar constraints to create a flatfoot and unloading the posterior
tibial muscle force. Kinematics in the intact condition were consistent with gait analysis data for
normals. There were altered kinematics in the flatfoot condition, particularly in coronal and transverse
planes. Calcaneal eversion relative to the tibia averaged 11.1 + 2.8 compared to 5.8 + 2.3° in the normal
condition. Calcaneal-tibial external rotation was significantly increased in flatfeet from mean of 2.3 = 1.7° to
8.1 & 4.0°. There were also significant changes in metatarsal-tibial eversion and external rotation in the
flatfoot condition. The simulated PTTD with flatfoot was consistent with previous data obtained in patients
with PTTD. The use of a flatfoot model will enable more detailed study on the flatfoot condition and/or effect

of surgical treatment.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, there have been multiple reports related to
posterior tibial tendon dysfunction (PTTD). PTID is a common
cause of acquired flatfoot deformity in adults; the condition may
reach a prevalence of 10% in elderly women [1]. Most of the clinical
investigations reported the effects of various operations to correct
PTTD and flatfoot deformity, but in vitro and radiologic studies
have also been published [2-5]. The optimum management of
stage 2 PTTD [2] in which there is a mobile flatfoot has been a
subject of debate for more than two decades. There are questions
regarding the pathoanatomy of the deformity resulting from
tendon dysfunction. A comprehensive understanding of the
flatfoot malalignment will lead to more effective techniques for
correcting it.

Previous investigators recognized the importance of defining
the flatfoot and quantitating the degree of deformation [6]. Clinical

* Corresponding author at: Mayo Clinic, 200 First Street SW, Rochester, MN
55905, USA. Tel.: +1 507 538 1717; fax: +1 507 284 5392,
E-mail address: an@mayo.edu (K.-N. An).

0966-6362/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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measurements such as arch height have been used, but were not
consistent between examiners [6]. Radiologic measurements of
flatfoot have been performed in patients with PTTD [4,5]. Analysis
of foot prints and ground reaction data in flatfeet have been
reported [7]. Previous reports determined the contribution of
various static elements in supporting the arch [8]. Others indicated
that the posterior tibial tendon (PTT) plays a role in the dynamic
support of the arch [3]. Most of these previous reports were in vitro
studies with static loading of specimens. Recent gait analysis
studies have revealed kinematics changes of the foot between
normal and flatfoot [9-12]. In vitro, dynamic joint simulators have
been developed recently for foot/ankle as well as other joints and
applied for biomechanical studies of pathological situations of
foot/ankle problems [13-19]. However, there have not been any
publications, to our knowledge, detailing the three-dimensional
kinematics of the flatfoot during simulated walking of the entire
stance phase of gait.

We developed a dynamic foot-ankle simulator capable of
recreating the stance phase of gait in cadaveric lower extremities
{15]. It allows simulation of functional activities by allowing
unconstrained motion of the foot and ankle while simultaneously
applying time-histories of forces that affect the foot. A dynamic
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simulator will be useful for improving our understanding of the
mechanical behavior of the flatfoot compared to the normal foot.
The purpose of the study was to examine unconstrained joint
motion of the foot and ankle during stance phase in cadaveric
lower extremities with simulated PTTD with flatfoot deformity
utilizing a dynamic foot-ankle simulator.

2. Methods

Twenty-two fresh-frozen lower extremities were evaluated after gross visual
screening for preexisting abnormalities of the foot. The mean age of the specimens
was 78 years old (range, 47-95). Five were female, 17 male. Fourteen specimens
were left feet and eight were right. The institutional research ethics committee
reviewed and approved the study.

The custom simulator was able to subject cadaveric foot and ankle specimens to
specified time-histories of normative ground reaction forces (GRF), and tendon
loading based on physiological cross-sectional area (PCSA) and electromyography
(EMG) data, Adjustments were made the initial muscle force profiles to match
normal patterns of calcaneal-tibial angles and gross forefoot motion, while allowing
totally unconstrained joint motions. The inputs were the forward tibial motion,
fore-aft shear loading, tibial loading, and muscle loading. The outputs were
measured foot reaction (force and center-of-pressure advancement) and joint
kinematics. Since few biomechanical models were available for this hybrid (load
and motion) control system, the tibial loading was prescribed to the normal vertical
GRF profile as an approximation using a closed-loop servomotor so as to match the
normal vertical GRF despite the disturbances from the muscle loading actuators.
Ankle joint kinematics was controlled by muscle loading, which was initially
targeted from the muscle gain, PCSA, and EMG data for each muscle group.

The leg specimen, amputated at the mid-tibial level, was potted in an acrylic
plastic tube with polymethylmethacrylate cement, and fixed on the tendon loading
unit (Fig. 1) [15]. The tendon-loading unit, consisting of six pneumatic cylinders,
was connected through a linear ball screw to the servomotor tibial angle control
unit, and through a hinge joint to the vertical loading unit. All the above units
created a four-bar rocker configuration to control the angle of the loading unit or
tibia relative to the ankle joint during the simulation. The vertical-loading unit,
mounted on the frame, was connected to a linear slide powered by a linear ball
screw and servomotor. This servomotor axis provided loading along the tibial axis
by moving both the vertical loading unit and tendon loading unit onto the force
plate. The sole of the foot contacted the custom-made force plate, which recorded
the simulated vertical GRF. The bearing plate beneath the force plate allowed the
relative forward translation of the foot and ankle and accommodated the
anteroposterior shear force [20] by coupling the plate to another closed-loop
servo axis. Most structures were built using non-metallic tubing or acrylic plastics,
to minimize any interference with the magnetic tracking system.

The tibial angle control unit translated the tibial motion between 20° anterior
and 40° posterior to vertical [21]. During testing, the tibial angle was monitored by a

Vertical Loading
Unit

™™™ Frictionless Slide

Tendon

Loading Unit ———> Linear Ball Screw

Movable Force

Plate Tibial Angle

¥~ Control Unit

N

Load Cell—" &

Hinge Joint

Fore-Aft

Frictionless Slide

Fig. 1. Schematic drawing of the dynamic foot/ankle simulator.

potentiometer. The tibial angle was used to determine the percentage of stance
phase from the tibial angle history profile [21]. The estimated percent stance phase
was used to prescribe the tendon and tibial loading [20,21]. The extrinsic muscles
acting on or around the ankle were divided into six functional units: gastrocnemius-
soleus, PTT, flexor hallucis longus-flexor digitorum longus, anterior tibial, extensor
hallucis longus-extensor digitorum longus, and peroneus longus-peroneus brevis. A
total of six pneumatic cylinders driven by servo-pneumatic valves were used to
apply loads to the tendons. Sutures were attached to each tendon using a modified
Krackow technique except for the Achilles tendon, which was sutured using a
Leeds-Keio artificial ligament (Ellis Developments, Nottingham, UK) to sustain the
comparable physiological loading. A uniaxial load cell was connected to each
cylinder to monitor the load feedback signal to an IBM PC. A custom-written
program (LabVIEW®, National Instruments, Austin, TX) was used for control and
kinetic data acquisition. Tendon loads were estimated from PCSA and EMG data in
the literature [20,22]. A linear EMG and force relationship was assumed {23,24]. An
unknown muscle gain K and the corresponding cross sectional area (PCSAi) were
multiplied by the relative EMG data (EMGi) to provide absolute forces to each
cylinder (Fi = K x PCSAi x EMGi). To determine the unknown muscle gain or muscle
stress, simulations were repeated until the gross foot-ankle kinematics matched
reasonably well to the stance phase center-of-pressure and motion patterns, while
the gain of the muscles was simultaneously adjusted. The applied vertical and fore-
aft loads were reduced for the cadaver feet due to the limited suture strength and
age of the specimens.

Each specimen was cycled additional times through the entire stance phase to
reduce the viscoelastic effect of soft tissues. The leg was then continuously moved
from tibial flexion —20° (initial contact) to 40° flexion (pre-swing) while applying
forces to the six muscle groups and subjecting it to the ground reaction force
profiles. After testing the intact condition, a flatfoot condition was created by
sectioning the peritalar soft tissue structures, including the spring ligament, long
and short plantar ligaments, talocalcaneal interosseous ligament, medial talocal-
caneal ligament, and tibionavicular portion of the superficial deltoid ligament. In
order to simulate stage 2 PTTD and flatfoot, the posterior tibial muscle action was
not simulated. A previous study [8] showed that flatfoot deformity occurred after
these procedures, similar to that caused by stage 2 PTTD clinically. The applied
vertical and fore-aft loads were not changed before and after the flatfoot model was
created. Testing was performed three times for each condition and the average
result was used for analysis.

Three-dimensional movements of the calcaneus and first metatarsus relative to
the tibia were obtained with a magnetic tracking system (3Space Tracker System,
Polhemus, Colchester, VT){25,26]. The electromagnetic transmitter was fixed to the
loading frame. Sensors were rigidly fixed to the anteromedial tibial diaphysis at the
junction of the middle and distal thirds, posterolateral calcaneal body, and
diaphysis of the dorsal-medial first metatarsal with acrylic mounting posts [26].
The relative angular motion between bones (calcaneal-tibial and first metatarsal-
tibjal) was expressed in terms of Eulerian angle description [25,26]. Bone positions
were described relative to the previously described coordinate system [26). The x-
axis was oriented proximal-distal, the y-axis was oriented medial-lateral, and the z-
axis was oriented anterior-posterior. The x-axis was along the tibial shaft through
the ankle center, the z-axis was parallel to the projection of a line connecting the
center of the heel and the second metatarsal on a plane perpendicular to the x-axis
passing through the ankle center, and the y-axis was the product of the x- and z-axes
following the right-hand rule passing through the ankle center. The three axes were
also used to define the perpendicular planes: coronal (x-y plane), sagittal (x-z
plane), and transverse (y~z plane). Motion was defined as inversion and eversion in
the coronal plane, dorsiflexion and plantarflexion in the sagittal plane, and internal
rotation and external rotation in the transverse plane.

Statistical analysis was performed with a paired t-test, comparing the bony
positions in the intact and flatfoot conditions. The level of significance was set at
p < 0.05.

3. Results

All the results of angular motions of the calcaneus and the first
metatarsal relative to the tibia are presented over an entire stance
phase that started with heel strike and ended with toe-off (Fig. 2).
Angular movement patterns were consistent across all specimens. In
the sagittal plane, the forefoot contacted with the force plate at
about 10% stance phase. Maximum dorsiflexion was observed at
about 80% stance phase. Then rapid plantarflexion occurred until
maximum plantarflexion at toe-off. In the coronal plane, the
hindfoot (calcaneal-tibial) and forefoot (metatarsal-tibial) moved
from an initial inversion at heel strike to eversion. Maximum
eversion occurred ata late phase of stance, prior to heel rise. Then the
foot progressively inverted until toe-off. In the transverse plane, the
hindfoot and forefoot moved from an initial internal rotation to
external rotation. At mid-stance the foot reversed and began to
internal rotate until toe-off.
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Fig. 2. Angular motions of the calcaneus (left) and the first metatarsal (right) relative to the tibia during the stance phase of walking in normal (black line) and flatfoot (gray
line) conditions (mean + SD). Positive and negative values indicate dorsiflexion and plantar flexion, eversion and inversion, and external rotation and internal rotation, respectively.

In the flatfoot, there was increased eversion and external
rotation, but not dorsiflexion. The coronal plane motion curves
demonstrated the characteristic inversion in late stance was
absent in the flatfoot, in calcaneal-tibial and metatarsal-tibial
motions. The transverse plane motions were also abnormal,
as there was increased external rotation of the ankle-
hindfoot (calcaneal-tibial) and forefoot (metatarsal-tibial). The
typical internal rotation in late stance was not present in
the flatfeet.

Calcaneal-tibial maximum dorsiflexion was 14.1 +4.1°
(mean + SD). In the flatfoot, maximum dorsiflexion was 14.4 + 4.4°

(not significant: NS). Calcaneal-tibial maximum eversion was
5.8 +2.3° In the flatfoot, maximum eversion was 11.1+2.8°
(significant). Calcaneal-tibjal maximum external rotation was
23+17° In the flatfoot, maximum external rotation was
8.1  4.0° (significant) (Table 1).

Metatarsal-tibial maximum dorsiflexion was 24.8 + 4.3°. In the
flatfoot, maximum dorsiflexion was 25.5 & 5.4° (NS). Metatarsal-
tibial maximum eversion was 7.7 £ 4.2°. In the flatfoot, maximum
eversion was 17.9 £ 6.1° (significant). Metatarsal-tibial maximum
external rotation was 6.9 + 3.5°. In the flatfoot, maximum external
rotation was 15.3 % 5.1° (significant) (Table 2).

Table 1 Table 2
Calcaneal-tibial motion (mean % SD). Metatarsal-tibial motion (meanSD).
Normal Flatfoot Normal Flatfoot

Sagittal plane Sagittal plane
Max. plantarflexion at foot flat 109+4.2 11.5+4.4 Max. plantarflexion at foot flat 14.2+4.0 14.743.7
Max. dorsiflexion 14.1+41 144144 Max. dorsiflexion 248443 25.5+54
Max. plantarflexion at preswing 13.9+8.0 12.6+7.8 Max. plantarflexion at preswing 17.1+9.8 133492
Total motion, foot flat to max. dorsiflexion 25.0+5.1 259455 Total motion, foot flat to max. dorsiflexion 39.0+45 399454
Total motion, max. dorsiflexion to preswing 28.0%7.7 27.0+£73 Total motion, max. dorsiflexion to preswing 41.9+8.6 385+85
Coronal plane Coronal plane
Max. eversion 5.8+23 11.142.8 Max. eversion 7.7+4.2 17.9+6.1
Max. inversion 4.0+4.0 -19+2.4° Max. inversion 6.1x59 03+5.1
Total motion 9.8:4+3.6 9.2+29 Total motion 13.8+6.9 18.2+8.0°
Transverse plane Transverse plane
Max. external rotation 2317 8.1+4.0° Max. external rotation 6.9+3.5 153£5.1"
Max. internal rotation 28+34 1.5+3.7 Max. internal rotation 7.7+64 2,1+63
Total motion 51427 96+38 Total motion 14.6 £ 6.0 175451

* Significantly different (p <0.05).

" Significantly different (p < 0.05).
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4. Discussion

Flatfoot is a complex structural deformity which includes a
decrease in the arch height, heel valgus, and forefoot abduction.
The dynamic testing in this kinematics study demonstrated an
increase in eversion and external rotation throughout most of
stance phase. It also demonstrated the effects of the loss of
posterior tibial muscle function as the typical pronounced
inversion and internal rotation in late stance phase did not occur
in simulated flatfoot gait. However, there still was some degree of
motion toward inversion and internal rotation in toe-off, due to
preservation of flexor digitorum longus, flexor hallucis longus, and
gastrocnemius-soleus muscles which acted as secondary invertor
[20]. The kinematics created in vitro were consistent with that
observed clinically and radiologically, with forefoot external
rotation and hindfoot eversion.

Several gait analysis studies have recently compared partici-
pants with flat feet to those with normal foot posture [9-12].
Levinger et al. [10] reported differences in foot motion between the
two groups using a three-dimensional motion analysis system.
Participants with flat feet demonstrated greater peak rearfoot
eversion relative to the tibia (mean peak angular value of 5.8° vs
2.5°) and forefoot abduction relative to the rearfoot (mean peak
angular value of 12.9° vs 1.8°), while similar rearfoot dorsiflexion/
plantarflexion motion relative to the tibia compared with those
with normal feet. The angular motion patterns of each foot
segment during stance phase were similar between normal and
flatfeet in the three planes. Tome et al. [11] reported the similar
trend of foot motion changes with loss of arch height in flatfeet
compared to normal. These findings were consistent with our
results. The present study demonstrated that the changes in bone
position during simulated walking in the flatfoot in stance phase
approximated the in vivo condition.

The pathology and pathoanatomy associated with posterior
tibial tendonitis and tendon dysfunction have been studied. Mosier
et al. [27] examined the histologic changes in surgical specimens
from patient who underwent operative procedures for PTTD and
flatfeet. Radiologic studies of flatfeet have also been conducted
[4,5]. Karasick [4] described the preoperative radiographic
appearance of the acquired asymmetric flatfoot caused by a tear
of PTT. These radiographic changes reflected the loss of tendon
function and the development of a flatfoot deformity.

The disorder was examined experimentally in previous
cadaveric testing. Chu et al. [3] performed a cadaver study to
determine if the application of muscle forces simulating the
midstance part of gait had an effect on flatfoot deformity measured
evaluated radiographically. Changes in the talar-first metatarsal
angle and the height of the medial cuneiform were noted. The
authors concluded that, the medial structures (the spring ligament
and possibly the plantar fascia) must be severed to create an
effective flatfoot model and cyclical loading of the foot further
increases flattening of the arch. In the present study, the planar
fascia was not sectioned to create the flatfoot, as it was not felt to
be ruptured in patients with PTTD.

Niki et al. [28] investigated the functional role of PTT in
acquired flatfoot; intact (normal) specimens were loaded to
simulate heel strike, stance, and heel rise, with and without PTT
functioning. Subsequently, a procedure was performed on the
specimens to create a simulated flatfoot deformity. The flattened
feet were then used to determine the effect of restoring PTT
function to a flatfoot model. Small, statistically significant changes
in the angular positions of the hindfoot complex were observed
between functional and dysfunctional PTT conditions. They
concluded that the position of the foot could not be corrected
by PTT as it had little effect in overcoming the soft tissue laxity. The
present study demonstrated the value of dynamic testing as the

effect of the flatfoot malalignment and loss of posterior tibial
muscle function caused marked changes in the hindfoot alignment
throughout the stance phase of gait.

A biomechanical evaluation of the foot and ankle should include
the dynamic effects that may not be detectable in static
measurement. Gait analysis can allow the investigation of
important dynamic foot and ankle joint mechanics, but it is
possible with cadaveric specimens to investigate internal param-
eters such as individual tarsal bone kinematics or soft tissue
properties. The dynamic foot/ankle simulator will serve to study
these internal parameters in normal and pathological conditions,
and to study not only conventional but new treatment methods.
Such investigations are obviously not ethical or possible in live
subjects or patients.

There are several limitations of this study. First, it is not possible
to simulate contraction of the intrinsic muscles of the foot.
Secondly, the cadaveric specimens were elderly, and natural
changes of foot posture and motion may exist with increasing age.
Thirdly, full-scale normal ground reaction force loading was not
applied to the cadaveric lower extremities as high loads may
potentially affect suture fixation and soft tissue constraints with
repeated testing. Further studies are needed to examine kinemat-
ics of the midfoot relative to the tibia or the calcaneus, and the
calcaneus relative to the talus.

From the results of this study, we concluded that a simulator for
the stance phase of walking was developed that which provided
valid motions of the foot and ankle. The flatfoot deformity was
associated with significant malalignment of the hindfoot (calca-
neal-tibial) and forefoot (metatarsal-tibial) in multiple planes,
throughout simulated stance phase of gait.
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