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ABSTRACT. Objective. To compare the 3-dimensional (3D) orientation of the tibiotalar, tibiocalcaneal, and inter-
tarsal joints in cadaveric specimens following structural weakening to predetermined ligaments in the
peritalar region and medial ankle tendons under axial loads and simulated calcaneal valgus deformity.
Methods. Eight fresh-frozen, unembalmed human lower leg and foot specimens were placed in a
materials testing machine. The mid-stance period of gait was simulated and the 3D orientation of the
tibiotalar, tibiocalcaneal, and intertarsal joints was measured using an electromagnetic motion analy-
sis system. Specimens were then axially loaded at 840 N for 5400 cycles with the calcaneus in its
initial orientation and under simulated valgus conditions using a heel wedge following attenuation
(multiple stab incisions) of selected ligaments (tibionavicular, anterior tibiotalar and tibiocalcaneal
portions of the medial deltoid ligament, the inferior calcaneonavicular ligament, and the superome-
dial calcaneonavicular ligament) or tendons (tibialis posterior, flexor digitorum longus, and flexor
hallucis longus). The joint orientation measurements were then repeated and compared with baseline
intact measurements.

Results. Pes planovalgus was observed in 6/8 specimens following testing. The tibiotalar, tibiocal-
caneal, talonavicular, and calcaneocuboid joints were more dorsiflexed, everted, and externally rotat-
ed following either ligament or tendon compromise. The changes in orientation were small but
showed consistent patterns with the smallest changes (typically < 1°) for the transverse plane and
largest (up to 3.5°) for the frontal plane. The magnitude of change was similar for the tibiotalar and
tibiocalcaneal joints, largest for the talonavicular joint, and smallest for the calcaneocuboid joint for
both ligament and tendon compromise. The orientation of the talocalcaneal joint was more plan-
tarflexed and everted relative to baseline, for both the ligament and tendon compromise with < 1° of
change in orientation about the transverse plane. Under simulated valgus heel conditions, joint orien-
tation was further increased especially about the frontal plane in the direction of eversion. The small-
est changes were noted for the calcaneocuboid joint (~ 1°), similar change (~ 2-3°) for the tibiotalar,
tibiocalcaneal and talocalcaneal joints, and the largest changes (> 3°) for the talonavicular joint. There
were no observed differences in the magnitude of change between ligament or tendon condition.
Conclusion. Selective attenuation to either the ligaments supporting the tibiotalar, talocalcaneal, and
talonavicular joints or the medial ankle tendons followed by cyclic loading results in small but
important changes in the orientation of the tarsal bones consistent with the development of pes
planovalgus. (J Rheumatol 2005;32:268-74)
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dinal arch. However, techniques are also needed to model
the underlying mechanical or disease processes associated
with the early stages of pes planovalgus of the adult
acquired-type. In inflammatory diseases, such as rheuma-
toid arthritis (RA), pes planovalgus rarely results from a sin-
gle injury, but rather a gradual weakening of the structures
as the result of continued and prolonged weight-bearing,
with the ligamentous and tendonous structures becoming
weakened because of persistent or repeated episodes of
inflammation”-8. The clinical picture for pes planovalgus
and the associated inflammatory and mechanical factors are
well described in RA, but little is known about its evolu-
tion”"!1,

For in vitro models, stab incision may be a useful first
approach to model partial tears in the medial ankle tendons
associated with RA8. The findings of imaging studies that
identified sites of joint inflammation in the tibiotalar, talo-
calcaneal, and intertarsal joints provide useful information
to locate more precisely the ligaments to attenuate to model
RA related pathology”-3:10-12_ Altering the alignment of the
rearfoot to match early deformity such as valgus heel can
further refine the model, since the motion and associated
orientation characteristics have been extensively
described!?. We compared the orientation of the tibiotalar,
tibiocalcaneal, and intertarsal joints following (1) structural
weakening of predetermined ligaments and tendons, and (2)
simulated calcaneal valgus deformity.

MATERIALS AND METHODS

Anatomical specimens. Eight fresh-frozen unembalmed human lower leg
and foot specimens were used in this study. Each limb was inspected for
and excluded if significant rear- and/or mid-foot deformity, joint stiffness,
ankylosis, or surface evidence of invasive surgery was present. The soft tis-
sue (skin and muscle) of each anatomical specimen was removed from the
proximal tibia and fibula to expose the flexor digitorum longus (FDL), flex-
or hallucis longus (FHL), and tibialis posterior (TP) tendons to approxi-
mately 80 mm proximal from the medial malleolus. The skin and subcuta-
neous fat were removed from the medial and dorsal ankle and foot to facil-
itate placement of motion sensors into the tibia and tarsal bones. The plan-
tar aponeurosis, fat pad, and remaining soft tissue covering of the foot and
ankle were left intact. Approximately 70 mm of exposed proximal tibia and
fibula were embedded in polymethylmethacrylate encased within an alu-
minium vessel. Each specimen was mounted in a servohydraulic materials
testing unit (Model 8500, Instron Corp., Canton, Massachusetts, USA). The
specimen rested on a rigid plastic plate fixed to the actuator arm of the test
machine with the lower leg visually aligned to vertical, with the foot per-
pendicular and neutral in both the transverse and frontal planes. Finally, a
series of wire cables, clamps, and weights were used to secure and load the
FHL, FDL, and TP tendons (Figure 1).

Instrumentation. Foot joint angles were recorded using a 3-dimensional
electromagnetic motion analysis system (Skill Technologies Inc., Phoenix,
AZ, USA) incorporating Fastrak motion tracking sensors (Polhemus,
Colchester, VT, USA). The sensors measure 28 x 23 mm and have a mass
of 17 g. A small hole was drilled in each bone and filled with polymethyl-
methacrylate cement into which a 4.7 mm plastic rod was inserted. Each
rod protruded at an angle to avoid soft tissue impingement and to ensure
adequate separation from neighboring sensors. Sensors were mounted on
the rods by small plastic blocks.

During testing, the orientation of each sensor relative to the transmitter
was captured by a microprocessor. Two systems were connected together,

Figure 1. Experimental setup showing attachment of electromagnetic sensors to the cadaver speci-
men in the materials testing machine and the loading apparatus for the flexor hallucis longus, flex-
or digitorum longus, and tibialis posterior muscle tendons.

—| Personal non-commercial use only. The Journal of Rheumatology Copyright © 2005. All rights reserved. |—

Woodburn, et al: RA pes planovalgus

269

Downloaded on April 9, 2024 from www.jrheum.org


http://www.jrheum.org/

yielding a sampling rate for each sensor of 60 Hz. The resulting angles were
smoothed using a 6 Hz low-pass digital Butterworth filter. A joint coordinate
system was established for each joint studied according to the principles
described by Grood and Suntay'3. The joints investigated were the tibiocal-
caneal, tibiotalar, talocalcaneal, talonavicular, and calcaneocuboid.
Movement about a medial-lateral axis (X) was defined as dorsi(+)/plan-
tarflexion(—), while motion about an anterior-posterior axis (Y) was termed
inversion(+)/eversion(—). Finally, movement about a vertical axis (Z) through
the proximal segment was defined as internal(+)/external(—) rotation.

Prior to testing, the data capture volume was mapped to create a cor-
rection algorithm to adjust the distortion of the electromagnetic field
caused by metallic interference from the Instron machine. The correction
algorithm was created using a commercial software package specifically
designed for this purpose (SKMapper; Skill Technologies Inc., Phoenix,
AZ, USA). The root mean square error following the mapping procedure
was found to be < 1.0° for orientation for all axes of rotation.

Testing procedure. The zero reference orientation was established for all
bones with the cadaveric foot resting on the plastic platform, the tibia per-
pendicular to the platform under a vertical compressive load of 240 N.
Static baseline testing, designed to approximate the conditions typically
found during the mid-stance phase of normal walking!4, consisted of a stat-
ic axial compressive load of 560 N through a vertical tibia with the calca-
neus assuming a resting orientation. This condition was termed the initial
calcaneal orientation and does not assume that the calcaneus had either a
neutral or vertical alignment. The orientation of each bone was recorded for
a period of 10 s after the static load (560 N) had been applied for 20 s to

precondition the soft tissues. During axial loading of the foot, the FDL,
FHL, and TP tendons were loaded in tension based upon the unscaled val-
ues reported by Reeck, et al for the 30% stance period (24, 30, and 72 N,
respectively)!. After this initial static baseline condition, either the TP ten-
don or the ligamentous and capsular support of the talonavicular, tibiotalar,
and talocalcaneal joint of each specimen were compromised and joint ori-
entations were measured under 2 conditions: A. initial calcaneal orientation
(ICO) and B. simulated calcaneal valgus (SCV). An 8° valgus wedge was
used to increase the deforming forces to enable the simulation of the valgus
deformity typically found in RA!?, Focal degeneration and partial tendon
tears of TP, FDL, and FHL were modeled by using the ligament injury tech-
nique described by Niki, et al, which required multiple longitudinal inci-
sions to be made parallel to the tendon fiber orientation, with care taken not
to transect the structure’. Similarly, stab incisions were made through the
tibionavicular, anterior tibiotalar and tibiocalcaneal portions of the medial
deltoid ligament, the inferior calcaneonavicular ligament, and the supero-
medial calcaneonavicular ligament. At the talonavicular joint the incisions
extended through the joint capsule into the joint space. Variable fiber ori-
entation and blind access to the inferior calcaneonavicular ligament did not
permit tight control of the direction and magnitude of the incisions. Figure
2 illustrates the order of testing used in this study.

Following ligament and/or tendon compromise, the specimens were
subjected to axial compressive loading of 840 N with the foot in 8° of val-
gus for 5400 cycles at a frequency of 1 Hz. During cyclic loading, the TP,
FHL, and FDL tendons continued to be loaded in tension. The purpose of
the cyclic loading was to simulate repeated episodes of weight-bearing dur-
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Figure 2. Summary of the experimental protocol.
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ing walking. The number of cycles approximated the average daily steps
taken by a typical community ambulatory person*>. At the conclusion of
the 5400 loading cycles, the angular orientation of each bone was again
recorded using the protocol established under the initial static baseline con-
dition of 560 N. The experiment proceeded according to the protocol out-
lined in Figure 2. The order of testing was reversed for pairs of specimens.

Data analysis. Means and standard deviations are given as descriptive sta-
tistics for the change in interosseous angles. Since the small sample size did
not permit formal hypothesis testing, the t distribution was used to calcu-
late mean differences and associated confidence intervals between the stat-
ic baseline and the ligament and tendon compromise for both the ICO and
the SCV conditions. The statistical software package SPSS for Windows
version 9.0.0 was used.

RESULTS

Specimen observation during testing. From visual inspec-
tion and by the consensus of 2 observers during testing,
changes in deformity consistent with the clinical description
of pes planovalgus was observed in 6/8 specimens. This was
characterized primarily by eversion (valgus) of the calca-
neus and reduced medial longitudinal arch height, but less
so by forefoot abduction. During cyclic loading, tears ini-
tially created by the stab incisions became visible and pro-
gressively increased in size in some ligaments, but no con-
sistent pattern was observed across the specimens. Tendon
rupture was not reported for any of the specimens.

Baseline joint angles. Changes in joint orientation were

observed for all joints studied during static baseline testing;
however, the magnitude of change varied by joint and plane
of rotation (Table 1). The large standard deviations relative
to the mean values indicated highly variable specimen
response to the input loads. Across all joints a consistent pat-
tern was observed, with the smallest changes for transverse
(typically < 1°) and sagittal plane (< 2°) and larger changes
(2° to 8°) for frontal plane orientation. In the frontal plane
all joints were everted, with the largest changes noted for the
talonavicular joint. Under SCV conditions the joints were
resistant to further change in orientation compared to the
ICO condition for all but the frontal plane. Here, all joints
became more everted, with the largest change again noted
for the talonavicular joint.

Ligament and tendon weakening. The joint orientations at
baseline and post-ligament and tendon attenuation are
shown in Table 1 and Figure 3. The tibiotalar, tibiocalcaneal,
talonavicular, and calcaneocuboid joints were more dorsi-
flexed, everted, and externally rotated after either ligament
or tendon compromise. The changes in orientation were
small but showed consistent patterns, with the smallest
changes (typically < 1°) for the transverse plane and largest
(up to 3.5°) for the frontal plane. The magnitude of change
was similar for the tibiotalar and tibiocalcaneal joints,
largest for the talonavicular joint, and smallest for the calca-

Table 1. Joint orientation (degrees) at baseline and under initial calcaneal orientation and simulated cal-
caneal valgus conditions, including mean difference (95% CI of the difference) between conditions.

Joint Angle at Angle after Angle after
Joint Condition Motion Baseline (A)  Ligament (B) Diff B-A Tendon (C) Diff C-A
Parameter Mean (SD) Mean (SD) (Mean, 95% CI) Mean (SD) (Mean, 95% CI)
Tib-Tal ICO D/P Flex 1.1(0.6) 2.6(2.8) 1.5(-0.8,3.7) 33(2.8) 22(-54.4)
Inv/Ever -24(1.9) -49(4.3) -2.5(-4.9,0) -4.9 (4.6) -2.5(-5.2,02)
I/R Rot 0.0(1.5) -0.6 (2.6) -0.6 (-2.3,1.1) 0.1(2.5) A(-1.5,1.7)
SCV D/P Flex 0.8(0.8) 2.6 (2.6) 1.8(-0.2,3.7) 2.1(1.3) 1.3(522)
Inv/Ever -3.8(2.1) -6.8(4.4) -2.9(-5.7,-0.2) -6.2 (4.4) -2.4(-5.0,0.3)
I/R Rot 0.5 (2.0) -0.12.9) -0.6 (-2.2,1.1) -0.5(2.7) 0.0 (-1.5,1.5)
Tib-Cale ICO D/P Flex 1.1(0.6) 3.0(2.3) 1.9(0,3.7) 33(2.8) 2.2(0,4.4)
Inv/Ever 2.4 (1.9) 4.9 (4.3) 2.6 (-5.1,0) 4.9 (4.6) -2.5(-5.2,0.2)
I/R Rot 0.2(1.5) -0.8(2.1) -1.0 (-2.0,0.1) -1222) -1.3(-2.4,-0.3)
SCV D/P Flex 0.8 (0.8) 2.6 (2.6) 1.8(-0.23.7) 2.1(1.3) 13(0.52.2)
Inv/Ever 3821 -6.8 (4.4) -2.9(-5.7,-0.2) -6.2(4.4) -2.4(-5.0,0.25)
I/R Rot 0.1(2.0) -08(2.7) -0.8 (-24,0.7) -0.3Q2.7) -0.4 (-1.8,1.0)
Tal-Cale ICO D/P Flex -1.1(1.6) -1.42.3) -0.4 (-1.4,0.6) -1.6 (2.4) -0.5(-1.7,0.7)
Inv/Ever 2.9(23) -5.1(4.8) 2.4(-5.1,0.3) -5.2(4.9) 2.3(-5.0,0.4)
I/R Rot -0.5(2.8) 0.2(5.4) 0.4 (-4.1,4.9) -0.7(5.3) -0.2 (-4.0,3.5)
SCV D/P Flex -1.6(1.7) 2.12.4) -0.5(-1.50.5) 2127 -0.5(-1.8,0.9)
Inv/Ever -4.1(2.9) -6.6 (4.9) -2.5(-5.4,0.3) -6.2(4.7) -2.1(-4.7,0.5)
/R Rot -04(3.7) 0.3(6.4) 0.7 (-4.0,5.4) -0.7(5.4) -0.4 (-3.5,2.6)
Talo-Nav ICO D/P Flex -L7@2.1) -2.1(3.6) -0.7 (-2.3,1.0) -2.0(3.2) <04 (-1.8,1.1)
Inv/Ever -5.8(3.6) -8.9(6.4) -3.4(-6.6,-0.2) -92(7.1) -3.4(-7.1,02)
I/R Rot -0.9 (5.5) -1.0 (10.0) -1.0(-7.3,54) -2.3(9.8) -1.5(-6.5,3.5)
SCV D/P Flex -1.6 (2.2) -2.1(3.5) -0.5(-1.9,1.0) -2.1(3.0) -0.4 (-1.5,0.7)
Inv/Ever -7.9(4.7) -11.7(7.2) -3.7(-72,-0.3) -11.4 (7.4) -3.4(-7.0,0.2)
I/R Rot -1.2(6.4) -1.4 (10.9) -0.2 (-6.1,5.8) -2.8(9.6) -1.6 (-5.7,2.6)
Cale-Cub ICO D/P Flex -0.6 (1.2) -0.7(1.5) -0.1(-0.6,0.4) -0.7 (0.6) -0.1(-0.6,0.4)
Inv/Ever -23(1.2) -2.8(1.5) -0.8(-2.0,04) -29(1.7) <0.6 (-1.5,0.3)
I/R Rot -0.2(2.6) -1.0(3.7) -12(-2.9,04) -1.2(3.7) -1.1(-2.2,0.1)
SCV D/P Flex -0.3(0.5) -0.5(0.8) -0.1(-0.7,0.4) -0.5(0.8) -0.1(-0.7,0.4)
Inv/Ever -3.5(1.8) 4.52.1) -1.0 (-1.5,-0.5) -4.6(2.2) -1.1(-1.7,-0.5)
I/R Rot -0.3(3.2) -1.0(4.2) -0.7(-1.6,0.3) -1.2(4.2) -0.9(-1.9,0.1)

Diff: difference; ICO: initial calcaneal orientation; SCV: simulated calcaneal valgus; Tib-Tal: tibiotalar joint;
Tib-Calc: tibiocalcaneal joint; Tal-Calc: talocalcaneal joint; Talo-Nav: talonavicular joint; Calc-Cub: calca-
neocuboid joint; D/P Flex: dorsiflexion (+)/plantarflexion (-) in sagittal plane; Inv/Ever: inversion (+)/eversion
() in frontal plane; I/R Rot: internal (+)/external (-) rotation in transverse plane.
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Figure 3. Joint orientation (degrees) at baseline and post-ligament and tendon attenuation under initial calcaneal orientation (ICO)
and simulated calcaneal valgus (SCV) conditions.
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neocuboid joint for both ligament and tendon compromise.
The orientation of the talocalcaneal joint was more plan-
tarflexed and everted relative to the baseline, for both the
ligament and tendon compromise, with < 1° of change in
orientation about the transverse plane. The wide 95% confi-
dence intervals for the mean difference indicate large varia-
tion in the response of specimens to simulated ligament and
tendon damage.

Simulated calcaneal valgus. Under SCV conditions, for
both the ligament and tendon compromise the orientation of
all joints was further changed (Table 1 and Figure 3). Where
changes of > 1° were observed, the magnitude of the orien-
tation was increased and always in the same direction of the
initial change from baseline to ICO condition. Again, the
largest change in orientation was in the frontal plane in the
direction of eversion, with the smallest change noted for the
calcaneocuboid joint (~ 1°), similar change (~ 2°-3°) for the
tibiotalar, tibiocalcaneal and talocalcaneal joints, and the
largest changes (> 3°) for the talonavicular joint. There were
no observed differences in the magnitude of change between
ligament or tendon condition. From the static baseline tests,
the orientation of the talonavicular joint changed by ~ 11°
for both the ligament and tendon compromise.

DISCUSSION

The medial ankle and tarsal joint ligaments have important
motion guiding and stabilizing functions>!>-1°, and tibialis
posterior is considered the major muscle maintaining the
medial longitudinal arch!!7. Disease processes that weaken
these tissues structurally, such as inflammatory arthritis,
may lead to collapse of the medial longitudinal arch and val-
gus of the hindfoot'2°, Our results show that selectively
attenuating such structure by minimally invasive injury led
to changes in the orientation of the tarsal bones, and defor-
mity consistent with the clinical description of pes planoval-
gus.

Under normal physiological loads the largest tarsal joint
rotations are found at the talonavicular joint, especially for
frontal plane motion'®1°. This joint remains stable because
the inferior calcaneonavicular ligament and the superomedi-
al calcaneonavicular ligament are force-bearing and resist
medial and plantar displacement of the talar head, assisted
by the expansive insertion and blending of tibialis posterior
to the tuberosity of the navicular>!3, This joint is vulnerable
to synovitis in RA!!, so it was appropriate to selectively
attenuate these structures, and doing so resulted in the
largest observed changes in joint orientation in the direction
of increased eversion. Moreover, equivalent changes were
noted independent of the sequence of testing, confirming the
structural interdependency of the ligaments and tendon. The
superomedial portion of the calcaneonavicular ligament
assumes the greater biomechanical role, but these structures
are functionally interrelated, since calcaneonavicular liga-
ment insufficiency is frequently encountered with tibialis

posterior tendon dysfunction?’. This association is impor-
tant, as the method of attenuating these structures through
stab incisions was unlikely to truly isolate ligament and ten-
don pathology in this region. Further, when tibialis posteri-
or is dysfunctional, the midfoot loses its rigidity and stabil-
ity during the latter part of stance??2!. The powerful gastro-
soleus complex then acts across the talonavicular joint as
well as the forefoot during propulsion, and the resultant
motion is thought to stretch the calcaneonavicular and
medial plantar ligaments2?2!, It should be remembered that
the observed changes in orientation were created with the
foot in a mid-stance posture under axial load, and that fur-
ther changes may have been expected had we been able to
simulate foot orientation during propulsion with the gastro-
soleus complex simultaneously under tension.

Although tibialis posterior tendon rupture is uncommon
— a series of 3 imaging studies found the prevalence to be
< 5% among RA cases with pes planovalgus — the tendon
may attenuate within its structure and thus become dysfunc-
tional®21-23_ Our study confirmed this view, and the changes
in bone orientation were small but consistent with those
reported earlier®. Nevertheless, while the model was intend-
ed to be specifically relevant to RA, the resulting pes
planovalgus may have been no different from other adult
progressive flatfoot deformity of any etiology, such as trau-
ma or tibialis posterior tendon rupture. Paradoxically, dys-
function has been characterized by muscle weakness in the
presence of increased electromyographic activity, and its
role in the pathogenesis of pes planovalgus in RA remains
unclear®12212224 " The relevant functional input for all
stages of disease with appropriately scaled tensions to sim-
ulate normal and weak muscle groups, and the action of
antagonists, primarily the peroneal muscle groups, will be
included in future models.

Although the primary site for ligament attenuation was
the medial aspect of the foot, changes in joint orientation
were expected for all the tarsal joints, since their movement
patterns are coupled!®. Our findings were consistent with
other studies simulating both ligament and tendon compro-
mise!'"0. The absolute changes were small, but consistent
with reports where experimental protocols included com-
plete sectioning of structures. For example, Kitaoka, et al
defined the relative contribution of 6 ligaments in stabilizing
the arch and found changes in orientation of the tarsal bones
of typically less than 2°2, This emphasizes the importance of
the mode of injury, where, in this study, cyclic loading may
have caused significant stretching of soft tissue.

The tibionavicular, anterior tibiotalar, and tibiocalcaneal
portions of the medial deltoid ligament were attenuated on
the basis that the tibiotalar joint is involved in RA!l. We
observed changes in eversion orientation and small amounts
of internal tibial rotation through the tibiotalar and the tarsal
joints, with eversion increasing further when specimens
were wedged into a valgus position. The effect was subject

—| Personal non-commercial use only. The Journal of Rheumatology Copyright © 2005. All rights reserved. |—

Woodburn, et al: RA pes planovalgus

273

Downloaded on April 9, 2024 from www.jrheum.org


http://www.jrheum.org/

to considerable variability among specimens, but these
changes are consistent with the findings of other studies®1°.
Importantly, the dominant frontal plane changes resulted in
a valgus heel deformity typical of that seen in patients with
RA%10_ Recently, attention has been paid to degeneration of
the interosseous talocalcaneal and cervical ligaments associ-
ated with inflammation in the sinus tarsi region®!2. We
speculate that attenuating these ligaments may subject spec-
imens to further deformity, because they are important sta-
bilizers of the talocalcaneal joint®. Interestingly, we
observed that soft tissue compromise medially resulted in
small changes in joint orientation at the calcaneocuboid
joint, thus confirming the complex properties of foot motion
and the potential for widespread changes in function fol-
lowing injury.

In summary, compromise to either the ligaments support-
ing the tibiotalar, talocalcaneal, and talonavicular joints or
the medial ankle tendons results in small but important
changes in the orientation of the tarsal bones consistent with
the development of pes planovalgus. We intend to use this
experimental method to study and develop mechanical inter-
ventions directed at stabilizing the foot, primarily through
functional foot orthoses.
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