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Three-Dimensional Kinematics of an Unconstrained Ankle Arthroplasty: A
Preliminary In Vivo Videofluoroscopic Feasibility Study

Renate List, PhD1; Mauro Foresti, PhD1; Hans Gerber, PhD1; Jörg Goldhahn, MD1; Pascal Rippstein, MD2; Edgar Stüssi, MD1

Zurich, Switzerland

ABSTRACT

Background: Understanding the functionality of total ankle
arthroplasties (TAA) requires thorough knowledge of the kine-
matics during activities of daily life. Videofluoroscopy enables
the in vivo measurement of the 3D kinematics of implant compo-
nents more accurately than by means of skin marker tracking.
The aim of the present preliminary study was to quantify the
3D kinematics of a TAA during the stance phase of level and
slope walking using single plane videofluoroscopy. Methods:
The experimental set up consisted of a videofluoroscopy system
(BV Pulsera, Philips Medical Systems, Switzerland, 25 Hz, 1
ms shutter time) integrated in a walkway, allowing the assess-
ment of free level gait, uphill, downhill and cross-slope walking.
2D/3D registration was performed using the CAD models of the
TAA. In a preliminary feasibility study, the presented method
was applied on four patients with successful unilateral TAA
(Mobility Total Ankle, DePuy) with good outcomes. Results:
Isolated 3D TAA kinematics was quantified with a rotational
and translational error of 0.2 degrees and 0.4 mm in plane
and 1.3 degrees and 2.1 mm out of plane. In the feasibility
study it was found that only minor limitations occurred in
sagittal plane motion. Any restrictions were caused by a limi-
tation in dorsiflexion, whereas plantarflexion was for all gait
conditions sufficiently provided. Transverse and frontal plane
rotation was marginal, the main rotation occurred around the
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talar construction axis itself. Conclusion: The presented method
enabled accurate estimation of the 3D TAA kinematics in vivo,
without being limited by skin movement artifacts and isolated
from subtalar motion. Since the available amount of dorsiflexion
is the crucial factor to allow unrestrictive gait, walking uphill
is an appropriate motion task to challenge and evaluate the
performance of the TAA. Clinical Relevance: The presented
method has the potential to identify specific kinematic patterns
and thereby help clinicians and implant developers to evaluate
current designs and future design modifications.

Key Words: Ankle Arthroplasty; Kinematics; Videofluoroscopy;
Gait

INTRODUCTION

The two most common methods of surgical treatment for
ankle osteoarthritis are arthrodesis or total ankle arthroplasty
(TAA). Arthrodesis has been associated with persistent alter-
ations in gait due to a loss of ankle motion compensated with
an increased motion of the neighboring small joints.14,15,44

The long-term effect is a higher risk of osteoarthritis in those
joints.6,28 Replacement of the ankle joint gives the theoretical
benefit of preservation of movement. An important design
criterion of a TAA is to replicate the kinematics of a healthy
ankle, namely to restore motion and at the same time to allow
surrounding soft tissues to maintain their role of guiding and
limiting motion.19 Considering a TAA with unconstrained
design, it is still not clear if, in the absence of the ability
of transmitting transverse forces and axial moments by the
articulating surfaces, a close to normal gait pattern may
be restored and compatibility to the anatomical role of the
surrounding soft tissues may be assured.10,21 The knowledge
of the in vivo performance of the TAA, especially including
the kinematics during daily activities, is of high importance
for the evaluation of the functionality of a TAA design.

Previous investigations on the kinematics of TAA
include static radiographic measure-ments,7,33,45 cadaver
tests,27,32,36−39 and gait analysis using skin mark-
ers.4,11,12,29,30,40 Lateral two-dimensionally assessed static
radiographic measurements are prone to projection errors
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induced by the positioning of the patient relative to the
X-ray beam axis and cannot necessarily predict the dynamic
behavior of the TAA. Cadaver excursion tests allow dynamic
testing scenarios, but are limited by a lack of muscle activity
and adaptive processes. Skin marker analyses allow the in
vivo quantification of the gait characteristics. However, skin
marker tracking has the drawback of skin movement artifacts,
which is believed to be the most important error in human
movement analysis.20 A further limitation is the inaccessi-
bility of the talus for attaching markers, thus the impossibility
to distinguish tibiotalar from subtalar motion. Valuable find-
ings concerning the kinematics of healthy ankle joints have
been gained by bone pin measurements1,25,35and roentgen
stereophotogrammetry using implanted tantalum markers.24

However, the latter two measurement techniques are very
unlikely to be applicable for the use on TAA patients due to
their high invasiveness.

Single plane videofluoroscopic analysis3,17,46 as well as
dual orthogonal fluoroscopy23 has provided valuable infor-
mation regarding total knee arthroplasties. In the field of
ankle and foot kinematics, 3D videofluoroscopic analyses
of daily motion tasks were only rarely used up to now.
By means of a combined magnetic resonance and dual-
orthogonal fluoroscopic approach, the healthy ankle joint was
investigated during a simulated stance phase with pausing
at heel strike, midstance and toe off.9,42 Komistek et al.18

looked at the Buechel-Pappas TAA at three weightbearing
positions when moving from maximum dorsi- to plan-
tarflexion. Conti et al.8 analyzed Agility patients and Leszko
et al.22 analyzed Salto patients in four positions of the
stance phase of gait and a step-up motion. In summary,
previous studies using an in vivo single plane videofluoro-
scopic approach, successfully determined the relative motion
between the ankle implant components under dynamic condi-
tions, but were limited to a small number of analyzed frames
and/or restricted measurement set up, that did not allow the
measurement of free gait.

To evaluate the functionality of a TAA design, the knowl-
edge of the accurate 3D in vivo kinematics of its components
is crucial and the kinematic measurement should fulfill the
following requirements: analysis of the TAA motion in vivo,
three-dimensionally, during daily motion tasks, such as free
gait. Since arthrodesis patients particularly show limitations
when walking uphill,26 one should also include more chal-
lenging motion tasks for the ankle, such as slope walking.
The sampling frequency should be reasonable to capture
TAA motion during the stance phase of about 600 ms.
The measurement should allow direct tracking of tibiotalar
motion, isolated from subtalar motion and be free of skin
movement artifacts.

Based on the above mentioned requirements, the aim of the
present preliminary study was to quantify the 3D kinematics
of the implant components of an unconstrained TAA with
good outcomes during the stance phase of level, uphill,
downhill and cross-slope walking using videofluoroscopy.

MATERIALS AND METHODS

Data acquisition
The experimental set up allowed the assessment of level

gait, walking uphill, downhill and cross-slope walking. It
consisted of a videofluoroscopy system integrated into a
walkway 10 m in length and 1 m in width, with the height
of the walking level 50 cm above the floor (Figure 1). The
C-arm was inclined, with the X-ray source lower than the
image intensifier, such that the bottom ray was parallel to
the floor, resulting in a minimized shade of the floor and
maximized usable field of view. A ramp with an inclination
angle of 10 degrees and an accordingly adapted inclination
and height of the C-arm were used for slope walking.
The videofluoroscopic image capture was performed using
the videofluoroscopy system BV Pulsera (Philips Medical
Systems, Switzerland) with a field of view of 30.5 cm. The
system modification allowed measuremants to take place
with a pulsed mode of 25 Hz, 8 ms radiation, 1 ms shutter
time and a image resolution of 1000 x 1000 pixels with a
grayscale resolution of 12 bit.13 The fluoroscopy coordinate
system was defined as follows: x- and y-axes lie in the image
plane; z-axis was directed perpendicular to the image plane
(Figure 1).

The test procedure consisted of the three main parts,
calibration procedure, static trials and dynamic trials. The
calibration procedure included one image of a well-defined
calibration grid, used for image distortion correction and five
images of a calibration tube, to estimate projection parame-
ters of the fluoroscopic system. The subject had to perform
six static trials: two standing trials in an anatomical upright
position once captured from the side, once from the front,
as well as a maximal plantarflexed, a maximal dorsiflexed, a
maximal everted and a maximal inverted static loaded posi-
tion. Each of the maximal deflected positions was repeated
twice and the maximal of the two was selected. The dynamic
trials included the assessment of the ankle kinematics during
five gait conditions. Namely, level gait (gt), walking down-
hill (dnh), walking uphill (uph), and cross-slope walking,
once sloping to the medial side (csm), and once to the lateral
side (csl) of the ankle. For each of the five gait conditions
the subjects had to perform five valid trials (stance phase

Fig. 1: Videofluoroscopy system integrated into walkway, set up for level
gait.
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Fig. 2: Three-dimensional reconstructed videofluoroscopic image.

captured). The mean and standard deviation of the five trials
were calculated.

Data processing
Image distortion of the videofluoroscopic images was

eliminated by a local correction algorithm using a refer-
ence grid with approximately 1,300 beads.13 The projection
parameters of the videofluoroscopic system (focal distance,
location of the principle point in the image plane) were deter-
mined by a least-squares optimization using the images of the
calibration tube. 13

The 3D reconstruction of the 2D images was performed
using the CAD models of the implant components and a
registration algorithm, initially designed for the location of
hip implants in X-ray images.5 The respective output of the
registration algorithm is the 3D position of the tibial and talar
components (Figure 2). For the analysis of the error of the
2D/3D reconstruction, the tibial and the talar component of
the Mobility Total Ankle, both of size three, were fixed
together and embedded into polyurethane foam. Using a
positioning set up, composed of a cross table and a marking

unit, the TAA components were captured in 63 positions.13

Each image was 3D reconstructed using the CAD data of the
manufacturer, and the translational as well as the rotational
error were estimated for both components by means of
the standard deviation (SD) of the 63 measurements. The
rotational error was found to be smaller than 0.2 degrees in
plane and 1.3 degrees out of plane. The translational error
was smaller than 0.4 mm in plane and 2.1 mm out of plane.

Joint rotations and translations were described from the
talar relative to the tibial component using a helical axis
approach.43 In other words, rotation angle and screw vector
were extracted from the rotation matrix using quaternion
calculations. To define clinically interpretable rotational
components, the attitude vector (rotation angle multiplied
with the normalized screw vector) was decomposed along
the axes of the implant coordinate system, defined in the
respective CAD data of the components (Figure 3). Neutral,
thus 0 degrees, was defined by the initial position of the
implant components determined by the implant coordinate
system. TAA motion was furthermore analyzed by the loca-
tion and orientation of the talar construction axis, defined by
the cylinder axis of the talar component, relative to the tibial
component (Figure 3).

Outcome parameters were defined for the static and the
dynamic trials and are listed in Table 1. The definition of
ROM for ankle dorsi-/plantarflexion is shown in Figure 4.

Preliminary feasibility study
Four male, good outcome patients, having had an uncon-

strained TAA on one side (Mobility Total Ankle, DePuy)
participated in this study (Table 2). Inclusion criteria for the
subjects included to be at least one year post-operative at
time of testing, having a minimal American Orthopaedic
Foot and Ankle Society ankle hindfoot score (AOFAS) of
90 points and a maximum of 1 point on a visual analog
pain scale (VAS), clinically assessed in the year of testing.
All four subjects had a well-aligned TAA, ensured by a post-
operative clinically assessed anteroposterior radiograph. Each
subject signed an informed consent form in accordance to the
research ethics committee of the ETH Zurich.

The whole measurement procedure including 25 gait trials
and 10 single pictures equated to a radiation exposure dose of

Fig. 3: Implant coordinate system (black arrows) –mediolateral (ml) axis, anteroposterior (AP) axis, vertical (v) axis and talar construction axis (black and
white dashed line).
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Table 1: Outcome Parameters

Static Clinical Rotation Parameters

maxstat pf sagittal plane orientation of the implant components in a maximal plantarflexed static loaded position
maxstat df sagittal plane orientation of the implant components in a maximal dorsiflexed static loaded position
ROMstat pfdf maximal ROM around the ml-axis between maxstat pf and maxstat df
StandingTrial sagittal plane orientation of the implant components in the upright standing trial
ROMstat invev ROM around the ap-axis between a maximal everted and a maximal inverted static loaded position

Dynamic Clinical Rotation Parameters

maxdynpf first peak of plantarflexion (see Figure 4)
maxdyndf peak of dorsiflexion (see Figure 4)
ROMdynpf ROM between heel strike and maxdynpf (see Figure 4)
ROMdyndf ROM between maxdynpf and maxdyndf (see Figure 4)
ROMdynpfdf range between maximum and minimum of dorsi-/plantarflexion during stance
ROMdynadab range between maximum and minimum of adduction/abduction during stance
ROMdyn invev range between maximum and minimum of inversion/eversion during stance
ROMdyn tap range between maximum and minimum of the anteroposterior translation during stance

ROM, range of motion.

approximately 0.05 mSv. This is equivalent to approximately
2.5 times the effective dose reported for a chest X-ray31

and 200 times smaller than the effective dose reported for a
CT scan of the abdomen or the pelvis.41 Thus, the radiation
exposure was minimal.

RESULTS

Results for the static clinical rotations of the four TAA
subjects are given in Table 3. In the upright standing trials,
all the TAA subjects showed, relative to the neutral position

of the implant components, a plantarflexed position of the
talar relative to the tibial component (Table 3). Starting from
the ankle in position of the standing trial, sub1, sub2 and sub3
showed at least 9 degrees of functional available range of
motion (ROM) in the direction of dorsiflexion, whereas sub4
was limited to 1 degree. In the direction of plantarflexion, all
subjects showed more than 10 degrees of functional available
ROM compared to the upright standing trial position.

The TAA kinematics of level gait are presented in Figure 5,
and sagittal plane kinematics of the four ramp conditions are

Table 2: Information on TAA Subjects

sub1 sub2 sub3 sub4

Age [Years] 60 53 60 60
Height [m] 1.7 1.85 1.84 1.82
Weight [kg] 72 91 88 74
Years post-op 4.8 4.4 1.3 3.3
Pre-op Diagnoses Primary OA Primary OA Primary OA

rearfoot varus
Posttraumatic OA

Surgical Approach anterior anterior anterior anterior
Concomitant

Procedures
release of the

gastrocnemius
aponeurosis

- Dwyer osteotomy,
deltoid release to
rebalance the ankle

-

VAS 0 0 0 1
AOFAS 100 94 90 100

VAS and AOFAS were clinically assessed in the year of testing. OA, osteoarthritis; VAS, visual analog scale; AOFAS, American Orthopaedic Foot and
Ankle Society ankle hindfoot score.
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Table 3: Static Clinical Rotations Parameters of Each Subject and Mean and SD Over All Subjects

Rotation around ml-axis Rotation around
ap-axisStatic Trials

[degrees] maxstat df maxstat pf ROMstat pfdf StandingTrial ROMstat invev

sub1 1.9 −19.3 21.2 −7.1 0.8
sub2 3.5 −38.2 41.7 −11.4 3.5
sub3 5.6 −25.0 30.6 −9.0 2.1
sub4 −6.6 −20.9 14.3 −7.8 4.3
mean ± SD 1.1 ± 5.4 −25.9 ± 8.6 27.0 ± 11.9 −8.8 ± 1.9 2.7 ± 1.5

Fig. 4: Definition of ROM for ankle dorsi-/plantarflexion.

shown in Figure 6. Results of the dynamic clinical rotation
parameters are given in Table 4 for the sagittal plane and
in Table 5 for the frontal and the transverse plane rotations,
as well as for anteroposterior translation. The predominant
motion at the TAA for all gait tasks was dorsi-/plantarflexion.
The motion pattern showed, for all four TAA subjects,
the following characteristics: after heel strike the TAA
experienced a plantarflexion motion, followed by dorsiflexion
and another shift in the plantarflexion direction. Concerning
the timing, the minimum for all subjects was around 10% of
stance, whereas sub1, sub2 and sub4 reached the maximum

between 70% to 90% of stance, but sub3 already reached it
around 40% (Figure 6). The inter-individual differences for
sagittal plane motion were large showing values between 0.3
and 10.4 degrees, and 2.8 and 17.1 degrees for ROMdynpf
and ROMdyndf, respectively (Table 4).

The TAA experienced only minimal inversion/eversion
and adduction/abduction motion (Table 5). Their rotation
amplitudes were in the range of the variability (Figure 5 an
ex-ample for level gait). A characteristic motion pattern was
not recognizable for either of them. The talar construction
axis showed less than 4.6 mm of translation along the AP
axis and stayed more or less parallel for all subjects and all
conditions (Figure 7).

When comparing walking uphill to level gait, all subjects
showed less ROMdynpf, as well as less ROMdyndf (Table 4).
Walking downhill showed the tendency of an increase in
ROMdynpf compared to level gait. A systematic change in
ROM was not present for cross-slope walking.

DISCUSSION

The developed procedure enabled quantification of TAA
kinematics, without being limited by skin movement arti-
facts. Hereby motion at the TAA is isolated from motion of
the subtalar joint. The experimental set up allowed the TAA
subjects to walk freely on level ground, as well as on ramps
with an inclination of 10 degrees.

Although the present study is limited by its small patient
sample and the impossibility of drawing a general conclusion
concerning TAA outcome, the present data confirmed the

Fig. 5: Ankle kinematics during the stance phase of level gait. Mean and SD of all trials for each subject: sub1 (black solid line), sub2 (black dotted line),
sub3 (gray solid line), sub4 (gray dotted line).
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Fig. 6: Ankle sagittal plane kinematics during the stance phase of slope walking (from left to right): uphill, downhill, cross-slope to lateral, cross-slope to
medial. Mean and SD of all trials for each subject: sub1 (black solid line), sub2 (black dotted line), sub3 (gray solid line), sub4 (gray dotted line).

need to investigate dynamic daily activities, such as gait,
following TAA. It is not only the magnitude of static
available ROM which determines if the TAA restricts gait,
but, most important, how it is situated functionally and how
effectively it can be used, so that daily motion tasks may
be performed without inducing compensation movements in
adjacent joints.

The static trials revealed that the TAA allows marginal
motion in the frontal plane and large inter-individual differ-
ences in the sagittal plane. Even so all four subjects
showed values for sagittal plane maximal static ROM
that were comparable to radiographically assessed tibio-
talar ROM of the Agility TAA7 and of the STAR AnkleTM

prosthesis,45 as well as to the fluoroscopy gained ROM
of the Buechel-Pappas TAA.18 Three of the four subjects
showed a rather diminished sagittal ROM in comparison to
the tibiotalar ROM of healthy ankles analyzed in previous
studies.2,9,18,24,34 Starting from the upright standing trial
position, the TAA subjects showed a smaller functionally
available dorsiflexion ROM, than plantarflexion. This one-
sided restriction in dorsiflexion has also been observed in
previous skin marker studies,11,29 as well as in cadaver
studies.32,37 Since the polyethylene inlay and the talar
component both show a double curved shape, it can be
assumed that during the small amount of frontal plane motion
the congruency can more or less be maintained and no
increased risk of wear should arise.

During level gait only minor limitations in sagittal plane
motion were found for the TAA subjects. Restrictions were
mainly seen during walking uphill due to a dorsiflexion limi-
tation. It can be assumed that the TAA allows maintenance
of motion and preserves adjacent joints from compensatory
movements. A further improvement of the functionality of
the TAA could possibly be achieved by balancing the static
available to the functional ROM needed during gait by a
change in implant positioning during surgery or by intensi-
fied physiotherapy.

For all gait conditions, dorsi-/plantarflexion was the
predominant rotation occurring at the TAA. The sagittal
plane motion pattern observed during level gait, with a plan-
tarflexion peak at around 10% and a dorsiflexion peak at
around 80% of stance, is comparable to the kinematics of

healthy ankles in the bone pin studies by Arndt et al.1 and
Lundgren et al.25 Only sub3 reached the dorsiflexion peak
before midstance and therefore showed atypical behavior
with regard to timing. In contrast, Leszko et al.22 reported an
almost linear motion pattern for dorsi-/plantarflexion during
level gait and a step up task for the Salto TAA. However,
since in the study of Leszko et al.22 only four images (heel
strike, 33% stance, 66% stance, toe off) were analyzed, it can
be assumed that imperative information was lacking due to
the insufficient sampling frequency. Nevertheless the mean
sagittal ROM during level gait is in agreement with the study
of Leszko et al.22 Compared to gait data of healthy ankles in
studies by Lundgren et al.25 and Arndt et al.1 sagittal ROM of
the TAA subjects showed only minor reductions during gait.

Inversion/eversion, as well as adduction/abduction, during
gait was small but showed large variability, which has also
been stated by Conti et al.8 Compared to the character-
istic frontal1,25 and transverse1 plane kinematics described
for healthy ankles, the TAA subjects did not replicate
transverse and frontal plane motion characteristics of a
healthy ankle, even though the maximal ROM was similar.
Neither the frontal plane motion characteristics of the healthy
ankle, described as an initial inversion up to 20% stance,
followed by eversion, followed by more or less a static
behavior and a final strong inversion during the last 10%
stance,1,25 nor the transverse plane motion characteristics
of an adduction movement that followed an initial abduc-
tion movement during the first 20% stance,1 was seen for
the TAA (Figure 5). In the unconstrained TAA the articu-
lating surfaces account for less constraint than in a healthy
ankle. Nonetheless, it remains unclear, whether the inability
to transmit transverse forces and axial moments by the artic-
ulating surfaces or whether the influence of the changed
geometric arrangements of the surrounding soft tissues, e.g.,
as lever arms of ligaments, tendons and muscles was the main
reason for not restoring frontal and transverse plane motion
patterns of healthy ankles. However, since the outcome
of a TAA is dependent on the compatibility between the
TAA and the surrounding ligaments,19 the influence of the
changed motion pattern of such an unconstrained TAA on the
surrounding soft tissues should be addressed in future studies.

Copyright  2012 by the American Orthopaedic Foot & Ankle Society
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Fig. 7: Motion of the talar construction axis relative to the tibial component during one typical level gait trial of each subject. From left to right: sub1, sub2,
sub3, sub4.

The shifts in adduction/abduction present between subjects
(Figure 5) show the differences in transverse rotation, which
are dependent on the alignment between the TAA compo-
nents set during surgery. This transverse plane misalignment
was also seen in the standing trials and the orientation of the
talar construction axes during level gait (Figure 7).

Even though the analyzed TAA is an unconstrained design,
which allowed free translation in the transverse plane, the
measured anteroposterior translation of the cylinder axis
relative to the tibial component was small in agreement
with the findings of Conti et al.8 and Leszko et al.22

Furthermore, since the construction axis stayed more or less
parallel and only showed little translation, it can be concluded
that the main rotation occurred around the construction
axis itself. Since this motion path is according to the
motion path dictated by the geometry of the TAA, it
permits to maintain an optimal congruency of the implant
components which leads to a better load distribution along
the articulating surfaces and is therefore favorable for the
wear characteristics of the TAA. Whether such a motion path
will allow a physiological role of the surrounding ligaments
remains to be seen.

For optimal function, the static available ROM needs to be
distributed over a range that fully enables the performance
of dynamic gait tasks without restrictions. A comparison
between the static available ROM (ROMstat pfdf) and the
ROM which was actually used during the dynamic motion
tasks (ROMdynpfdf), is graphically provided in Figure 8.

Generally, the static available ROM was shifted compared to
the ROM that was functionally used during gait (asymmetric
vertical bar pattern). Therefore, in terms of distribution of
the unexploited motion ranges, an asymmetry with a larger
range of plantarflexion than of dorsiflexion was seen (�pf
> �df). Based on this shift, it can be concluded that the
static available ROM cannot be used effectively, since it is
not distributed functionally in terms of the requirements for
gait. A possible restriction during gait, due to a limitation in
the static available ROM was seen for sub4 during all gait
tasks and for sub1 during uphill and cross-slope walking
(�df missing or marginal). All restrictions concerned the
direction of dorsiflexion. On the contrary, the available range
of plantarflexion was not even closely exploited for any of
the subjects and any of the gait conditions.

Even though the design of the Mobility Total Ankle
allows the same amount of motion in both directions,
decreased ROM in dorsiflexion was found. The restriction
in dorsiflexion is in line with the findings of a cadaver study
of Richter et al.32 which investigated the Hintegra TAA,
whereas the same study found no differences for the German
Ankle System. Thus, based on the latter study the design may
have an influence. Coetzee and Castro7 stated in their study
on 61 patients who had a primary Agility TAA, that the main
factor determining the postoperative ROM is the preoperative
ROM. Whether this finding can be applied to other designs is
unclear. However, on the basis of the latter study, the restric-
tions could also be due to other factors than the design of the

Fig. 8: Sagittal plane static versus dynamic ROM. Whole bar (black + dark gray + light gray) refers to ROMstat pfdf. The light gray part shows the functional
ROM used during gait (ROMdynpfdf). The black and the dark gray parts show the unexploited motion ranges in the direction of dorsiflexion �df (black) and
plantarflexion �pf (dark gray), and give a measure of how much of ROMstat pfdf was used during the dynamic gait tasks. The dotted line gives the reference
of the orientation of the components in the upright standing trial. The centerlines, cl ROMstat pfdf and cl ROMdyn pfdf, allow an estimate of how well situated
the range of available motion is.
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prosthesis alone. Hintermann et al.16 found the main reason
of the restriction to be the scarred capsule and soft tissues.
Doets et al.11 and similarly Benedetti et al.4 concluded that
there was more co-contraction in TAA subjects than in
controls. For that reason, the decreased sagittal ROM could
be explained by the restraints of the surrounding muscular co-
contraction. Future studies need to address whether the main
causes for the restriction in ROM in pain-free subjects are
stiffness of the surrounding soft tissues, changed muscular
activity, implant design or of multifactorial nature. Further-
more, it should be clarified if these restrictions and their
causes are implant design specific or may be generalized.

Depending on the foot size, the TAA left the field of
view of the image intensifier before toe off. This limita-
tion only allowed the whole stance phase to be tracked for
sub1. However, the second half of the stance phase was
of less interest, since the healthy talocrural joint demon-
strates more motion during the first half than during the
second half of the stance phase.9 An additional limitation
is the out of plane accuracy given by the single plane
approach. However, the present accuracy of the 2D/3D
reconstruction is in the range of, or even better than, the
2D/3D reconstruction algorithms presented by referenced
past studies on single plane videofluoroscopy with knee
prosthesis.3,17

CONCLUSION

The presented videofluoroscopic procedure enabled accu-
rate estimation of the 3D TAA kinematics in vivo, without
being limited by skin movement artifacts and it was isolated
from subtalar motion. This preliminary feasibility study
showed the applicability of the procedure and confirmed the
importance of in vivo analysis of tibiotalar motion during
daily activities. In comparison to previous bone pin studies
on healthy ankles,1,25 sagittal plane motion characteristics
of the four TAA subjects with good outcomes were in line
with healthy ankles, whereas transverse and frontal plane
motion characteristics of healthy ankles were not replicated
by the TAA subjects. It remains to be seen if those small
differences (less than 5 degrees) have a relevant impact on
the strain behavior of the surrounding soft tissues. Contrary
to expectations, cross-slope walking did not provoke any
instability in the behavior of the TAA. It was found that
the available amount of dorsiflexion was the crucial factor
to allow unrestrictive gait, whereas the available amount
of plantarflexion seemed to be sufficient for any of the
analyzed gait tasks. The current study showed that walking
uphill was an appropriate motion task to challenge and eval-
uate the performance of the TAA with good outcomes. The
developed procedure has the potential to help clinicians and
implant developers to evaluate current designs and future
design modifications, if it is applied to a larger number of
subjects.
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