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Current methods of quantifying foot kinematics during gait
typically use markers placed externally on bony anatomic loca-
tions. These models are unable to analyze talocrural or subtalar
motion because the talus lacks palpable landmarks to place
external markers. Alternative methods of measuring these
clinically relevant joint motions are invasive and have been
limited to research purposes only. This study explores the use of
fluoroscopy to noninvasively quantify talocrural and subtalar
sagittal plane kinematics. A fluoroscopy system (FS) was
designed and built to synchronize with an existing motion analy-
sis system (MAS). Simultaneous fluoroscopic, marker motion,
and ground reaction force (GRF) data were collected for five
subjects to demonstrate system application. A hindfoot sagittal
plane model was developed to evaluate talocrural and subtalar
joint motion. Maximum talocrural plantar and dorsiflexion
angles averaged among all the subjects occur at 12% and 83%
of stance, respectively, with a range of motion of 20.1 deg. Max-
imum talocrural plantar and dorsiflexion angles averaged
among all the subjects occur at toe-off and 67% of stance,
respectively, with a range of motion of 8.7 deg. Based on the
favorable comparison between the current fluoroscopically
measured kinematics and previously reported results from
alternative methods, it is concluded that fluoroscopic

technology is well suited for measuring the sagittal plane hind-
foot motion. [DOI: 10.1115/1.4032445]
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1 Introduction

The need for a clinical foot model capable of uncoupling the
talocrural and subtalar joints has been documented in the literature
[1–3]. Much of the current clinical research in ankle and hindfoot
kinematics focuses on treatments for end-stage ankle arthritis.
Outcomes are determined in many studies following total ankle
arthroplasty and ankle arthrodesis. Brodsky et al. evaluated 46
patients who underwent a fixed bearing total ankle arthroplasty
[1]. The authors found decreased hindfoot range of motion in the
sagittal and coronal planes during routine postoperative gait
analysis. The study emphasizes the importance of understanding
hindfoot mechanics distal to the tibiotalar joint. Another study
evaluating sagittal plane motion following ankle arthrodesis
showed increased motion of the subtalar joint using static X-rays
[2]. These studies highlight the importance of understanding indi-
vidual motions of the talocrural and subtalar joints during gait.

Most kinematic foot models using skin mounted markers for
gait analysis measure calcaneal motion relative to the tibia, effec-
tively combining talocrural and subtalar motions as lumped
“ankle” motion [4–9]. Any subtalar specific motion is either not
reported or attributed to a neighboring intersegmental joint. This
is done because talar position cannot be accurately tracked via
externally mounted skin markers [9–11]. Nonetheless, a number
of studies have used motion capture data to model the ankle com-
plex as both a talocrural joint and a subtalar joint using motion-
based optimization methods [11–14]. While these methods are
good at modeling computer generated or mechanical linkage
created data, they were found to have angular difference errors in
excess of 20 deg when applied to cadaver data [10]. For these rea-
sons, externally placed marker data alone have not been effective
in modeling the complex components of motion at the talocrural
and subtalar joints.

The use of intracortical bone mounted markers (markers affixed
to the end of surgically implanted bone pins) is one way to distin-
guish individual bones of the foot during in vivo motion tasks.
Studies using this technique have described talocrural and subtalar
motions in the normal adult population during gait [15,16]. While
intracortical bone pin methodologies have been applied for
research in healthy adults, their invasive nature precludes wide-
spread application in pathology or pediatrics. Dynamic MRI is an
additional methodology that has been used to define in vivo taloc-
rural and subtalar kinematics [17]. While valuable, these MRI
systems do not allow data collection during natural gait.

Over the last two decades, fluoroscopy has emerged as a means
for tracking the position and orientation of the underlying skeletal
anatomy of the foot/ankle [18–28]. The first 2D static kinematic
model of the foot based on fluoroscopically collected images was
done by Komistek et al. in 2000 [20]. The study measured the
range of motion in the sagittal plane between two static positions
(maximum flexion/extension). The first 3D static kinematic model
of the hindfoot using fluoroscopic images was done by de Asla
et al. in 2006 [21]. The model used MRI techniques to create a 3D
model of the tibia, fibula, talus, and calcaneus. The fluoroscopic
images were used to place the 3D models in the same orientations
as seen by the fluoroscopic images. The major drawbacks of de
Asla’s study were the limited scope of gait studied (heel strike,
midstance (MSt), and toe-off), and the static nature of the analysis
(subjects stopped moving while the fluoroscopic images were
acquired).

Other fluoroscopic studies measuring kinematics of the hindfoot
are reported using either single plane fluoroscopy with 3D-to-2D
model-based registration [22–25] or biplane fluoroscopy with
model-based tracking techniques [26–28]. Both of these approaches
are methodologically sound, and both require the patient to undergo
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MR or CT imaging in order to generate the 3D bone models. Only
one of the aforementioned fluoroscopic studies quantified talocrural
and/or subtalar kinematics from the full set of dynamically acquired
images on living subjects during gait [28]. Results were reported
for a single subject [28].

The goal of the current study was to integrate a single gantry
fluoroscope into a motion analysis walkway and to develop the
methodology to quantify in vivo sagittal plane talocrural and sub-
talar kinematics during gait, without the need for CT or MR imag-
ing. System feasibility for clinical application was previously
established in a study of 13 young adult participants [3]. The cur-
rent work presents a technical description of the single gantry FS
design, calibration, evaluation, and limitations.

2 Methods

The combined fluoromotion capture system was designed as
part of a developed sagittal plane kinematic model of the talocru-
ral and subtlar joints which required synchronous collection of
MAS marker, fluoroscopic imaging, and GRF data. The following
methodology describes how these data were synchronized as well
as the step-by-step process used for the kinematic analysis. Point
of interest (POI) locations in the fluoroscopic images were trans-
lated to the MAS coordinate system using marker position data
and a process called global referencing. Once translated, these
POI locations were used along with marker position data to define
local coordinate systems for the tibia, talus, and calcaneus in the
kinematic model.

The MAS consisted of 14 infrared cameras (Vicon Motion Sys-
tems, Inc., Oxford, UK) that tracked standard 16 mm reflective
markers. The fluoroscopic images were collected at 120 fps using
a Basler Aviator avA1000km camera (Basler Vision Technolo-
gies, Ahrensburg, Germany), imaging software called XCAP

(EPIX, Inc., Buffalo Grove, IL), and a reconfigured OEC 9000
C-arm fluoroscopy unit (GE, Fairfield, CT). GRF trigger data
were collected using a multi-axis AMTI OR6-5-1 force plate
(AMTI, Watertown, MA) embedded in a raised walkway. Data
processing was done in MATLAB (The MathWorks, Inc., Natick,
MA) and ImageJ (NIH). Figure 1 illustrates the FS configuration.

The kinematic analysis required MAS marker data, fluoroscopic
POI location data, and GRF magnitudes to be defined in a com-
mon coordinate system. The MAS coordinate system was selected
because the GRF data were already defined by the MAS. The fluo-
roscopic images were synchronized to the MAS using a 5 V
transistor–transistor logic (TTL) pulse that was generated by the
fluoroscopy unit when activated. The pulse was inputted into the
Vicon MX motion system as an external device analog signal
where it was synchronized with the MAS marker and GRF data.
The same TTL pulse was inputted as a general purpose input to
the computer with the imaging software, where it was used to trig-
ger the recording of images. Code was written to detect heel strike

by quantifying the number of frames between the 5 V TTL trigger
(initiating fluoroscopic image recording) and GRF initiation (heel
strike). This calculated number corresponded to the number of
images collected fluoroscopically before heel strike occurred.
High acceleration tests with an impact device were completed to
ensure reliable detection of heel strike (61 frame at 120 fps).

Pin cushion distortion is a type of radial distortion which can be
corrected for by using Brown’s distortion model [29], based on
earlier work by Conrady [30]. For this study, pin cushion distor-
tion of fluoroscopic images was corrected using a calibration grid
and software developed by Karau et al. [31]. After image correc-
tion was done, global referencing equations (1)–(3) (Table 1)
were applied to translate fluoroscopic POI locations in image
coordinates (Fx0, Fz0) to POI locations in MAS global coordinates
(FX, FY, FZ) within the sagittal plane of the foot. These equations
account for scaling from pixels to millimeter as well as projecting
from the image plane (parallel to the face of the image intensifier)
to the sagittal plane of the foot (Fig. 1). All globally referenced
POI locations exist within the sagittal plane of the foot which is
defined as vertical and containing MAS markers M1 and M2 (see
Table 2 for marker locations). The global referencing process
requires at least one MAS marker to be in the fluoroscopic field of
view (MAS marker M1) and two MAS markers to define foot pro-
gression angle b (MAS markers M1 and M2). Image magnifica-
tion (IM) is determined by dividing the pixel distance between
two radiopaque markers attached to the medial shank by the
known distance between the two markers (30 mm). Figure 2
shows a typical fluoroscopic image with parameters of Eqs.
(1)–(3) identified.

In order to evaluate the use of global referencing equations
(1)–(3), experiments were done to quantify the error between
globally referenced points in fluoroscopic images and their known
global locations in the MAS motion plane. Resolution and accu-
racy have been established for both adult and pediatric foot MAS
capture volumes by our group in prior studies [6,32]. For global
referencing evaluation, a matrix of 81 equally spaced radiopaque
markers (2 mm diameter) was imaged in several static positions.

Fig. 1 System configuration (left) showing the embedded force plate with global X and Y coordinates (Z is the cross product
of X and Y), emitter, image intensifier, and the digital camera. Foot position (right) showing the fluoroscopic image plane and
sagittal motion plane of the foot which is rotated by foot progression angle (b).

Table 1 Equations used for global referencing. Global coordi-
nates (X, Y, Z) in millimeter are anterior, medial, and superior,
respectively. Fluoroscopic coordinates (x0, z0) in pixels are ante-
rior and superior, respectively. IM scales distances in the fluo-
roscopic images from pixels to millimeter. h and b are angles
measured in degrees.

F1X ¼ M1X þ F1x0�M1x0

IM

h i
cos hþ F1z0�M1z0

IM

h i
sin h

h i
Eq. (1)

F1Y ¼ M1Y þ F1x0�M1x0

IM

h i
cos hþ F1z0�M1z0

IM

h i
sin h

h i
tan b Eq. (2)

F1Z ¼ M1Z þ � F1x0�M1x0

IM

h i
sin hþ F1z0�M1z0

IM

h i
cos h

h i
Eq. (3)
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The markers were located in a 9� 9 matrix array (rows and col-
umns spaced at an interval of 25.4 mm). The 2D matrix was
rotated in 5 deg increments in the transverse plane and swept
through a 90 deg angle (645 deg with respect to global X) in order
to approximate extreme variations in foot progression angle (b).
The radiopaque marker locations were then globally referenced
and compared to their known global locations in the MAS. These
experiments yielded errors less than 2 mm for points referenced at
locations similar to those of the talus and calcaneus with 65 deg
of foot progression (as was the case for all the five subjects in this
study). In addition, these errors were predictable based on position
in the capture volume and foot progression angle. This predict-
ability allows for correction algorithms to account for progression
angles that exceed 65 deg.

The developed hindfoot model analyzes talocrural and subtalar
joint kinematics and therefore requires coordinate systems to be
defined for the tibia, talus, and calcaneus. The tibia coordinate
system was defined by MAS markers M3–M6 (Table 2), as it
remained outside the image intensifier field of view for early and
late phases of stance. The talus and calcaneus coordinate systems
were defined by fluoroscopic markers. Fluoroscopic markers are
POI locations on fluoroscopic images that have been translated
from image coordinates to global coordinates using global refer-
encing. Each bone (talus and calcaneus) required two fluoroscopic
markers (Fig. 3) to define its coordinate system for each fluoro-
scopic image. Because there are no standard anatomic tracking
locations associated with the calcaneus or talus, fluoroscopic
marker locations were chosen based on visibility and distinguish-
ability throughout the entire image sequence. In addition,

fluoroscopic marker locations were selected as far apart as possi-
ble. For this study, the following fluoroscopic marker locations
were used (as shown in Fig. 3): F1—superior border of the talona-
vicular joint; F2—posterior talar process; F3—inferior aspect of
the calcaneocuboid joint; and F4—superior aspect of the posterior
tuberosity of the calcaneus. As part of the system evaluation, both
intraclinician and interclinician discrepancies in locating the same
fluoroscopic markers frame to frame are reported (Table 3).

Once fluoroscopic marker locations were translated to global
coordinates, they were used in conjunction with MAS markers
(Table 2) to define the coordinate axes of the tibia, talus, and
calcaneus coordinate systems (Table 4). Tibial i-axis is a unit vec-
tor pointing superiorly from the midpoint between MAS markers
M3 and M4 to the midpoint between MAS markers M5 and M6.
Tibial j-axis is a unit vector that points anteriorly and is the cross
product of a temporary vector (starting from the midpoint between
MAS markers M3 and M4 pointing toward MAS marker M3) with
the tibial i-axis. The tibial k-axis points medially and is the cross
product of the tibial i-axis with the tibial j-axis. Talar i-axis is a
unit vector that points from FS marker F1 to FS marker F2. Talar
k-axis is a unit vector that points medially and is the cross product
of talar i-axis with global Z (0,0,1). Talar j-axis is the cross product
of the talar k-axis with the talar i-axis. Calcaneal i-axis is a unit
vector that points from FS marker F3 to FS marker F4. Calcaneal
k-axis is a unit vector that points medially and is the cross product
of calcaneal i-axis with global Z (0,0,1). Calcaneal j-axis is the
cross product of the calcaneal k-axis with the calcaneal i-axis.

Table 2 External marker locations. Markers M1 and M2 are
used to define the foot progression angle (b) in Eq. (2). Markers
M3–M6 are used to define the axes of the tibial coordinate sys-
tem (Table 4).

Marker name Marker location

M1 Calcaneal tuberosity
M2 Head of the second metatarsal
M3 Medial malleolus
M4 Lateral malleolus
M5 Medial femoral epicondyle
M6 Lateral femoral epicondyle

Fig. 2 Typical fluoroscopic image. POI locations are translated
from image coordinates (F1x0, F1z0) to global coordinates (F1X,
F1Y, F1Z) using an external marker image (M1x0, M1z0) and
global (M1X, M1Y, M1Z) coordinate locations, as well as the IM,
subject foot progression angle (b, calculated from external
markers), and camera static angular rotation from global (h).

Fig. 3 Fluoroscopic markers and local coordinate axes. F1 and
F2 represent the fluoroscopic marker locations for the talus,
while F3 and F4 represent the fluoroscopic marker locations for
the calcaneus. Local coordinate axes for the tibia, talus, and
calcaneus are also shown. Local k-axes (not shown) are the
cross of local i-axes with local j-axes.

Table 3 Intraclinician and interclinician discrepancies in locat-
ing the same fluoroscopic markers frame to frame

Intraexaminer Interexaminer

Mean SD Mean SD

Three-dimensional positional differences
in fluoroscopic marker locations (mm)

1.41 1.04 1.63 0.95

Kinematic differences based on 3D
positional differences (deg)

1.06 0.81 1.44 1.00
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After coordinate definition, kinematic analysis was completed
by using the Joint Coordinate Method recommended by the Inter-
national Society of Biomechanics (ISB) [33,34], with motion
being reported as distal segment movement with respect to proxi-
mal. Although this is a 2D study, the kinematic model was triax-
ial. By definition, talar and calcaneal local k-axes (Table 4) are
parallel to each other and perpendicular to the sagittal (motion)
plane. To ensure proper coordinate definition, coronal and trans-
verse plane motions about the subtalar joint are measured to verify
a magnitude of zero.

In addition to the dynamic fluoroscopic images, the kinematic
model was applied to a static X-ray image with the subject standing
in a weight-bearing position. The same fluoroscopic marker locations
used in the dynamic kinematic model (Fig. 3) were used in the static
model. This static model measured talocrural and subtalar sagittal
plane angles during quiet standing. These measured angles represent
neutral position (0 deg) for reported kinematics. Defining quiet stand-
ing as neutral position allows for the use of subject-specific, and
even trial-specific, fluoroscopic marker locations (Fig. 3). It is criti-
cal, however, that the same locations be used within a trial.

Five clinically healthy male subjects (22.8 yr [4.0 SD], 1.77 m
[0.04 SD], 72.6 kg [4.1 SD]) participated in the study to demon-
strate the system/kinematic model. Informed consent was obtained
in compliance with the IRB requirements. Each subject completed
four barefoot walking trials at a self-selected pace while wearing
protective shielding. Effective dose levels were estimated at
10 lSv per trial.

3 Results

Sagittal plane kinematic results for both the talocrural and sub-
talar joints for a single subject are presented in Fig. 4. All the four
trials are plotted and results are subdivided into standardized
phases of stance [35]. Sagittal plane kinematic results for both the

talocrural and subtalar joints for all the five subjects are presented
in Fig. 5. Mean and standard deviation of all subjects’ trials (5
subjects, 4 trials per subject, 20 trials total) are subdivided into
standardized phases of stance [35]. The missing data at the end of
preswing (PSw) corresponds to the foot vacating the field of view.
Figures 4 and 5 show the talocrural joint increasing to maximum
plantar flexion during loading response followed by dorsiflexion
motion during MSt and terminal stance (TSt). Maximum talocru-
ral dorsiflexion occurs at the beginning of PSw followed by plan-
tarflexion toward swing phase. Figures 4 and 5 show the subtalar
joint in a neutral position at heel strike followed by dorsiflexion
into MSt. Maximum subtalar dorsiflexion occurs during TSt at
which point plantar flexion occurs for the rest of stance.

4 Discussion

It is generally accepted that the talus cannot be accurately tracked
by the markers attached to the surface of the skin [9–11]. While a
number of studies have used motion capture data of the shank and
foot to model the ankle complex as both a talocrural joint and a sub-
talar joint using motion-based optimization methods [11–14], accu-
racy results suggest that in vivo application may be limited [10].
Because of this, most current kinematic MAS models report only
ankle joint motion, or that of a hindfoot/calcaneal segment with
respect to a shank segment [4–9]. The ankle joint kinematic results
from these models compare favorably to the talocrural results of the
current study both in morphology and range of motion.

Bone pin methodologies do allow discrete talar isolation and
are capable of reporting talocrural and subtalar motion in vivo.
Results from these bone pin studies compare favorably to that of
this work. Sagittal plane talocrural joint kinematic graphs from
two bone pin studies (n¼ 8) show maximum plantar flexion
occurring before 15% of stance and maximum dorsiflexion (with
the exception of one subject) occurring after 75% of stance with
range of motion values between 11.3 deg and 18.7 deg [15,16].
The fluoroscopic maximum talocrural plantar and dorsiflexion
angles averaged among all subjects occur at 12% and 83% of
stance, respectively (Fig. 5), with a range of motion of 20.1 deg.
Sagittal plane subtalar joint kinematic graphs from the same bone
pin studies show varied locations of maximum plantar and dorsi-
flexion and ranges of motion between 2.8 deg and 8.8 deg. The flu-
oroscopic maximum talocrural plantar and dorsiflexion angles
averaged among all subjects occur at toe-off (97%) and 67% of
stance, respectively (Fig. 5), with a range of motion of 8.7 deg.
The invasive nature, risk of infection, and gait altering potential
associated with bone pin insertion limit widespread clinical appli-
cation. These methodological constraints do not exist with the flu-
oroscopic model, potentially making its application to pathology
and pediatrics more palatable to clinicians and parents.

A recent biplane fluoroscopic study quantified talocrural and
subtalar kinematics during gait of a single subject from a set of
dynamically acquired images [28]. Sagittal plane kinematic

Table 4 Segment local coordinate system axes definition. Flu-
oroscopic markers have prefix F and are globally referenced
points from the fluoroscopic images (Fig. 3). External markers
have prefix M and are defined by the MAS. All marker locations
are described in global coordinates.

Segment i-axis j-axis k-axis

Calcaneus F4�F3ð Þ���� F4�F3ð Þ

����

kaxis�iaxisð Þ���� kaxis�iaxisð Þ

����
iaxis�ð0;0;1Þð Þ���� iaxis�ð0;0;1Þð Þ

����
Talus F2�F1ð Þ���� F2�F1ð Þ

����

kaxis�iaxisð Þ���� kaxis�iaxisð Þ

����
iaxis�ð0;0;1Þð Þ���� iaxis�ð0;0;1Þð Þ

����

Tibia M5þM6
2ð Þ� M3þM4

2ð Þ���� M5þM6
2ð Þ� M3þM4

2ð Þ
� �����

M3� M3þM4
2ð Þð Þ�iaxisð Þ���� M3� M3þM4
2ð Þð Þ�iaxisð Þ

����
iaxis�jaxisð Þ���� iaxis�jaxisð Þ

����

Fig. 4 Talocrural (left) and subtalar (right) plantar/dorsiflexion angles (single subject, four
trials)
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results from the currently reported single gantry system compare
favorably to the biplane study. Because the biplane methodology
split stance phase into two different data collection trials (heel
strike and toe-off), a piecewise comparison was done. The mor-
phology of graphs between the studies shows comparable results
at heel strike, early MSt, and late MSt. The biplane study reported
a total estimated dose equivalent of less than 120 lSv, which
included a foot/ankle CT at 1 mm slice thicknesses. The single
gantry system does not require a CT, and for four walking trials,
the total estimated dose equivalent is conservatively estimated at
no greater than 50 lSv, which includes a static weight-bearing lat-
eral X-ray of the foot/ankle.

While the current 2D FS demonstrates the feasibility of using
fluoroscopic technology to track intrafoot motion, there are limita-
tions. In clinical applications where in vivo sagittal plane kinemat-
ics are of interest, the 2D system is appropriate. In applications
where information is needed on coronal and/or transverse motion,
a biplane system is recommended. For the current study, the
selected camera speed of 120 fps was sufficient for walking trials,
but may need to be increased for higher speed activities, such as
running. An additional study should be completed to ensure that
ambulation in footwear, such as shoes, orthotics, and braces, can
be captured with the same image quality. The study limitations
include the 2D nature of the analysis. While a second FS would
allow a full 3D analysis, the single gantry system has shown abil-
ity in quantifying sagittal plane talocrural and subtalar kinematics
with less than half the radiation of a biplane system, depending on
the imaging technique used for model-based tracking (CT or
MRI). An additional limitation is the use of ionizing radiation.
Levels of the currently reported system were estimated at 10 lSv
per trial. This is far below the USNRC whole body annual occupa-
tional limit of 5 rems (50,000 lSv) [36].

5 Conclusion

The purpose of this study was to develop the unique hardware
and methodology to use single plane fluoroscopy to quantify
in vivo sagittal plane talocrural and subtalar kinematics during
gait, without the need for CT or MR imaging. The dynamic radio-
graphic nature of fluoroscopy lends itself toward quantifying the
in vivo bony motion of the foot. It is concluded on the basis of the
current study that controlled fluoroscopy within a motion analysis
environment is appropriate for assessment of sagittal plane taloc-
rural and subtalar kinematics. The hindfoot motion reported in
this study compares favorably to standard MAS models only capa-
ble of measuring calcaneal to tibia motion, biplane fluoroscopic
models using model-based tracking, and invasive bone pin taloc-
rural and subtalar results.
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