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Abstract: Measuring foot kinematics using optical motion capture is
technically challenging due to skin tissue artifact and small bone size.
We present a validation of our biplane X-ray system, demonstrating its
capacity to track foot bones. Using precision stages we imaged two sets
of tali, calcanei and first metatarsals, with imbedded beads, through 30
unique positions. Bone- and bead-based algorithms were employed for semi-
automatic tracking. Translational and rotational positions were compared
to precision stages to determine performance. For each bone, 300 frames
were analyzed. Model-based: The resulting overall translational bias of
the six bones was 0.058 mm with a precision of + 0.049 mm. The overall
rotational bias of the six bones was 0.291° with a precision of + 0.268°.
Bead-based: the overall translational bias was 0.037 mm with a precision
of + 0.032 mm and for rotation was 0.292° with a precision of * 0.263°.
We have validated the potential of our system to track foot bone motion.
Bead-and bone-based tracking have comparable errors vs. the precision
stages. This X-ray based methodology can significantly benefit the field
of image-based measurement and diagnostics by allowing the direct measure
of foot bone kinematics during activities such as gait.
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Abstract

Measuring foot kinematics using optical motion capture is technically challenging due to skin
tissue artifact and small bone size. We present a validation of our biplane X-ray system,
demonstrating its capacity to track foot bones. Using precision stages we imaged two sets of
tali, calcanei and first metatarsals, with imbedded beads, through 30 unique positions. Bone-
and bead-based algorithms were employed for semi-automatic tracking. Translational and
rotational positions were compared to precision stages to determine performance. For each
bone, 300 frames were analyzed. Model-based: The resulting overall translational bias of the six
bones was 0.058 mm with a precision of £ 0.049 mm. The overall rotational bias of the six
bones was 0.291° with a precision of + 0.268°. Bead-based: the overall translational bias was
0.037 mm with a precision of £ 0.032 mm and for rotation was 0.292° with a precision of
0.263°. We have validated the potential of our system to track foot bone motion. Bead-and
bone-based tracking have comparable errors vs. the precision stages. This X-ray based
methodology can significantly benefit the field of image-based measurement and diagnostics by
allowing the direct measure of foot bone kinematics during activities such as gait.
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Abbreviations

CPU: central processing unit

CMM: coordinate measurement machine
DLT: direct linear transformation

DDR: digitally reconstructed radiograph
GPU: graphic processing unit

GUI: graphically user interface

NCC: normalized correlation coefficient
RMSE: root mean square error

STA: skin tissue artifact
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Introduction

The joints within the lower extremity: the hip, knee and — the focus of this work — the foot and
ankle complex, play a primary role in locomotion and mobility but their function can be
challenging to study. The common standard in the field of joint kinematics is optical motion
capture. These systems utilize reflective surface markers and a measurement volume flooded
with infrared light in order to track the motion of body segments. Optical motion capture has
been used to study the lower extremity through the development of numerous marker models
[1-5]. These models have been used to quantify gait kinematics in normal subjects [6, 7], in
patients with ankle arthrosis [8], and in patients with adult-acquired flatfoot deformity [9].

However, an overall limitation of optical motion capture is skin tissue artifact (STA) — the error
associated with the non-rigid motion between the skin-mounted location of an optical marker
and the underlying bony landmark it is nominally tracking [10-16]. Cappello et al. demonstrated
that (at the knee) a single calibration of landmark locations yields a root-mean-square error
(RMSE) which averaged 3.7° to 6.4° in rotation and 6.3 mm to 12.9 mm in translation. Their
attempts to compensate by considering two kinematic calibration endpoints and linearly
interpolating between them reduced the average RMSE to 1.4° to 1.6° in rotation and 2.0 mm
to 2.8 mm in translation [10]. Tranberg and Karlsson measured STA using metal markers and a
fluoroscopy system. They found that marker movement was dependent on marker location —
with distal forefoot markers demonstrating less motion (a maximum 1.8 mm) than proximal
hind and midfoot markers (a maximum of 4.3 mm) [11]. The phase of the gait cycle was also
found to affect STA. Shultz, Kedgley, and Jenkyn found greater marker STA error in triad origin
translation in toe-off, than in heel-strike or mid-stance for the calcaneus and navicular (e.g.,
12.1 £ 0.3 mm at toe-off vs. 5.9 + 7.3 mm at heel-strike for the calcaneus) [12]. These location
and movement-specific variabilities in overall optical motion capture error are worth
consideration by themselves, but there are additional challenges present when studying the
foot and ankle. A study by Nester et al. used bone pins to compare to two optical marker
techniques (individually mounted skin markers and rigid marker plates mounted to skin). Their
study found errors that were specific to the particular joint and plane of motion. Comparing any
two of their three protocols (individual, plate and bone motion) during stance, the results
showed an average maximum difference in error that was >3% in 100% of the data, >5% in 73%
of the data and >8% in 23% of the data [15].

Two additional specific limitations of optical motion capture arise when considering the
anatomy of the foot and ankle. The first is that an important bone in the ankle (the talus)
possesses no near-surface landmarks due to its depth; this renders it unsuitable for optical
motion capture and thus prevents the separation of ankle and subtalar joint motions. The
second specific limitation is that many of the bones of the foot are very small, and are therefore
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technically challenging to affix adequate markers to without experiencing significant marker
visual overlap and merging; this requires the grouping of several bones into multi-bone
kinematic segments, necessitating a simplification of the kinematics within the foot and ankle
from bones to regions, a paradigm ill-suited for joint-specific study. In summary, optical motion
capture is limited primarily due to STA, which is influenced by marker location and gait phase;
there are also secondary concerns due to bone depth and size. Present through all of the
mentioned studies are errors that may be particularly problematic when considering the
magnitude of joint motions that are associated with clinical significance.

Biplane fluoroscopy (also known as dynamic stereo X-ray [16], dual-orthogonal fluoroscopy
[17], etc.) is a rapidly growing technique which can visualize and track the motion of bones
directly. By directly imaging the bones, some of the deficiencies of optical motion capture —
including difficulties in marker tracking due to STA — are overcome. Direct visualization with
fluoroscopy also resolves challenges with tracking deep bones and small bones.

Biplane fluoroscopy has been used elsewhere to study the hip [18, 19], the knee [17, 20, 21]
and the ankle [22-24]. Due to the relative novelty of this technology, the lack of standardized
commercial availability of processing software, and the strong influence that the anatomy of
interest has on the potential bias of such systems — the need to validate biplane fluoroscopy
techniques is strongly acknowledged in the community. Numerous laboratories have published
literature describing their validation methods in order to support the findings and impact of
their subsequent research [19, 21, 24-30]. Most studies use bead-based (also called marker-
based) tracking as a reference for their bone-based (also called model-based) results, where the
position of the beads is the “gold standard” by which their bone tracking is compared to. At the
hip, Lin et al. reported an bias + precision of 0.60 + 0.75 mm and 0.69 + 0.85° for the hip in
static poses [19]. Anderst et al. tracked the femur and tibia with bias ranging (in their static
trials), overall, from -0.37 mm to 0.14 mm and precision ranging from 0.03 mm to 0.08 mm
when comparing their bead-based tracking results to model-based [21]. Using a similar method,
Bey et al. reported values at the knee for the patella and femur with a bias which ranged overall
from -0.174 mm to 0.248 mm, and a precision ranging from 0.023 mm to 0.062 mm for static
trials [25]. In the ankle, Caputo et al. determined an average error in displacement of 0.04 +
0.11 mm, with an average error in rotation of 0.2 £ 0.1° [23]. Also in the ankle, Wang et al.
reported a mean translational bias of 0.03 mm £ 0.35 mm and a mean rotational bias of 0.25° +
0.81° across all trials and for all bones (tibia, talus and calcaneus) [24].

Our laboratory has developed a biplane fluoroscopy system to study foot and ankle kinematics.
We have previously reported the results of our hardware tuned to optimize marker-based
tracking using a precision translation / rotation stage [31]. The objective of this work was to
develop and validate a model-based tracking technique applied to the foot. A secondary
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objective was to evaluate marker based tracking performance. Both objectives utilize a
precision stage as a “gold standard”. With the use of a numerical optimization algorithm, we
hypothesized that we could track the position and rotation of bones of the foot (talus,
calcaneus and first metatarsal) with sub-millimeter and sub-degree bias and precision.

Methods

System Overview

Biplane fluoroscopy works by using, in brief: (a) a pair of 2-dimensional (2D) images of subject’s
bones during functional tasks taken from different perspectives; (b) a separate imaging session
(commonly CT or MRI) collects high resolution bone geometry to build 3-dimensional (3D)
digital bone models; (c) digital volumetric bone models are used to mathematically generate an
artificial X-ray image in a virtual environment; (d) the pose of the digital bone models are
adjusted until the artificial X-ray image “matches” the 2D images taken during subject trials.
This methodology yields a 3D bone position for each frame, which can then be used to calculate
joint kinematics over a dynamic exercise such as gait. More detail is included in the bone
position optimization section below.

Our biplane system hardware consists of two modified Philips BV Pulsera C-arm fluoroscopes
(Philips Medical Systems, Best, the Netherlands), arbitrarily named the “blue” and “green”
systems. The fluoroscopes’ digital cameras were replaced with high speed digital videocameras
(Phantom v5.2, Vision Research, Wayne NJ) capable of a 1000 Hz framerate at an 1152 x 896
pixel resolution. The fluoroscopes and digital cameras are connected to a laboratory PC which
coordinates the activation of the fluoroscope systems and the collection of data through
custom lab interface hardware. The performance of the hardware has been previously
described [31].

Session Setup

Prior to a session of testing, two sets of data are captured that are necessary for pre-processing
of the experimental data. The first data set are images of a distortion correction plate which is
affixed to the image intensifiers. This rigid aluminum plate has a precision machined grid of 3
mm holes spaced 15 mm apart. Additionally there is a unique pattern of 5 mm holes present to
define the plate orientation (Figure 1). The second data set are images of a localizer /
calibration block. This rigid plastic block is made of a stable radiolucent polymer (R1/HG3000,
GoldenWest Mfg., Inc.; Cedar Ridge, CA). The localizer block has 15 tantalum beads of varying
diameters permanently seated within it at known locations to form a unique 3D pattern (Figure
2). True bead centroids and diameters were determined to within 0.007 mm using a coordinate
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measuring machine (CMM, Global Performance Model, Hexagon Metrology; North Kingstown,
RI). More details are provided in the pre-processing section, and in the prior publication [31].

Validation Trials

Two calcanei, tali, and first metatarsals were harvested from cadaveric donors (three females
aged: 72, 80 and 82 years old weighing 53, 73 and 63 kg, respectively). The bones were
imbedded in foam blocks (Figure 3, top). These blocks are rigid to prevent movement of the
imbedded bones, and are of low radiodensity to prevent image artifact; additionally a plastic
“wand” affixed to the block served as an attachment point for validation trials. Tantalum beads
(1.6mm diameter) were implanted in four corners of each foam block and secured with
superglue. The foam thus rigidly joins the beads and the bones, but also separates the beads
from the surface of the bone to reduce artifacts which occur when implanted beads in or on
cortical bone are CT scanned. Two beads were also implanted into the wand. Validation trials
were performed for each of the six bones under two conditions: translation and rotation of the
imbedded-bone foam blocks.

Each block was individually affixed to a linear stage via the wand to a 1-micron precision
stepper-motor (ROB-09238, SparkFun Electronics, Niwok CO) with attached micrometer (Figure
3, bottom). Starting at the original position, each block was imaged and then translated 0, 0.1,
0.2,0.3,0.4,0.5,1, 2, 3,4,5, 10 and 15mm from the original position. At each position, the
block was imaged at 1000 Hz for 0.1 seconds to yield 100 static stereo image pairs.

The block wand was then mounted to a precision gearbox coupled to a rotational
potentiometer (6209 series, Measurement Specialties Inc., Hampton VA). Again starting from
an original position, each block was imaged and then rotated to 0, 0.01, 0.02, 0.03, 0.04, 0.05,
0.1,0.2,0.3,0.4,0.5, 1, 2, 3, 4, 5 and 15 degrees from the original position. A 100 static frames
captured at 1000 Hz were recorded in the same manner as the translational trials.

The imbedded-bone foam blocks were collectively CT scanned using a GE Discovery CT750 HD.
The CT volume was reconstructed to form an isometric volume with voxel spacing of 0.4922
mm/voxel.

Pre-Processing

For each bone, 100 frames of fluoroscopic images were captured at each position. To reduce
the number of frames to analyze, these data were decimated to yield 10 image frames for each
translational or rotational position. Each bone was posed in 30 unique positions (translation
and rotation together) which yield 300 frames per bone for a total of 1800 image pairs (Figure
4) to analyze in this study.
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The session setup images of the distortion correction plate are used with a previously-reported
algorithm [31] to generate a template. This template is applied to each frame of data to remove
the in-plane distortion that arises during the fluoroscope acquisition (most notably the
pincushion effect and magnetic lens distortion). The localizer / calibration block images are
used to establish the relative 3D positions of the X-ray sources and the image acquisition planes
[31]. This is done for each fluoroscope by first identifying each of the bead centroids in the
fluoroscope image, and then calculating the direct linear transformation (DLT) matrix that
relates the 2D positions of these beads to the corresponding 3D locations. This DLT calculation
provides extrinsic and intrinsic camera parameters, which are necessary to generate our virtual
imaging environment [32].

The CT scan of the imbedded-bone foam blocks was imported into custom segmentation
software (Multi-Rigid [33]). This software provides a semi-automated method for segmenting
bones. MultiRigid outputs two 3D volume datasets: scan intensity (bone density) information,
and a label file that identifies which bone is contained by each voxel.

Bone Position Optimization

The major steps to determine bone position are: creation of digitally reconstructed radiographs
(DRRs), manual setting of the initial bone pose, and algorithmic optimization of bone position.

A virtual imaging environment was formed in a coordinate system defined by the localizer /
calibration block pre-processing. To create the DRRs, the 3D bone density and geometry data
obtained from processing the CT scans in Multi-Rigid are imported into that virtual
environment. In the virtual environment, X-rays are assumed to emit from a point source (the
location of the focal spot) and project onto a virtual image intensifier focal plane. Thus a ray can
be defined as extending from the virtual source, potentially though a virtual bone (depending
on where the bone is positioned), to a given pixel on the virtual image intensifier. There are
1.03x10° pixels (and therefore rays) for each of the two virtual fluoroscope / intensifier pairs.
The DRR is thus a 2D array of pixel intensity values with each intensity value corresponding to a
numerical estimate of the integral of the CT voxel values along each of these rays.

A user of the biplane system interfaces with the optimization software through a graphical user
interface (GUI). This GUI allows the user to view any frame in a data set, and select which bone
to activate in the virtual imaging environment. Activated bones will display their 3D surface
files, allowing the user to rapidly match bone pose with the fluoroscope image. To accomplish
this, the user has a variety of positioning tools available to manually align the 3D bone surface
in both fluoroscope views with the imaged bone. These include tools that allow the user to
adjust the 3D bone position in individual 2D fluoroscope views, manually input rotation and
translation values, and perform 3D rotation of the bone (Figure 5).
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Once the user has performed a manual initial positioning of the bone, an automated
optimization algorithm using a derivative-free optimizer (CONDOR) [34] is initialized. At each
perturbation, the following steps occur:

e A DRRis generated for the bone pose.

e The horizontal and vertical gradients of each DRR are calculated.

e A binary mask is generated for the non-zero pixels of the DRR (i.e., the region where the
bone projects onto the virtual image intensifier plane). This mask is dilated by several
pixels.

e The horizontal and vertical gradients of the fluoroscope image are calculated.

e The binary mask is applied to the fluoroscope image and its gradients for subsequent
analysis.

e NCCs (normalized correlation coefficients) are calculated for the pair of gradient images
and for the pairs of intensity images.

e A final weighted sum of NCC values is calculated.

The optimizer iteratively perturbs the six degrees of freedom of each bone (three Euler angles
and three centroid offsets) characteristic of rigid-body transformations. This is done until the

overall NCC value was maximized; this position is deemed the “optimal” position for that bone /
frame (Figure 5, area B). Typically, 200-250 DRRs must be generated for each pair of

fluoroscope images before the optimized position is found.

For bone position optimization, both image intensities and image gradients (horizontal and
vertical) from each of the two perspectives are used to evaluate the match between DRR and
fluoroscope images. Intensity matching provides a coarse registration, while image gradients,
which tend to accentuate object edges and similar features, provide fine adjustments to the
registration (Figure 6).

Image gradients in the horizontal (Gy) and vertical (G\) directions were calculated by means of
image convolution. These gradient images were designed to make object edges more
pronounced, which can aid in fine adjustments to the optimal bone position. The convolution
kernel was a 2D Gaussian gradient kernel, which combined both differentiation and Gaussian
blurring into a single convolution. The kernel K that was used to calculate the gradient in the x-
direction (horizontal) direction was defined as:

u2 42

K(u,v) = #:ﬂ)e_( 202 ) [Equation 1]

And thus the horizontal gradient image at pixel (x,y) was:
Gu(%,Y) = Y-y Zo=-nK(x + 1w,y +v) * [(x,y) [Equation 2]

9
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For the present study, o = 1.5 pixels and N = 6. To calculate the gradient in the vertical
direction, u and v are swapped in Equation 1.

CONDOR’s merit function relies on a user-specified weighted linear combination of intensity-
and gradient-based NCC calculations. For each of the two fluoroscopes, three NCCs were
calculated: (a) DRR intensity vs. masked fluoroscope intensity, (b) DRR horizontal gradient vs.
masked fluoroscope horizontal gradient, and (c) DRR vertical gradient vs. masked fluoroscope
vertical gradient.

These three NCCs are each weighted by a factor of (1/3) and summed; accordingly, the gradient
NCCs are weighted twice as much (2/3) as the intensity NCCs, to promote fine adjustments of
the registration. The weighted NCCs from the two fluoroscopes are then averaged together.

The NCC of two images d and f, both containing n pixels, is defined as:

Y (@i-d)(fi—f)

[Equation 3]

Where d and fare the mean values of images d and f. Thus, the NCC is the ratio of the dot
product of the two images divided by the product of their standard deviations. These result in a
total of five summations for each NCC: two summations to calculate the means, two sums of
squared deviations, and one dot product (product of deviations).

Bead Position Optimization

Four tantalum beads were rigidly imbedded in corners of the foam blocks containing each bone
(Figure 4). For each frame, the location of these beads in the frames was first determined using
a template-matching algorithm [35]. Briefly, an 11x11 pixel template image of a bead was first
defined from one frame. For each pixel in the full fluoroscope image, this template image was
centered over the target pixel, and the NCC was calculated between the template image and
the portion of the full image underlying the template image. The pixel locations in the full
image where the NCC exceeded a specified threshold defined the bead locations for that frame.
This was repeated for all frames in both fluoroscopes. The 2D bead locations were then
converted to 3D coordinates using the DLT.

Post-Processing and Analysis

For the translational trials, the resulting global translation between each bone’s or set of bead’s
frame-by-frame optimal transformation matrix was extracted for comparison to the precision
linear stage. For the rotational trials, a screw axis was calculated for each frame for a given
bone or set of beads. The rotation about this screw axis was extracted for comparison to the

10
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precision rotational stage. The translation or rotation of the beads (relative to their initial
locations) was then calculated and compared to their respective model-based calculations.

The bias of our optimization technique was defined as the root-mean-square (RMS) error of the
difference between the known and calculated bone or bead position, each relative to the
precision stage, while the precision was defined as the standard deviation of that difference
[31].

Results

The overall bone-based translational bias of the six bones was 0.058 mm with a precision of +
0.049. The overall bone-based rotational bias of the six bones was 0.291° with a precision of +
0.268°. Considering individual bones in translation, all bones were tracked with comparable
bias with the exception of one calcaneus (Calcaneus B) (Figure 7, left). The talus from the same
specimen optimized consistently like the other bones. Considering individual bones in rotation,
the results of the performance of the six bones are given (Figure 7, right).

The magnitude of rotational and translational errors for bead tracking was similar to the bone
results. The overall translational bias of the bead tracking was 0.037 mm with a precision of £
0.032 mm. The overall rotational bias of the bead tracking was 0.292° with a precision of +
0.263°.

Our central processing unit (CPU) bone-based optimization algorithm averages 300 ms per DRR
generation. The optimization of a single bone in a single frame took on average 6-8 minutes.
While some automated optimization trials drifted into a grossly wrong position, this was rare
and most optimizations completed without requiring a restart of the optimization.

Discussion

Algorithm Performance: The primary goal of this paper was to demonstrate the function and

capability of our custom created model-based tracking software. We have presented a method
for optimizing bone pose and validated that method by tracking several bones of interest in the
foot and ankle. The bias and precision of our model-based tracking method (0.058 + 0.049 mm
for translation and 0.291 + 0.268° for rotation) was determined by comparison to the precision
linear / rotational stage. By collecting precision stage, bead- and model-based data, we also
have the ability to evaluate how bead-based results compare against a higher resolution
standard (the precision stage). A secondary goal was to determine the bias and precision of our
bead-based tracking method (0.037 + 0.032mm for translation and 0.292 + 0.263° for rotation),
which was found to be comparable. Thus we achieved both goals, as the model- and bead-
based tracking both demonstrated sub-millimeter and sub-degree bias and precision, indicating
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our ability to track several isolated bones of the foot and ankle (the talus, calcaneus and first
metatarsal) during 1000 Hz fluoroscopic imaging.

The performance of our system compares well to prior validations using the biplane
fluoroscopy technique. At the hip: Martin et al. found model-based bias averages (for single
bones) that did not exceed 0.21 mm, with precision values that reached a maximum of 0.22
mm for the femur and 0.24 mm for the pelvis [18]; Lin et al. determined static (bias + precision)
values of 0.60 £ 0.75 mm and 0.69 + 0.85° when imaging the pelvis and femur, respectively. At
the knee: Anderst et al. found that the only significant bias in their system related to the z-axis
position of the tibia (-0.37 £ 0.13mm). They also reported an overall model-based precision for
static trials which ranged from 0.030 to 0.080 mm (noted as depending on laboratory axis
direction, with less precision for x-axis) [21]; Bey et al. considered differences between bead-
and model-based techniques, finding a bias which ranged from -0.174 to 0.248 mm (reported to
depend on coordinate direction) and a precision which ranged from 0.023 to 0.062 mm [25]. At
the ankle, and most germane to this study, Caputo et al. implanted markers in the tibia, talus
and calcaneus then performed five tracking trials in each of three positions of the ankle
(neutral, dorsiflexion, and plantar flexion). Comparing the marker to the model-based results,
they determined an average error in tibiotalar kinematics of 0.04 £ 0.11mm (in joint
displacement) and 0.2 £ 0.1° (in joint rotation) [23]. In summary: numerous biplane systems,
employed to study joints at all levels in the lower extremity, have been consistently validated to
demonstrate their ability to track motion in sub-millimeter and sub-degree ranges, as our
system has now been shown to.

The bead tracking results of this work are significant in that they demonstrate errors of similar
magnitude to the model-based results; both validations are performed against a standard with
a resolution at least an order of magnitude better. This issue has been previously discussed in
the literature: Anderst et al. noted the limitations of bead-based tracking due to this resolution
concern, but also stated the necessity to validate during an in vivo dynamic motion, which
requires the use of beads as the gold standard [21]. Bey et al. also acknowledge the usefulness
of measuring to an order of magnitude better than the smallest change of interest [25]. It
should be noted that clinically relevant effect sizes may vary between different joints; Brainerd
et al. described the difficulty of validating the motion of small bones with beads [36], a concern
which is particularly important in the study of the foot and ankle joints; Miranda et al. also
noted similar magnitudes of error in their marker-based and markerless tracking when
compared to a precision stage-based gold standard [37]. By validating our data to a precision
stage, and by positioning beads within blocks larger than the bones, we generated very rigorous
reference data to compare to the model-based tracking performance.
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Both methods (beads vs. precision stage) have advantages and disadvantages. The advantage of
using beads as the gold standard is that complex and dynamic motions can readily be tested
and validated using actual joints, whether in vivo or in vitro. The disadvantage is that the error
magnitude of beads as a gold standard is similar to that of model-based tracking. The
advantage of using a precision stage as the gold standard is the improvement in its
measurement resolution, but this comes with the technical limitation of being unable to
simulate natural movement during validation.

There are some limitations to this work. First we did not image bones in their native
environment (the foot), but instead imaged them in isolation from neighboring bones and from
their enveloping soft tissue. We also imaged static positions of the bones and not dynamic
movement. Additionally, our processing time requires several hours for a single bone to be
tracked during less than a second of fluoroscope image capture (i.e., a gait cycle). While this
processing time is being addressed through system improvements (e.g., graphical processing
unit (GPU)-based programming), the time currently required limits the use of this system to
research studies. We did not simulate a physiological motion as our precision stages were
limited to uni-axial translation and rotation of the bones. We mitigated these effects by
translating bones along a direction which is similar to subject’s path of travel through the
imaging field in vivo, and our rotational axis was chosen for each bone to approximately
correspond to the primary axis of internal and external rotation of the foot. We also analyzed
single frames captured at 1000Hz, a frequency which would eliminate motion blur artifact
during dynamic imaging, rendering our static frame quality similar to the quality expected
during dynamic imaging. Regarding our bead-based tracking, by imbedding the beads in a foam
block we increased our inter-bead distances, which could artificially improve the accuracy of
our bead-based measurement. This was done so that the foam block protected the bone from
bead imaging artifact (by increasing bead-bone surface distance) during the CT scan. A final
concern is related to the anatomical shape of the bones affecting the bias. For example, in
rotation the results of the tali appear less accurate than the calcanei or first metatarsals (Figure
7, right), though it should be noted that these observations are only anecdotal at this point (n=2
for each bone). However, it is reasonable to surmise that bones which exhibit some amount of
axial symmetry, and bones which are very small, may both track less well than large and
uniquely shaped bones — both of these issues may be of greater concern when studying the
foot vs. other joints of the lower extremity.

Conclusions

The validation of our model-based tracking algorithm is a vital step towards using this
technology in research and clinical settings. The benefits (a better standard) and drawbacks
(limited motion) of using precision stage data for validation, as opposed to bead-tracking, has
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been investigated. In the future, we plan to explore improved methods to achieve faster
optimization times, and improvements to the tracking algorithm to accurately track the entire
pantheon of bones within the intact foot.

In summary, due to the high level of dependence this technology has on the anatomy / joint of
interest it is used to measure, we have demonstrated accurate and precise tracking of a set of
bones which are of interest in foot and ankle kinematics. Talar and calcaneal kinematics are
necessary to parse the kinematics of the hindfoot faithfully into ankle and subtalar joint
motions. We have demonstrated our ability to track these bones. Further, the first metatarsal
plays a key role in many forefoot pathologies, as well as having significant use in the
determination of overall foot shape and deformity. By testing our methodology against these
key structures, we have validated our use of biplane fluoroscopy to study pathologies and
treatments of the foot and ankle.
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Figure Captions

Figure 1: (Left) Aluminum distortion correction plate with 3 mm holes in a 1.5 cm precision
pattern. Note the unique pattern of the larger (5 mm) holes which is used for automatic
orientation of the image. (Center) Fluoroscopic image of the distortion correction plate prior to
the application of the corrective mapping — lower right enlargement shows known hole pattern,
a.k.a. control points (black dots) with displacement error (white lines) mapping them to the
imaged hole pattern (grey circles). (Right) Fluoroscope image of the distortion correction plate
after the application of the corrective mapping — lower right enlargement shows control points
aligned with holes in the corrected image.

Figure 2: (Left) Image localizer / calibration block, note the various bead sizes and unique 3D
pattern. (Right) Fluoroscope image of the localizer block showing bead size and pattern.

Figure 3: (Top) Bones imbedded in foam block on CT scan bed; the amount of foam surrounding
blocks was chosen to give a buffer between the bone and the tantalum beads imbedded in the
wand (black stalk) and foam corners —tantalum beads can cause surface artifact if near bone in
CT scans. (Bottom) Imaging experimental setup: (A) X-ray emitters, (B) linear / rotational stage
setup, here configured for rotation, and (C) foam block with calcaneus imbedded.

Figure 4: (Left) Fluoroscopy image of calcaneus A from the “blue” and (Right) “green” systems.
Note the location of the wand connection to the precision stage (white line, left image). Also
visible are tantalum beads which are glued into the extreme edges of the foam block, with two
additional beads in the wand. The foam block is barely visible due to its low density; the plastic
collar connecting the wand to the foam block is visible (white line, right image).

Figure 5: Graphical user interface (GUI) for the initial position / optimization software. Shown is
the same frame of calcaneus A from Figure 4. We label the two fluoroscopes as “blue” and
“green” (left and right sets of fluoroscope views in this figure). Each image contains the
fluoroscope image, and a 3D bone surface overlays (and surface centroids as large dots). The
top pair of images (A) represents an un-optimized DRR (light bone shadow) / fluoroscope (dark
bone shadow) configuration showing poor overlap, the bottom pair of images (B) represent an
optimized DRR / fluoroscope configuration showing complete overlap.

The bottom portion of this figure shows the control and indicator windows for the GUI. The
bone surfaces in this image update in real time as the position of the initial guess is manually
adjusted. The user can adjust the initial position of bones by any combination of: mouse drag of
the 3D bone overlay within the 2D fluoroscope image panes, entering numerical values into the
“current pose” table, and performing a 3D manipulation of the bone (lower right graphic). NCC
values are displayed as separate breakdowns of intensity vs. gradient for each view (“blue” and
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“green”), as well as final weighted NCC. Frame advance, key frame, and saving features are built
in to aid the user.

Figure 6: (Left) Vertical gradient and (Right) horizontal gradient of the DRR of calcaneus A for
the “blue” fluoroscope (the “green” fluoroscope was handled similarly). These images are
separately compared using the NCC to the fluoroscope image gradients.

Figure 7: Performance of the algorithm to track each of the six bones during complete
translation trials, along with the average overall translational bias and precision for the six
cadaveric bones tested (left). And similar summary for the rotational performance of the six
bones is also includes (right). Met = First Metatarsal, Calc = Calcaneus.

Figure 8: Performance of the algorithm to track the bead sets for each of the six bones during
translation trials, along with the average overall translational bias and precision for the six bead
sets tested (left). And similar summary for the rotational performance of the six bead sets is
also included (right). Met = First Metatarsal, Calc = Calcaneus.
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