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GENERAL INTRODUCTION
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Figure 4 A) Right foot supination as seen from a posterior view. Supination is the combined

triplanar motion of hindfoot inversion, adduction of the foot and ankle joint plantarflexion. B)

The right foot is in pronation; the combined triplanar motion of hindfoot eversion, foot

abduction and ankle joint dorsiflexion.
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CHAPTER 2

ABSTRACT

Background For measuring the in-vivo range of motion of the hindfoot, a CT-based bone
contour registration method (CT-BCM) was developed to determine the three-dimensional
position and orientation of bones. To validate this technique, we hypothesized that the range
of motion in the hindfoot is equally, accurately measured by roentgen stereophotogrammetric
analysis (RSA) as by the CT-BCM technique.

Methods Tantalum bone markers were placed in the distal tibia, talus and calcaneus of one
cadaver specimen. With a fixed lower leg, the cadaveric foot was held in neutral and
subsequently loaded in eight extreme positions. Immediately after acquiring a CT-scan with
the foot in a position, RSA radiographs were made. Bone contour registration and RSA was
performed. Helical axis parameters were calculated for talocrural and subtalar joint motion
from neutral to extreme positions and between opposite extreme positions. Differences
between CT-BCM and RSA were calculated.

Results Compared with RSA, the CT-BCM data registered an overall root mean square
difference (RMSd) of 0.21° for rotation about the helical axis, and 0.20 mm translation along
the helical axis for the talocrural and subtalar joint and for all motions combined. The RMSd
of the position and direction of the helical axes was 3.3 mm and 2.4°, respectively. The latter
errors were larger with smaller helical rotations. The differences are similar to those reported
for validated RSA and thus are not clinically relevant.

Conlusion CT-BCM is an accurate and accessible alternative for studying joint motion in-

vivo, as it does not have the risk of infection and overlapping bone markers.
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INTRODUCTION

Studying ankle and hindfoot kinematics is important for differentiation between normal and
pathologic joint motion, gait analysis and diagnosis of ligamentous abnormalities. A number
of radiographic stress tests can be performed for diagnosis, e.g. the talar tilt test for ankle

instability.”!!

These tests can give unsatisfactory results, partly due to the fact that
radiographs are two-dimensional (2D) projections, wherein bones can overlap.'> As out-of-
plane motions cannot be detected unambiguously, the exact bone-to-bone movement cannot
be determined. Recently, a new diagnostic method was developed that enables accurate in-
vivo measurement of the extreme range of motion of the joints in the ankle and hindfoot. This
is done by placing the unconstrained foot in different loaded positions relative to the lower leg
and by using three-dimensional CT-imaging (3D CT stress-test)." The technique is based on a
bone contour registration method to find the three-dimensional position and orientation of
ankle and hindfoot bones in the CT data sets (CT-based bone contour registration method
(CT-BCM)). The first results show consistency of the measured range of motion in the
subtalar joint in a healthy subject population.' The CT-BCM has clear advantages in being
accurate, discriminating kinematics at joint level and being reasonably time efficient. For
further development of the CT-BCM technique, the accuracy of measuring joint rotations and
translations with this technique has to be demonstrated by a comparison with a well-
established and accepted technique.’ We chose the widely used roentgen
stereophotogrammetric analysis (RSA) method for comparison, as it has been validated as a

21314 The purpose of this

reliable and accurate technique for joint motion analysis in-vivo.
study was to compare the CT-BCM technique with conventional RSA in measuring the
talocrural and subtalar joint range of motion. The choice was made to mimick the in-
vivo clinical setting as closely as possible. Thereto, a cadaveric specimen was loaded in an
identical fashion, as the subjects during in-vivo tests in our previous study.' The hypothesis
was that the CT-BCM technique for measuring the range of motion of the ankle and hindfoot

joints is equally accurate as RSA.

METHODS

Experimental set-up
A fresh cadaveric right lower leg from a male (70 years old) was positioned and fixated in a
3D CT stress footplate (Fig. 1)."! The length of the longitudinal axis of the cadaveric calcaneus

was 84.5 mm, which was close to the mean length of the calcanei of the twenty volunteers
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CHAPTER 2

used in our clinical study (84.7+5.7 mm)." The first CT data set was acquired with the foot
unloaded and in neutral position. Following the initial CT-scan, tantalum bone markers (beads
with a radius of 0.8 mm) were placed for RSA image acquisition. The bone markers were
inserted into the bones using a device containing a hollow needle with a spring-loaded
piston."? Six markers were placed in the tibia, five in the talus and seven in the calcaneus (Fig.
1). Unintentionally, one bone marker was placed into the navicular bone and another one into
the talocrural joint space. These markers were discarded for analysis and did not limit
talocrural joint motion. Subsequently, eight CT-scans were made with a loaded foot, starting
from extreme dorsiflexion (DF) and continuing in a clockwise order: extreme combined
eversion—dorsiflexion (EVDF), extreme eversion (EV), extreme combined eversion-
plantarflexion (EVPF), extreme plantarflexion (PF), extreme combined inversion—
plantarflexion (INPF), extreme inversion (IN) and extreme combined inversion—dorsiflexion
(INDF). The foot was forced in an extreme position by applying a proximally directed load of
100 N on the footplate through a system of cables and pulley blocks (Fig. 1).

The following protocol was used for each of the eight positions. First, the foot was loaded
until an extreme position was reached. We defined an extreme joint position as the position
where the foot would not move any further by increased loading of the footplate. This was
verified by manually checking the footplate. A complete CT data set was acquired in the
concerning foot position. After image acquisition, the CT table with the cadaveric specimen
and 3D CT stress footplate was transported through the CT scanner out of the gantry, where
the RSA set-up was positioned. RSA radiographs were acquired with the cadaveric specimen
in an unchanged position. Subsequently, the foot was placed in another extreme position and

the protocol was repeated.

Computer tomography-based bone contour registration method

A Philips MX-8000 multidetector CT scanner (Philips Medical Systems, The Netherlands)
was used to acquire the CT-images. The scan protocol was the same as used for the
previous in-vivo study': gantry tilt was 0, field of view was 154 mm, slice thickness was 0.6
mm, increment was 0.3 mm, image matrix was 512x512, pitch was 0.875, rotation time was
0.75 s, resolution was ultra high and reconstruction filter was C. The key principle of the CT-
based bone contour registration method is the detection of the position of the bones in the CT-
data sets by registration of the surface contour of these bones.' Thereto, automated bone

segmentation is performed by a region growing algorithm in the neutral position CT-data set.
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Subsequently, the positions of the bones in other CT-data sets are calculated by matching the
boundary voxels of each bone in the initial CT data set, with the corresponding boundary
voxels of the bones in the other CT-scans.” Even in noisy images, this registration method in
itself has an accuracy better than 0.019° for rotation and better than 0.025 mm for translation.’
For optimal registration of the bony contours of the cadaveric distal tibia, talus and calcaneus,
one CT-scan was made without bone markers with the foot in the neutral position using a
regular-dose CT-scan (150 mAs/slice). This position is favoured, since the unloaded foot
causes the joint to be loose with bones making no or little contact with each other. To
minimize the influence of the extra scattering caused by the tantalum bone markers, the
regular-dose CT-scans were used for the other foot positions as well. This gave a radiation

dose of 1.2 mSv for the entire series of nine CT-scans.

Roentgen stereophotogrammetric analysis

Roentgen stereophotogrammetric analysis was developed for measuring the kinematics of
rigid bodies, and was first introduced by Selvik in 1974." In this study, the
stereophotogrammetric radiographs were acquired using two Siemens Mobilett Plus mobile
X-ray units (Siemens Medical Solutions, Den Haag, The Netherlands) in combination with
standard roentgengraphic plates (AGFA, CR MD 4.0 General Imaging Plates). The positions
of the two roentgen foci were assessed using a commercially available carbon type calibration
box (MEDIS Medical Imaging Systems, Leiden, The Netherlands).”” The tantalum markers
that were inserted in the cadaveric bones served as artificial landmarks. Detection,
identification and matching of the bone and calibration markers on the RSA radiographs, as
well as the subsequent RSA calculations were performed, as described by Vrooman et al.

and Valstar.'*!®

Data processing and kinematic description

For comparison, all bone positions measured with CT-BCM and RSA were represented in one
coordinate system. Therefore, the XYZ-coordinate system was chosen that coincided with the
geometric principal axes of the talus in neutral fixed position (Fig. 2). The origin is located in
the centroid of the talus. The major principal axis of the talus defined the X-axis (directed
anteriorly) and the second principal axis defined the Y-axis (directed medially). The Z-axis is

perpendicular to the XY-plane (directed proximally).
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The CT data set with the foot in neutral position was acquired without bone markers. To
express the RSA bone markers in the chosen XYZ-coordinate system, the spatial coordinates
of the CT talus bone markers in the extreme positions were transformed to reconstruct the
mean location of the talus bone markers in neutral position. Subsequently, the RSA talus bone
markers for each extreme position were fitted to the mean CT talus bone markers in neutral
position, using the Veldpaus algorithm.'” Subsequently, the RSA bone markers of the tibia
and calcaneus for each extreme position were transformed with the talar bone transformation
matrices derived from the Veldpaus fitting procedures (Matlab, version 7.2.0.232, R2006a,
The Mathworks, Natick, USA). Not all bone markers could be identified with RSA, due to
overlap of bone markers with the cortical bone projections. The Veldpaus algorithm requires
at least four markers. For the tibia in extreme position EV, only three bone markers were
identified. The required fourth bone marker was added as the geometric centre of the three
other bone markers. In position INDF, only two bone markers could be identified for the
talus. Considerable bony overlap gave too low contrast for accurate detection on the
radiograph. Therefore, this position was excluded for further analysis. Following the in-
vivo protocol, the clinically relevant talocrural and subtalar joint range of motions were
calculated between the remaining three pairs of extreme opposite foot positions: from DF to
PF, from IN to EV and from EVDF to INPF.' Supplementary, the motion from the neutral
position to each of the remaining seven extreme positions was calculated for both joints
accordingly. The calculation of the relative bone-to-bone motion was performed with the
same Veldpaus fitting procedures. The motion of the tibia and calcaneus, relative to the fixed
talus was expressed in a helical axis with direction n, a rotation about this helical axis (0), and
a translation along this axis (t)."” By using helical axes and the derived attitude vector for the
rotation components in anatomical directions, an easy interpretation of results by clinicians
seems feasible.”” The helical rotation and the components of the attitude vector along three
coordinate axes always represent the true spatial rotation, as opposed to the three cardan
angles in a cardinal representation. The orientation of the helical axis was expressed with the
deviation angle () between two helical axis directions. Helical axis position was expressed

by the shortest distance (s) from the helical axis to the origin of the XYZ-coordinate system.

Statistics and validation
To verify the rigidity of the experiment, absolute distances were calculated between pairs of
bone markers for RSA and CT. To determine the presence of systematic differences, we

calculated the mean and the standard deviations of differences in bone marker distances
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between both modalities (bias and variability). The bias and variability were also calculated
for the helical axes parameters. Accuracy is defined as the closeness of measurements to the
true value. Expressions for accuracy can be obtained when comparing actual measurements
with a standard. For assessment of the accuracy of CT-BCM and RSA, the root mean square
difference (RMSd) was calculated for the difference between both modalities. The RMSd is a
measure of total difference and is defined as the square root of the sum of the variance and the
square of the bias. The smaller the value of the RMSd, the more accurate the measurement
technique is considered. The RMSd was calculated for the difference in 0, t,  and s of the
helical axis between the RSA analysis and the CT-BCM technique.

In Woltring et al. and De Lange et al., it was concluded that for the reconstruction of helical
axis data from position measurements of a set of markers, the rotation angle and translation
are relatively well determined, while the direction and position of the helical axis are sensitive
to landmark measurement errors, in the cases of small rotations.>" Small values of 6 were
present for the DF-PF motion in subtalar joint.! If our data show a relationship close to the
theoretical, it would explain part of eventual differences between the two techniques."”
Therefore, we determined the relationship between the differences of the CT technique and
RSA technique in helical axis position (As) and helical axis orientation (1) as function of the
rotation (0). Data of the motions between opposite extreme positions and between neutral and

the extreme positions for both the talocrural and subtalar joints were pooled.

RESULTS

The mean standard deviations of the absolute distances between pairs of markers per bone in
each extreme position were 0.071 and 0.068 mm, for CT-BCM and RSA, respectively (Table
1). The bias of all bone markers distances was —0.058 mm and the variability was 0.119 mm
(Table 1). For the talocrural joint, the direction of the helical joint axis is running from
postero-lateral to antero-medial direction with a major plantar—dorsiflexion component (Fig.
2, Table 2). The subtalar helical axes are running from postero-lateral-inferior to antero-
medial-superior direction with a considerable inversion and eversion component (Fig. 2). The
largest rotation for the talocrural joint motion occurred from DF to PF: CT-BCM 55.78° vs.
RSA 55.39° (Table 2). For subtalar joint motion, the largest rotation was found from IN to
EV: CT-BCM 28.53° vs. RSA 28.81° (Table 2). The bias values of the ankle joint motion are
marginally larger than the variability values except for the translation (Table 3). The

variability values for the subtalar joint motion are larger than the bias values, except for the
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deviation angle (Table 3). The RMSd of the rotation 0 varies from 0.18° to 0.27° and of the
translation t between 0.12 and 0.27 mm (Table 3). The RMS of the deviation angle 7 is largest
for the subtalar joint (3.75°), as well as the RSMe of the helical axis position As (5.46 mm)
(Table 3). Both the differences in helical axis position (As) and the helical axis orientation (1)

approximate the theoretical dependency on rotation 0 (Fig. 3).

DISCUSSION

The relative accuracy of the new CT-BCM method compared to the conventional RSA was
measured for talocrural and subtalar joint motion in one cadaveric specimen. The specific
purpose of this 3D CT stress-test is the determination of the range of motion of the hindfoot
joints, as changes in the range of motion typically can indicate ligament damage. We
preferred to simulate the clinical in-vivo setting of the 3D CT stress-test as close as possible.
Therefore, no phantom was used, but a cadaveric specimen. This implies that CT-BCM and
RSA could both have systemic differences in this study, and differences between the
techniques cannot be attributed to CT-BCM inaccuracies solely. However, it is not expected
that the relative accuracy, found in this study, would substantially be improved when using a
phantom. The same holds for the fact that only one specimen was used. This is confirmed by
the rigidity of the experiment and the absence of systematic differences. This is demonstrated
by the bias values of the bone marker distances and the helical parameters, which are all
within 95% of the measured values indicating that no significant difference can be detected
between both modalities (Table 3). The seven foot positions measured with RSA and eight
with CT-BCM gave a sufficient data set of ten clinically relevant motions. The results show
small differences between both modalities for the rotation 6 (RMSd less than 0.27°) and the
translation t (RMSd less than 0.27 mm). Orientation n and position s show dependency on
the 6, where a smaller rotation causes a higher difference (Fig. 3). Both are accurately
determined for rotations larger than 5°. This is in agreement with the expected sensitivity of
these two finite helical axis parameters, as described by Woltring et al.' From our experience,
the segmentation and bone contour matching of living human bone is easier to perform than
for cadaveric bone. Cadaveric specimens are usually from elderly people, who have poorer
bone quality, as was the case in this study. Therefore, the accuracy for CT-BCM might have
been higher when in-vivo bones from young living subjects were analysed. Accuracy of the
RSA technique depends on the type and quality of the calibration equipment, image quality,
film flatness, the precision of the measuring software and the number and configuration of the

tantalum bone markers.>'® In our study, not all RSA bone markers could be detected in one
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joint position, due to the poor contrast level of the RSA radiographs and the overlap of bone
markers with the dense cortices of bones. One position was excluded from further analyses.
Finally, the time delay between the acquisition of the CT-scans and RSA radiographs could
have attributed to differences. We believe that this effect was minimized, since we waited a
couple of minutes before we started the CT-scan to let the cadaveric tissue settle and moved
the CT-gantry at a slow speed to the RSA set-up. This was also confirmed by the small

differences in marker reconstruction between CT and RSA.

RSA has been used for studying bone growth, prosthetic fixation, joint kinematics and
stability, fracture stability and the healing course of spinal fusion and pelvic and tibial
osteotomies. In a literature review by Kirrholm, the reported accuracy of RSA ranged
between 0.010 and 0.250 mm for translations and between 0.03° and 0.6° for rotations.'® Few
reports are available comparing the accuracy of new methods for studying joint kinematics
with conventional RSA. Recently, Ioppolo et al. studied the relative position and orientation
of skeletal segments using RSA and single-plane X-ray fluoroscopy in two in-vitro phantom
knee and hip models.” Measured translational accuracy was less then 0.1 mm parallel to the
image plane and less than 0.7 mm in the direction orthogonal to the image plane. The
measured rotational difference was less than 1°. Bey presented a model-based tracking
technique for measuring three-dimensional in-vivo glenohumeral joint kinematics.® Biplane
radiographic images that tracks the position of bones based on their three-dimensional shape
and texture were compared to RSA. Bone markers were implanted into the humerus and
scapula of cadaveric specimens, and biplane radiographic images of the shoulder were
recorded, while manually moving the specimen's arm. The position of the humerus and
scapula was measured using the model-based tracking system and RSA. Overall dynamic
accuracy indicated that RMSd in any one direction were less than 0.385 mm for the scapula
and less than 0.374 mm for the humerus. These differences correspond to rotational
inaccuracies of approximately 0.25° for the scapula and 0.47° for the humerus. The RMS
differences found in this study are in the same order of magnitude, as the above referenced

studies.

Considering the results, the limitations, and the overall accuracy of the RSA technique, it can
be concluded that the level of accuracy achieved with the CT-BCM method is sufficient for
evaluating joint motion in clinical practice. CT-BCM is a promising method for studying joint

motion, by measuring bone position and orientation, as it is highly accurate and only requires

33



CHAPTER 2

a CT scanner available in most hospitals in contrast to the equipment that is required for the
RSA method.
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TABLES

Table 1 Calculated standard deviations of distances between bone markers for the eight

extreme foot positions of the tibia, talus and calcaneus.

Mean standard deviation of the distances per modality (mm) |CT-BCM RSA

Tibia 0.0347 0.0774
Talus 0.0826 0.0673
Calcaneus 0.0929 0.0602
Mean overall SD 0.071 0.068

Bias (mm) |Variability (mm)

Tibia -0.110  |0.113
Talus —0.009  |0.095
Calcaneus —-0.051 0.123
Mean overall —0.058 0.119

Additionally, the bias was calculated as the mean of differences between CT-BCM and RSA
marker distances (mm), and the variability as the standard deviation of differences between

CT-BCM and RSA marker distances (mm).
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Table 2 The values of the helical parameters as determined for CT-BCM and RSA, for the

three pairs of extreme opposite motions (n=3 per joint).

Direction of movement

Extreme dorsiflexion to extreme

plantarflexion

Extreme combined eversion—dorsiflexion to

extreme combined inversion—plantarflexion

Extreme eversion to extreme inversion

Direction of movement

Extreme dorsiflexion to extreme

plantarflexion

Extreme combined eversion—dorsiflexion to

extreme combined inversion—plantarflexion

Extreme eversion to extreme inversion

Talocrural

joint

CT-BCM
RSA
CT-BCM
RSA
CT-BCM
RSA
Subtalar
joint
CT-BCM
RSA
CT-BCM
RSA
CT-BCM

RSA

0 (°) |t (mm) Direction vector n

55.78 10.44

55.3910.38

53.93|1.24

53.79|1.15

23.71|1.51

23.491.67

12.983.52

12.973.59

19.5810.13

19.35/0.43

28.53|1.57

28.81/1.53

nx |ny |nz
0.32 |0.88 |-0.35
0.31 |0.88 |-0.36
0.37 10.85 |-0.38
0.36 10.85 |-0.39
0.53 10.85 |-0.05
0.52 10.85 |-0.05
0.80 |—0.20|-0.57
0.80 |—0.18|-0.58
—0.62|—0.15/0.77
—0.64 |—0.13/0.76
—0.68(0.02 0.73
—0.690.02 0.72
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Table 3 The bias, variability and root mean square differences (RMSd) between differences
of the CT-BCM and RSA helical parameters for the three pairs of extreme opposite motions

(n=3 per joint) and for the motions of the neutral to extreme position (n=7 per joint).

Joint Movement 0 (°) t (mm) n (°) |As (mm)
Bias
Talocrural joint |Opposite extremes |0.25 0.00 10.5710.27
Neutral to extreme |0.18 0.05 10.79 |0.45
‘Subtalar joint |Opposite extremes |—0.01 -0.11 1.25]0.79
Neutral to extreme [0.02 —0.15 2.33{3.06
Variability
Talocrural joint |Opposite extremes |0.13 0.14 ]0.28 |0.11
Neutral to extreme 0.13 0.11 ]0.53 0.31
‘Subtalar joint |Opposite extremes |0.26 0.18 10.79 |0.82
Neutral to extreme (0.19 024 |3.17 |4.89
RMSd
Talocrural joint |(Opposite extremes |0.27 0.12 10.61/0.29
Neutral to extreme |0.22 0.12  10.93 /0.53
‘Subtalar joint  |Opposite extremes 0.21 0.18 |1.41|1.04
Neutral to extreme |0.18 0.27 [3.75|5.46

As is defined as the difference in helical axis position between CT-BCM-technique and

RSA.;nis defined as the spatial angle between the axis as determined by the CT-BCM-

technique and the axis as determined by RSA.
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Figure 1 Experimental set-up. The cadaveric ankle was analysed with the CT-BCM method.
Subsequently, the CT-table was pushed through the gantry with the cadaveric ankle still
loaded in the same position. Stereophotogrammetric radiographs were acquired using two

mobile X-ray units.
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CHAPTER 2

A Subtalar joint
40 proximal (Z) [mm] w=@== CT DF-PF
s CT EVDF-INPF
30 —+#—CT EV-IN
—— RSA DF-PF
20 4 =weweees RSA EVDF-INPF
——RSA EV-IN
10
0
-10
anterior (X)[mm]
-20 3 medial (Y) [mm]
=30 4l
-40
-20 -40
0 -20
20 0
20
40 40
Talocrural joint
= CT DF-PF
proximal (Z) [mm] =@ CT EVDF-INPF

CTEV-IN

mmm RSA DF-PF
i RSA EVDF-INPF
RSA EV-IN

anterior (X) [mm]

Figure 2 The helical axis positions for CT-BCM technique (grey lines) and RSA technique
(black lines) for: (A) subtalar joint between two extreme positions (n=3) and (B) talocrural
joint between two extreme positions (n=3). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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Figure 3 Difference between the CT-BCM technique and RSA technique for helical axis
position (As) and helical axis orientation (1), as function of the helical axis rotation (8). All
data are pooled, i.e. from the motion between two extreme positions (n=3 per joint) and
motion between neutral and each extreme position of the talocrural joint (n=7 per joint) and of

the subtalar joint.
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