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Abstract

Optoelectronic motion capture systems are widely employed to measure the
movement of human joints. However, there can be a significant discrepancy
between the data obtained by a motion capture system (MCS) and the ac-
tual movement of underlying bony structures, which is attributed to soft tissue
artefact. In this paper, a computer-aided tracking and motion analysis with
ultrasound (CAT & MAUS) system with an augmented globally optimal regis-
tration algorithmn is presented to dynamically track the underlying bony struc-
ture during movement. The augmented registration part of CAT & MAUS was
validated with'a high system accuracy of 80 %. The Euclidean distance between
the marker-based bony landmark and the bony landmark tracked by CAT &
MAUS was calculated to quantify the measurement error of an MCS caused by
soft tissue artefact during movement. The average Euclidean distance between
thetarget bony landmark measured by each of the CAT & MAUS system and
the MCS alone varied from 8.32 min to 16.87 mm in gait. This indicates the dis-
crepancy between the MCS measured bony landmark and the actual underlying
bony landmark. Moreover, Procrustes analysis was applied to demonstrate that

CAT & MAUS rcduces the deformation of the body scgment shape modclled
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by markers during motion. The augmented CAT & MAUS system shows its
potential to dynamically detect and locate actual underlying bony landmarks,
which reduces the MCS measurement error caused by soft tissue artefact during
movement.

Keywords:  Computer-aided tracking, motion analysis, ultrasound, soft tissue

artefact, hip joint, gait

1. Introduction

Optoelectronic motion capture systems (MCS), for example VICON systems
(Oxford, UK), are commonly employed to monitor and measure motions of the
human body. An optoclectronic MCS is composed of a group of infra-red cam-
eras that capture the trajectories of skin-attached retro-reflective markers to
determine the movement of corresponding underlying bony landmarks. How-
ever, because of soft tissues between the skin and the underlying bone, for
example muscles and fat, sliding, stretching and compressing during movement,
the skin-attached markers shift away from the original bony landmarks [20].
This leads to a significant discrepancy between the data obtained by an MCS
and thc actual movement of undcrlying bonc structurcs and this is attributed
to soft tissue artefact (STA). It has been reported that STA can cause an MCS
measurement error of up to 30 mm for the thigh [1][17][20].

In order to correct the error caused by soft tissue movement, it is essential
to first track and asscss the movement of actual underlying bony structures.
This can be done by either tracking the bone by attaching invasive pins to the
underlying bone landmarks [15] or by imaging the actual bone during movement.
Several medical imaging technologies, such as open magnetic resonance imaging
(MRI) [4][19] and X-ray radiography [18][20], have been employed to image
the underlying bony structures and track their motion for comparison to the
MCS data in order to quantify the effects of STA. However, these imaging
studics have suffered from, for example, the limited ficld of view of devices or

the excessive exposure to radiation which may increase the risk of cancer to
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the subject[12]. Compared to MRI and X-ray imaging, ultrasound (US) is a
cheaper, more dynamic, more portable and non-ionising imaging modality [14].
It has shown some potential for tracking underlying bony structures instead of
skin-attached markers [3][13]. However, imaging large joints such as the hip
and the knee presents its own challenge due to the limited footprint of most US
transducers. Moreover, in previous US-related methods, the target structures
had to be identified by eye, making US-based measurement laborious and time
consuming [13]. The potential of using ultrasound imaging tovery accurately
explore human joint motion has also been explored by Masum et al., [10][11]
with a novel multi-probe approach.

A computer-aided tracking and motion analysis with ultrasound (CAT &
MAUS) system has been developed by our group to track the underlying bony
anatomy in 3D space during routine activities, for example gait. It combines
state-of-the-art computer vision techniques, including an automatic US seg-
mentation, a 3D reconstruction and a 3D surface-to-surface registration, with
an MCS and a 2D US device. In a previously published paper [9], our CAT &
MAUS system was applied to cstimate hip joint kinematics during gait. The
difference between the actual position of the underlying bony structure and the
position captured by marker-based MCS alone during gait was illustrated us-
ing CAT & MAUS. However, the 3D bone surfaces for the surface-to-surface
registration were reconstructed from 2D US sweeps at static gait poses. Since
gait is a continuous sequence, the nature of the examination did not capture
the continuity and reality of dynamic gait. This approach is not capable of dy-
namically mcasuring hip joint kinecmatics. The 3D position of the femur surface
can be reconstructed for motion data using the skin markers but STA affects
the accuracy. Data recorded by the US probe about the bone position during
motion can be used to adjust the 3D position of the reconstructed femur surface
and in the process compensate for STA.

In this paper, we have augmented our previous CAT & MAUS system with a
multiple segments globally optimal registration algorithm to dynamically locate

a target bony landmark. The ability of this system to dynamically locate the
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greater trochanter (GT) in 3D space during gait was explored. In addition the

potential for the system to compensate for STA during gait was investigated.

2. Methods

2.1. Computer-aided tracking and motion analysis with ultrasound

A computer-aided tracking and motion analysis with ultrasound (CAT &
MAUS) system combines a computer-aided post-processing pipeline with a mo-
tion analysis with ultrasound (MAUS) system [13]. A schematic of the CAT &
MAUS system is shown in Fig. 1.

The constitution of the MAUS part of the CAT & MAUS system shares
similar principles with three-dimensional (3D) freehand US imaging [7]. Thus,
it is comprised of an optoelectronic MCS (VICON, Ozford, UK) and a 2D US
system (LOGIQ S7, GE, USA). Four 10 mm diameter retro-reflective markers
were attached in a cruciform layout to a bespoke 3D printed thermoplastic case
that covers a ML 6-15 US transducer. These markers provide location infor-
mation for the US transducer. The MAUS system is spatially and temporally
calibrated before experiments: The acquired MCS data and US data are then
processed in Matlab R2014a (Mathworks, USA) on a desktop computer (8-core
Intel Core i7-4770 3.40 GHz running a 64-bit Windows OS') for computer-aided
post-processing.

The computer-aided tracking pipeline is composed of an automatic bone
segmentation (Fig. 1b) [6] and a globally optimal 3D surface-to-surface regis-
tration (Fig. 1c) [8] followed by a quantification analysis of hip joint kinematics
according to an adapted definition of hip joint kinematics from the International
Society of Biomechanics [9] (Fig. 1d). Firstly, the bone structures in US images
are automatically segmented as a precursor to reconstruct 3D bone surfaces at
diffcrent body poscs. Then, the transformation between two 3D surfaces re-
constructed at two different poses is obtained from the registration procedure
to locate the target bony structure from one pose to another. For a detailed

description of the automatic image analysis methods, refer to [6][7][8][9].
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2.2. Multiple segments globally optimal registration

In [8], surface patches of a bone-of-interest, i.e. a GT, were scanned and re-
constructed by CAT & MAUS at static gait poses and registered to the reference
surface at the standing pose to calculate the transformation between surfaces at
different poses so that the position of the bone-of-interest could be determined.
Since the static poses were only a representation of instances from gait, it is
likely that this method underestimates the effect of STA. To tackle this issue,
a multiple segments globally optimal registration algorithm is-applied to data
retrieved from the US transducer while subjects carried out dynamic gait on a
treadmill.

Since only one US frame can be captured at a single gait event during the dy-
namic measurement, the transformed bone contour of a given frame in 3D space
is registered to the 3D reference surface reconstructed at the upright standing
pose using the globally optimal registration algorithin [8]. The registration al-
gorithm results in an optimal solution by a 3D global branch-and-bound search
to minimise the Ly norm. The convergence threshold of the optimization is
sct cmpirically [8]. However, when this bone contour with relatively limited
geometry information is registered to a 3D reference surface with much more
points but little morphological diversity, i.e. the surface shape is quite uniform,
the registration may fail as the algorithm finds more than one solution that
satisfies the threshold of the L, norm. There is then no reliable way to tell
which one is the correct solution. A correct solution could be obtained after
many more iterations to further minimise the Lo norm with respect to an even
smaller threshold (for cxample zero) but this was cxtremely time consuming
(approx. 6 hours) and was ruled out. Instead a multiple segments approach
was developed in an attempt to register the bone contour to the 3D reference
surface more accurately.

To conduct the multiple segments globally optimal registration, the 3D ref-
erence surface is evenly divided into n segments from proximal to distal. This
reduces the difference in the number of points between the bone contour and

the reference segment. In this study, the full reference surface is split into 3



115

120

125

130

135

140

segments (Fig. 2). During data acquisition the scanning angle of the transducer
is adjusted to track the same target bony structure during dynamic measure-
ment, it is unlikely that the transducer is moved along the object bone by more
than one third of the scanned area (approximately 10 mm) nor tilted by more
than 30° (approximately 3 mm). In practice, the boundaries at the junctions
between the three segments were extended and overlapped by 3 mm to avoid
the case that the optimal solution crosses the junctions. Two segments did not
reduce the execution time significantly while three segments were the minimum
required to reduce the execution time without the need to reduce the threshold.

Next, the segmented bony structure of a given US frame during movement
is registered to each of the reference segments using the globally optimal reg-
istration. The best solution i.e. the one with the minimal Lo norm, is then
selected out of the three solutions. Finally, the target bony landmark is located
by using the transformation returned by the registration. An illustration of the

multiple segments globally optimal registration is shown in Fig. 2.

2.8. Procrustes analysis

In this study, the femur shape was made up from a finite number k (k = 5) of
landmarks in 3D spaee, which were the greater trochanter, the lateral femoral
epicondyle, the medical femoral epicondyle, the anterior mid thigh and the
lateral mid thigh (wand marker) [5]. To illustrate that CAT & MAUS reduces
the deformation of the femur shape caused by STA relative to MCS alone,
Procrustes analysis [16] was applied to compare the left femur shape made up
with each of the MCS GT and the CAT & MAUS GT separately at an example
gait pose to the corresponding femur shape at the standing pose while the other
four markers were unchanged. The same gait poscs in both CAT & MAUS
data and MCS data were manually found from the MNCS software (Nexus 2.2.2,
VICON, Ozford, UK). The femur shape at the standing pose in 3D space is

denoted as:

(w1, y1,21), (T2, Y25 22)5 ooos (Tis Yiy Zi) 5 ooos (ks Ys 21))
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and the femur shape at an example gait pose is denoted as:

((u17/U17 w1)7 (u27UQa ’U’Q), ceey (ui7vi7wi)7 ceey (uk71}k7wk)>'

Before shape comparison, two shapes are superimposed by translation, rotation
and uniform scaling.

All the bony landmarks of the shape are translated to the centroid by sub-
tracting the mean of all the landmarks that make up the femur shape, which
means the i*" landmark (z;,y;, z;) is translated to (z; — T, y; —¥;2; —Z), where

vityz+-.tyi+.. .ty and 7 =
. =

T1txot...+xit+...tTg 2yt2ot...+2i+... +2p
k ’ k :

Y =
Similar to the translation, the scaling factor of the femur shape is made uniform

% — R Y
by dividing by the root mean square s = \/Zi:" (s m)2+§§” 02+ /')2, i.e. the

Ti—T Yi—Y Z2Zi—Z
s 7 s 7 s

ith landmark (z;, y;, z;) was scaled to ( ). For rotation, the shape

((mla Y1, Zl)? (x27y2722)7 EEp) (xia Yis zi): (ExE) (xka yk;Zk))

is sct as the reference orientation. The shape
((ulv U1, u‘vl)? (U’Qa U2, UJZ)? EEE) (Uj, Vi, wi)v (XY} (Uk-, Uk, ’Ujk))

is then rotated around the origin. The angles of rotation «, § and v around
the x, y and z axes respectively are optimized by minimising the sum of the
squared distances between the corresponding landmarks. The two shapes are
translated, scaled and rotated for shape comparison. The supcerimposed two

shapes are denoted as

(X1, Y1, 21), (X2, Y5, Z5), ..y (X3, Y3, Z3)y ooy (X, Vi, Zi))
and

((Uy, V1, W1), (U, Vo, Wa), ..., (Ui, Vi, W3), oy (Uk, Vie, W)

respectively.
After superimposing the two shapes, the difference in the femur shape is

evaluated by calculating the Procrustes distance (PD), which is defined as the
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square root of the sum of the squared distances between corresponding nor-

malised landmark locations as in Equation 1.

k
PD = | > (Ui = X0 + (V; = Y2 + (W; — Z;)? (1)

i—1
A PD of zero indicates the shapes are identical.

Moreover, the Fuclidean distance between the GT of each of these two su-
perimposed femur shapes was also calculated to quantify the mismatch of the

measured bony landmark caused by STA.

3. Experiments

8.1. In-vitro validation of multiple segments globally optimal registration

To validate the accuracy of the augmented registration algorithm, a proximal
femur phantom with a socket ball joint was used. Four 10 mm diameter retro-
reflective markers were attached to four non-coplanar positions of the femur
shaft to provide femur location information as the ground truth as illustrated in
Fig. 3a. Another four markers were attached at cach corner of the water tank to
provide position information of the water tank (Fig. 3b). If the calibration box
was moved during the experiment, these four markers could be used to correct
the displacement. The water tank had a Mylar sheet window in the front wall
through which the femur phantom was scanned. The femur phantom was then
clamped-in the water tank and could be rotated in three degrees of freedom
(3DOF); as shown in Fig. 3b.

The water tank was filled with degassed water to submerge the target bony
landmark (i.e. the GT) so that it could be captured by ultrasound. The retro-
reflective markers attached to the femur phantom were remained above the
water line as the markers cannot be tracked in water. Firstly, the GT at a
static position was scanned in a tracked sweep of the US transducer and recon-
structed as the reference surface. Then the femur phantom, which had 3DOF,
was rotated arbitrarily. The position of the US transducer was adjusted to

make sure the GT was imaged within the transducer’s field of view throughout
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the femur phantom rotation. The sampling frequency of the 2D US transducer
was set to 23 Hz (45 mm US depth) while the sampling frequency of the MCS
was 100 Hz. Since the femur phantom was arbitrarily rotated for around 10
seconds in three trials, over 600 US frames were captured. Twenty US frames
were randomly selected to determine the accuracy of the multiple segments reg-
istration approach. The bone structures in these 20 frames were automatically
segmented [6] and registered to each of three split reference segments to obtain
the optimal solution. Finally, the registration result was compared to the result
of full reference surface registration and the ground truth from MCS markers

on the femur phantom.

3.2. In-vivo experiment

Ten healthy volunteers (5 males and 5 females) with a mean age of 26 years
ranging from 18 to 36 were recruited.” Anthropometric parameters were mea-
sured including the height, weight, left leg length and foot length. All the
volunteers were slim to average body-build (weights: 49.4 kg - 68.1 kg; heights:
160.1 cm - 185.2 cm). The average body mass index (BMI) was 20.2 ranging
from 18.9 to 21.7. The experiment was conducted on each volunteer’s left leg.
The average left leg length of the females was 91.2 cm and 99.3 em for males.
All ten volunteers had no known hip joint conditions and no joint replacements.

Twenty eight lower limb bony landmarks of each subject were represented by
twenty eight 10 mm diameter retro-reflective markers by following a standard
Helen Hayes configuration [2] with another ten extra markers on the lower limbs.
Refer to [9] for a detailed description of marker attachment. Each volunteer was
then examined three times using each of the MCS alone and the CAT & MAUS
system.

A volunteer was firstly asked to perform the upright standing pose and the
gait at 3 mph on a treadmill with the full set of markers. Marker trajectories
were captured by the MCS. Then, the marker on the left GT of the volunteer was
removed. Instead of a skin-attached marker, the left GT was scanned by an US

sweep to reconstruct a 3D reference surface at the standing pose (red surface in
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Fig. 2). A detailed description of the US scanning protocol and 3D bone surface
reconstruction can be found in [7][9]. After that, the volunteer was asked to walk
again at 3 mph on the treadmill while the 2D US transducer was hand-held by an
operator to image the left GT during gait. The transducer position was adjusted
to keep the bone surface within the US field of view throughout the gait cycle.
Meanwhile, the position of the transducer was captured by the MCS. Since the
bone may be missed during dynamic US imaging because of the limited field of
view, the volunteer was asked to perform more than ten gait cycles to guarantee
the bone was captured at all gait events. By following the augmented computer-
aided tracking pipeline, the bone contours were automatically scgmented and
registered to the 3D reference surface during gait. Procrustes analysis was then
applied to analyze the deformation of both the MCS left femur shape and the
CAT & MAUS femur shape at four different poses (heel strike, mid stance, toe
off and mid swing as in Fig. 4) compared to the MCS reference femur shape
and the CAT & MAUS reference femur shape at the standing pose respectively.

Finally, the Euclidean distance between the CAT & MAUS GT and the MCS
GT of the supcrimposed MCS and CAT & MAUS femur shapes at the same

pose was calculated to quantify the estimated error caused by STA.

4. Results and Discussion

4.1. In-vitro validation

A visual comparison of the registration results from the segmented bone con-
tourin a given US frame captured by US during movement to the full reference
surface and to each of three split segments are shown in Fig. 5. The blue line
is the segmented bone contour of one example US frame, while the red point
cloud is the reference surface. Although the results of registration to the full
reference surface (Fig. 5b), Scgment 2 or Segment 3 (Fig. 5c¢) arc all within
the threshold of the L, norm, it can be seen that the bone contour in 3D space
was better aligned with Segment 1 than the others (Fig. 5c¢), which gave the

best registration result. The normalised Lo norms of registrations to the full

10



255

260

265

270

275

280

reference surface and each of those three segments, and the reference with the
minimum Ly norm are listed in Table la. It can be seen that the registration
to multiple segments gave a smaller Ly norm than the registration to the full
reference surface.

To further assess the accuracy of the results from the registration, the rota-
tions derived from transformation matrix were compared to the rotation ground
truth provided by the four non-coplanar markers on the femur phantom. The
mean rotation angle difference between the ground truth and results from the
registrations to the full reference surface and each of those three segments, and
the reference with the minimum absolute value of the mean rotation angle differ-
ence are listed in Table 1b. It is shown that the registration to the full reference
surface can cause a rotation error of up to 32.27° which exceeds the clinical tol-
erance (£5°) [12]. This indicates that the previous global optimal registration
may fail when the data contains insufficient morphological information. Ideally,
if the multiple segments registration is 100 % accurate, this mean rotation angle
difference of the Segment with the optimal solution should be zero degrees and
its reference index should match the optimal reference index listed in the last
column of Table la. The optimal reference index of the optimal registration
result that had the smallest absolute value of mean difference in rotation an-
gle to the ground truth (Table 1b) was often found to be the reference index
with the ainimum Ly norm (Table 1a). There were ounly four out of twenty
positions where the optimal reference index of the registration with smallest
absolute value of mean difference in rotation angle did not match the optimal
reference index of the registration with the minimum Le norm (highlighted in
a gray color), which gives a system accuracy of 80%. Herein, we define the
system accuracy as the successful match instances (16) as a percentage of the
total registrations carried out (20).

Moreover, a segmented bone contour with unique morphological signatures,
such as a notch (Fig. 6a), was registered to the reference more accurately than
a plain bone structure (Fig. 6b). The bone structure with a notch was captured

at position 12 and 16 in Table la and 1b, which resulted in smaller Ly norms
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and rotation angle difference. This is due to the unique morphological signature
(the notch) which helps the registration to match to the same signature of the
reference surface.

The elapsed time for a single full surface registration with a stop thresh-
old of 0.01 varied from 10 to 45 minutes depending on the shape of the 2D
bone structure and the number of reference surface points, while one multiple
segments registration globally optimal registration with a stop threshold of 0.01
only took approximately 3-5 minutes. Although the full surface registration took
more time, it may still fail when the 2D bone structure has less morphological
information. This is because more possibilitics satisfy the threshold during the

optimization procedure.

4.2. In-viwo experiment

The mean Procrustes distances between the CAT & MAUS femur shape at
four different gait poses (heel strike; mid stance, toe off and mid swing) and
the CAT & MAUS reference femur shape at the standing pose were 0.05 +0.03,
0.02 £ 0.01, 0.02 £ 0.01 and 0.03 £ 0.01 respectively, which are listed in Table
2a. The mean Procrustes distances for MCS alone were 0.20 +0.05, 0.16 4 0.06,
0.16 £ 0.05 and 0:23 £ 0.05 rclative to thosc four gait poses and arc listed in
Table 2b.

Comparing Table 2a with Table 2b, the Procrustes distances between the
CAT & MAUS femur shape at four gait poses and CAT & MAUS reference
femur shape at the standing pose are smaller than the Procrustes distances
between the MCS femur shape at four gait poses and MCS reference femur
shape at the standing pose. This indicates that the femur shape reconstructed
by the MCS alonc deforms more that the femur shape reconstructed by CAT &
MAUS during gait. This is because that the GT marker captured by the MCS
alone shifted away from the actual underlying GT due to STA. CAT & MAUS
reduces the marker-based measurement error of the bony landmarks as the CAT
& MAUS GT avoid suffering from STA. Fig. 7Ta illustrates the difference between
the femur shapes captured at the standing pose by the MCS alone and CAT &

12
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MAUS. The femur shapes captured by the MCS alone and CAT & MAUS at one
example gait pose of those four gait poses are compared in Fig. 7b. To explain
the shape deformation during movement caused by STA, the femurs modelled
by each of the MCS alone and CAT & MAUS at the standing pose and one
example gait pose of those four gait poses were compared in Fig. 7c. In this
study, it was assumed that the other skin-based markers performed the same
at any given gait pose due to the repeatability of gait. As the CAT & MAUS
system detected the actual underlying GT, the GT detected at the standing
pose and the other gait poses was expected to be the same bony landmark (the
black and bluc coincident point in Fig. 7c). Morcover, as only the GT was
captured using both techniques (MCS alone and CAT & MAUS), the other four
markers attached on the femur were assumed to be in the same positions during
the examinations using MCS alone and CAT & MAUS at each gait pose (the
yvellow and black coincident points at the standing pose in Fig. 7a and 7c, and
the red and blue coincident points‘at one gait pose in Fig. 7b and 7c. Since all
five markers shifted away because of STA in MCS alone, while only four markers
changed (cxclude GT) inCAT & MAUS mecasurcment, from Fig. 7c, it can be
seen that the red segment compared to the original yellow segment deforms more
than the blue segment compared to the original black segment. Thus, the CAT
& MAUS Procrustes distances are smaller than the MCS Procrustes distances
(Table 2):

The Euclidean distances between the CAT & MAUS GT and the MCS GT
of the superimposed MCS and CAT & MAUS femur shapes at the same pose
arc shown in Fig. 8. The avcrage Euclidcan distance over the ten subjects
was 14.57 £ 5.51mm, 8.32 £ 3.11mm, 13.27 £ 1.85mm and 16.87 £ 7.74mm at
heel strike, mid stance, toe off and mid swing respectively, while the average
Euclidean distance over the ten subjects was 8.86 + 1.43mm at the standing
pose. Moreover, the smallest difference of the average Euclidean distance to the
standing pose was at the mid stance pose (1.54 £ 1.68mm). This is because the
reference leg at a mid stance pose is similar to the reference leg at the standing

pose. The Euclidean distance indicates the offset between the marker-based

13
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GT and the actual underlying GT detected by CAT & MAUS. This distance
is highly related to the soft tissue content, i.e. how much soft tissue between
the bone surface and the skin surface. Since soft tissue content varies from
person to person, a person with high soft tissue content may suffer from the
severe STA which may result in a bigger marker-based measurement error (i.e.
a bigger Euclidean distance). Since all the subjects in this study were slim, the
average Fuclidean distance varied from 8.32 mm to 16.87 mm which/was smaller
than the reported error of up to 30 mm for the thigh caused by STA [1][17][20].
However, this is not the only reason. An imprecise marker attachment to a
given bony landmark may also introduce a large Euclidean distance error.

The Procrustes analysis results shows the potential of the CAT & MAUS
system to reduce femur shape deformation during movement caused by STA.
The Euclidean distance estimates the displacement of the marker shifted away
from the actual bony landmark, which can be used to compensate the MCS
measurement error due to STA. However, the system accuracy of this augmented
CAT & MAUS is dependent on the morphological signatures of the segmented
bone structure. Erroncous cxtraction of the target bony structure using CAT
& MAUS has to be manually corrected which is a limitation as observer error
then becomes an issue. <Thus, a suitable scanning protocol suggested by US
radiographers for capturing more morphological signatures reliably could be a
solution for increasing the system accuracy and potentially making the system
more suitable for clinical use.

Other limitations include the fact that CAT & MAUS is currently only
optimised to dctect and mceasure the position of the femur surface in the region
of the greater trochanter. This means the system can only currently compensate
for STA occurring for one marker. Describing the kinematics of the femur is still
reliant on the other skin mounted markers and so STA cannot be eliminated.
Use of a probe array or a probe at another location of the femur could address
these problems. Masum et al., [10] have made some progress in validating
the accuracy of a tri-plane US system for measuring kinematics. However the

current discrepancy in sampling rate between US systems (23 Hz) and motion
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analysis systems (100 Hz) currently limits the amount of information that can
be processed on, for example, a typical gait cycle that lasts approximately one

second.

5. Conclusions

In this paper, an augmented computer-aided tracking and motion analysis
with ultrasound (CAT & MAUS) system has been introduced to dynamically
measure the movement of the GT during gait. A multiple segments globally
optimal registration has been developed to dynamically locate the underlying
bony structure during movement. It has been validated with a proximal femur
phantom shown that thc multiple scgments rcgistration algorithm is morc ac-
curate than the full surface registration with a high system accuracy of 80%.
The in-vivo CAT & MAUS results have been compared to the results captured
by a commercial motion capture system (MCS). From Procrustes analysis of
the results from hoth systems, it has been shown that CAT & MAUS reduces
the deformation of marker-modelled shape during movement. As the CAT &
MAUS system describes the movement of actual underlying bony landmarks, it
significantly reduces the measurement error of an MNCS due to STA and it is
well-suited as asmeasurement tool for clinical research of joint kinematics. With
the increasing availability of wireless US probes in conjunction with future US
array miniaturisation suggests it is likely that a combination of motion analysis
and US imaging will cventually hecome one of the most accurate methods for

experimentally determining bone pose during motion.
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Figure 3: In-vitro experiment, (a) Proximal femur phantom with a socket ball joint, and (b)

experiment set up.
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(b)

Figure 6: Automatically segmented bone structures, (a) a bone structure with a notch, and

(b) a plain bone structure.

24



< . Standing pose with MAUS GT
1
II \\ Standing pose with MCS GT
1/ \
\
fi \Q
O ,

\ i

A i

\

A /
b_ e .{) Note: O indicates superimposed markers.

(a)

. One gait pose with MAUS GT
\
I 7 \ .

1 ; \ \"~
¢ ¥
] /

. One gait pose with MCS GT

" 3
\ /
V7
‘_- —‘ Note: ‘ indicates superimposed markers.
(b)

STA error of the GT

. Standing pose with MAUS GT
/ \ . . ;
ll U \/Q \ ) Standing pose with MCS GT
) g \
/ PR ) )
/ l' e \\\\ \ . One gait pose with MAUS GT
Lty ;'
Q‘ . One gait pose with MCS GT
! [/
' \ i K4
]
vl /
vl

markers.

b—-_—ﬁ Note: . O and . indicate superimposed
(c)

(c) is the combination of (a) and (b).

Figure 7: An illustration of the comparison between the femur shapes modelled by each of
MCS alone and CAT & MAUS (a) at the standing pose, (b) at one example gait pose, and
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superimposed femur shapes at each of four different poses (heel strike, mid stance, toe off and

mid swing).
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Position  Full Surface Segment 1 Segment 2 Segment 3 Optimal Reference Index

1 0.0963 0.0100 0.0154 0.0372 Segment 1
2 0.0411 0.0136 0.0308 0.0613 Segment 1
3 0.0307 0.0094 0.0075 0.0147 Segment 2
4 0.0420 0.0154 0.0120 0.0217 Segment 2
5 0.0312 0.0212 0.0146 0.0238 Segment 2
6 0.0330 0.0097 0.0173 0.0261 Segment 1
7 0.0202 0.0099 0.0148 0.0230 Segment 1
8 0.0495 0.0092 0.0091 0.0248 Scgment 2
9 0.0337 0.0205 0.0118 0.0333 Segment 2
10 0.0314 0.0214 0.0109 0.0114 Segment 2
11 0.0247 0.0211 0.0173 0.0726 Segment 2
12 0.0701 0.0053 0.0122 0.0600 Segment 1
13 0.0753 0.0197 0.0113 0.0427 Segment 2
14 0.0869 0.0067 0.0140 0.0536 Segment 1
15 0.0974 0.0074 0.0113 0.0338 Scgment 1
16 0.0534 0.0096 0.0102 0.0180 Segment 1
17 0.0315 0.0309 0.0168 0.0417 Segment 2
18 0.0725 0.0117 0.0217 0.0430 Segment 1
19 0.0381 0.0159 0.0101 0.0144 Segment 2
20 0.0975 0.0117 0.0107 0.0508 Segment 2

(a)
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Position Full Surface Segment 1 Segment 2 Segment 3 Optimal Reference Index

1 —11.30° —1.67° —2.62° —9.13° Segment 1
2 20.53° —2.45° —5.91° —6.99° Segment 1
3 —7.02° —3.91° 2.97° —3.53° Segment 2
4 8.97° —5.51° 1.21° 6.16° Segment 2
5 —28.11° —1.15° 5.12° 5.17° Scgment 1
6 —5.75° —3.43° 16.30° 9.65° Segment 1
7 —22.72° —3.33° 13.27° —6.02° Segment 1
8 —12.22° —6.76° 6.61° —5.61° Segment 3
9 —28.60° —17.59° 9.73° 28.44° Segment 2
10 6.98° 16.91° 0.78° —5.48° Segment 2
11 —28.93° —17.19° 5.72° 7.25° Segment 2
12 —23.41° -3.02° 3.05° —5.55° Segment 1
13 9.69° —7.75° 20.49° —15.99° Segment 1
14 —5.19° —4.13° 5.66° —7.59° Segment 1
15 —4.77° —4.02° 4.07° —5.50° Segment 1
16 4.60° —2.83° 9.68° 5.95° Scgment 1
17 —32.27° —3.13° 19.59° —9.89° Segment 1
18 —7.74° —3.77° 4.47° —7.87° Segment 1
19 4.31° —5.16° 0.71° 5.62° Segment 2
20 —8.28° —1.60° 1.55° —4.57° Segment 2
(b)

Table 1: Optimal reference index comparison, (a) the normalised Lo norms of registrations
to each of the full reference surface and those three segments, and the reference index with
the minimum Lg norm (the lowest Lz norms were bold), and (b) the mean rotation angle
difference between the MCS ground truth and results from the registrations to each of the
full reference surface and those three segments of the femur phantom, and the reference index
with the minimum absolute value of the mean rotation angle difference. Mismatched optimal

reference indexes compared to (a) are highlighted in gray colour.
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Subject Heel Strike Mid Stance Toe off Mid Swing

1 0.03 0.01 0.01 0.03
2 0.03 0.01 0.02 0.06
3 0.07 0.01 0.01 0.03
4 0.02 0.02 0.02 0.03
) 0.12 0.02 0.02 0.03
6 0.07 0.02 0.03 0.04
7 0.03 0.01 0.02 0.02
8 0.02 0.02 0.02 0.02
9 0.04 0.01 0.02 0.03
10 0.03 0.03 0.03 0.03
(a)

Subject Heel Strike Mid Stance Toe off Mid Swing

1 0.25 0.22 0.15 0.29
2 0.22 0.24 0.18 0.25
3 0.13 0.05 0.04 0.12
4 0.27 0.15 0.11 0.26
5 0.11 0.21 0.21 0.22
6 0.25 0.14 0.20 0.27
7 0.22 0.10 0.16 0.25
8 0.22 0.08 0.17 0.21
9 0.16 0.19 0.17 0.24
10 0.18 0.20 0.18 0.19
(b)

Table 2: The Procrustes distances between the femur shape at four different poses (heel strike,
mid stance, toe off and mid swing) and the reference femur shape at the standing pose, (a)

for the CAT & MAUS femur shape, and (b) for the MCS femur shape
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