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Abstract - A new methodology has been described using ultra-
sound to possibly quantify the soft tissue artifact introduced in
human motion analysis using marker based approach. Marker
based motion analysis suffers from errors due to underlying
bone movement with respect to skin. It is required to compen-
sate these errorsin order to make use of this method in finding
center of rotation of hip joint for computer based surgical sys
tems. Ultrasound is an affordable and portable imaging modali-
ty which could be used to observe underlying bone movement
non-invasively. We analyzed typical movement types Flexion
(with and without bent knee) and Abduction, used for function-
al hip joint center location using ultrasound. The aim of the
experiment was to find out the trajectory underlying bone with
respect to skin non-invasively. In our knowledge no one has
used this method before. It was observed that for each motion
type at least one participant had a nearly Gaussian trajectory in
the plane of motion. A displacement of bone of upto 15mm from
neutral position during Flexion with bent knee was observed
for one participant. With this observation of changein the bone
position with respect to skin with ultrasound, it could be used as
a possible ad-hoc exercise to modd the trajectory of displace-
ment to compensate for the soft tissue errorsin human motion
analysis.
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I. INTRODUCTION
Human motion analysis is used for determinatiohipfjoint
center and is categorized as functional techniquélXC
determination [1-4][6].The non-invasive and easplemen-
tation of the experimental procedures, along witsuits
close to the true hip center in human studies [[A, have
made this method attractive for gait analysis ali ag for
determination of a reference point in navigatiorsdzh sur-
geries[4][6]. The method involves placement of neaskon
thigh and pelvis over skin which are observed Iposition
sensing system while the subject makes movemertts.
marker trajectory is then either fit onto a sphi@jeand the
center of sphere is calculated to be HIC or coatditrans-
formation techniques are used [6][7]. These resngsvali-
dated with a gold standard data and are foundvi® agcura-
cy within 20 mm as reported by a recent study amdms by
Sangeux et al [8]. This method of HIC calculatioffess
from a source of error known as soft tissue artif&TA)
[14]. This error source tends to change the pasitibmark-
ers placed on skin with respect to underlying bame hence
results in error when an estimate of bone is made the
markers [21-25]. Many studies have evaluated tlfecebf
STA by measuring the movement of skin markers ikedab
underlying bone through bone pins [10], and extefixa
tures [21]. Apart from several other measures topeEnsate
for this error source [14], Alexander et al [20]sdebed a
method to determine the position of bone througlieting
of marker trajectory mathematically. They proposieat for
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a particular movement type, the trajectory of skiarkers
relative to underlying bone could be standardized @od-
eled. For stepping stair movement, the trajectoas wb-
served to be Gaussian [20]. This method was aldated
using invasive llizarov external fixation device shank to
provide bone embedded marker positions and thescerft
mass location as well as orientation errors wedeiged by
29% and 19% respectively using interval deformatch-
nique [ 20].

From the above mentioned method, it appeared that- u
sound could be a potential tool to assess thectajeinfor-
mation of underlying bone. In our knowledge themrevno
studies found to quantify the reason behind sefiue arti-
fact through non-invasive procedure using ultrasioditence
in order to identify how the underlying bone is rimgywith
respect to the skin this experiment was conduaiesbé real
time bone trajectory with respect to markers om skhile
the standard movements [2] are made. Ultrasoundws
cost and safe imaging modality which has been tseehtly
to validate functional HJC providing gold standaiata [8]
[15]. Hence it was presumed that femur bone dath it
depth variation might be visible in real time matithrough
ultrasound. Preliminary results from “Flexion Bengfbfile
were submitted for a conference [Upadhyaya S, LeeQw/
Z, 0Ono Y, Joslin C “Use of Ultrasound with Motioragture
to Measure Bone Displacement during Movement maite
Functional Hip Joint Center Determination”]. Here Wwave
presented an extension of the study to other pofiFlexion
Full” and “Abduction”.

Il. METHODS AND MATERIALS

Four human subjects participated in the study. Setmsist-

d of ultrasound imaging machine (Picus, Esaoteofi&)r
and linear probe (L10-5, 5 MHz operating frequeneidth
4 cm). The motion capture system consisted of 6 GNC
MX40 cameras at the frame rate of 120 Hz. 9 redflective
markers were used, 3 each on thigh and back amdp3abe
with an extension to track the position of probeveraent.

The participant held the probe and stood uprightte neu-
tral pose as seen in Fig. 1. For three motion typésxion
Bend (with bent knee), Flexion Full (without bemtele) and
Abduction, probe was placed vertically (Probe’sgenedge
parallel to the bone) at front and side on the hthihe
movement was started with a quick movement perperati
to the bone to synchronize the motion data withastiund
along with time stamps. After the quick movemerg gar-
ticipant flexed or abducted the leg. The ultrasotewbrding
was started with the bumpy movement up to 6 secaadke
limit for ultrasound machine was to capture at 30fét total
180 frames. The VICON motion capture was startefdrbe
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ultrasound measurement while participant stoodl atitl was
stopped only after ultrasound recording was stopped

Figure 1. Setup with participant handling the @tnand probe. Ultra-
sound machine was covered with cloth to avoid céifi@s and 1 out
of 6 VICON cameras is visible.
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Figure 2. Ultrasound probe and marker attachment.

lll. RESULTS

A) Calculation of tissue thickness with movement :

For ultrasound data, the surface of the bone wsibleias a
bright intensity band against noisy speckled bamkgd. The
edge tracking software “EdgeTrak’[5], was used &b @ set
of open contour points which provide the positidnbone
with respect to the skin surface. All the ultrastutata con-
sisted of 180 frames and 100 contour points wereigged
for each frame using a scaling factor which coreeixels
to mm. From this contour data, variation in depttedge of
bone was calculated using mean of y coordinateseémh
frame. The trajectory of bone movement with respecthe
skin is reported in Figure 3. The initial twitchvgh to ultra-
sound probe generated a spike which was considerexyn-
chronization with VICON data.

As shown in Fig. 2, the probe attachment had timeekers
which was used to define probe frame of refere@R).
The local x was in direction of vector P1P3, y wasards the
thigh and z perpendicular to ultrasound image plahe cen-
troid of the three points was calculated and tramséd in
local for
Cglobal = P2 + R*Clocal Q)

where Cglobal is centroid of three points on pratiachment,
R is orientation matrix associated with probe F@Rycal is
the centroid in probe FOR and P2 is origin of préi@2R.
Once Clocal is obtained, it is translated in I0E&@IR in y di-
rection to reach upto the thigh skin surface. Tyrekronized
ultrasound data, 1 for 4 VICON frames, is then useget the
bone location in local FOR as bone is in the xynpldefined
by probe FOR. This bone location is then transfarimack in
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global/laboratory FOR using (1). The distance betwehis
calculated marker on bone and markers on thiglalsutated
with respect to neutral position which provides ropa in
thickness of tissue over time for markers placedifierent
position on thigh, Fig. 4.

B) Synchronization between ultrasound and VICON:

The synchronization was made through analysis apls
while the starting point of movement was consideréth an
increasing slope in VICON data and after spike ltrasound
data. Numbers of frames were converted to time doonsing
the conversion of 30Hz for ultrasound and 120HZ\fEZON
data. Every 4 samples of VICON data containedtrastdund
sample. Rough approximation was made using stamiging
the graph.

In Fig. 3 it was observed that the bone trajecfoiipwed a
near to Gaussian form for Flexion with bent kneéhwgrobe
at front and side, Flexion full on front and Abdoct on side
for at least 1 participant. Maximum displacemenbofie with
respect to neutral position in terms of depth figkim on thigh
and maximum relative displacement of virtual margkrced
on skin where probe was placed are reported ineT abior
three movement types. For synchronized data, itokasrved
that the variation in soft tissue depth and moveameare re-
lated.

Fig. 4 shows the change in tissue thickness cakmllas de-
scribed above for 1 participant with “Flexion Benpfofile

when probe was placed at the front. Tissue thickdesreas-
es as hip is flexed for the marker placed on fafrthigh and
increases for the one placed at back of thigh @barms to
neutral as it is brought back to starting pointlyOh dimen-

sion data from probe placed at front is includeshde thick-
ness change for marker 3 placed on side remaimndyrem-

stant. This provides proof of concept that, if tiene thick-
ness using ultrasound is available for entire nmotige, bone
displacement with respect to markers on skin cariobed.

Henceforth the marker trajectory in bone frame ef€rence
could be estimated using this data.

From Table 1 and Fig 5 it is noted that the borspldcement
was more in the direction of movement than in thgppndic-
ular direction. For Flexion, maximum movement wds o
served when probe was placed in front and for Abdogc
when it was placed on side. The data is an aveimagé par-
ticipants.
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Figure 3. Change in tissue thickness on thigh dfieaias variation

of bone displacement observed in ultrasound faariggpants. Probe
on thigh (a) front (b) side (lateral). Legend: Répant No.
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Figure 4. Change in tissue thickness for markeasqa at different
positions on thigh. Marker 1: Thigh front, MarkerThigh back,
Marker 3: Thigh side (lateral).

IV. LIMITATIONS

Ultrasound data was noisy and some of the frames méss-
ing due to misplacement of probe during the motibhese
frames were manually identified and the value waatéd as
an outlier with mean value treatment. Ultrasounta dar par-
ticipant 2 were very noisy with frames missing bune edge
for more than 100 frames out of 180 with proberfga@ide in
“Flexion Bend".

The probe attachment was heavy making it diffiéodtpartic-

ipant to hold it rigidly during the motion. Alsoyrchroniza-
tion is done based on manual observation and daabfs
graph based data. In future these limitations apeeed to
over-come by attaching the probe through a foanedas-
tachment rigidly onto the thigh and improvising @uttic

synchronization based on time stamps or an extérigaler.

For all the profiles, few data points are agaihst observed
trend which is assumed to be due to excessiveipgess$ ul-

trasound probe which alters the tissue thicknedschange is
not observed. The change is observed if only tlebgmwas
held neutrally without pressing the skin too much.

Table I: Displacement of bone w.r.t skin.

Probe loca- Average Bone
M otven;ent tion Movement wrt
yp (On thigh) skin (cm)
Front 0.486
Flexion Ben
Side 0.161
Front 0.070
Flexion Full
Side -0.271
Front 0.173
Abduction
Side 0.227
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Figure 5. Maximum Displacement of bone during threeement
types with probe in front and side.

V. DISCUSSION

An attempt has been made to use ultrasound as-hoca€éx-
ercise to provide information about trajectory afmb with
respect to skin during particular movement typesthVén
exception of one participant, the entire movemeattgon
looks Gaussian in Flexion bend profile. It was expd that
bone thickness becomes lesser in the direction mfement
due to pressing against the muscles. It was alsereéd that
while bone was displaced in the direction of moveini also
got displaced slightly towards the direction peieular to
the movements towards lateral side of the bodyo(itin
placement of probe on side during Flexion or omtfrduring
Abduction). Alexander et al [20] have provided aywa com-
pensate for errors posed by such movements foparigular
motion type.

With our experiments we have shown that Ultrasocodld
be used to model subject specific trajectory. & limitations
are taken into account, the trajectories look Gausfr two
planes, Sagittal (Flexion) and Frontal (Abductiamd could
be modeled for mathematical compensation of sedug arti-
fact.

In Leardini et al[14], it is mentioned that skin rkers are not
appropriate for estimation of underlying bone. Quperi-

mental study has proved that during movement thikerying

bone position is not constant to the skin at afies. Rather,
the bone displaces linearly with the motion from riteutral
position in the direction of movement upto 15 mnthwour 4

human subjects for “Flexion Bend”. This seems e liwith

cadaver studies [9] performed with transcutanearsetpins
or intracortical pins [10][14] which have shown thhere is
displacement up to 10mm between the markers atiaohe
skin and the one directly on bone. This data suggeltra-

sound could be a useful tool to assess soft tids@acement
and since linear movement is observed, algorithmgdcbe

proposed to translate the marker at each timerihstacom-

pensate for the bone movement to get a better atstim of

underlying bone and hence HJC.
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