
 

 

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 errors in 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 change in the bone 
position with respect to skin with ultrasound, it could be used as 
a possible ad-hoc exercise to model the trajectory of displace-
ment to compensate for the soft tissue errors in human motion 
analysis. 
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I. INTRODUCTION 
Human motion analysis is used for determination of hip joint 
center and is categorized as functional technique of HJC 
determination [1-4][6].The non-invasive and easy implemen-
tation of the experimental procedures, along with results 
close to the true hip center in human studies [7][8][12], have 
made this method attractive for gait analysis as well as for 
determination of a reference point in navigation based sur-
geries[4][6]. The method involves placement of markers on 
thigh and pelvis over skin which are observed by a position 
sensing system while the subject makes movements. The 
marker trajectory is then either fit onto a sphere [2] and the 
center of sphere is  calculated to be HJC or coordinate trans-
formation techniques are used [6][7]. These results are vali-
dated with a gold standard data and are found to give accura-
cy within 20 mm as reported by a recent study on humans by 
Sangeux et al [8]. This method of HJC calculation suffers 
from a source of error known as soft tissue artifact (STA) 
[14]. This error source tends to change the position of mark-
ers placed on skin with respect to underlying bone and hence 
results in error when an estimate of bone is made from the 
markers [21-25]. Many studies have evaluated the effect of 
STA by measuring the movement of skin markers relative to 
underlying bone through bone pins [10], and external fix-
tures [21]. Apart from several other measures to compensate 
for this error source [14], Alexander et al [20] described a 
method to determine the position of bone through modeling 
of marker trajectory mathematically. They proposed that for 

a particular movement type, the trajectory of skin markers 
relative to underlying bone could be standardized and mod-
eled. For stepping stair movement, the trajectory was ob-
served to be Gaussian [20]. This method was also validated 
using invasive llizarov external fixation device on shank to 
provide bone embedded marker positions and the center of 
mass location as well as orientation errors were reduced by 
29% and 19% respectively using interval deformation tech-
nique [ 20].  
 
From the above mentioned method, it appeared that ultra-
sound could be a potential tool to assess the trajectory infor-
mation of underlying bone. In our knowledge there were no 
studies found to quantify the reason behind soft tissue arti-
fact through non-invasive procedure using ultrasound. Hence 
in order to identify how the underlying bone is moving with 
respect to the skin this experiment was conducted to see real 
time bone trajectory with respect to markers on skin while 
the standard movements [2] are made. Ultrasound is low-
cost and safe imaging modality which has been used recently 
to validate functional HJC providing gold standard data [8]
[15]. Hence it was presumed that femur bone data and its 
depth variation might be visible in real time motion through 
ultrasound. Preliminary results from “Flexion Bend” profile 
were submitted for a conference [Upadhyaya S, Lee W, Qu 
Z, Ono Y, Joslin C “Use of Ultrasound with Motion Capture 
to Measure Bone Displacement during Movement made For 
Functional Hip Joint Center Determination”]. Here we have 
presented an extension of the study to other profiles “Flexion 
Full” and “Abduction”. 
 

II. METHODS AND MATERIALS 
Four human subjects participated in the study. Setup consist-
ed of ultrasound imaging machine (Picus, Esaote Europe) 
and linear probe (L10-5, 5 MHz operating frequency, width 
4 cm). The motion capture system consisted of 6 VICON 
MX40 cameras at the frame rate of 120 Hz. 9 retro reflective 
markers were used, 3 each on thigh and back and 3 on probe 
with an extension to track the position of probe movement. 
 
The participant held the probe and stood upright for the neu-
tral pose as seen in Fig. 1. For three motion types, Flexion 
Bend (with bent knee), Flexion Full (without bent knee) and 
Abduction, probe was placed vertically (Probe’s longer edge 
parallel to the bone) at front and side on the thigh. The 
movement was started with a quick movement perpendicular 
to the bone to synchronize the motion data with ultrasound 
along with time stamps. After the quick movement the par-
ticipant flexed or abducted the leg. The ultrasound recording 
was started with the bumpy movement up to 6 seconds as the 
limit for ultrasound machine was to capture at 30 Hz for total 
180 frames. The VICON motion capture was started before 
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ultrasound measurement while participant stood still and was 
stopped only after ultrasound recording was stopped. 
 

 
Figure 1. Setup with participant handling the ultrasound probe. Ultra-
sound machine was covered with cloth to avoid reflections and 1 out 

of 6 VICON cameras is visible. 
 

 
Figure 2. Ultrasound probe and marker attachment. 

 
 

III. RESULTS 
A) Calculation of tissue thickness with movement : 
For ultrasound data, the surface of the bone was visible as a 
bright intensity band against noisy speckled background. The 
edge tracking software “EdgeTrak”[5], was used to get a set 
of open contour points which provide the position of bone 
with respect to the skin surface. All the ultrasound data con-
sisted of 180 frames and 100 contour points were generated 
for each frame using a scaling factor which converted pixels 
to mm. From this contour data, variation in depth of edge of 
bone was calculated using mean of y coordinates for each 
frame. The trajectory of bone movement with respect to the 
skin is reported in Figure 3. The initial twitch given to ultra-
sound probe generated a spike which was considered for syn-
chronization with VICON data. 
 
As shown in Fig. 2, the probe attachment had three markers 
which was used to define probe frame of reference (FOR). 
The local x was in direction of vector P1P3, y was towards the 
thigh and z perpendicular to ultrasound image plane. The cen-
troid of the three points was calculated and transformed in 
local for 

Cglobal = P2 + R*Clocal    (1) 
where Cglobal is centroid of three points on probe attachment, 
R is orientation matrix associated with probe FOR, Clocal is 
the centroid in probe FOR and P2 is origin of probe FOR. 
Once Clocal is obtained, it is translated in local FOR in y di-
rection to reach upto the thigh skin surface. The synchronized 
ultrasound data, 1 for 4 VICON frames, is then used to get the 
bone location in local FOR as bone is in the xy plane defined 
by probe FOR. This bone location is then transformed back in 

global/laboratory FOR using (1). The distance between this 
calculated marker on bone and markers on thigh is calculated 
with respect to neutral position which provides change in 
thickness of tissue over time for markers placed at different 
position on thigh, Fig. 4. 
 
B) Synchronization between ultrasound and VICON: 
The synchronization was made through analysis of graphs 
while the starting point of movement was considered with an 
increasing slope in VICON data and after spike in ultrasound 
data. Numbers of frames were converted to time domain using 
the conversion of 30Hz for ultrasound and 120Hz for VICON 
data.  Every 4 samples of VICON data contained 1 ultrasound 
sample. Rough approximation was made using stamping in 
the graph. 
 
In Fig. 3 it was observed that the bone trajectory followed a 
near to Gaussian form for Flexion with bent knee with probe 
at front and side, Flexion full on front and Abduction on side 
for at least 1 participant. Maximum displacement of bone with 
respect to neutral position in terms of depth from skin on thigh 
and maximum relative displacement of virtual marker placed 
on skin where probe was placed are reported in Table 1 for 
three movement types. For synchronized data, it was observed 
that the variation in soft tissue depth and movement were re-
lated. 
 
Fig. 4 shows the change in tissue thickness calculated as de-
scribed above for 1 participant with “Flexion Bend” profile 
when probe was placed at the front. Tissue thickness decreas-
es as hip is flexed for the marker placed on front of thigh and 
increases for the one placed at back of thigh and returns to 
neutral as it is brought back to starting point. Only 1 dimen-
sion data from probe placed at front is included, hence thick-
ness change for marker 3 placed on side remains nearly con-
stant. This provides proof of concept that, if the bone thick-
ness using ultrasound is available for entire motion type, bone 
displacement with respect to markers on skin can be found. 
Henceforth the marker trajectory in bone frame of reference 
could be estimated using this data. 
 
From Table 1 and Fig 5 it is noted that the bone displacement 
was more in the direction of movement than in the perpendic-
ular direction. For Flexion, maximum movement was ob-
served when probe was placed in front and for Abduction, 
when it was placed on side. The data is an average for 4 par-
ticipants. 
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Figure 3. Change in tissue thickness on thigh quantified as variation 

of bone displacement observed in ultrasound for 4 participants. Probe 
on thigh (a) front (b) side (lateral). Legend: Participant No.  

 
 

 
Figure 4. Change in tissue thickness for markers placed at different 
positions on thigh. Marker 1: Thigh front, Marker 2: Thigh back, 

Marker 3: Thigh side (lateral). 
 

IV. LIMITATIONS 
Ultrasound data was noisy and some of the frames were miss-
ing due to misplacement of probe during the motion. These 
frames were manually identified and the value was treated as 
an outlier with mean value treatment. Ultrasound data for par-
ticipant 2 were very noisy with frames missing the bone edge 
for more than 100 frames out of 180 with probe facing side in 
“Flexion Bend”.  
 
The probe attachment was heavy making it difficult for partic-
ipant to hold it rigidly during the motion. Also, synchroniza-
tion is done based on manual observation and analysis of 
graph based data. In future these limitations are expected to 
over-come by attaching the probe through a foam based at-
tachment rigidly onto the thigh and improvising automatic 
synchronization based on time stamps or an external trigger. 
For all the profiles, few data points are against the observed 
trend which is assumed to be due to excessive pressing of ul-
trasound probe which alters the tissue thickness and change is 
not observed. The change is observed if only the probe was 
held neutrally without pressing the skin too much. 
 

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

 
 
 

 
Figure 5. Maximum Displacement of bone during three movement 

types  with probe in front and side. 
 

V. DISCUSSION 
An attempt has been made to use ultrasound as an ad-hoc ex-
ercise to provide information about trajectory of bone with 
respect to skin during particular movement types. With an 
exception of one participant, the entire movement pattern 
looks Gaussian in Flexion bend profile. It was expected that 
bone thickness becomes lesser in the direction of movement 
due to pressing against the muscles. It was also observed that 
while bone was displaced in the direction of movement, it also 
got displaced slightly towards the direction perpendicular to 
the movements towards lateral side of the body (through 
placement of probe on side during Flexion or on front during 
Abduction). Alexander et al [20] have provided a way to com-
pensate for errors posed by such movements for one particular 
motion type. 
 
With our experiments we have shown that Ultrasound could 
be used to model subject specific trajectory. If the limitations 
are taken into account, the trajectories look Gaussian for two 
planes, Sagittal (Flexion) and Frontal (Abduction) and could 
be modeled for mathematical compensation of soft tissue arti-
fact. 
 
In Leardini et al[14], it is mentioned that skin markers are not 
appropriate for estimation of underlying bone. Our experi-
mental study has proved that during movement the underlying 
bone position is not constant to the skin at all times. Rather, 
the bone displaces linearly with the motion from its neutral 
position in the direction of movement upto 15 mm with our 4 
human subjects for “Flexion Bend”. This seems in line with 
cadaver studies [9] performed with transcutaneous bone pins 
or intracortical pins [10][14] which have shown that there is 
displacement up to 10mm between the markers attached on 
skin and the one directly on bone. This data suggests ultra-
sound could be a useful tool to assess soft tissue displacement 
and since linear movement is observed, algorithms could be 
proposed to translate the marker at each time instant to com-
pensate for the bone movement to get a better estimation of 
underlying bone and hence HJC. 
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