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Validation of a New Model-Based
Tracking Technique for Measuring
Three-Dimensional, In Vivo
Glenohumeral Joint Kinematics
Shoulder motion is complex and significant research efforts have focused on measuring
glenohumeral joint motion. Unfortunately, conventional motion measurement techniques
are unable to measure glenohumeral joint kinematics during dynamic shoulder motion to
clinically significant levels of accuracy. The purpose of this study was to validate the
accuracy of a new model-based tracking technique for measuring three-dimensional, in
vivo glenohumeral joint kinematics. We have developed a model-based tracking tech-
nique for accurately measuring in vivo joint motion from biplane radiographic images
that tracks the position of bones based on their three-dimensional shape and texture. To
validate this technique, we implanted tantalum beads into the humerus and scapula of
both shoulders from three cadaver specimens and then recorded biplane radiographic
images of the shoulder while manually moving each specimen’s arm. The position of the
humerus and scapula were measured using the model-based tracking system and with a
previously validated dynamic radiostereometric analysis (RSA) technique. Accuracy was
reported in terms of measurement bias, measurement precision, and overall dynamic
accuracy by comparing the model-based tracking results to the dynamic RSA results. The
model-based tracking technique produced results that were in excellent agreement with
the RSA technique. Measurement bias ranged from −0.126 to 0.199 mm for the scapula
and ranged from −0.022 to 0.079 mm for the humerus. Dynamic measurement precision
was better than 0.130 mm for the scapula and 0.095 mm for the humerus. Overall dy-
namic accuracy indicated that rms errors in any one direction were less than 0.385 mm
for the scapula and less than 0.374 mm for the humerus. These errors correspond to
rotational inaccuracies of approximately 0.25 deg for the scapula and 0.47 deg for the
humerus. This new model-based tracking approach represents a non-invasive technique
for accurately measuring dynamic glenohumeral joint motion under in vivo conditions.
The model-based technique achieves accuracy levels that far surpass all previously re-
ported non-invasive techniques for measuring in vivo glenohumeral joint motion. This
technique is supported by a rigorous validation study that provides a realistic simulation
of in vivo conditions and we fully expect to achieve these levels of accuracy with in vivo
human testing. Future research will use this technique to analyze shoulder motion under
a variety of testing conditions and to investigate the effects of conservative and surgical
treatment of rotator cuff tears on dynamic joint stability. �DOI: 10.1115/1.2206199�

Keywords: shoulder, kinematics, accuracy, glenohumeral joint, rotator cuff
ntroduction

The shoulder is a complex system consisting of three bones
scapula, humerus, clavicle�, four joints �glenohumeral, scapu-
othoracic, acromioclavicular, and sternoclavicular� and a vast
umber of surrounding tendons and ligaments. Much of shoulder
otion is accomplished by the glenohumeral joint and significant

esearch efforts have focused on accurately measuring gleno-
umeral joint motion. However, accurately measuring in vivo gle-
ohumeral joint translations and rotations during shoulder motion
s a significant challenge.

Conventional approaches for measuring three-dimensional �3D�
lenohumeral joint position and motion have relied upon cadav-
ric simulations, two-dimensional �2D� imaging, static 3D imag-
ng, conventional motion measurement systems, and invasive
echniques using bone pins. Unfortunately, there are significant
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limitations associated with each of these approaches. Cadaveric
experiments �1–6� can provide highly accurate measures of joint
position or motion, but are unable to accurately duplicate the com-
plex motions, muscle forces, or joint forces associated with dy-
namic in vivo conditions. Glenohumeral joint position has been
evaluated radiographically, using fluoroscopy to measure dynamic
joint motion �7–10� or plane films to measure static joint position
�11–16�. However, these 2D assessments of glenohumeral joint
motion cannot sufficiently characterize motion of a joint that is
capable of translating in three directions and rotating about three
axes. Static 3D imaging of glenohumeral joint position has been
performed with magnetic resonance imaging �17–25�, CT �26�, or
biplane radiography �27�, but these techniques are currently inca-
pable of assessing dynamic joint motion. Conventional motion
measurement systems have used video cameras to measure the
position of surface markers or anatomical landmarks �28–38� or
have relied on surface-mounted electromagnetic motion sensors
�39–46�. Combinations of the aforementioned approaches are also
used, with Barnett and colleagues describing the combined use of

a surface-mounted scapular locator, electromagnetic device, and
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ptical motion tracking system �47�. Skin-mounted sensors are
ighly susceptible to skin movement artifact, and their reliability
or the accurate assessment of glenohumeral joint kinematics has
ot been established. Invasive techniques using bone pins have
een used by McClure and colleagues to directly measure scapu-
ar motion of eight volunteers �48�. However, this invasive ap-
roach not only limits the number of willing volunteers, but also
akes serial studies over time impractical since bone pins cannot

e reliably secured in the same location. More recently, our labo-
atory has begun using dynamic radiostereometric analysis �RSA�
o measure 3D glenohumeral joint kinematics by tracking the po-
ition of implanted tantalum beads with a novel, high-speed, bi-
lane x-ray system. This approach has been used extensively to
tudy in vivo knee kinematics in canines �49,50� and humans �51�.
owever, tantalum marker implantation is an invasive procedure

nd therefore is limited to only those subjects who are undergoing
surgical procedure.
To overcome the limitations associated with existing methods

or measuring glenohumeral joint motion, our laboratory has de-
eloped a new technique for measuring 3D joint kinematics. This
echnique is based on the work of You and colleagues �52� and
ompares digitally reconstructed radiographs to biplane fluoro-
copic images. The purpose of this study was to compare a new
odel-based tracking technique for measuring 3D glenohumeral

oint kinematics to a well-established, accurate dynamic RSA
echnique that measures joint kinematics by tracking the position
f implanted tantalum beads �49�. Based on preliminary testing,
e hypothesized that the model-based tracking technique would

rack the 3D position and orientation of the humerus and scapula
o within 0.5 mm and 1.0 deg of the dynamic RSA technique.

ethods

Overview. We have developed a technique for accurately mea-
uring in vivo joint motion from biplane radiographic images that
oes not require implanted tantalum beads. This technique—
eferred to as the model-based tracking technique—tracks the po-
ition of bones based on their 3D shape and texture. To validate
his technique, we: �1� implanted tantalum beads into the humerus
nd scapula of cadaver specimens, �2� recorded biplane radio-
raphic images of the shoulder while manually moving the speci-
en’s arm, �3� measured the position of the humerus and scapula

sing the model-based tracking system, �4� measured the position
f the humerus and scapula by tracking the implanted tantalum
eads with dynamic RSA, and then �5� compared the results of the
wo techniques. The RSA data were used as the “gold standard.”

Specimen Preparation. Accuracy tests should resemble actual
esting conditions to the greatest extent possible to recreate imag-
ng conditions, movement speeds, and other factors that may in-
uence measurement accuracy. To provide a realistic simulation
f the in vivo condition, we obtained three intact, fresh-frozen
adaver torsos �age: 89.0±6.2�. Tantalum beads 1.6 mm in diam-
ter were implanted into the humerus and scapula of both shoul-
ers. For the humerus, four markers were inserted through the
reater tuberosity and widely distributed throughout the humeral
ead. For the scapula, markers were implanted into the acromion,
capular spine, glenoid neck, and coracoid process. The instru-
ents for implanting the markers consisted of matched stainless

teel cannulas, inserts, and drill guides with depth stops. The
annula/insert was used to drill a 2 mm hole �through skin and
one� at the proper angle and to the proper depth. The insert was
emoved and a bead was inserted into the cannula �surrounded by
one wax� and pushed to the end of the hole. A nylon cord was
ecured to the elbow so that shoulder motion could be manually
imulated via a pulley system.

Testing Setup. Specimens were secured to a custom testing
pparatus and positioned with the glenohumeral joint centered in

he biplane x-ray system. The biplane x-ray system consists of two

ournal of Biomechanical Engineering
100 kW pulsed x-ray generators �EMD Technologies CPX
3100CV� and two 30 cm image intensifiers �Shimadzu Medical
Systems, model AI5765HVP�, optically coupled to synchronized
high-speed video cameras �Phantom IV, Vision Research� config-
ured in a custom gantry to enable a variety of motion studies. The
system is configured with a 60 deg inter-beam angle, an x-ray
source-to-object distance of 105 cm, and object-to-intensifier dis-
tance of 75 cm.

Testing Procedures. Three shoulder motions �involving both
glenohumeral and scapulothoracic motion� were simulated:
frontal-plane elevation, sagittal-plane elevation, and external rota-
tion. These motions approximately represented rotations about a
medial/lateral axis, an anterior/posterior axis, and a superior/
inferior axis centered on the glenoid. For each shoulder we con-
ducted three trials for the elevation motions and two trials for the
rotation motions. Thus, a total of 16 motion trials per specimen
�eight per shoulder� were conducted and analyzed. It was not nec-
essary to reproducibly create a particular motion since the model-
based tracking measurements were compared with the RSA mea-
surements within each trial. All radiographic images were
acquired with the x-ray generators in continuous radiographic
mode �70 kV, 320 mA�. The x-ray images were acquired at
50 frames/s with the video cameras shuttered at 1 /500 s to elimi-
nate motion blur.

After testing was completed, we obtained a CT image of the
cadaveric shoulders. The scans were performed on a Light-
Speed16 system �GE Medical Systems�, in axial mode with
1.25 mm slice spacing, 18 cm field of view and 512�512 pixel
image size �in-plane resolution of 0.35 mm�.

Measuring Joint Position With Model-Based Tracking. The
model-based tracking technique is based on the following con-
cept: given the geometry of the biplane x-ray system and a 3D
bone model �from a CT scan�, a pair of digitally reconstructed
radiographs �DRRs� can be generated via ray-traced projection
through the 3D bone model �Fig. 1�. By optimizing the similarity
between the two DRRs and the actual 2D biplane radiographic
images, the in vivo position and orientation of a given bone can be
estimated. Sobel edge-detector output is added to the base images
for both the DRRs and the radiographs to enhance the matching
process. Match quality is measured by calculating the correlation
coefficient of each DRR with its corresponding radiograph, then
multiplying the two view correlations to get total system
correlation.

The first step in the model-based tracking involved developing
the 3D volumetric bone model. First, the humerus and scapula CT
images were manually segmented from other bones and soft tis-
sue. The implanted tantalum beads were manually removed from
the CT images so that the presence of implanted beads did not
improve the model-based tracking in any way. The CT volume
was then interpolated using a feature-based interpolation tech-
nique and scaled to have cubic voxels with dimensions similar to
the 2D pixel size in the biplane x-ray system images.

The model-based tracking process is performed with an
operator-friendly workbench of graphical tools designed by the
authors. This workbench includes the following tools: �1� a visual
overlay of the DRRs on the radiographs that facilitates the opera-
tor’s initial guesses and provides contrasting colors to help the
operator match position and orientation, �2� an array of six slider
bars that control the position and orientation of the model, �3� a
low-resolution 2D search tool that performs a wide-latitude, ex-
haustive search by translating and rotating each DRR to maximize
the correlation with its radiograph, �4� a high-resolution �but nar-
row latitude� six-axis search tool to refine position and orientation,
�5� a linear-projection tool that uses the solution from two succes-
sive frames to calculate a starting guess for the next frame and
then optimizes the solution with the 2D and six-axis search tools,
�6� tools for charting the motion and visualizing a movie of suc-

cessive frames to help the operator evaluate the quality of the

AUGUST 2006, Vol. 128 / 605



a
q
i

b
t
s
p
D
b
c
s
c
i
s
p
s
o

F
c
t
t

6

utomated solution, and �7� an interpolation tool that corrects poor
uality solution frames by calculating linear, quadratic, or cubic
nterpolations based on frames with known good solutions.

Initial estimates for bone position and orientation were obtained
y manually adjusting the six motion parameters �three positions,
hree rotations� to obtain a good visual match between fluoro-
copic images and DRRs for both biplane views �Fig. 1�. The
rogram measured the quality of the initial guess by generating a
RR for each of the biplane views �Fig. 2�, enhancing each view
y adding a Sobel edge detector output to the original DRR, cal-
ulating the correlation coefficient of each DRR with its corre-
ponding radiograph, and multiplying the two correlation coeffi-
ients to get a system-correlation measure. The initial guess was
mproved using the low-resolution 2D search tool that iterated
everal �typically 2–10� times until the correlation stopped im-
roving. The solution was further refined with the high-resolution
ix-axis search tool which determined the six-coordinate gradient
f the correlation product with finite differences and performed a

Fig. 1 Flow chart showing the process used by the m
position and orientation from a pair of biplane x-ray i

ig. 2 A pair of digitally reconstructed radiographs „DRRs… are
onstructed from the CT bone model. The position and orien-
ation of the CT bone model is refined to optimize the correla-

ion between the two DRRs and the two biplane x-ray images.

06 / Vol. 128, AUGUST 2006
quadratic search along the gradient line for the maximum corre-
lation product. This process was repeated until the new guess
changed by less than 0.1 mm and 0.1 deg for three successive
iterations. Initial guesses were made manually for the first two
frames in each motion sequence. Since the rapid frame rate mini-
mized differences in joint position between frames, the initial
guess for each successive frame was obtained by making a linear
projection from the solution of the previous two frames. Thus, the
final solution of the previous two frames was used to provide an
initial starting point for the subsequent frame. Tracking for the
remainder of the motion sequence proceeded without additional
user interaction.

The tracking workbench program was accelerated by parallel-
izing its calculations on a cluster of 13 inexpensive microcomput-
ers �3.4 GHz Pentium 4, Silicon Mechanics iServ R100, Seattle,
WA� linked by a gigabit Ethernet switch. This decreased the time
required to track a scapula from approximately 8 h on a single
personal computer �3.4 GHz Pentium 4� to approximately 40 min
on the parallel processing system. For a typical trial, each frame
of data requires approximately 40–50 s of computing time for the
solution to converge. The operator’s workstation controls the
search processes with a parallel state-machine algorithm, but del-
egates the computation-intensive DRR projection, edge enhance-
ment, and correlation calculations to the 12 worker nodes. The
nodes are scheduled dynamically using standard multiphonon ion-
ization �MPI� protocols. Results are consolidated and presented
graphically by the operator’s workstation.

Using this model-based tracking technique, the 3D position and
orientation of the humerus and scapula were determined indepen-
dently for all frames of each trial. The final step involved deter-
mining the position of the tantalum beads within the CT bone
model and then expressing their 3D position relative to a fixed
laboratory coordinate system. These data enabled a direct com-
parison between marker-based and model-based tracking results.

Measuring Joint Position With Dynamic RSA. For compari-
son, the 3D position of each implanted tantalum bead was also
determined from the biplane images using an established proce-
dure that was developed and validated in our laboratory �49�. This
procedure has been used extensively to measure knee kinematics
in humans and canines �49–51�. The process for moving from
digital biplane radiographs to 3D bead coordinates involved image
distortion and nonuniformity correction, automated detection of
beads from x-ray images, 2D bead centroid calculations, interac-
tive 3D tracking and low-pass filtering �49�. This process deter-
mined the 3D location of each tantalum bead relative to the same

el-based tracking algorithm to find a bone’s optimal
ges
od
ma
laboratory coordinate system used by the model-based tracking
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echnique. This RSA approach for measuring the position of im-
lanted tantalum beads has been shown to be accurate to within
0.1 mm �49�.

Comparison of Techniques. To characterize the performance
f the model-based tracking technique relative to dynamic RSA,
ccuracy was quantified in terms of bias and precision �49,53�.
easurement bias was assessed by determining the average dif-

erence in 3D bead locations between the two techniques across
ll trials. It was assumed that the beads were rigidly fixed in bone
nd that there was no motion of the beads relative to the bone
uring the trials. Thus, frame-to-frame variations in the reported
ead locations provided a direct estimate of the uncertainty in the
odel-based tracking measurements independent of shoulder mo-

ion. Dynamic precision was assessed by determining the standard
eviation of the difference between the two techniques during the
otion trials. Finally, to provide a single measure of accuracy, we

ssessed the overall dynamic accuracy of the model-based track-
ng technique by computing the rms error between the two tech-
iques across all trials.

We estimated rotational error by computing the effect of the
aximum radial rms error on local �i.e., bone-based� coordinate

ystem alignment. This was accomplished by computing the arct-
ngent of the ratio of maximum radial error to the distance be-
ween the two closest anatomical landmarks used in defining each
one’s local coordinate system �54�. For the humerus, this error
as based on an estimated distance of 65 mm between the medial

nd lateral epicondyles. For the scapula, this error was based on
n estimated distance of 135 mm between the angulus acromialis
nd the trigonum scapulae landmarks. These computed values
ere assumed to represent an upper bound of rotational error.

esults
The model-based tracking technique produced results that were

n excellent agreement with the RSA technique. In particular, the
osition and orientation of the scapula and humerus were qualita-
ively acceptable when superimposed over the original biplane
mages �Fig. 3�. Quantitatively measurement bias ranged from
0.126 to 0.199 mm �depending on coordinate axis� for the
capula and ranged from −0.022 to 0.079 mm for the humerus

able 1 Measurement bias „i.e., average difference between m
recision „i.e., standard deviation of the difference between m
elative to a laboratory-fixed coordinate system.

Axis

Measurement bias

Scapula Humerus

X 0.163±0.210 mm 0.079±0.224
Y −0.126±0.283 mm −0.005±0.136
Z 0.199±0.204 mm −0.022±0.123

Fig. 3 Single-frame model-based t
and humerus „right…. In each imag
diographs „DRRs…—i.e., the highlig
imposed over the original pair of bi
orientation that maximized the co
plane x-ray images. Note that the
visible in the fluoroscopic images,

ric CT bone model and thus do not ap

ournal of Biomechanical Engineering
�Table 1�. Dynamic measurement precision was better than
0.130 mm for the scapula and 0.095 mm for the humerus �Table
1�. Finally, the assessment of overall dynamic accuracy indicated
that rms errors in any one direction were less than 0.385 mm for
the scapula and less than 0.374 mm for the humerus �Table 2�.
These errors correspond to rotational inaccuracies of approxi-
mately 0.25 deg for the scapula and 0.47 deg for the humerus.

Discussion
The purpose of this study was to compare a new model-based

tracking technique for measuring 3D glenohumeral joint kinemat-
ics to a well-established, accurate dynamic RSA technique. The
results indicate that the new model-based tracking technique is
accurate to within approximately ±0.5 mm of a high accuracy,
validated dynamic RSA technique. In addition, the reported data
indicate that this technique has low measurement bias and high
measurement precision for dynamic motions.

Accurately measuring in vivo glenohumeral joint motion is im-
portant for understanding, among other things, the etiology of
rotator cuff injuries. For instance, superior translation of the hu-
merus relative to the glenoid is widely believed to decrease the
subacromial space—i.e., the space between the humerus and the
acromion occupied by the rotator cuff’s supraspinatus tendon—
and cause pathologic contact between the supraspinatus tendon
and acromion. This phenomenon, known as subacromial impinge-
ment, is widely believed to contribute significantly to the devel-
opment of rotator cuff tears �55�. The subacromial space has been
reported to be approximately 5–8 mm, depending on gender and
arm position �21�. Thus, a 1–2 mm increase in superior gleno-
humeral translation may be clinically significant since it poten-
tially represents a 12–40% decrease in subacromial space. The
technique reported here is capable of detecting changes in joint
position within this clinically significant level �i.e., 1–2 mm�.
Specifically, a rms error of 0.4 mm corresponds to approximately
4% to 8% of the subacromial space thickness. Without a suffi-
ciently accurate measuring system, the sample size necessary to
detect statistically significant differences in in vivo glenohumeral
joint motion would be prohibitive.

el-based tracking and dynamic RSA… and static measurement
el-based tracking and dynamic RSA…. All data are expressed

Dynamic measurement precision

Scapula Humerus

0.130±0.058 mm 0.077±0.033 mm
m 0.123±0.054 mm 0.095±0.043 mm
m 0.060±0.014 mm 0.067±0.022 mm

king solution for the scapula „left…
he two digitally reconstructed ra-
d bones in each image—are super-
e x-ray images in the position and

lation between the DRRs and bi-
lanted tantalum beads, which are
e been removed from the volumet-
od
od

mm
m
m

rac
e, t
hte
plan
rre
imp
hav
pear in the DRRs.
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Previous efforts aimed at measuring in vivo shoulder motion
ave relied largely upon conventional techniques such as electro-
agnetic motion sensors and video analysis of skin markers. The

ifferences in reported glenohumeral joint motion between these
arious measurement techniques can be significant. For example,
ibone and colleagues used a skin-mounted electromagnetic mo-

ion sensor to measure anterior glenohumeral translation during an
nteroposterior drawer examination of the shoulder. In 16 female
wimmers, the authors reported average anteroposterior transla-
ions of 12.4 mm in the dominant arm and 13.8 mm in the non-
ominant arm �45�. By comparison, Tillander and Norlin used an
nvasive device that consisted of a sliding ruler whose ends were
igidly attached to the humerus and glenoid to report intraopera-
ive measures of anterior glenohumeral translation in 58 patients
ndergoing shoulder surgery. The average anterior translation for
atients whose shoulders were described clinically as stable was
mm �56�. For further comparison, Brenneke and colleagues per-

ormed a cadaveric study that measured anterior glenohumeral
ranslation with a motion measurement system that was rigidly
ttached the humerus and glenoid. They reported that the humerus
ranslated 8–25 mm relative to the glenoid during clinical exami-
ations �57�. The data from these three studies suggest that ante-
ior humeral head translation may range from 5 to 25 mm. To
elp understand the significance of these reported translations, the
nterior-posterior dimension of the glenoid, measured in 140
houlders, has been reported to be 29±3.2 mm �58�. Thus, report-
ng that the humerus translates anteriorly greater than 15 mm �i.e.,
alf of the anterior-posterior dimension� suggests that the joint
pproaches full dislocation during a simulated clinical exam. This
eems highly unlikely. Although the wide range of translations
eported in these studies certainly reflects, to some extent, differ-
nces in testing protocols, it more importantly highlights limita-
ions associated with previous studies and emphasizes the need for

technique that accurately measures in vivo glenohumeral joint
otion during shoulder motion.
It is important to recognize that in vivo accuracy has not been

ssessed for the vast majority of studies using conventional tech-
iques to measure shoulder motion. However, a very limited num-
er of studies have reported measures of in vivo accuracy. Kar-
una and colleagues reported errors in scapular kinematics by
omparing measurements from a skin-mounted electromagnetic
otion sensor to a sensor rigidly mounted to the scapula via bone

ins �59�. The average rms errors from 0 to 150 deg of humer-
thoracic motion ranged from 1.1 to 11.4 deg. However, these er-
ors varied greatly between specific motions and tended to be
uch greater above 120 deg, i.e., the position associated with

verhead activities where pain and disability due to rotator cuff
mpingement is greatest. In a similar study, Meskers and col-
eagues assessed the static measurement repeatability of an elec-
romagnetic tracking device by comparing its measurements to
hose recorded with a spatial linkage digitizer �60�. The authors
eported translational errors of 1.58, 2.07, and 2.64 mm in the x,
, and z directions, and rotational errors of scapular and humeral
rientation that varied from 1.12 to 5.07 deg. Given the clinical

able 2 Average rms errors „� st. dev.… between the model-
ased tracking and RSA techniques. Results are expressed in a

aboratory-based coordinate system.

Axis Scapula Humerus

X 0.288±0.166 mm 0.374±0.151 mm
Y 0.385±0.134 mm 0.305±0.101 mm
Z 0.354±0.126 mm 0.217±0.113 mm

Radial 0.597±0.184 mm 0.530±0.192 mm
ignificance of small �i.e., 1–2 mm� changes in glenohumeral

08 / Vol. 128, AUGUST 2006
joint position, previous studies have not provided sufficiently ac-
curate, 3D measurements of in vivo glenohumeral joint motion
during dynamic shoulder motion.

Similar techniques have been developed for measuring in vivo
joint motion from fluoroscopic images, but these techniques have
either relied upon single-plane radiographic systems where errors
parallel to the imaging beam are large �61� or have been limited to
the analysis of static activities �62�. Perhaps more importantly, the
validation studies supporting the use of these techniques have not
accurately represented the challenges associated with the in vivo
analysis of bone motion. Specifically, the validation studies have
used phantom objects that do not duplicate complex bone geom-
etries �62� or have relied upon validation based on the tracking of
metal implants where edges are clearly defined �63�.

In summary, this model-based tracking approach represents a
non-invasive technique for accurately measuring dynamic gleno-
humeral joint motion that does not require the implantation of
tantalum beads. The model-based technique achieves accuracy
levels that far surpass all previously reported non-invasive tech-
niques for measuring in vivo glenohumeral joint motion. This
technique is supported by a rigorous validation study that provides
a realistic simulation of in vivo conditions and we fully expect to
achieve these levels of accuracy with in vivo patient testing. Fu-
ture research will use this technique to analyze shoulder motion
under a variety of testing conditions �e.g., during rehabilitation
exercises or pitching� and to investigate the effects of conservative
and surgical treatment of rotator cuff tears on dynamic joint
stability.
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