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Abstract
Background: Accurately measuring in-vivo motion of the knee's patellofemoral (PF) joint is
challenging. Conventional measurement techniques have largely been unable to accurately measure
three-dimensional, in-vivo motion of the patella during dynamic activities. The purpose of this study
was to assess the accuracy of a new model-based technique for measuring PF joint motion.
Methods: To assess the accuracy of this technique, we implanted tantalum beads into the femur
and patella of three cadaveric knee specimens and then recorded dynamic biplane radiographic
images while manually flexing and extending the specimen. The position of the femur and patella
were measured from the biplane images using both the model-based tracking system and a validated
dynamic radiostereometric analysis (RSA) technique. Model-based tracking was compared to
dynamic RSA by computing measures of bias, precision, and overall dynamic accuracy of four
clinically-relevant kinematic parameters (patellar shift, flexion, tilt, and rotation).
Results: The model-based tracking technique results were in excellent agreement with the RSA
technique. Overall dynamic accuracy indicated errors of less than 0.395 mm for patellar shift,
0.875° for flexion, 0.863° for tilt, and 0.877° for rotation.
Conclusion: This model-based tracking technique is a non-invasive method for accurately
measuring dynamic PF joint motion under in-vivo conditions. The technique is sufficiently accurate
in measuring clinically relevant changes in PF joint motion following conservative or surgical
treatment.

Background
The patellofemoral (PF) joint consists of the distal femur
and patella. PF pain syndrome – also known as anterior
knee pain or chondromalacia – is very common and is
widely believed to be caused by abnormal motion of the
patella relative to the femur (often referred to as patellar
tracking). Abnormal patellar tracking is thought to alter
the mechanical interaction between the patella and

femur, and may progress to cartilage degeneration and
osteoarthritis.
Accurately measuring in-vivo PF joint motion remains a
significant challenge. PF joint motion has been measured
in cadaver specimens using electromagnetic sensors [1-4],
three-dimensional (3D) video analysis of markers [5,6], xray stereophotogrammetry [7,8], goniometers [9], and
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coordinate measuring machines [10]. These studies have
provided valuable insight into factors that may influence
patellar tracking, but cadaveric experiments are unable to
duplicate the in-vivo motions, forces, or muscle firing patterns common to live human subjects. In-vivo studies of PF
joint motion have traditionally relied upon static twodimensional (2D) radiographs [11-15], 2D video digital
fluoroscopy [16], intracortical bone pins [17,18], x-ray
photogrammetry [19], electromagnetic sensors [20], static
CT [21,22], and static MRI [23-26]. While these studies
have also provided helpful information about patellar
tracking, static analyses can not quantify PF joint function
during dynamic activities, 2D analyses are incapable of
capturing the complex 3D relationship of the patella relative to the femur, and bone pins [17,18] limit the number
of willing volunteers and make serial studies over time
impractical since bone pins can not be reliably reattached
in the exact location.
More recently, dynamic MRI-based techniques have
grown in popularity as a tool for measuring PF joint
motion under in-vivo conditions. These techniques –
which have been described by various names, including
kinematic MRI [27-29], cine phase contrast MRI [30,31],
motion-triggered cine MRI [32] or fast phase contrast MRI
[33]-acquire a series of MR images as the subject performs
a periodic knee motion activity (typically flexion and
extension), with each MR image acquired at a unique
phase of the knee motion cycle. Thus, multiple motion
cycles are required to assemble the MR images necessary
to represent a single motion trial. Dynamic MRI techniques that rely upon conventional closed bore scanners
are limited by the physical dimensions of the scanner.
Specifically, these scanners do not allow for activities that
replicate the forces and ranges of motion that produce
symptoms for patients with PF pain syndrome. Furthermore, this approach implicitly assumes that there is relatively little variability in knee motion patterns between
successive motion cycles.
Additional techniques for assessing in-vivo PF joint
motion have included dynamic CT imaging [34] and single-plane fluoroscopic imaging combined with shape
matching [35]. Dynamic CT imaging has limitations similar to those associated with dynamic MRI. The singleplane fluoroscopic technique is a promising approach
that has achieved reasonable levels of theoretical accuracy,
but has yet to be validated [35].
To overcome the limitations associated with existing
methods for measuring PF joint motion, our laboratory
has developed a new model-based tracking technique for
measuring in-vivo 3D joint motion. The purpose of the
study was to assess the accuracy of this model-based tracking technique for in-vivo PF joint motion by comparing
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the model-based technique to an accurate radiostereometric analysis (RSA) technique that measures joint motion
by tracking the position of implanted tantalum beads
[36].

Methods
Overview
We have developed a CT model-based technique for accurately measuring in-vivo joint motion from biplane x-ray
images. Specific details of this technique, which tracks the
position of bones by maximizing the correlation between
biplane x-ray images and digitally reconstructed radiographs (DRRs), have been published previously [37]. To
validate this new technique, we implanted small beads
into the patella and femur of three cadaver knee specimens, recorded biplane radiographic images while manually flexing and extending the leg, measured the position
of the patella and femur using model-based tracking,
measured the position of the patella and femur with
dynamic RSA [36] – our "gold standard" – and then compared the results of the two techniques.
Specimen preparation
Three 1.6 mm diameter tantalum beads were implanted
into both the patella and femur of three intact lower limbs
from two cadaver specimens (72/male, 89/female). The
quadriceps tendon was exposed through a 50 mm skin
incision and sutured with nylon cord. The nylon cord was
then placed between the skin and quadriceps muscle so
that simulated muscle forces could be directed in a physiologic direction parallel to the femur's long axis. The tibia
was secured to a custom testing apparatus with the leg
inverted, i.e., with the femur hanging passively below the
tibia (Figure 1). Although knee flexion is most often
accomplished with the tibia rotating relative to a fixed
femur, this experimental setup resulted in both the femur
and patella moving relative to a fixed tibia and thus resulting in a more challenging assessment of PF joint motion.
The specimen was then positioned with the knee centered
in a biplane x-ray system [36].
Testing procedures
Biplane x-ray images were acquired while manually flexing the knee from full extension (i.e., approximately 10°
flexion) to approximately 90° of flexion with respect to
the femoral and tibial long axes. Knee motion was
achieved by manually pulling the nylon cord attached to
the quadriceps tendon to cyclically flex and extend the
knee. Given that accuracy was assessed by applying both
the model-based tracking and dynamic RSA techniques to
each trial, it was not necessary to accurately replicate invivo conditions (i.e., joint motion, muscle forces, or joint
contact forces) or insure the repeatability of testing conditions between trials. The biplane x-ray images were
acquired at 60 frames per second for 1.5 seconds with the
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resulted in a 3D bone model with voxel dimensions similar to the biplane x-ray image pixel size.
Model-based tracking
The 3D positions and orientations of the patella and
femur were measured from the biplane x-ray images using
a technique referred to as model-based tracking. Briefly,
this technique applies a ray-tracing algorithm to project a
pair of digitally reconstructed radiographs (DRRs) from
the CT-based bone model. The in-vivo position and orientation of a bone is estimated by maximizing the correlation between the DRRs and the biplane x-ray images.
Using this technique, the 3D position and orientation of
the patella and femur were determined independently for
all frames of each trial. The final step involved determining the position of the tantalum beads within the CT bone
model and then expressing their 3D position relative to a
laboratory coordinate system.
Dynamic RSA
For comparison, the 3D position of each implanted tantalum bead was also determined from the biplane images
using a previously validated and well-established
dynamic RSA technique [36]. This process determined the
3D location of each implanted tantalum bead relative to
the laboratory coordinate system to an accuracy of within
± 0.1 mm. These data enabled a direct comparison with
the model-based tracking results.

Figure 1
Experimental
testing configuration
Experimental testing configuration. The tibia of each
cadaveric leg specimen was rigidly attached to a custom testing fixture, with the leg suspended within the biplane x-ray
system in an inverted position. The quadriceps tendon was
sutured with nylon cord so that simulated muscle forces
could be applied. These manually applied forces flexed the
knee from full extension to approximately 80° of flexion at a
rate of approximately 60° per second.

x-ray generators in pulsed mode (70 kV, 320 mA) and
video cameras shuttered at 1/500 s to eliminate motion
blur. For each specimen, we acquired biplane x-ray images
of four flexion-extension trials and two static trials.
Following testing, we obtained axial CT images of each
knee using a LightSpeed VCT (GE Medical Systems). The
CT data set had 0.625 mm slice spacing and an in-plane
resolution of approximately 0.4 mm/pixel. The femur and
patella were segmented from surrounding bones and soft
tissues (ImageJ 1.32 j, http://rsb.info.nih.gov/ij) and then
rescaled with a feature-based interpolation technique that

Kinematics
PF joint kinematics were determined using transformations between each bone's 3D position and orientation
(determined from the model-based tracking and dynamic
RSA results) and anatomical axes determined from the CT
bone model. Specifically, patellar motion was quantified
in terms of shift (i.e., medial-lateral translation relative to
the femur), flexion (i.e., rotation about a medial-lateral
axis relative to the femur), tilt (i.e., rotation about the
patella's long axis), and rotation (i.e., angular position relative to the patella's anterior-posterior axis) [38]. These
four parameters are believed to represent the most clinically relevant motion variables. For completeness, anterior-posterior translation and superior-inferior translation
of the patella relative to the femur were also measured,
even though these two translations are less meaningful
from a clinical perspective.
Comparison of techniques
Accuracy of the model-based tracking technique was
quantified in terms of bias and precision [39]. Measurement bias was defined as the average difference between
the two techniques. Precision was defined as the standard
deviation of the model-based tracking results when
applied to only the static trials. Thus, any frame-to-frame
variability in measurement error when no motion
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occurred provided an estimate of the precision of the
model-based tracking technique. In addition, to provide a
single measurement of accuracy, we assessed the overall
dynamic accuracy by calculating the RMS error between
the two measurement techniques. These measures of accuracy (i.e., bias, precision, overall dynamic accuracy) were
first computed using the 3D position of the implanted
tantalum beads as reported by both the model-based and
dynamic RSA measurement techniques. This allowed us to
assess the amount of error associated with the tracking of
each bone. These three measures of accuracy were also calculated for each of the six kinematic measurements (i.e.,
three translations, three rotations).

Results
There was very high agreement between the results from
the model-based tracking and RSA techniques (Figure 2).
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In comparing the position of the implanted tantalum
beads, bias ranged from -0.174 to 0.248 mm (depending
on coordinate direction), precision ranged from 0.023 to
0.062 mm, and overall dynamic accuracy was better than
0.335 mm (Table 1). When the results were compared
using kinematic parameters, bias ranged from -0.293 to
0.320 mm for the three translational parameters (patellar
shift, anterior-posterior translation, proximal-distal translation, Table 2) and ranged from -0.090° to 0.475° for the
three rotational parameters (flexion, tilt, rotation, Table
2). Precision ranged from 0.042 to 0.114 mm for the three
translational parameters and ranged from 0.216° to
0.382° for the three rotational parameters. Overall
dynamic accuracy was better than 0.395 mm for the three
translational measurements, and better than 0.877° for
the rotational measurements (Table 2).

Figure 2 model-based tracking solution for the femur (top) and patella (bottom)
Single-frame
Single-frame model-based tracking solution for the femur (top) and patella (bottom). In each image, the two digitally reconstructed radiographs (DRRs) – i.e., the highlighted bones in each image – are superimposed over the original biplane x-ray
images in the position and orientation that maximized the correlation between the DRRs and biplane images.
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Table 1: Accuracy of the model-based technique for tracking the patella and femur was expressed in terms of bias and precision as
mean ± standard deviation.

Bias

Precision

Axis

Patella

Femur

Patella

Femur

X
Y
Z

-0.014 ± 0.133
-0.174 ± 0.114
0.248 ± 0.158

0.207 ± 0.099
-0.022 ± 0.125
0.218 ± 0.099

0.061 ± 0.027
0.062 ± 0.028
0.042 ± 0.007

0.049 ± 0.011
0.038 ± 0.005
0.023 ± 0.004

Discussion
Accurately measuring PF joint motion is important for
understanding, among other things, the effect of conservative and surgical treatment of PF pain syndrome. A previous study that compared patellar tracking patterns
between subjects with PF pain and subjects without PF
pain reported average differences of approximately 5° in
patellar tilt and approximately 4% in patellar offset, i.e.,
the percentage of the patella lateral to the midline [40].
Assuming an average patellar width of 46 mm [41], this
4% patellar offset corresponds to an estimated difference
in patellar translation of approximately 2 mm. Thus, it is
reasonable to presume that a system for measuring patellar tracking should be able to detect differences between
subject populations in patellar tracking of less than 2 mm
and 5°. Using the general rule that a measurement system
should ideally have an accuracy that is an order of magnitude better than the smallest change you expect to measure, these data suggest that the patellar tracking technique
should have an accuracy of approximately ± 0.2 mm for
translations and ± 0.5° for rotations. Although the technique reported here falls short of this ideal accuracy goal,
it is still four to five times more accurate than the smallest
differences we would hope to detect (i.e., 2 mm of translation and 5° of rotation). From a statistical standpoint, if
we assumed that all the variability within a group of subjects was due solely to measurement technique inaccuracy, then the sample size required to detect differences of
2 mm of patellar translation with a measurement system
of "ideal" accuracy (i.e., ± 0.2 mm of error) would be 2
subjects (based on a t-test and assuming α = 0.05 and β =
0.2). In contrast, only one additional subject would be
required to detect differences of 2 mm with the accuracy
of the model-based tracking system reported here (i.e., ±

Overall Dynamic Accuracy
Patella
Femur
0.220 ± 0.044
0.211 ± 0.035
0.335 ± 0.127

0.234 ± 0.064
0.149 ± 0.048
0.276 ± 0.062

0.395 mm). However, since previously reported data indicates that inter-subject variability in measured knee kinematics is approximately 10 to 30 times greater than the
inaccuracies associated with the measurement system
reported here [40], the authors are comfortable that the
technique reported here is still within an acceptable accuracy range for detecting clinically significant differences in
PF joint motion.
Although a number of techniques for measuring in-vivo PF
joint motion have been previously reported, the accuracy
of these techniques is reported far less frequently. For
example, Rebmann and Sheehan compared three cine
phase contrast MR imaging protocols for measuring invivo knee kinematics in terms of precision and subject
inter-exam variability, but did not report any explicit
measures of accuracy [33]. Similarly, Powers and colleagues have published extensively on PF joint motion
and have presented measures of repeatability [28,42], but
the authors are not aware of any report that explicitly
describes the 3D accuracy of their MRI-based measurement technique. Although these measures of repeatability
provide some insight into the suitability of a measurement technique – especially in contrast to studies that fail
to report any measures of accuracy or reliability
[32,34,43] – it is important to remember that repeatability should not be confused with accuracy. Systematic
errors can cause poor data accuracy, but would not necessarily affect repeatability.
In contrast, several authors have carefully determined the
accuracy of their techniques for measuring in-vivo PF joint
motion. For example, Sheehan and colleagues used a geardriven phantom object to assess the 3D accuracy of cine

Table 2: Accuracy of the model-based technique (RMS errors, mean ± standard deviation) expressed in kinematic parameters that
describe motion of the patella relative to the femur.

Kinematic Parameter

Bias

Precision

Overall Dynamic Accuracy

Shift (med/lat translation)
Anterior/posterior translation
Superior/inferior translation
Flexion
Tilt
Rotation

0.320 ± 0.105 mm
-0.293 ± 0.201 mm
-0.107 ± 0.312 mm
0.475 ± 0.420°
-0.052 ± 0.651°
-0.090 ± 0.290°

0.114 ± 0.039 mm
0.042 ± 0.011 mm
0.058 ± 0.026 mm
0.216 ± 0.139°
0.322 ± 0.214°
0.382 ± 0.239°

0.395 ± 0.079 mm
0.340 ± 0.162 mm
0.315 ± 0.126 mm
0.875 ± 0.237°
0.863 ± 0.156°
0.877 ± 0.090°
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phase contrast MRI for measuring joint motion [30,31].
These data indicated average absolute tracking errors of
less than ± 0.7 mm for in-plane motions, and slightly
higher (up to 1.8 mm) of error for out-of-plane motions.
Fregly and colleagues provided a rigorous theoretical
accuracy assessment model-based tracking technique
applied to single-plane fluoroscopic images [35]. The
authors reported good measures of accuracy (e.g., bias less
than 0.75 mm and 0.4°, though precision as high as ± 4
mm and ± 1.8°) with their flat-shading technique. However, these values are from a theoretical study where all
other sources of error were eliminated and it is not yet
known if this level of accuracy can be achieved under
experimental conditions.
We believe that it is necessary to conduct a validation
study for each anatomical joint to which we intend to
apply the model-based tracking technique. Stated another
way, we believe that it would be highly inappropriate to
validate this technique for, say, the glenohumeral joint
and then assume that the accuracy levels obtained in that
particular validation study could be assumed to be the
same for every other anatomical joint. This belief is based
on the fact that the factors influencing the accuracy of the
model-based technique are not the same for all anatomical joints, and that the conditions for conducting validation studies should as much as possible resemble actual
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in-vivo testing conditions. The specific factors influencing
the accuracy of this technique include the 3D shape of a
particular bone, the amount of "internal" bone information (i.e., variability in bone density and/or the presence
of bone edges that appear in an x-ray image but do not
necessarily contribute to the outline of a particular bone
in all joint positions, Figure 3), the presence of surrounding soft tissues, overlap from surrounding bones, the magnitude of joint motion, and the velocity of joint motion.
Although we have not yet assessed the relative influence of
each of these factors to model-based tracking accuracy,
this list of factors comes from first-hand experience with
the technique.
The advantages of this technique of combining modelbased tracking with biplane x-ray imaging is that it provides accurate, 3D, non-invasive measures of PF joint
motion during functional activities that are known to produce symptoms for patients diagnosed with PF pain syndrome (e.g., normal gait, stair climbing/descending).
There are two primary disadvantages to this technique.
The first is the that the amount of x-ray exposure associated with the CT scan and biplane x-ray imaging limits the
number of trials that can be performed. However, all testing procedures have been approved by both the Institutional Review Board and the Radiation Safety Committee
at Henry Ford Hospital. The second disadvantage is that

positions
The
the
Figure
presence
model-based
3
of bone
tracking
edgestechnique
in an x-ray
relies
image
upon:
thatA)dointernal
not necessarily
information
contribute
such as to
subtle
the outline
differences
of a in
particular
bone density
bone and/or
in all joint
B)
The model-based tracking technique relies upon: A) internal information such as subtle differences in bone density and/
or B) the presence of bone edges in an x-ray image that do not necessarily contribute to the outline of a particular bone in all
joint positions.
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the field of view is limited to the biplane x-ray system's 3D
imaging volume, i.e., the region defined by the intersecting x-ray beams. Although this limitation prevents us
from collecting biplane x-ray images during an entire gait
cycle, we still can collect information for the vast majority
of the stance phase when the muscle forces, joint forces,
and pain are the highest. Another limitation of this study
is that accuracy of this measurement technique was not
explicitly assessed at knee flexion angles greater than
approximately 90°.
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13.
14.
15.

In summary, this model-based tracking approach is a noninvasive technique for accurately measuring in-vivo PF
joint motion during dynamic activities. The results indicate that model-based tracking can measure in-vivo
motion of the patella to within 0.455 mm and 0.987°.
The technique achieves a level of accuracy that is necessary
and sufficient for addressing clinically relevant questions
regarding PF joint function. Future research will use this
technique to analyze the effects of conservative and surgical treatment of PF pain syndrome.
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