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Abstract

Patellofemoral osteoarthritis and its potential precursor patellofemoral pain syndrome (PFPS) are
common, costly, and debilitating diseases. PFPS has been shown to be associated with altered
patellofemoral joint mechanics; however, an actual variation in joint contact stresses has not been
established due to challenges in accurately quantifying in vivo contact kinematics (area and
location). This study developed and validated a method for tracking dynamic, in vivo cartilage
contact kinematics by combining three magnetic resonance imaging (MRI) techniques, cine-phase
contrast (CPC), multi-plane cine (MPC), and 3D high-resolution static imaging. CPC and MPC
data were acquired from 12 healthy volunteers while they actively extended/flexed their knee
within the MRI scanner. Since no gold standard exists for the quantification of in vivo dynamic
cartilage contact kinematics, the accuracy of tracking a single point (patellar origin relative to the
femur) represented the accuracy of tracking the kinematics of an entire surface. The accuracy was
determined by the average absolute error between the PF kinematics derived through registration
of MPC images to a static model and those derived through integration of the CPC velocity data.
The accuracy ranged from 0.47mm-0.77mm for the patella and femur and 0.68mm-0.86 mm for
the patellofemoral joint. For purely quantifying joint kinematics, CPC remains an analytically
simpler and more accurate (accuracy < 0.33mm) technique. However, for application requiring the
tracking of an entire surface, such as quantifying cartilage contact kinematics, this combined
imaging approach produces accurate results with minimal operator intervention.
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INTRODUCTION

Patellofemoral osteoarthritis, although less studied than tibiofemoral osteoarthritis, is a
common pathology (Thorstensson et al., 2009), particularly in elderly women and has been
correlated directly with disability (McAlindon et al., 1992). Patellofemoral pain syndrome
(PFPS), a potential precursor of patellofemoral osteoarthritis (Utting et al., 2005), can be just
as disabling in the adolescent and young adult years (Boling et al., 2009). It is hypothesized
that alterations in patellofemoral joint mechanics (Andriacchi and Mundermann, 2006;
Hunter et al., 2007; Sheehan et al., 2009; Wilson et al., 2009) lead to pain and ultimately to
joint degeneration. Thus, being able to accurately quantify cartilage contact mechanics is
critical for advancing the prevention and treatment of both pathologies. Unfortunately, direct
quantification of dynamic joint contact parameters in patients with these pathologies has yet
to be demonstrated.

Due to the challenges associated with quantifying in vivo patellofemoral contact mechanics,
most knowledge regarding joint contact mechanics have been garnered from cadaveric data
(Elias et al., 2011; Gorniak, 2009; Guterl et al., 2009) and more recently, from
computational modeling (Cohen et al., 2003; Farrokhi et al., 2011; Lin et al., 2010). The
clinical utility of cadaveric studies is severely limited by uncertainty in emulating accurate
in vivo physiological loading conditions and pathological alterations. Similar uncertainties
and a lack of validation limit computational modeling. Previous studies (Connolly et al.,
2009; Ward et al., 2007) have estimated patellofemoral contact areas and locations using
static magnetic resonance imaging (MRI). Such in vivo measures will likely help advance
the clinical understanding of PFPS and patellofemoral osteoarthritis, but fall short due to
their inability to incorporate dynamic conditions.

Thus, the overall goal of this project is to develop an MRI-based experimental and analytical
toolset that can accurately and non-invasively track in vivo, dynamic patellofemoral joint
contact mechanics. As part of this overall goal, the current study developed a methodology
for tracking dynamic in vivo cartilage contact kinematics, defined as temporally dependent
cartilage contact areas and locations (Yao et al., 2008). This was accomplished by
combining three MR imaging techniques, cine-phase contrast (CPC), multi-plane cine
(MPC), and 3D high-resolution static imaging. CPC MRI is a dynamic imaging technique
that captures a series of anatomic images, along with the corresponding 3D velocity of each
voxel within the image, across a motion cycle (Sheehan et al., 1998). Despite its sub-
millimeter accuracy (<0.33mm/0.97°) and excellent precision (<0.18°) (Behnam et al.,
2011) in tracking musculoskeletal kinematics (CPC-kinematics), CPC is limited in its ability
to provide 3D spatial data. On the other hand, MPC generates temporally dependent, sparse
3D spatial data, acquired over a movement cycle (Appendix A). Registering the 3D dynamic
MPC data to the high resolution 3D static MRI data should enable accurate quantification of
cartilage contact kinematics, which is a necessary first step in quantifying contact
mechanics. Since no gold standard exists for the quantification of in vivo dynamic cartilage
contact kinematics, the accuracy of tracking a single point (patellar origin relative to the
femur) was assessed in the current study, as a surrogate for quantifying the accuracy of
tracking the kinematics of an entire surface.

METHODS

Twelve healthy volunteers (8F/4M, age = 24.3+5.8years, height = 170.1+9.7cm, weight =
65.1+14.1kg) provided informed consent prior to participating in this IRB approved study.
All subjects had no previous lower leg surgery, pathology, long-term pain, and no contra-
indications to having an MR scan.
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Subjects lay supine within a 3T MRI scanner (Philips Medical Systems, Best, NL) as a
series of dynamic and static scans were acquired. For the dynamic scans, the subjects’” knees
were placed on a cushioned block within an MRI-compatible fixture with flexible transmit-
receive coils securely placed around the knee. While the subjects extended and flexed their
knees (30 cycles per minute) to the beat of a metronome, three dynamic scans (sets of 24
time-frames each) were acquired: 1) a sagittal-obliqgue CPC image set (X, y, and z velocity
data and anatomical image data), 2) a sagittal-oblique MPC image set (5-7 anatomical
planes per time frame without corresponding velocity data), and 3) an axial MPC image set
(Table 1). The latter was used for establishing anatomical coordinate systems (Seisler and
Sheehan, 2007). Subsequently, the subjects’ knees were fully extended and placed in an 8-
channel knee coil to collect high resolution static 3D sagittal Gradient Recall Echo (GRE)
images (Table 2).

The CPC-kinematics were derived as previously reported (Seisler and Sheehan, 2007). For
the MPC-kinematics, static 3D models were generated from the high-resolution 3D GRE
images with and without fat-suppression for the femur and patella, respectively. The image
types selected optimized the contrast between the cortical bone and the surrounding tissue.
Three-dimensional static point clouds were created by manually segmenting the outer
cortical bone contours using MIPAV (Medical Image Processing and Visualization, NIH,
Bethesda, MD). These point clouds were then imported into Geomagic 3D modeling
software (Geomagic Inc., Research Triangle Park, NC), fitted with a triangular polynomial
surface, and smoothed (maximum smoothing = 0.2mm). Similarly, sparse dynamic femoral
and patellar models were created by manually segmenting the respective bones from the
MPC image data for each time frame. The 24 point clouds for each bone were then imported
into Geomagic and fitted to their respective 3D static model using an iterative closest point
algorithm. The transformation matrices defining the 3D spatial relationship between the
static model and dynamic point cloud were saved for each bone at each of the 24 time
frames (Figure 1). Through matrix multiplication, the MPC-kinematics were quantified over
time. Both the MPC- and CPC-kinematics were expressed in terms of the identical
anatomical coordinate system (Figure 2). Since integration was an inherent low-pass filter,
the MPC-kinematics were filtered using a low-pass butterworth filter (2" order with cutoff
frequency of 0.25Hz.) in MATLAB (Mathworks Inc. Natick, MA).

Registration between the high-resolution 3D static MR data and a single time-frame of data
from the MPC dataset was sufficient to define the pose of the static bones and cartilage
within the dynamic space (Figure 3). Once this was done, CPC-kinematics could be used to
define the change in orientation and position of these bodies throughout the movement.
However, registration could also be performed using all 24 time frames of the MPC data,
enabling the MPC-kinematics to be derived over the entire movement cycle without the use
of the CPC data. This redundancy of data was used to evaluate the accuracy of quantifying
the kinematics of points of interest on the patella and femur and allowed two methodological
approaches to be investigated. The first relied solely on the MPC registration to quantify
cartilage contact kinematics and the second relied on registering a single time frame of the
MPC data combined with the CPC data to quantify cartilage contact kinematics.

Accuracy was defined as the average absolute error between the CPC- and MPC-kinematics
(Figure 1). Two such accuracies were defined: 1) accuracyj, which represented the
accuracy of the MPC registration technique in isolation to track 3D patellofemoral
translation. This calculation incorporated all 24 times frames, and 2) accuracyqgs, which
represented the accuracy of using MPC registration from a single time frame in combination
with the CPC-kinematics to track 3D patellofemoral translation. Instead of simply reporting
the time frame with the lowest error, accuracygs incorporated all the quasi-static (QS) time-
frames, where the knee angle changed less than 1.75°/time-frame. These time frames contain
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the least temporal averaging, and would be the most logical choice for use in a single-time
frame registration process. For completeness, the accuracy of tracking the 3D orientation of
the patellofemoral joint was also reported.

Qualitatively analysis of the contact patterns of the healthy volunteers produced reasonable
results (Figure 3), demonstrating the feasibility applying the registration methodology to
determine cartilage contact kinematics.

There was a good agreement between the CPC- and MPC-kinematics (Figure 4). The
accuracygs ranged from 0.47mm-0.77mm for the patella and femur. For the patellofemoral
joint, the accuracyqs ranged from 0.68mm-0.86mm (Table 3). The errors associated with
the combined MPC and CPC analysis (accuracygs) were consistently lower than those
associated with the MPC registration alone (accuracypa).

DISCUSSION

This study presents the only technique that can be used to computationally track in vivo,
cartilage contact kinematics during a dynamic volitional movement with sub-millimeter
accuracy. Based on Li and colleagues’ (2011) cadaveric study, this sub-millimeter accuracy
would result in 1% or smaller errors in the calculation of total cartilage wear area. The
patellofemoral accuracyqgs is comparable to that reported by Fellows and colleagues (2005)
for quantifying static patellofemoral alignment by registering a sparse static patellar model
to a high quality 3D model.

Since cartilage surface descriptions are readily available from the MR data, the technique
reported by Fellows and colleagues could be used to quantify cartilage contact areas and
locations with sub-millimeter accuracies for static poses. Bi-plane radiography holds ready
potential for quantifying joint contact kinematics with a reported accuracy of < 0.39mm and
0.87° (Bey et al., 2008) for tracking patellofemoral kinematics by matching 2D dynamic
flouroscopic projections to a 3D computed tomography (CT) model. However, cartilage is
not visible in CT images, limiting the ability of bi-plane radiography to evaluate cartilage
contact kinematics. It is further limited by its required ionizing radiation exposure.
Replacing the CT with an MRI-based model, enables the visualization of cartilage, but may
introduce unacceptably high registration errors. For example, Li and colleagues (2011)
recently reported that replacing a laser generated model with an MR image-based model
increased the total predicted contact wear area in a cadaveric knee by 13%.

Peak cartilage thickness in healthy adults has been reported to range from 4.5mm-5.5mm in
patella and 3.5mm-4mm in femur (Draper et al., 2006; Eckstein et al., 2001), indicating that
sub-millimeter accuracies are necessary in order to keep the errors in estimating
patellofemoral contact kinematics within acceptable limits. There remains a gap in
understanding how the accuracy and precision of contact kinematic measurements affects
the estimation of contact mechanics and further research focused on bridging this gap is
warranted.

Although the MPC and CPC data were derived from the same modality (MRI), which is
common in validation studies (Bey et al., 2008; Fellows et al., 2005), this did not limit the
current study. The MPC and CPC techniques use different components of the MRI signal to
produce their final data (making them stand alone techniques). Using the same modality
enabled the evaluation of dynamic, in vivo patellofemoral kinematics with physiological
loading over a relatively large set of living subjects. Unlike the CPC methodology, MPC-
registration is highly dependent on the shape and size of the bone being tracked, thus the
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current accuracy results are not readily applicable to other joints. As with any validation, the
errors associated with the comparator (in this case CPC) are potentially embedded within the
calculated accuracy. Even assuming the worst case scenario (that the CPC errors are
additive), the accuracy would still remain close to Imm. Another potential limitation was
that the study was done using a loaded, but non-weight-bearing, leg extension exercise.
Since numerous studies have noted that evaluating the loaded knee joint at or near full
extension in a non-weight bearing exercise may be critical for evaluating PFPS (Connolly et
al., 2009; Harbaugh et al., 2010; Powers et al., 2003), this is likely not a limiting factor
within the current study.

In conclusion, for the isolated quantification of joint kinematics, CPC remains an
analytically simpler and more accurate technique (0.33 mm), as compared to the MPC-
registration. However, for applications requiring the tracking of an entire surface, as is the
case in quantifying cartilage contact kinematics, the most accurate approach is to register a
single QS time-frame combined with the CPC-kinematics. Such data would readily serve as
kinematic input to 3D dynamic joint contact models. This combined MRI methodology has
an advantage over previous registration-based techniques in that the lengthy process of
creating and registering the dynamic condition only needs to be performed at a single,
instead of all, time frames. The quantification of in vivo cartilage contact kinematics during
dynamic, loaded, volitional tasks will advance the understanding of cartilage contact
mechanics in both healthy and diseased states.
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Figure 1. Accuracy analysis

Three-dimensional static point clouds were created by manually segmenting the outer
cortical bone contours on both the MPC and the 3D GRE images. These point clouds were
then imported into Geomagic. The contours from the 3D GRE image were transformed to a
triangular polynomial surface. Each of the 24 point clouds for each bone was then fitted to
their respective 3D static model using an iterative closest point algorithm (“Registration™).
The transformation matrices defining the 3D spatial relationship between the static model
and dynamic point cloud were saved for each bone at each of the 24 time frames. The CPC-
and MPC-kinematics were then transformed into the same anatomical coordinate system
before calculating the absolute error.
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Figure 2. Two-dimensional representation of the 3D translations and rotations

The 3D orientations and translations of the patella and femur were defined relative to a
coordinate system fixed in each bone (Seisler and Sheehan, 2007). This coordinate system
was defined once and then the kinematics were defined through either integration of the
CPC velocity data or through registration of the MPC data. The 3D patellar, femoral, and
patellofemoral rotations were determined using xyz-body-fixed Cardan angles in
patellofemoral kinematics (Sheehan and Mitiguy, 1999). The 3D patellofemoral rotation
angles are represented in this figure by their two-dimensional counterparts.
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Cartilage Contact Kinematics

MPC MPC registration
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Figure 3. Quantifying Cartilage Contact Kinematics

Two methodologies (MPC registration in isolation and MPC registration combined with
CPC kinematics) could apply the knee joint kinematics to the static bone and cartilage
surfaces in order to calculate contact kinematics. The first methodology delineated the bone
of interest in each of the MPC images and then registered each dynamic time frame to the
static model (Left column registered to center 3D model):

STT i=1:24
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STTi, the transformation matrix defining the transformation from a single dynamic time
frame to the static model.

The kinematics of the bones were known based on the integration of the CPC data (T"TT,
i=2:24, n = reference time frame). Thus, the location of the bone and cartilage surfaces was
known throughout the motion cycle once the registration of a single dynamic time frame to
the static model was completed (ST, Right column), through matrix multiplication:

S TT] — S TTn >l(Tn TTI

The output of both techniques (bottom, center column) is the position of the bone and
cartilage surfaces throughout the dynamic motion. Denoted on the femoral cartilage surfaces
are the contact areas of the patella and tibia.
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Figure 4. Patellofemoral translations and rotations for one subject using CPC- and MPC-
kinematics over all (24) time-frames
The QS time frames are delineated with gray areas. Lines with no markers represent CPC-

kinematics and lines with markers represent MPC-kinematics.
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Table 1

Scanning parameters for dynamic magnetic resonance imaging acquisitions. The field of view (FOV), the
number of slices, and the slice thickness was altered slightly between subjects based on subject size.
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Scan Parameters CPC MPC MPC
Scan plane Sagittal-oblique Sagittal-oblique axial
TR 5.4 31 49
TE 2.8 1.05 1.36

Phase Direction

Anterior — Posterior

Anterior — Posterior

Anterior — Posterior

FOV 200-220 cm 200-220 cm 160 cm
NEX 2 1 1

Flip Angle (°) 12 10 20

Scan Time (min) 2.02 1.50 1.12
Recreation pixel (mm) 0.74 *0.75 0.86*0.85 0.63 *0.63
Views per acquisition 3 25 3

Max velocity encoding (cm/sec) 30 - -

Number of slices 1 5-7 4

Slice Thickness (mm) 8-10 6-8 10

Gap (mm) No No Variable

J Biomech. Author manuscript; available in PMC 2013 April 5.

Abbreviations: CPC: cine-phase contrast; MPC: multi-plane cine TR: time to repetition, TE: time to echo, NEX: number of excitations (indicates
the amount of data averaging)
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Scanning parameters for static MRI acquisition on Philips 3T scanner.

Table 2

Scan Parameters 3D GRE 3D GRE
Fat Suppression Yes No
TR 11 11
TE 51 5.1

Phase Direction

FOV

NEX

Flip Angle (°)

Scan Time (min)
Recreation pixel (mm)
Number of slices
Slice Thickness (mm)

Gap (mm)

Anterior — Posterior
140 * 140

1

10

6.11

0.27 *0.27

70-84

1

No

Abbreviations: GRE: gradient recall echo

J Biomech. Author manuscript; available in PMC 2013 April 5.

Anterior — Posterior
140 * 140

1

15

4.56

0.27*0.27

70 -84

1

No
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