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Abstract

Purpose—To describe three quantification methods for MR-based knee kinematic evaluation
and to report on the reproducibility of these algorithms.

Materials and Methods—T2-weighted, fast-spin echo images were obtained of the bilateral
knees in 6 healthy volunteers. Scans were repeated for each knee after repositioning to evaluate
protocol reproducibility. Semi-automatic segmentation defined regions of interest for the tibia and
femur. The posterior femoral condyles and diaphyseal axes were defined using the previously-
defined tibia and femur. All segmentation was performed twice to evaluate segmentation
reliability. Anterior tibial translation (ATT) and internal tibial rotation (ITR) were calculated using
three methods: a tibial-based registration system, a combined tibiofemoral-based registration
method with all manual segmentation, and a combined tibiofemoral-based registration method
with automatic definition of condyles and axes. Intraclass correlation coefficients and standard
deviations across multiple measures were determined.

Results—Reproducibility of segmentation was excellent (ATT=0.98; ITR=0.99) for both
combined methods. ATT and ITR measurements were also reproducible across multiple scans in
the combined registration measurements with manual (ATT=0.94; ITR=0.94) or automatic
(ATT=0.95; ITR=0.94) condyles and axes.

Conclusion—The combined tibiofemoral registration with automatic definition of the posterior
femoral condyle and diaphyseal axes allows for improved knee kinematics quantification with
excellent in-vivo reproducibility.

Keywords
MR kinematics; knee imaging; image processing reproducibility

Corresponding Author: Xiaojuan Li, PhD, 185 Berry Street, San Francisco, CA, USA 94143, Phone: 415-353-4909,
xiaojuan.li@ucsf.edu.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lansdown et al.

Page 2

INTRODUCTION

Understanding knee kinematics is a difficult problem given the complex translational and
rotational movements of the knee. The quantification of knee kinematics can provide
guidance as to the efficacy of different surgical treatments or rehabilitation programs after
injury.(1) Following injury to the anterior cruciate ligament (ACL), altered knee kinematics
may be responsible for the observed acceleration of degenerative changes.(2) In patients
with osteoarthritis, alterations in knee kinematics may contribute to disease progression.(3)

Kinematic MRI has been developed to non-invasively quantify joint kinematics. Previous
work has used this tool to describe normal knee kinematics in deep flexion and with axial
loading.(4,5) Reliable quantification of knee kinematic measurements from MRI requires
both reproducible segmentation of bony geometry from MR images as well as an accurate
registration method.

We hypothesized that a combined tibiofemoral registration algorithm would offer improved
reproducibility over a tibial-based registration system and that an algorithm for automating
the definition of necessary regions of interest (ROIs) would allow for similar reproducibility
as the combined tibiofemoral registration. Hence the purpose of this report is to describe and
compare three methods for quantification of anterior tibial translation (ATT) and internal
tibial rotation (ITR) from kinematic MR imaging. ATT and ITR were chosen as the primary
measurements as control of these motions are two of the primary functions of the ACL. (6)

METHODS

Subjects

Six subjects volunteered to participate and provided informed consent prior to image
acquisition. Subjects had no history of previous knee surgery, inflammatory arthritis, or
degenerative changes. There were three female subjects and three male subjects, with mean
ages of 26.7 + 0.82 years and weight of 75.6 + 11.2 kg. All procedures were approved by
our Institutional Review Board, and all subjects provided written informed consent.

Image Acquisition

Sagittal T2 fast-spin echo images of the knee were acquired on a wide-bore 3 Tesla MR
scanner (GE Healthcare; Waukesha, WI) with an 8 channel knee coil (Invivo, Orlando, FL)
as previously described.(7,8) Imaging parameters included: repetition time=4000 ms; echo
time=48.16 ms; number of averages=2; field of view=20 c¢cm; slice thickness = 1.5 cm;
matrix size = 512x512; pixel size=0.39x0.39 mm; acquisition time = 2 minutes, 24 seconds.
The knee was scanned first in extension, followed by scanning in approximately 40° of
flexion. In both positions, the lower extremity was axially loaded with 25% of body weight
using a low-friction pulley system.(1,9) Next, the patient exited the scanner, was then re-
positioned in a similar fashion, and re-scanned in the extended and flexed positions.

Image Processing/Segmentation

Images were segmented semi-automatically (Figure 1) using in-house Matlab-based
software (MathWorks Inc, Natick, MA) by two individuals (DAL, MZ), each with an
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experience with the described protocols of more than 30 knees segmented. The cortical
margin of the tibia and femur were defined for images extension and flexion. An arc was
segmented along the posterior aspect of each femoral condyle in both flexion and extension.
The cloud points for the tibial, femoral and condylar segmentations were interpolated as
Bezier splines. The longitudinal axes of the femur and tibia were defined manually by a
single line for each bone, drawn near the mid-sagittal aspect of each bone. All segmentations
were defined for both the first and second scans for each subject and repeated for the first
scan, with a minimum of 1 week time between repeating image segmentation for the same
patient.

Automatic Posterior Condyle Delineation

The posterior aspect of the femoral condyle was defined automatically for the extended
femur segmentation by finding an arc of the circle of best fit on each slice. Starting with the
most posterior point of the segmented femur, the first derivative of the segmented points was
calculated moving both superiorly and inferiorly as the change in vertical displacement
divided by the change in horizontal displacement for the points. The stopping point for the
segmentation was chosen as the derivative approached zero. In order to preserve only points
on the medial and lateral condyles, the anterior-posterior movement of the posterior-most
point of the femur segmentation was calculated between each slice. Segmentation was
removed from the intercondylar notch when there were differences greater than 1 mm at the
posterior point between slices.

Automatic Diaphyseal Axes Definition

The longitudinal axes of the tibia and the femur were defined automatically according to the
centroids of two defined points in the diaphysis of each. First, for both the tibia and the
femur, the superior-inferior length of the segmentation was used to find only those slices in
the mesial aspect of the bone by finding slices with superior-inferior ranges greater than the
median of all segmented slices. To eliminate the metaphyseal and epiphyseal portions of
each, the distal one-third of the femoral segmentation and proximal one-half of the tibial
segmentation were excluded. The centroids of the each half of the remaining femur
segmentation and the superior and inferior third of the remaining tibial segmentation were
calculated. The longitudinal, diaphyseal axes were defined as the lines connecting these
points. All automatic condylar segmentations and diaphyseal axes were inspected visually.
No points were adjusted, removed, or added prior to kinematic calculations.

Tibial-Based Registration Calculation (7,8)

The tibia in flexion was registered to the tibia in extension using an iterative closest point
algorithm (ICP), and the transformation matrix was applied to the segmentation of the
femoral condyles in flexion. Next, the medial-lateral axis of a tibial-based coordinate system
was established as the line connecting the posterior-most points of the medial and lateral
tibial plateaus, with the tibial origin set as the mid-point of this line. The superior-inferior
axis was obtained from the user-defined long axis of the tibia, and the anterior-posterior axis
was calculated as the cross product of these axes. This process was performed for the
extended and flexed tibial segmentations.
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The manual segmentations of the posterior aspect of the medial and lateral femoral condyles
were then used to model the condyles as spheres. The center of each sphere represented the
center of rotation for the femoral condyles, and the line connecting these points defined the
medial-lateral axis of the femoral coordinate system with the femoral origin set as the mid-
point between the centers of the medial and lateral femoral condylar spheres. The user-
defined long axis of the femur was the superior-inferior axis of the femoral coordinate
system, and the anterior-posterior axis was defined as the cross product of these two lines.
This process was performed for the femur in both the extended and flexed positions.

The tibial position relative to the epicondylar axis of the femur was calculated as the
anterior-posterior difference in the origins of the tibial axis and femoral axis in both the
extended (Positiongy;) and flexed (Positiongey) positions. The rotational alignment of the
tibia was calculated as the angle between the medial-lateral axis of the tibia and the medial-
lateral axis of the femur in the extended (Rotationgy;) and flexed (Rotationgjey) positions.
Anterior tibial translation (ATT) was determined as the difference in the tibial position
between flexion and extension (ATT = Positiongjex — POSitiongy), and internal tibial
rotation (ITR) was calculated as the difference in tibial rotation between flexion and
extension (ITR = Rotationgjex — Rotationgyy).

Combined Tibiofemoral Registration

The tibial axis was defined as outlined above.

The femoral condyles were modeled as spheres in only the extended position using the
femoral condyle segmentation as described above. Next, the ICP was used to register the
flexed femur segmentation to the extended femur. The transformation matrix was then
applied to the spheres representing the femoral condyles. Similar calculations as above were
then utilized to determine the ATT and ITR.

Kinematic Calculations and Statistics

RESULTS

Quantification of ATT and ITR was performed for each scan using all three methods
outlined in Table 1. The reproducibility was assessed for multiple segmentations (two
attempts by each segmenter) and scan/re-scan by using an average measures intraclass
correlation coefficient (ICC). Mean values and standard deviations for segment, re-segment,
and re-scan were calculated for each method, with comparisons of each attempt by method
made using an analysis of variance (ANOVA) test. The differences in ATT and ITR
between left and right knees were calculated. The standard error of the measurement (SEM)
was calculated for ATT and ITR. The root mean square (RMS) was used to summarize
standard deviations by method and the left-right differences in ATT and ITR. Statistical
analyses were performed with Stata (StataCorp, College Station, TX).

The ICC for all three quantification methods for ATT and ITR were ranged from 0.86 to
0.99, with the highest values observed with the combined tibiofemoral registration using
either manual or automatic condylar/axis segmentation (Table 2). The highest ICCs were
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obtained with the combined TF registration. The ICCs for re-segmenting the same data set
were higher than those for quantifying ATT and ITR for repeat scans of the same patient.

ATT values for each knee by quantification method are displayed in Figure 2, and ITR
values for each knee are displayed in Figure 3. There were no statistically significant
differences between mean values for ATT across segment/re-segment or re-scan for the
tibial-based (segment — 0.89 + 1.44 mm, re-segment — 0.38 + 1.58 mm, re-scan — 0.78 £
151; p = 0.47), TF with manual condyles/axes (segment — 0.72 + 1.27 mm, re-segment —
0.58 + 1.45 mm, re-scan — 0.65 + 1.5 mm; p = 0.94), or TF with automatic condyles/axes
(segment — 0.48 + 1.28 mm, re-segment — 0.55 + 1.36 mm; re-scan — 0.66 = 1.50 mm; p =
0.90). There were also no statistically significant differences between mean values for ITR
across segment/re-segment or re-scan for tibial based (segment — 10.85 + 4.48°, re-segment
—11.08 £ 4.07°, re-scan — 9.79 + 3.57°; p = 0.51), TF with manual condyles/axes (segment —
10.48 + 4.22°, re-segment — 10.40 + 4.22°, rescan — 9.51 + 3.59°; p = 0.65), or TF with
automatic condyles/axes (segment — 10.63 + 4.14°, re-segment — 10.46 + 4.13°, re-scan —
9.74 £ 3.55°; p = 0.71).

The SEMs were lower for combined tibiofemoral registration compared to tibial-based
registration (Table 2). The RMS for standard deviations were lowest for combined TF
quantification using automatic condyles/axes (0.31 for ATT and 0.74 for ITR) as compared
to combined TF with manual segmentation (0.33 for ATT and 0.84 for ITR) and tibial-based
quantifications (0.71 for ATT and 1.58 for ITR). The RMS for mean differences in the left
and right knees for the same subject were 1.02 mm for ATT and 3.94° for ITR using tibial-
based quantification; 0.83 mm for ATT and 4.13° for ITR using combined TF quantification
with manual condyles/axes; and 0.98 mm for ATT and 4.16° for ITR using combined TF
quantification with automatic condyles/axes.

DISCUSSION

This study aimed to describe the quantification algorithms and their reproducibility for
determining MR-based tibiofemoral kinematics. All three methods described here offer high
levels of reproducibility for multiple scans and repeated segmentations. The clinical
interpretation of the SEM indicates that one can be 95% confident that the outcomes
measured on one day are within 0.62 mm for ATT and 1.9° for ITR (2*SEM) of the
measurements from another day when using the combined TF quantification with automatic
condyles/axes definition. This offers an improvement over our previous tibial-based
quantification method with 95% confidence intervals of 0.96 mm for ATT and 3.02° for
ITR.

The combined TF algorithms outperformed the tibial-based quantification method, due to
increased points for registration from the femur segmentation and that the posterior condyles
are only segmented in the extended position. The addition of an automated method to
determine the posterior condylar segmentation and diaphyseal axes performs at least as well
as the quantification with manually-defined ROIs. The elimination of the need for posterior
condylar segmentation saves segmentation time without compromising on the
reproducibility.
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Establishing reference values for expected intra-subject differences between left and right
knees will aid in comparisons of MR-based kinematics between injured and contralateral
knees. Given the current methods and configuration, the ATT falls within approximately 1
mm and ITR within approximately 4°. This variation incorporates both the differences
introduced from repositioning the subject, from segmentation, and from side-to-side
differences within a subject.

The reproducibility of these current methods compares favorably to prior reports. Open
dynamic MR imaging of the knee allows for accuracy within 1.5 mm for translational
measurements, though allowed for bending up to 90°.(10) MR imaging combined with dual-
planar fluoroscopy can produce a three-dimensional model that is matched to fluoroscopic
views during motion with standard deviations in positional measurements of less than 0.1
mm.(11,12) This fluoroscopic technique does require minimal exposure to ionizing radiation
and the availability of two fluoroscopy machines. Also, the four hours of acquisition time
and eight hours of processing time per knee are much longer than the process presented
here. Mation analysis has been used in multiple other studies with excellent reproducibility
with precision up to 0.1 mm and 0.3°, but this process requires specialized equipment and
does not allow for a combined assessment of articular cartilage and whole-joint health.(13)
MR imaging, fluoroscopy and maotion analysis can also all be combined for a multimodal
evaluation of knee kinematics.(14)

This report should be interpreted with an understanding of our limitations. First, there is
reference standard to provide a reference value for ATT and ITR. Only patients with normal
knees were included in this current study to understand the expected variability in a normal
knee, but the absence of reproducibility measurements for injured knees is also a limitation
of this study. A ligamentous injury, such as an ACL tear, however, should not affect the
bony segmentation or the automatic definition of the condyles or axes. Also, while the
purpose of the kinematic imaging is to evaluate knee motion, the protocol consists of
obtaining two static images. Unlike other kinematic methods, this protocol does not allow
for deep bending to 90° or beyond. We did not evaluate a dynamic process, but rather
obtained measurements at two set positions.

In conclusion, the current study offers three quantification methods for determining
tibiofemoral kinematics. The results demonstrate high reproducibility across both multiple
segmentations and repeat scans, especially the method with combined tibia-femur
registration and with automatic determination of the posterior condyles and diaphyseal axes.
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Figure 1.

Extended State

. Flexed Stater

Representative segmentations of the tibia and femur in (A) extension and in (B) flexion, and
examples of (C) manually-defined posterior femoral condyle and (D) automatic
segmentation of posterior condyle from previously defined femur segmentation, with (E)
three-dimensional reconstruction and modeling of femoral condyles as spheres.
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Figure2.
Anterior tibial translation values for each subject according to the processing algorithm. L =

left knee; R = right knee.
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Anterior tibial translation values for each subject according to the processing algorithm. L =

left knee; R = right knee.
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