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Abstract

Transparent 3D images was used to analyze the motion of the patella in knee extension movements at the
patellofemoral joint in asymptomatic persons aged 40 and over who are at increased risk of osteoarthritis of the
knee.

By adding transparency to 3D images constructed by extracting the femoral condyle cartilage and patella from 3D
data using MRI scans at knee flexion angles of 120°, 90° and 60°, the patella movement analysis images allow the
position of the patella to be accurately ascertained through the joint cartilage. This made it possible to analyze the
rotation and inclination of the patella when the patella is moved by the femoral trochlear during knee extension
movements.

There was a correlation between patella rotation and patella inclination when the knee is extended. 3D motion
analysis of the patella at the patellofemoral joint was performed by complex computer analysis according to
conventional methods. Transparent 3D imaging facilitates the use of bony landmarks to analyze the motion of the
patella. This method is thought to be useful in preventive medicine by enabling early prognostic prediction by
performing motion analysis of the patella with respect to deformation of the patellofemoral joint.

Keywords: Patellofemoral joint; Transparent 3D imaging; Femoral
trochlear; Patella motion

Introduction
Osteoarthritis of the knee is thought to be an irreversible

progressive condition. Although people at risk of developing this
condition are known to include the elderly, women, people with
obesity, people with a history of knee injury, and people with a knee
varus deformity, the underlying causes are still unknown [1-3]. Onset
typically occurs after reaching 40 years of age, and it is clear that the
prevalence increases sharply in people aged 50 and above [4-6]. The
sites of cartilage degeneration in osteoarthritis of the knee are classified
as medial condyle, lateral condyle and patellofemoral, with the latter
occurring in 34% of females over the age of 60 according to the
findings of X-ray observations [7]. Also, degeneration of the
patellofemoral joint was found in 79% of cadavers aged 65 and over,
showing that degeneration of the patellofemoral joint is very common
[7]. Even at the early stages, MRI scans can reveal degeneration of
cartilage in the trochlear groove inside the patellofemoral joint [8].

Most studies of patellofemoral joint disorders have analyzed the
movement of the patella by means of simple X-ray, CT and MRI scans
[9-18], but have mostly involved evaluations based on axial views,
making it difficult to perform accurate patella motion analysis.
Therefore, studies using cadavers are being performed in order to
accurately analyze the movement of the patella [19-22]. However, these
studies are also limited because cadavers do not move in the same way
as living subjects. Recently, it has become possible to perform accurate
evaluations of living subjects by means of computerized 3D motion

analysis [23-25], but so far this method has mostly been used to
analyze patella motion in patients with patellofemoral joint disorders
having dislocated patellas, and few analyzed the motion of the patella
in patients with osteoarthritis [26]. Furthermore, there have been no
patella motion analysis studies of patients in the early stages of
osteoarthritis of the knee. The aim of the present study was to examine
the factors behind the early stages of osteoarthritis of the knee by using
a new 3D imaging method to perform a motion analysis of the patella
at the patellofemoral joint in asymptomatic subjects aged 40 and
above, who are considered to be at risk of developing osteoarthritis of
the knee.

Methods
The proposed technique was used to examine 13 knees of 13

asymptomatic volunteers (1 male, 12 female) from 44 to 58 years of age
(average 50.6), who had all given their informed consent. The test
subjects had no history of knee pain or trauma

3DMR imaging was performed using a 3-Tesla MR system (Intera
Achieva 3.0 T Quasar Dual gradient R2.6; Philips, Best, The
Netherlands) with a flex coil (Flex S_2 channel Phased Alley Coil;
Philips, Best, The Netherlands) to obtain images at knee flexion angles
of 120°, 90° and 60°. The limbs were examined in the lateral decubitus
position, with care taken to ensure that the rotation of the tibia was not
affected by the motion of the patella [20-22]. The MR scans were
obtained by 3D WATS with a 15° flip angle, TR=20 ms, slice
thickness=1.5 mm, and FOV=150 mm × 150 mm.

The 3D images were constructed using Mimics Research 19.0 and 3-
matic Research 11.0 software (Materialise NV, Leuven, Belgium). The
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3D images were constructed by extracting the femoral condyle
cartilage and patella semi-automatically from 3D MR imaging data
(Figure 1).

Figure 1: 3D image of the structure of the femoral condyle cartilage
and patella.

Motion analysis of the patella in the patellofemoral joint was
performed with regard to the movement, rotation and inclination of
the patella in the femoral trochlear during knee extension. During
movement of the patella, the positional relationship between the
femoral trochlear area and patella was analyzed based on 3D images
obtained with a 3-matic Research 11.0. First, the overall area of the
femoral trochlear (trochlear total area; TTA) was determined by hiding
the display of the patella from the 3D image (Figure 2A), and the
patella was then displayed to determine the amount of the femoral
trochlear not covered by the patella (trochlear show area; TSA) (Figure
2B). The TSA was divided by the TTA to yield the trochlear show area
ratio (TSAR) and the TSAR angle at each knee flexion angle:

TSAR=TSA/TTA × 100

The mobility of the patella at different angles of knee flexion was
obtained from the following formula:

Patella mobility between 120° and 90° TSAR (120–90) = TSAR120–
TSAR90

Patella mobility between 90° and 60° TSAR (90–60) = TSAR90–
TSAR60

Figure 2: Femoral trochlear area ratio (TSAR90) analysis images. A.
Total area of femoral trochlear (TTA90). B. Femoral trochlear
display area (TSA90).

Using Mimics Research 19.0 software, the patella rotation angle was
analyzed based on the femoral trochlear groove and the middle ridge
of the patella in the 3D image. First, the viewpoint of the 3D image was

aligned with a position from the back of the femoral condyle cartilage
(Figure 3A).

Figure 3: Patella rotation angle (PRA90) analysis image. A. Rear
view of femoral condylar articular cartilage (transparency: 0) and
patella (transparency: 0). B. Rear view of femoral condylar articular
cartilage (transparency: high) and patella (transparency: medium).

To apply the new 3D imaging technique, the transparency was
altered so that the joint cartilage and patella appeared transparent, and
then the femoral trochlear groove line and patella middle ridge line
were moved so as to align them vertically with the femoral trochlear
groove line. The resulting view was imported as a JPEG image (Figure
3B).

By increasing the transparency of the femoral trochlea and reducing
the transparency of the patella, it is possible to clarify the positional
relationship between the femoral trochlea and the patella (which is
situated at a deeper position). This makes it possible to analyze the
movement of the patella on the femoral trochlea simply by using the
characteristic bony landmarks of the femoral trochlea and patella.

Using ImageJ software (National Institutes of Health, Bethesda,
MD), this image was analyzed to determine the angle of intersection
between the femoral trochlear groove line and patella middle ridge line
(patella rotation angle; PRA). The change of patella rotation angle with
knee flexion angle is obtained from the following formula:

Patella rotation angle between 120° and 90° PRA (120–
90)=PRA120–PRA90

Patella rotation angle between 90° and 60° PRA (90–60)=PRA90–
PRA60

The patella inclination angle is obtained using the patella tilt angle
(PTA) and lateral facet angle (LFA) from the sky-line view used for
evaluation by simple X-rays used to construct the 3D image [27,28].
The transparency was set so that the patella appears transparent, and
the position was set so that the top and bottom ends of the line
through the patella middle ridge were superimposed (Figure 4A). Lines
were drawn between the bottom of the femoral medial condyle and the
bottom of the lateral femoral condyle, and across the maximum lateral
diameter of the patella, and the result was captured as a JPEG image
(Figure 4B). This image was analyzed using ImageJ to find the angle of
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intersection between the two lines (PTA). The variation of PTA with
the knee flexion angle was obtained from the following formula:

Patella tilt angle between 120° and 90° PTA (120–90)=PTA120–
PTA90

Patella tilt angle between 90° and 60° PTA (90–60)=PTA90–PTA60

For the LFA, lines were drawn between the top of the femoral
medial condyle and the top of the femoral lateral condyle, and across
the lateral surface of the patella, and the result was captured as a JPEG
image (Figure 4C). This image was analyzed using ImageJ to find the
angle of intersection between the two lines (LFA). The variation of LFA
with the knee flexion angle was obtained from the following formula:

Patella lateral facet angle between 120° and 90° LFA (120–
90)=LFA120–LFA90

Patella lateral facet angle between 90° and 60° LFA (90–60)=LFA90–
LFA60

The patella motion was analyzed based on the relationships of PRA,
PTA and LFA to the change in patella movement (TSAR) at different
knee flexion angles while extending the knee.

Figure 4: Patella inclination angle analysis image (90° knee flexion).
A. Sky line view 90 setting position. B. PTA (90). C. LFA (90).

When the knee was flexion at an angle of 60°, the sulcus angle was
recorded as the angle between the lateral and medial surfaces of the
femoral trochlear groove (Figure 5).

Figure 5: Sulcus angle analysis image.

Results

Analysis of test subjects
The age, gender, height, weight and sulcus angle of each of the

thirteen test subjects are shown in Table 1. None of the test subjects
were excessively overweight. Furthermore, since all the test subjects
had sulcus angles within the normal range, none of them had dysplasia
of the patellofemoral joint [9,29,30].

Patients Age (yrs) Gender Height
(cm)

Weight
(kg)

Sulcus
angle (°)

55 F 153 56 144

2 47 F 164 55 147

3 55 F 150 48 143

4 55 M 170 69 140

5 53 F 154 51 144

6 49 F 155 55 147

7 47 F 165 54 143

8 50 F 150 45 136

9 50 F 158 52 146

10 46 F 160 50 142

11 49 F 159 57 146

12 44 F 173 75 140

13 58 F 155 61 142

Mean 50.6 158.9 56 143.1

Table 1: Clinical detail of the volunteers.

Patella motion analysis
1. TSRA and PRA in knee extension actions. The correlation

between the patella mobility and patella rotation with respect to
changes in the knee flexion angle when extending from 120° to
90° and from 90° to 60° was r=–0.77, P=0.002 between 120° and
90°, and r=–0.76, P=0.002 between 90° and 60°, indicating a
strong negative relationship (Figures 6A and 6B).
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Figure 6: Correlation of Patella Rotation Angle (PRA) and
Trochlear Show Area Ratio (TSAR). A. Knee flexion 120°–90°. B.
Knee flexion 90°–60°.

1. TSRA and PTA in knee extension actions. The correlation
between the patella mobility and patella PTA with respect to
changes in the knee flexion angle when extending from 120° to
90° and from 90° to 60° was r=0.77, P=0.002 between 120° and
90°, and r=0.72, P=0.005 between 90° and 60°, indicating a strong
positive relationship (Figures 7A-7C).

Figure 7: Correlation of Patella Tilt Angle (PTA) and Trochlear
Show Area Ratio (TSAR). A. Knee flexion 120°–90°. B. Knee flexion
90°–60°. C. TSRA and LFA in knee extension actions.

The correlation between the patella mobility and patella LFA with
respect to changes in the knee flexion angle when extending from 120°
to 90° and from 90° to 60° was r=–0.83, P<0.001 between 120° and 90°,
indicating a strong negative relationship, and r =–0.57, P=0.03 between
90° and 60°, indicating a weak negative relationship (Figures 8A and
8B).

Figure 8: Correlation of Lateral Facet Angle (LFA) and Trochlear
Show Area Ratio (TSAR). A. Knee flexion 120°–90°. B. Knee flexion
90°–60°.

Discussion
The new transparent 3D imaging method used in this study

facilitates the evaluation of 3D patella movements at the patellofemoral
joint, which has not been done before. This makes it easy to use 3D
computer analysis algorithms to determine the shape of the patella and
the patellofemoral joint in transparent 3D images showing the rotation
and inclination of the patella in three dimensions [25]. Furthermore,
with the method used in this study, MRI scans of the femoral condyle
cartilage and patella can be used to perform accurate assessments of
patella movement, which would hitherto have been performed by
evaluation methods based on X-ray images and/or CT scans [31].

The patellofemoral joint showed a tendency for increased rotation
and less inclination of the patella as the mobility of the patella at the
femoral trochlear becomes smaller during knee extension actions. On
the other hand, there was a weak correlation with LFA during knee
extension movements from 90° to 60°. This is thought to be
attributable to the thickness of the patella cartilage. The adaptation of
the patellofemoral joint starts from the 90° knee flexion position at the
articulating surfaces [32]. Up to 90°, a degree of freedom arises due to
the thickness of the patella cartilage in the matching state where the
articulating surfaces are the patella and the femoral trochlear groove
(LFA90–60), and is considered to have a weak correlation. LFA120–90
shows a strong correlation with the movement of the patella, which is
thought to be because with a larger knee flexion angle, the patella and
femoral trochlear groove are matched together as a patellofemoral
joint.

This analysis of patella motion in asymptomatic patellofemoral
joints showed a significant correlation between the movement of the
patella and the rotation and inclination of the patella when extending
the knee joint. This is thought to reflect the function of the quadriceps
muscle during knee extension. It has been reported that the
functioning of the quadriceps muscle contributes to a high patella
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position and degeneration of the patellofemoral joint [33]. Also,
according to a report by Felicio et al., the patella reflects the function of
the quadriceps femoris muscle, and the contraction of the quadriceps
muscle and PTA are closely related [34]. Osteoarthritis of the knee is
closely related to the function of the quadriceps muscle, and the
finding of the present study suggests that the patella's movement,
inclination and rotation reflect the latent function of the quadriceps
muscle.

Based on the results of this study, the small amount of movement by
the patella means that the patella rotates and its inclination decreases.
In other words, the patella continues to press against the inner side of
the femoral trochlear groove. Studies performed using cadavers have
reported that in people with osteoarthritis of the knee, the
patellofemoral joint cause’s strong degeneration of cartilage in the
femoral trochlear groove [35-39]. Although the patellofemoral joint is
not intrinsically weight-bearing, it is said that a large pressure (up to
five times the body weight) is applied to the joint surface during knee
flexion and extension movements, especially when walking up and
down stairs [40,41]. Our research suggests that one of the causative
factors in the early stages of osteoarthritis of the knee is the
deterioration of patella movement with declining function of the
quadriceps femoris muscle, bringing the patella into stronger contact
with the femoral condyle cartilage of trochlear and leading to the onset
of degeneration during everyday activities.

In this study, since e the latent function of the quadriceps femoris
muscle was evaluated statically, it was not possible to evaluate dynamic
movements during extension and flexion, or dynamic changes in the
load on the patella. High-resolution MRI scans are limited in terms of
their ability to perform evaluations in conjunction with the movement
of joints. On the other hand, ultrasonography has become widely used
in the study of musculoskeletal disorders due to its ability to produce
high-resolution scans of superficial regions [42]. According to Imai et
al. the medial patellar retinaculum makes a large contribution to
movement of the patella during extension and flexion of the knee [43].
In anatomical studies of cadavers, the medial patellar femoral ligament,
which is a constituent of the medial patellar retinaculum, could be
visualized by ultrasonography [44]. It is expected that the degeneration
of patellofemoral joints could be evaluated by using ultrasonography to
assess the rotation and inclination of the patella while dynamically
observing the tone of the medial patellar femoral ligament. Using
ultrasonography, it should be possible to analyze the movement of the
patella by performing dynamic evaluations in real time with high
resolution.

Conclusion
In summary, a study of the early stages of degeneration of

patellofemoral joints in asymptomatic subjects has been performed by
using transparent 3D images to analyze the motion of the patella. This
should result in improved preventive medicine by making it easier to
detect risk factors and impede the progress of osteoarthritis.
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