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In Vivo Kinematics of the
Extensor Mechanism
of the Knee During Deep Flexion

While various factors have been assumed to affect knee joint biomechanics, few data
have been reported on the function of the extensor mechanism in deep flexion of the knee.
This study analyzed the patellofemoral joint contact kinematics and the ratio of the quad-
riceps and patellar tendon forces in living subjects when they performed a single leg
lunge up to 150 deg of flexion. The data revealed that in the proximal-distal direction, the
patellofemoral articular contact points were in the central one-third of the patellar carti-
lage. Beyond 90 deg of flexion, the contact points moved towards the medial-lateral edges
of the patellar surface. At low flexion angles, the patellar tendon and quadriceps force ra-
tio was approximately 1.0 but reduced to about 0.7 after 60 deg of knee flexion, implying
that the patella tendon carries lower loads than the quadriceps. These data may be valua-
ble for improvement of contemporary surgical treatments of diseased knees that are
aimed to achieve deep knee flexion. [DOI: 10.1115/1.4024284]
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1 Introduction

Deep flexion is necessary for normal function of the knee dur-
ing various daily activities [1]. Achieving deep flexion of the knee
is also an objective of contemporary total knee arthroplasty
(TKA) [2]. A recent literature review [3] indicated that patients
implanted with contemporary TKAs, either conventional or high
flexion designs, on average cannot flex their knees beyond
120 deg. Numerous studies have investigated the biomechanics of
the knee in deep flexion in order to understand the biomechanical
mechanisms that affect knee flexion capabilities. For example,
Hefzy et al. [4] investigated deep knee flexion using plane X-rays;
Most et al. [5] measured the knee kinematics before and after
TKA from full extension to 150deg of flexion using an in vitro
robotic testing system; and Nagura et al. [6] investigated knee
motion in deep squatting of normal subjects using a motion analy-
sis method.

However, most previous studies have examined the tibiofe-
moral joint kinematics in deep flexion of the knee. The mecha-
nisms that affect the deep flexion of the knee are still unclear. Li
et al. [7] measured the in situ forces of the anterior cruciate liga-
ment (ACL)/posterior cruciate ligament (PCL) at 150 deg of knee
flexion using a cadaveric experimental setup in order to under-
stand the intrinsic biomechanics of the knee in deep flexion. Most
et al. [8] and Walker et al. [9] investigated the tibiofemoral joint
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contact patterns in deep knee flexion using cadaveric specimens.
Recently, Kobayashi et al. [10] reported the patellofemoral and
patellar tendon kinematics during deep flexion of the knee. While
these studies have provided insights into the biomechanical func-
tion of the knee in deep flexion, little data has been reported on
the function of the extensor mechanism of the knee (the quadri-
ceps-patella-patellar tendon complex) [11]. A properly function-
ing extensor mechanism has been assumed to play a critical role
in deep knee flexion [12].

The objectives of this study are to determine the extensor mech-
anism kinematics. Specifically, the interaction of the quadriceps,
patellofemoral articular contact kinematics, and the patellar ten-
don was investigated during a single leg lunge up to maximal flex-
ion of the knee in a group of normal human subjects and to
quantitatively understand the biomechanics of the extensor mech-
anism in order to improve the contemporary TKA function.

2 Materials and Methods

Seven healthy human subjects (age, 23—49; five male and two
female) with no history of knee injuries or chronic knee pain were
recruited. Each subject signed a consent form approved by our
institutional review board. One knee of each subject was imaged
using a 3.0T magnetic resonance imaging (MRI) scanner (Sie-
mens, Malvern, PA) with a fat suppressed 3D spoiled gradient
recalled sequence. Sagittal images were captured in a
180 x 180 mm field of view with a 1 mm thickness and a resolu-
tion of 512 x 512 pixels. These images were used to create a 3D
anatomical model of the knee using a solid modeling software
(Rhinoceros, Robert McNeel & Assoc., Seattle, WA). Bony
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Source 1 Knee model

Source 2

Fig. 1 A virtual dual fluoroscopic image system
surfaces of the femur, tibia, and patella and their articular cartilage
surfaces were segmented from the magnetic resonance (MR)
images [13]. The patellar tendon insertion sites at the tibial tuber-
cle and the distal patella were also segmented [14].

After MR image scanning, each subject performed a single leg
bend up to maximum flexion in the field of view of two orthogo-
nally positioned fluoroscopes (BV Pulsera; Philips, Bothell, WA).
The subjects were instructed to hold the position for a second at
each selected angle and allowed to use the contralateral leg and a
handrail to keep body balance if the subject felt necessary. Flexion
angles of the knee were monitored with a goniometer. The orthog-
onal fluoroscopic images and the 3D bony models of the femur,
tibia, and patella were imported into a virtual system that repli-
cated the orthogonal fluoroscopy system in the solid modeling
software (Fig. 1) [13,15]. The outline of each bone was extracted
from the fluoroscopic images. The projection of each 3D bony
model was matched to its corresponding outlines on the fluoro-
scopic images to reproduce the 3D position of the model in space.
This technique has been validated previously for the measurement
of tibiofemoral joint kinematics [16] and for patellar tracking [17].

From the series of models used to reproduce knee motion, the
relative positions of the cartilage layers on the femur and patella
were determined [18]. The overlap of the two cartilage layers was
used to approximate the cartilage contact area (Fig. 2(a)). The
centroid of this contact area was defined as the contact point. To
describe the motion of the contact point on the patella, a coordi-
nate system was created by fitting a rectangle to the patellar carti-
lage (Fig. 2(b)). The center of the rectangle was the origin of the
coordinate system. The vertical axis corresponded the proximal-
distal direction and the horizontal axis the medial-lateral direction.
A contact point was positive if it was on the proximal side and on
the lateral side. Absolute coordinate values of the contact point
positions were normalized to the length of corresponding face of
fitted rectangular and reported in percentage (%). A previous vali-
dation study showed an accuracy of 14% when this technique was
used to measure the cartilage contact area [19].

The extensor mechanism during deep knee bend was analyzed
on the femoral or patellar sagittal plane by tracking the contact
point location as well as the orientation changes in the quadriceps
and patellar tendon (Fig. 3). When there are two patellofemoral
contact points in a deep knee flexion angle, the point between the
projections of these two points on the femoral or patellar sagittal
plane was defined as the sagittal plane patellofemoral contact
point at this flexion angle. To describe the motion of the contact
points on the surface of the femur, a line connecting the middle
point of the transepicondylar axis (TEA) and the contact point
was projected on the sagittal plane of the femur. The angle
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Fig. 2 (a) Intersection of the patellar and femoral cartilage
models. (b) The coordinate system on the patellar articular sur-
face to determine the patellofemoral contact locations.

between the projected line and the anteroposterior axis, which was
perpendicular to the femoral long axis, was defined as the contact
position angle («, Fig. 4). A positive angle indicated that the con-
tact point was below the anteroposterior axis, and a negative angle
meant that the contact point was above the anteroposterior axis.
The notch angle was defined as an angle formed by the anteropos-
terior axis and the projection of the line connecting the middle
point of the TEA and the intercondylar notch (f3, Fig. 4).

The attachment sites of the patellar tendon on the patella and
tibial tubercle were represented by their corresponding centroids.
The line connecting the two attachment sites was used to represent

Quadriceps

| Contact
point

tendon

Fig. 3 Definitions of the angle between the quadriceps and the
direction of the patellofemoral joint reaction force (0qo—f) and
the angle between the patellar tendon and the direction of the
patellofemoral joint reaction force (0p_F)
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Fig. 4 Definitions of the contact position angle («) and the
notch angle (p)

the patellar tendon direction (Fig. 3). If the line intersected with
the tibial bony surface, a line tangential to the intersected tibial
bony surface was drawn from each attachment site to represent
the effect of the tendon wrapping on the bone [10].

The orientation of the quadriceps was assumed to be parallel to
the femoral shaft since the MRI could not capture the entire quad-
riceps from their origins to insertions. The quadriceps were repre-
sented using a straight line starting from the centroid of the
attachment site on the patella and running parallel to the femoral
shaft. If this line contacted with the distal femoral articular surface
at deep flexion angles, the line was redrawn from the attachment
site on the patella to the contact point on the femoral articular sur-
face. The projection of the quadriceps line on the patellar sagittal
plane was extended distally, and the projection of the patellar ten-
don line was extended proximally. The intersection of the quadri-
ceps and the patellar tendon lines was, thus, determined in the
sagittal plane (Fig. 3). A line connecting this intersection and the
contact point was considered as the direction of the joint reaction
force [11,20,21]. An angle between the quadriceps and the direc-
tion of the patellofemoral joint reaction force was defined as the
quadriceps angle (0p_r), and that between the patellar tendon and
the direction of the patellofemoral joint reaction force was defined
as the patellar tendon angle (0p_r). We assumed that muscle
forces are along a vector parallel to the geometric angles defined
for each muscle in sagittal plane, i.e., the quadriceps force vector
is applied parallel to quadriceps angle (0p_r), the patellar tendon
force vector is parallel to its corresponding angle, etc. For patellofe-
moral contact force, the assumption was that the force is perpendic-
ular to the frontal cartilage surface at the contact point. The ratio of
the patellar tendon force (Py) and the quadriceps force (Qy) was cal-
culated using the theorem of sines, P/Q;= sin(0p_r)/sin(0p_r).

A repeated measures analysis of variance (aANova) was used to
detect the effect of knee flexion angles on patellofemoral contact
kinematics. The Student—Newman—Keuls post hoc test was used
to isolate significant differences among the groups. Differences
were considered statistically significant when p < 0.05.

3 Results

We observed femoral and patellar articular cartilage contact in
only three subjects at 15deg of the knee flexion. Thereafter, we
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Fig. 5 Average locations of the contact points of the seven
subjects on the surface of the patellar cartilage at different flex-
ion angles. The data of each subject were normalized to the
proximal-distal and medial-lateral dimensions of its patella. The
contact started to separate on medial-lateral facets beyond
90 deg of knee flexion.

Table 1 The locations of the contact points on patella cartilage
at different flexion angles (absolute)

Separated
Flexion M/L L+ P/D P+ M/L L+ P/D P+
angle (deg) (mm) (mm) (mm) (mm)
15 4.5 -9.0
30 1.9 -3.7
60 1.1 1.9
90 1.9 2.7 -89 22
120 44 22 —14.1 0.0
150 11.7 1.8 —15.7 2.1

Note: M: medial, L: lateral, P: proximal, D: distal.

observed the articular contact in all subjects. The patellofemoral
contact point on the patella located distolaterally and moved prox-
imally as the flexion angle increased to 90 deg (Fig. 5). The loca-
tion of the contact point was at —27.5 = 3.7% in the proximal-
distal direction and 10.8 £4.9% in the medial-lateral direction at
15 deg of the knee flexion. Beyond 60 deg, separation of the con-
tact was observed in two knees at 90 deg and 120 deg of the knee
flexion, and six knees at 150 deg of the knee flexion. The lateral
contact point moved laterally and the medial contact point moved
medially as the knee flexed to 150deg, where the lateral contact
point was at 52*8.5% in the proximal-distal direction and
27.0 £7.7% in the medial-lateral direction and the medial contact
point was at 6.0+ 11.5% in the proximal-distal direction and
—36.0 = 4.3% in the medial-lateral direction. The coordinate values
of the contact point location at each flexion angle are shown in
Table 1. The demography and contact area data of the individual sub-
jects at different flexion angles are shown in the supplementary
Appendix.

The contact position angle increased (contact point moved dis-
tally) consistently with flexion of the knee (p < 0.05, Fig. 6). At
15 deg of knee flexion, the contact point was at 2.1 = 4.9 deg. The
notch angle was 57.2 = 7.8 deg. At 150 deg of knee flexion, the con-
tact point was at 110.4 = 2.0deg. The contact position angle was
lower than the knee flexion angle along the flexion path of the knee.

At 15deg of knee flexion, the sagittal plane angle between the
quadriceps and the patellofemoral joint reaction force (0p_r) was
77.9 = 39.6deg (Fig. 7(a)). It decreased to 35.3 = 7.6deg as the
knee flexed to 90deg (p < 0.05). Beyond 90deg, only a slight
increase in quadriceps force angle was observed. The sagittal
plane angle between the patellar tendon and patellofemoral joint

AUGUST 2013, Vol. 135 / 081002-3



120 1
> 100 A

o]
o
!

Mean notch angle

gil

Knee erX|on, ©)

()]
o

1

Fig. 6 The contact position angle and the notch angle. The
contact position angle monotonically increased as the knee
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Fig. 7 (a) The angle between the quadriceps and the direction
of the patellofemoral joint reaction force. (b) The angle between
the patellar tendon and the direction of the patellofemoral joint
reaction force.

reaction force (0p_p) at 15deg of knee flexion was
69.5 =34.8deg (Fig. 7(b)). It increased to 76.5 *£20.1deg at
30deg then demonstrated a consistently decrease to
56.0 £ 6.7 deg as the knee flexion angle increased to 120 deg, fol-
lowed by a slight increase to 58.7 = 4.1 deg at 150 deg flexion of
the knee.

The ratio of the patellar tendon and the quadriceps forces at
15 deg of knee flexion was 1.05 * 0.41 (Fig. 8). It decreased monot-
onically to 0.68 = 0.18 at 90 deg then increased slightly at 120 deg
and kept almost constant when the knee flexed to 150 deg.

4 Discussion

While various factors, such as the shapes of the articulating
surfaces and the constraint due to the posterior soft tissues, have
been assumed to affect the knee joint biomechanics in deep flex-
ion angle [5,7,9,22], little is known about the function of the
extensor mechanism. This study analyzed the patellofemoral joint
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Fig. 8 The ratio of the patellar tendon and the quadriceps
forces. At 15 deg of knee flexion, the patellar tendon and quadri-
ceps have similar forces. Beyond 60deg, the patellar tendon
carries about 70% of the forces of that in the quadriceps.

contact kinematics and the ratio of the quadriceps and patellar ten-
don forces in living subjects when they performed a single leg
lunge to 150deg of flexion. The data revealed that the patellofe-
moral articular contact points were in the central one-third of the
patellar cartilage in the proximal-distal direction. In general, the
patellofemoral contact started to separate on medial-lateral facets
beyond 90 deg of knee flexion. At low flexion angles, the patellar
tendon and quadriceps have similar forces. However, beyond
60 deg, the patellar tendon carries about 70% of the forces in the
quadriceps.

Many studies have reported on the patellofemoral contact loca-
tions of the knee in various range of flexion and under various
loading conditions [12,23-29]. In general, the contact points of
the patellofemoral joint were shown to move proximately from
full extension to about 60 deg of flexion and little change in con-
tact locations were observed in proximal-distal direction with fur-
ther knee flexion. In general, the data of present study are
consistent with those published in the literature.

However, our data indicated that beyond 90 deg of flexion, the
patellofemoral contact started to separate in the medial and lateral
portions. The higher the flexion angles are, the more the contact
points tend to move towards the medial and lateral edge of the
patellar cartilage surface. In cadaveric experiment setups, Good-
fellow et al. [24] showed that the contact area is separated into the
medial-lateral zones at 135 deg of flexion; Yildirim et al. [28] and
Huberti and Hayes [30] showed that the contact areas are still arc-
uated bands at 120 deg and more. In an MRI investigation of deep
flexion of the knee, Nakagawa et al. [26] showed similar contact
location patterns on the patellar surface as to those observed in
our study. It should be noted that the patellofemoral cartilage con-
tact pattern is affected by the applied quadriceps load. The differ-
ences in the patellofemoral cartilage contact patterns among the
reported data may be explained by the differences in quadriceps
loads among these studies (including the magnitudes and direc-
tions of the loads). The usage of external sensors for measurement
of contact area in in vitro studies may also cause alteration in the
data measurement [30].

Our previous study showed that in general, the patella shifted
laterally and tilted laterally along the flexion path of the knee
[10]. After 60 deg of flexion, the patellar shift and tilt were almost
constant while the patellar tilted medially at 150 deg. Since our
current results showed that the relation between the contact area
and the flexion angle varied among the subjects, the correlation
between the contact area and the patellar kinematic parameters
should be further investigated with force data applied across the
patellofemoral joint.

Investigation of in vivo function of the extensor mechanisms is
a challenging problem in biomedical engineering. This study ana-
lyzed the geometric relationship of the quadriceps-patellar
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tendon-patella complex in the sagittal plane [11]. At low flexion
angles, the contact point was low on the patellar surface, which
corresponds to the similar loading levels of the quadriceps and
patellar tendon as the patellar tendon and quadriceps force ratio
approaches approximately 1.0. As the contact point moved proxi-
mally on the patellar cartilage surface, the patellar tendon and
quadriceps force ratio decreased and approached approximately
0.7. This information may provide useful implications for investi-
gation of contemporary TKA biomechanics. In contemporary
TKA components, while the patellofemoral contact locations have
been measured using various techniques [31,32], the effect of the
TKA on the function of the quadriceps-patellar tendon-patella com-
plex has not been reported. Further, the patellofemoral contact bio-
mechanics of the knee were not reproduced by the TKAs during
flexion [20,33-35]. It is unknown if a physiological quadriceps and
patellar tendon ratio could be reproduced in the knee after a TKA im-
plantation. Therefore, it is necessary to quantitatively understand the
biomechanics of the extensor mechanism of the knee after TKA in
order to improve the contemporary TKA function.

Several limitations in the current study need to be pointed out.
The knee was studied in a quasi-static single leg lunge activity.
Future study should examine the extensor mechanism function
during dynamic deep knee flexion. The function of the quadri-
ceps-patella-patellar tendon complex was analyzed in the sagittal
plane of the knee since we could not determine the 3D orientation
of the quadriceps force as well as the differences of the contact
forces on the medial and lateral patellar facets. Therefore, the con-
tribution of other tissues such as medial-lateral patellar tendon,
3D quadriceps structures, etc. was not considered. In addition, the
effects of wraparound of the quadriceps at the distal femur, thigh-
calf contact as well as the posterior soft tissues on knee kinematics
in deep flexion [26,36,37] were not studied. Despite these limita-
tions, this study provided new data on the extensor mechanism
function in deep flexion of the knee in vivo.

In summary, this study investigated the in vivo kinematics of
the extensor mechanism of the knee during a single leg lunge ac-
tivity. The data indicated that the patellofemoral contact point
moved proximally with knee flexion up to 60 deg of knee flexion.
Thereafter the contact point stays rather constant as flexion angle
increases, but beyond 90 deg of flexion, the contact points moved
towards the medial-lateral edges of the patellar surface. At low
flexion angles, the patellar tendon and quadriceps force ratio was
approximately 1.0 but reduced to about 0.7 after 60deg of knee
flexion. These data may be valuable for understanding the intrin-
sic biomechanics of the knee at deep flexion and providing base-
line information for improvement of surgical treatments of
diseased knees to achieve postoperative deep knee flexion.
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Appendix

Table 2 The demography of the individual subjects

Subject Gender Age, year Height, m Weight, kg Condylar width, mm

1 M 25 1.83 68 88.1
2 M 23 1.73 71 78.1
3 M 25 1.78 73 84.7
4 F 24 1.58 49 76.1
5 F 29 1.80 95 79.1
6 M 49 1.65 73 81.3
7 M 49 1.65 73 80.3
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Table 3 The contact area of the individual subjects at different
flexion angles of the knee

Subject #1 Subject #2
Flexion Lateral Medial Lateral Medial
angle (deg) (mm?) (mm?) (mm?) (mm?)
15
30 236.4
60 232.6 120.6
90 392.5 114.4 149.5
120 276.6 259.1 55.2
150 95.3 81.8
Subject #3 Subject #4
Flexion Lateral Medial Lateral Medial
angle (deg) (mm?) (mm?) (mm?) (mm?)
15 116.3
30 502.6 233.0
60 709.3 134.3
90 334.8 47.4 114.8
120 579.7 187.4 85.3
150 310.9 166.4 256.5 176.8
Subject #5 Subject #6
Flexion Lateral Medial Lateral Medial
angle (deg) (mm?) (mm?) (mm?) (mm?)
15 163.2 154.8
30 377.6 281.9
60 333.5 470.5
90 191.2 557.0
120 359.7 178.9 277.1
150 231.0 177.9 105.0 319.0
Subject #7
Flexion Lateral Medial
angle (deg) (mm?) (mm?)
15
30 127.7
60 323.5
90 461.4
120 498.0
150 295.2 50.6

Table 4 The location of the contact points of the individual
subjects at different flexion angles of the knee

Subject #1
Separated
Flexion M/L L+ P/D P+ M/L L+ P/D P+
angle (deg) (mm) (mm) (mm) (mm)
15
30
60 —3.5 3.1
90 -1.0 6.9
120 —4.6 4.6
150 15.8 0.4 —13.1 9.8
Subject #2
Separated
Flexion M/L L+ P/D P+ M/L L+ P/D P+
angle (deg) (mm) (mm) (mm) (mm)
15
30 2.5 —0.1
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Table 4. Continued

Table 4. Continued

Subject #2
Separated
Flexion M/L L+ P/D P+ M/L L+ P/D P+
angle (deg) (mm) (mm) (mm) (mm)
60 —6.3 4.2
90 13.2 44 —8.8 2.7
120 10.3 4.8 —15.4 1.4
150
Subject #3
Separated
Flexion M/L L+ P/D P+ M/L L+ P/D P+
angle (deg) (mm) (mm) (mm) (mm)
15
30 2.0 —4.1
60 3.0 3.8
90 -0.4 2.9
120 5.2 0.2
150 14.8 -0.5 —-17.2 —-1.2
Subject #4
Separated
Flexion M/L L+ P/D P+ M/L L+ P/D P+
angle (deg) (mm) (mm) (mm) (mm)
15 6.3 —8.2
30 5.1 —4.6
60 11.6 -1.0
90 15.3 -0.4 -9.0 1.7
120 13.0 -1.9 —13.8 —-14
150 12.7 -1.9 —16.0 —1.6
Subject #5
Separated
Flexion M/L L+ P/D P+ M/L L+ P/D P+
angle (deg) (mm) (mm) (mm) (mm)
15 4.9 -9.7
30 2.2 —4.6
60 —6.6 -3.1
90 —10.8 2.7
120 -9.0 2.2
150 8.5 2.4 —13.8 2.7
Subject #6
Separated
Flexion M/L L+ P/D P+ M/L L+ P/D P+
angle (deg) (mm) (mm) (mm) (mm)
15 24 -9.1
30 22 —4.7
60 1.0 2.4
90 —6.4 3.0
120 9.2 0.4 —13.2 0.0
150 7.7 4.2 —14.4 2.3
Subject #7
Separated
Flexion M/L L+ P/D P+ M/L L+ P/D P+
angle (deg) (mm) (mm) (mm) (mm)
15
30 2.0 —3.8

081002-6 / Vol. 135, AUGUST 2013

Subject #7
Separated

Flexion M/L L+ P/D P+ M/L L+ P/D P+
angle (deg) (mm) (mm) (mm) (mm)
60 8.8 3.6
90 3.6 4.9
120 6.6 4.8
150 10.8 6.1 —19.5 0.3

Note: M: medial, L: lateral, P: proximal, D: distal.
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