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ABSTRACT

In order to understand the effects of body weight-bearing on knee joint bony contact movements, a
video-fluoroscopic digitizing system with in vivo human knee extension-flexion motions of 12 healthy
adults under body weight-bearing and non-weight-bearing conditions was studied. These 12 subjects were
equally separated into two groups consisting of a body weight-bearing group and a non-weight-bearing
group. Video-fluoroscopic images were digitized to get three parameters from the knee joint bony geom- .
etry. These three parameters were the radius of rotation, the arc length of rotation, and the contact point of
the tibiofemoral joint, and they were used to decide the knee joint bony contact status of the sliding,
spinning and rocking motions. The results showed that the knee bony contact movements under body
weight-bearing conditions had about 4 times the incidence rate of the sliding motion under non-weight-bear-
ing conditions. The incidence rate of the sliding motion was greatest when the knee flexion was less than
30°. The knee bony contact movements under non-weight-bearing conditions had a larger spinning motion
incidence rate and smaller rocking motion incidence rate than they did under weight-bearing conditions.
The larger spinning motion incidence rate when the knee joint flexion was greater than 60°. In conclusion,

the body weight-bearing factor should be considered in studying knee joint bony contact movements.

Key Words: knee joint; bony contact motion; body weight-bearing; video-fluoroscopy:; in vivo.

l. Introduction

The knee joint has unique functions in the mo-
tion of the human body. It transmits the load caused
by body weight and motion. The muscles around the
knee act as dynamic stabilizers. The conditions of
balance among the muscle forces are different in
knee flexion-extension exercises under body weight-
bearing and non-weight-bearing conditions because
the muscle force distributions are different. Therefore,
knee joint bony contact movements under body
weight-bearing and without body weight-bearing
should be different. However, few studies in the litera-
ture have mentioned this issue.

Many studies on knee biomechanics have been

cadaveric (Duke et al., 1977; Panjabi, 1979; Soudan
et al., 1979; Panjabi et al., 1982; Ahmed et al., 1987,
Buff et al., 1988; Star ez al., 1996) because it is difficult
to measure the forces and knee joint motions that
act on the in vivo knee joint during knee flexion-ex-
tension exercise. The normal balance of the muscle
force around the knee joint disappear in cadavers and
it is doubtful whether the forces exerted by a testing
machine can accurately reflect the true situation of
muscle force balance during knee exercise. The
factor of body weight-bearing has not been taken into
account in cadaver studies because it has been even
more difficult to simulate knee exercises under body
weight-bearing conditions in in vitro prepared
cadaver knees. Koh et al. (1992) developed a technique
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for in vivo tracking of the human patella. In their
study, intracortical pins were inserted into the patella,
femur and tibia. In their method, a skin incision had
to be made, and soft tissue damage was inevitable.
Furthermore, this method created a certain chance of
infection in the study subject. To overcome this prob-
lem so as to understand whether body weight bearing
really influences knee joint bony contact movements,
the video-fluoroscopic digitizing system (Stiehl et al.,
1995; Cheng et al., 1995, 1996; Banks and Hodge, 1996)
was applied in this study to record and analyze knee
joint motions under body weight-bear-ing and non-
weight-bearing conditions. The influence of body
weight-bearing on knee joint contact movements
could then be explored. Therefore, the purpose of this
study was to test the hypothesis that body weight-
bearing influences knee joint contact movements.

Il. Materials and Methods

Twelve healthy adults, nine men and three
women, volunteered to take part in this study. Infor-
med consent was obtained from every volunteer after
a detailed explanation of the possible radiation hazard
had been provided. The subjects were randomized
into two groups. Group 1 consisted of three men and
three women with mean age of 19.5 years, mean
height of 163.5 cm and mean weight of 57.1 kg.
Group 2 consisted of six men with mean age of 24.2
years, mean height of 168.8 cm and mean weight of
63.3 kg. Group 1 was asked to perform knee exten-
sion exercise under body weight-bearing (Fig. 1). The
left foot of the study subject stepped on the ground,
and the right lower leg, together with the right foot,
was fixed using a self-made fixture. The ankle joint
was kept at 90 degrees of dorsiflexion. Then the
right leg stepped up to simulate the action of stair as-
cent. The right knee was then extended from 90
degrees of flexion to full extension. The study sub-
jects were asked to flex their right knees back to 90
degrees of flexion once full extension had been
reached. Group 2 was asked to perform knee flex-
ion-extension exercise under non-weight-bearing
conditions. They were asked to sit on a chair with the
right thigh unsupported and raised parallel to the
ground to obtain knee extension. Then, flexion-
extension exercise of the right knee was performed.
The whole process of knee flexion-extension exercise
in every study subject was recorded by the fluoro-
scope (Toshiba DC-15 KB RTH, 9202-G1, Japan) at
an image frequency of 30 frames / second for two sec-
onds. A video tape recorder was connected to the
fluoroscope, so all the images obtained from the
fluoroscope could be recorded and saved by the tape

(b)

Fig. 1. (a) Group 1 performed knee flexion-extension exercise un-
der body weight-bearing conditions and (b) Group 2 per-
formed knee flexion-extension exercise under non-weight-
bearing conditions.

recorder (Fig. 2). The images were then digitized us-
ing an image digitizer (NAC, HSV-400, Japan). It
has been noted that severe distortion could take
place when an image intensifier and the recorder sys-
tem were used in cooperation with the fluoroscopic
system (Wallace and Johnson, 1981). The method
used to correct distortion was to place a calibration
grid in front of the X-ray tube during measurement
(Fig. 3). The grid was composed of a sheet with
metal wiring forming 1.5 centimeter squares. Thus,
it produced a distorted X-ray image of an array of
boxes. The corners of each box were identified using
the same processing procedure, and the linear trans-
formation matrices were incorporated into a com-
puter program to correct the image in this study (Yao
et al., 1992; Banks and Hodge, 1996). All the cor-
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Fig. 2. The images obtained from the fluoroscope were recorded
using a TV camera and VCR; all the recorded images were
then digitized by a video digitizer and processed on a per-
sonal computer.
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Fig. 3. (a) The pre-correction results of the distorted X-ray images.
(b) The corrected results.

rected images were then digitized and analyzed on
the IBM compatible personal computer.

The following parameters were measured and
calculated in both groups and were compared to ex-
plore the effects of body weight-bearing on knee joint

bony contact movement. The knee flexion angle was
the angle formed by the axis of the femoral shaft and
the axis of the tibial shaft; thus, the knee flexion angle
in every image could be measured. The instantaneous
center of rotation (CR), radius of rotation (Radius)
and arc length of rotation (Arc L.) were estimated
using the rigid body method (Spiegelman and Woo,
1987). The tibiofemoral contact point(p%) was
defined as the point -at which the distance between
the tibia and the femur in the lateral view was the
shortest and was measured from the anterior edge of
the tibial plateau (Fig. 4). The total depth of the tibial
plateau was normalized as 100%. Three parameters,
Radius, Arc L., and p%, were then used to determine
the status of the tibiofemoral joint contact movement.
When a very large or infinite value of the Radius
combined with a zero Arc L. and no change of p%
were obtained, the tibiofemoral joint contact status
was considered to have no movement. When a very
large or infinite value of the Radius and zero Arc L.
combined with p% change, the tibiofemoral joint
contact status was considered to have sliding motion.
If a small Radius and no change of p% combined
with a non-zero Arc L. were obtained, the tibiofemoral
joint contact status was then considered to have spin-
ning motion. If a small Radius and p% change com-
bined with a non-zero Arc L. were obtained, it was
rocking motion. After the tibiofemoral joint contact
status was determined frame by frame, we then calcu-
lated the incidence rate (in percentage) of the joint
motions during different ranges of knee flexion
angles. Only the mean value of the data of each group
was reported.

Radius

CR

Fig. 4. Anillustration of the measured parameters used for estima-
tion of the tibiofemoral joint contact movement.
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lil. Results

The in vivo measurement of the knee extension-
flexion motions was carried out using the video-fluo-
roscopic digitizing system in this study, which had
been demonstrated to be a useful tool for dynamic
measurement of the knee joint motions. The influ-
ence of knee joint contact movements under body
weight-bearing and non-weight-bearing conditions
were also explored.

The knee joint movements of the two groups
were reported based by the changes of the knee joint
flexion angles and the incidence rates of the motions
of the tibiofemoral joint. The knee flexion angles dur-
ing knee flexion-extension exercise under body
weight-bearing and non-weight-bearing conditions
were quite different as shown in Fig. 5. In Group 1, the
knee extended rapidly from 90° flexion then extended
slowly at the angles between 10° and 20° and achieved
full extension at an even slower speed to maintain
stability of the knee. The same situation was noted
when the knee flexed from full extension. The knee
initially flexed very slowly and suddenly accelerated
after 20° flexion. However, in Group 2 the knee ex-
tended and flexed at almost constant speed because
the flexion-extension angle of the knee under non-
weight-bearing conditions was almost linear with
constant angular speed.

In the tibiofemoral joint motion analysis, Group
1 showed a greater sliding motion incidence rate than
did Group 2 (Fig. 6). In Group 1, the incidence of the
sliding motion was about four times that of Group 2.
Most of the sliding motion occurred under knee
flexion angles of less than 30° in both groups, which
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Fig. 5. The knee flexion angle versus time during knee flexion-ex-

tension exercise under body weight-bearing and non-weight-
bearing conditions.
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Fig. 6. The incidence rate of the sliding motion for different ranges
of the knee flexion angle in both groups.

showed that the predominant knee joint sliding
motion was close to knee extension. Furthermore,
the results also showed that the incidence rate of the
sliding motion from 0° to 30° flexion was greater then
that of the motion from 30° to 0° flexion.

In the spinning and rocking motion analysis,
most of the spinning motions occurred when the
angle ranged from 30° to 90° flexion, and rocking
motion occurred mostly when the angle ranged from
0° to 30° flexion (Fig. 7). In general, Group 2 had a
larger incidence rate of spinning motion than did
Group 1. Both groups had similar incidence rates of
rocking motion.

IV. Discussion

Many studies on knee joint biomechanics have
been cadaveric. It has been difficult to include real
conditions of body weight-bearing of the knee joint
with active muscle involvement. Whether externally
applied loads from testing machines can reflect in
vivo muscle forces is also questionable. Also, the
question of whether the body weight-bearing influ-
ences knee joint contact movement has not been ex-
plored. In order to observe the in vivo functions of
knee extension-flexion, this in vivo study was carried
out, and a video-fluoroscopic digitizing system was
used. The influence of weight-bearing on knee joint
contact movement was studied.

An important aspect of this study was use of a
fluoroscope and image correction. Fluoroscopes using
image intensifierd have become increasing popular
and has superseded cine-radiography because they
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Fig.7. The incidence rate of the (a) spinning and (b) rocking mo-
tions for different ranges of the knee flexion angle in both
groups.

Incidence rate of the rocking motion (%)

are both easier to operate and involve the use much
smaller doses of radiation (Breen et al., 1989; Cox et
al., 1990; Cholewicki et al., 1991; Cheng et al., 1995;
Stiehl et al., 1995; Cheng et al., 1996; Banks and
Hodge, 1996). In our study, every subjects were ex-
posed to radiation for only 2 seconds. Two groups
were used in the experiment to avoid the possibility
of high radiation exposure during short time periods.
The anthropometric data of the two groups were as-
sumed to not be significantly different. The method
used to correct image distortion was to place a calibra-
tion grid with a linear transformation matrix on each
grid (Yao et al., 1992; Banks and Hodge, 1996).

The results showed that Group 1 had a higher
incidence rate of sliding motion and a lower inci-
dence rate of spinning motion than did Group 2. It
was demonstrated that, in Group 1, the subjects

needed to maintain joint stability during trunk weight
shifting so as to induce more sliding and less spinning
in the tibiofemoral joint. However, in Group 2, it was
not necessary to take into account body weight
shifting to get a larger incidence rate of spinning mo-
tion. This phenomenon was also demonstrated for
the knee joint angular speed, which had almost con-
stant angular motion in Group 2 (Fig. 5).

In conclusion, by means of a digitized video-
fluoroscopic system this study has demonstrated that
body weight-bearing influences knee joint contact
movement. Therefore, we suggest that knee joint bio-
mechanical studies should take the body weight-
bearing factor into consideration.
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