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Abstract

Purpose Females have a higher risk in terms of anterior
cruciate ligament injuries during sports than males. Rea-
sons for this fact may be different anatomy and muscle
recruitment patterns leading to less protection for the cru-
ciate- and collateral-ligaments. This in vitro study aims to
evaluate gender differences in knee joint kinematics and
muscle force during weight-bearing knee flexions.
Methods Thirty-four human knee specimens (17 females/
17 males) were mounted on a dynamic knee simulator.
Weight-bearing single-leg knee flexions were performed
with different amounts of simulated body weight (BW).
Gender-specific kinematics was measured with an ultra-
sonic motion capture system and different loading condi-
tions were examined.

Results Knee joint kinematics did not show significant
differences regarding anteroposterior and medial-lateral
movement as well as tibial varus—valgus and internal-
external rotation. This applied to all simulated amounts of
BW. Simulating 100 N BW in contrast to AF50 led to a
significant higher quadriceps overall force in female knees
from 45° to 85° of flexion in contrast to BW 50 N. In these
female specimens, the quadriceps overall force was about
20 % higher than in male knees being constant in higher
flexion angles.
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Conclusions It is indicated by our results that in a
squatting movement females compared with males produce
higher muscle forces, suggesting an increased demand for
muscular stabilization, whereas tibio-femoral kinematics
was similar for both genders.
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Introduction

Anatomic variations have been found between males and
females concerning muscle thickness and strength [2], bone
shape [9, 15] and passive knee joint stabillizers [1, 31] like
the anterior cruciate ligament (ACL), which has an
increased risk to be injured in females even in non-contact
sports [11, 22]. The ACL of women was found to be
smaller in diameter and more frail to rupture [4, 22, 23]. An
increased Q angle and valgus motion during flexion [16]
also can be of importance, because this might cause the
ACL to impinge at the lateral border of the femoral notch
and thus be injured [16, 39].

Hormonal and biomechanical risk factors have also been
identified. Whereas fluctuation of sex hormones throughout
the menstrual cycle is considered to influence higher laxity
of collagen fibres including the ACL, this coherence has
not been proven conclusively [5, 11, 29].

Neuromuscular factors like gender-specific muscle
activation are thought to be important covariants in knee
joint injury mechanism [3, 7, 10, 13, 17, 36, 39].

Since women demonstrate significant stronger quadri-
ceps activation during eccentric contraction [7, 20] this
may lead to ruptures of the ACL, which has been demon-
strated by an in vitro study [8].
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A consensus concerning this topic has not been reached.
So far, no in vitro study has been performed to investigate
gender specifics in tibio-femoral kinematics and quadriceps
activation during a squatting movement, which is part of
many sports activities and may be associated with ACL
injuries.

Having performed two previous studies with different
questions [22, 34], the purpose of the current study was to
summarize additional unpublished data obtained with these
studies in order to analyse whether gender has an influence
on tibio-femoral kinematics under different simulated body
weight utilizing a physiological load pattern. We also
wanted to know whether the reported higher quadriceps
activation is due to neuromuscular control or whether there
can be found other reasons for this phenomenon, thus being
able to help to reduce the number of ACL injuries in
females. We hypothesized (a) gender neither has influence
on knee joint kinematics in vitro nor (b) does it affect the
total quadriceps force required to simulate a partial body-
weight during knee flexion.

Materials and methods

Kinematic and muscle force data of an overall number of
34 fresh frozen cadaveric knee specimens that partly have
been used in other studies [24, 38] were analysed in order
to compare knee kinematics and muscle load patterns of the
quadriceps muscles for a knee squat. Seventeen female
knees (age range 42—102 years) and 17 male knees (age
range 58-91 years) could thus be compared. For technical
reasons, only left knees were used. The knees were stored
in airtight plastic bags at —20 °C. The femur and tibia were
cut approximately 18-20 cm from the joint line, and all
muscles were removed from the femoral and tibial bodies.
All skin, muscle and other soft tissues were removed
leaving only the intact joint capsule, quadriceps tendons,
semimembranosus and biceps femoris. The proximal third
of the fibula was fixed to the tibia via a bone screw. The
ends of the tibia and femur were placed in an epoxy
compound used for fixation to a knee simulator (Fig. 1), for
technical details see Miiller et al. [27].

Custom-designed stainless steel clamps were used to
attach the quadriceps tendons (rectus femoris, vastus late-
ralis and vastus medialis), semimembranosus and biceps
femoris to their respective motors for application of the
dynamic quadriceps muscle forces and the static ham-
strings forces. Knee flexions were performed driving the
knee specimens in a force-controlled manner from nearly
full extension to about 90° of flexion in vertical direction
with a speed of 1°/s. In order to simulate a prescribed
amount of body weight, the quadriceps and hamstrings
muscle forces were generated by their respective motors to
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Fig. 1 Experimental set-up of the knee simulator. The coordinate
systems for both tibia (solid) and femur (dashed) are shown. The
ultrasonic motion capturing triad of the tibia segment is marked by an
arrow as well as the tibia base, including the load cell for the vertical
ankle force

maintain a constant vertical ankle force, AF, measured by a
load cell at the base of the tibia. The nominal static ham-
strings force was 10 N. Since the real kinematic values of
the knee movement has been determined after the flexion
movement has finished as describe below, starting and
finishing positions of the knee movement have been pre-
scribed by default starting positions of the apparatus. In
order not to hyperextend the cadaver knees while starting
and not to overload in high flexion, the movement of every
knee specimen was performed between 20° and 90° of
flexion, taking into account that some of the specimens did
not reach this end point because of size restrictions of the
specimens.

The knee flexion kinematics was recorded by an ultra-
sonic motion capture system (ZEBRIS, Isny, Germany)
with a sample rate of 1 Hz. Knee rotations and translations
were defined by the paradigm of Grood and Suntay [12].
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Motions were described by the orientation of the tibia
coordinate system relative to the femur coordinate system.
We adopted an Euler angle system (z—y—x sequence) to
describe the orientation of the tibia relative to the femur.
The knee coordinate system centres were placed at the mid-
point between medial and lateral prominences of the tibial
plateau. Both coordinate systems were defined to coincide
at 0° flexion. The mediolateral (ML) axis was defined
along a line connecting the medial and lateral prominences
of the tibial plateau. The anteroposterior (AP) axis was
defined as a line normal to a plane created by the flexion
axis and a point along the length of each bone. The inter-
nal-external (IE) axis was then defined as a line normal to
both ML and AP axes.

In all studies, each specimen was first flexed in an
unloaded manner (i.e. without any muscle loads: AF0) and
muscle-loaded knee movements were subsequently per-
formed simulating knee flexion with 50 N (AF50) or 100 N
(AF100) of ankle force, depending on the further measur-
ing program of the respective study design. Some of the
specimens were damaged by the high quadriceps loads due
to the simulated ankle forces leading to a diminished
number of specimens available for different parts of the
studies. The number [n] of the utilized cadavers is indi-
cated in each figure (Figs. 2, 3, 4, 5). As in recent studies,

Fig. 2 Flexion dependencies of

femur AP movement

we performed every run with one repetition. Test-retest
repeatability of the kinematic variables have shown to be
0.5° and 1 mm for rotation and translation, respectively
[27, 37]. For quadriceps forces, we obtained test—retest
repeatability of 5 N.

A custom-written program in MatLab (The MathWorks,
Natick, MA, USA) processed the raw coordinate data of the
capturing system in order to receive six measurement values,
which describe the kinematics of the knee movement: knee
flexion, varus—valgus rotation of the tibia, tibial internal
rotation, femoral AP movement, ML movement and cranio-
caudal movement. Each run was conducted twice. An inter-
polation routine made the measuring values equidistant in
steps of 1° and averaged both runs. For reason of clarity, we
present the results later on in diagrams with a spacing of 5°.

Statistical analysis

In order to compare kinematics of male and female knees,
we present the flexion dependencies of the kinematic
variables for the two different gender groups as mean
values plus confidence intervals at each flexion value
separately. A two-tailed ¢ test revealed the hypothesized
differences between the groups at every flexion step, which
is highlighted by an asterisk for a p value <0.05.
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Fig. 3 Flexion dependencies of

the kinematic variables a femur a
anteroposterior movement,

b femur medial-lateral
movement, ¢ tibia internal—
external rotation and d tibia
varus—valgus rotation for the
two different gender groups as
mean values + confidence
intervals. Simulated ankle force
100 N. Asterisk indicates a

p value <0.05
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Fig. 4 Summed quadriceps force and flexion angles for 50-N
simulated ankle force (mean values + confidence intervals)

Originating from two previous experiments the amount
of specimens was not identical for all different measuring
values we present in this study. All 34 specimens have been
measured with the unloaded condition AFO. For the loaded
conditions AF50 and AF100, not all specimens endured
both measuring conditions. Thus, the number of specimens
for the different measuring values is as follows:
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flexion [Deg]

Fig. 5 Summed quadriceps force and flexion angles for 100 N
simulated ankle force (mean values + confidence intervals. Asterisk
indicates a p value <0.05). The difference between the two curves
between 45° and 80° is roughly 20 %

Kinematics:

AFO: 17 male, 17 female
AF100: 6 male, 11 female
Muscle force:

AF50: 11 male, 8 female
AF100: 6 male, 11 female
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As mentioned above, not all of the specimens reached
the end positions of the whole flexion range (i.e. 20°-90°).
Therefore, especially at these flexion angles, not all of the
specimens could be used for statistics.

The research presented in this work conforms to the
Helsinki Declaration and to local legislation. It has been
approved by the Ethical Committee of the medical faculty
of the University of Tiibingen.

Results
Tibio-femoral kinematics

Tibio-femoral kinematics did not show significant differences
regarding anteroposterior and medial-lateral movement as
well as varus—valgus and tibial IE rotation. This applied to all
simulated ankle force conditions (AF0, 50, 100). Solely at 70°
of flexion, femur medial-lateral movement was significantly
different in females compared with males (AF 100). Fig-
ure 2a—d presents the results of 17 male and 17 female spec-
imens for AFQ showing almost identical curve progressions.
Although not significant, for AF100, Fig. 3a—d illustrates that
in male knee joints the femur moves more lateral, and tibial
internal rotation is higher throughout the whole flexion range
as well as the femur moves further posterior starting at 35°
flexion angle. Females have a minimally elevated valgus
rotation from 20° to 85° of flexion.

Quadriceps muscle force

During flexion, the quadriceps force to simulate a certain
ankle force was rising in both male and female knee joints.

AF100 in contrast to AF50 led to a significant higher
quadriceps overall force in female knees from 45° to 85° of
flexion (Figs. 4, 5). In this trial, the quadriceps overall
force in female knees was about 20 % higher than in male
knees with this relative surplus being constant in higher
flexion angles (Table 1).

Discussion

The most important finding of the present study was that in
a squatting movement females compared with males pro-
duce higher muscle forces, whereas tibio-femoral kine-
matics was similar for both genders. These findings are
fortified by the large number of available specimen for data
analysis, which is higher as is common practice for in vitro
studies [6, 30, 35, 37, 40]. Zeller et al. [39] analysed the
differences in kinematics between men and women during
a single-legged squat, a movement similar to that in our
set-up. They found a decreased ability of females to
maintain a varus position during the squat as compared
with the men. Varadarajan identified gender-specific rota-
tional kinematics [32], Leszko et al. [21] found differences
between Caucasian males and females concerning medial
condyle translation and Biscevic et al. as well as Hollmann
et al. [1, 14] identified a higher proportion of joint surface
gliding in females during extension.

One other study confirms our findings. Johal et al. [19]
performed a weight-bearing interventional MRI study and
found the relative motion of tibia and femur during
squatting to be independent of gender.

Since in cadaver studies neuromuscular regulations [13,
20, 28, 39] of kinematics are impossible, the different

Table 1 Quadriceps forces

N Flexion Force Force Diff Diff p value
(male/female), absolute and °
. . angle (°) male (N) female (N) female/male female/male
relative differences of
. abs. (N) rel. (%)

quadriceps force and

corresponding p values 20 107 113 6 6 NS
25 134 139 5 4 NS
30 173 172 1 1 NS
35 192 210 18 10 NS
40 224 255 31 14 NS
45 263 306 43 16 0.05
50 306 361 55 18 0.03
55 354 422 68 19 0.03
60 407 492 85 21 0.02
65 470 570 100 21 0.02
70 540 648 108 20 0.02
75 618 747 129 21 0.03
80 712 831 119 17 0.04

o 85 790 941 151 19 0.05
Bold p values indicate a p value 9 386 1.046 160 18 NS

<0.05
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anatomy of males and females might explain our results,
although anatomic variations of the specimens was not
specifically investigated in the current study. Focusing
specifically at the femur and tibia, only borderline sex-
specific anatomic discrepancies were found [26]. Unequal
anterior distal femur condyles were described by Fehring
et al. [9], and since these are part of the patellofemoral
joint, differences in patella tracking might occur.

From this perspective, we confirmed our first hypothesis.
In the authors’ opinion and judging from the available
literature, neuromuscular distinctions of movement control
between genders as well as differences in ligamentous
stabilizers of the knee joint are the main reasons for dif-
ferent knee joint kinematics in vivo.

With regard to muscle forces, our data indicate that with
rising simulated body weight, there are significant gender
differences. Many in vivo studies found higher quadriceps
activation in females making the knee joint more vulner-
able especially in low flexion angles where the ACL has its
maximum tension and force absorption [25]. Since in our
study there is no neuromuscular feedback possible and the
anatomy of the distal femur and tibia are quite alike, our
results have to be contributed to other factors.

One reason might be different anatomy of the quadri-
ceps muscle and by these different attachment angles of the
motor actuators. Not only the direct locus of clamp
attachment but the whole extensor apparatus including
patella, patellafemoral joint, the patellar-tendon and its
origin at the tuberositas tibiae [33] can influence the nec-
essary force to simulate a certain body weight. Higher
patellofemoral forces induced by higher quadriceps load
may be associated with the increased involvement of the
female population in osteoarthritis of the knee joint [18].

Several limitations exist in the current study. First of all,
we simulated only a partial body weight. This was because
the quadriceps tendons in some of the specimens could not
sustain the corresponding muscle forces resulting from
higher body weight simulation. In order to avoid the risks
of tendon rupture under high simulated muscle loading, we
compromised to simulate only a portion of the body weight
[34]. Moreover, previous investigation has shown that the
change in the knee kinematics profile is not sensitive to the
increasing simulated body weight [27]. Therefore, we
believe that qualitative clinical insights can still be eluci-
dated with the partially loaded knee. However, the results
cannot definitely be extrapolated to predict the knee kine-
matics under full body weight. A second limitation in this
study is that the knee flexion only started from 20°, because
the joint could not be flexed from fully extended position
by only applying a partial body weight and quadriceps
force. This is due to the set-up of the knee kinemator
control: since we drive the kinemator fully force con-
trolled, the specimen might hyperextend and thus be
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destroyed if the extension angles reach below 20°. The
information within first 15° of flexion is thus missing. A
third limitation is the hamstring forces were kept constant
during the simulated flexion. This is mainly because the
multiple agonist and antagonist muscle forces composed a
mechanically indeterminant system, and it is not likely to
determine their individual contributions. We therefore
believe the use of constant hamstring forces can isolate the
effects of other factors without sacrificing the fidelity of the
model.

The clinical relevance of this study is that female ath-
letes might profit from special exercise to protect their knee
joints during sports due to functional differences and
higher need of active stabilization.

Conclusion

In conclusion, it is indicated by our results that in a
squatting movement females compared with males produce
higher muscle forces, suggesting an increased demand for
muscular stabilization, whereas kinematics concerning
anteroposterior and medial-lateral as well as IE and varus—
valgus rotation was similar for both genders.
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