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Abbreviations

ACL: Anterior Cruciate Ligament; DVJ: Drop Vertical Jump

Background

During sport activities, increased knee motion and loading 
can lead to injury [1,2]. Anterior cruciate ligament (ACL) 
ruptures are frequently reported in female athletes participating 
in soccer, handball and basketball, and are mostly non-contact 
injuries [3]. Inadequate neuromuscular control, hormonal and 

anatomical factors have been suggested as possible risk factors 
for knee injuries in women [4].

Among the anatomical risk factors is malalignment of 
the lower extremity, where increased knee valgus is probably 
the fi nding most commonly associated with ACL rupture [5]. 
Increased knee valgus angle and valgus moment during landing 
in the drop vertical jump (DVJ) [6,7] and in landing in basketball 
players are associated with ACL injury [8]. In addition, increased 
internal rotation of the hip joint, with relative external rotation 
of the knee as a consequence, may form an injury mechanism, 

Abstract

Background: Increased rotational forces and knee valgus forces puts strain on the anterior cruciate 
ligament, frequently ruptured in female athletes. Increased internal hip rotation and increased knee valgus 
alignment, possible risk factors for anterior cruciate ligament rupture, are more common in women than 
men.

Purpose: To study hip, knee and foot alignment related to forces in the knee joint during the drop 
vertical jump in young female athletes.

Methods: Seventy-one female athletes, mean age 17.1 years (range 14.3-25.7 years) were recruited 
from regional handball and soccer teams. Participants underwent a physical examination on passive 
range of motion of the hip, knee and ankle at the Gait Analysis Laboratory. They also performed three 
drop vertical jumps from 31 cm height onto force plates. A three-dimensional motion analysis system 
was used. 

Results and main fi ndings: Physical examination revealed more internal hip rotation, mean 51.0 
degrees (SD 8.5) than external rotation, mean 42.2 (SD 6.8), (p=0.001) and mean 1.1 degree valgus (SD 
1.9). 

Maximal external knee rotation moments were higher, mean 0.18 Nm/kg, than maximal internal 
rotation moment, mean 0.13 Nm/kg (p=0.001). The difference between the maximal valgus and varus 
moments was signifi cant (p=0.001) although equal in size (0.21 Nm/kg), respectively.

The degree of internal rotation of the hip on physical examination correlated positively with maximal 
external knee rotation moment, correlation coeffi  cient=0.196 (p=0.019) in the drop vertical jump but 
correlated negatively with knee varus moment correlation coeffi  cient = -0.175 (p=0.038). Thus, increased 
internal hip rotation is associated with higher external knee rotation moment and lower varus moment.

Conclusion and summary: On physical examination, increased internal hip rotation, often present in 
females, is associated with increased forces in the knee joint during the drop vertical jump. Increased 
internal rotation of the hip could be a risk factor for anterior cruciate ligament rupture in young female 
athletes. 

Clinical Relevance: The physical examination of alignment is easy to perform and could help identify 
individuals at risk of anterior cruciate ligament rupture. These athletes could be informed and possibly 
undergo special muscle and motor control training.
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sometimes with combined knee valgus [9,10]. On the other 
hand, studies on cadavers have shown high stress on the ACL 
with internal rotation of the tibia relative to the femur [11], 
also in line with reported internal tibial rotation at the time of 
rupture [12]. More recently, increased internal tibial rotation 
forces were reported to place high strain on the ACL [13]. 
Ishida et al states the knee rotates externally during dynamic 
knee valgus, and the knee rotation is affected by toe direction 
[14]. They conclude that especially with the toe-out direction, 
the ACL may impinge on the femoral condyle in the case of 
dynamic valgus [14]. Furthermore, Beaulieu et al pointed out 
that limitation of the internal rotation of the hip joint causes 
increased strain on the ACL during landing [15].

Internal rotation of the hip joint is generally greater in 
women than in men, as is the valgus angle of the knee joint, 
both of which could contribute to the sex difference in ACL 
injuries [16-18]. 

Neither the exact mechanisms and forces responsible for 
ACL rupture during sport activities nor the risk factors in female 
athletes with a high frequency of injury are fully understood. 
Nevertheless, it is reasonable to presume that the anatomical 
alignment of the lower extremity (foot position and the range 
of motion in hip and knee joints) is associated with the motion 
and forces arising during dynamic physical activities, and 
could be important as a risk factor for ACL rupture. We found 
few reports on anatomical alignment of the lower extremity 
assessed by physical examination and the association with 
movements and forces in the knee joint in female athletes 
during jumping. 

The aim was to assess hip, knee and foot alignment through 
direct physical examination and relate these to movements and 
forces in the knee joint during the drop vertical jump in young 
female athletes.

Methods

Participants

Seventy-one female athletes, mean age 17.1 years (range 
14.3-25.7 years) participated. Mean weight was 63.6 kg 
(range 49.0–79.8 kg) and height 168.9 cm (156.0-181.0 cm). 
Participants were recruited from the main female handball 
club in the region, and from a female soccer club. The main 
sport activity was handball for 47 participants, and 15 played 
mainly soccer. Eight of the athletes participate in both handball 
and soccer, albeit not simultaneously since the two seasons do 
not overlap. Sixty-fi ve trained at least 4 times per week and 
6 had 3 training passes. Of the 71 participants, 66 were right 
foot dominant (i.e. preferred their right foot for kicking a ball), 
3 were left foot dominant and 3 were unable to answer the 
question. Individuals with previous serious injury or surgery 
or any disease/condition infl uencing the hip and lower limb 
were excluded.

All participants were provided with oral and written 
information and gave their written consent to participate. 
In those younger than 18 years of age, caregivers signed the 
consent form.

Procedure

Participants made one visit to the Gait Analysis Laboratory, 
for a physical examination including passive range of 
motion of the hip, knee and ankle, using a goniometer at 
standardized positions [19]. The hip rotation was measured 
prone with extended hip joints (Figure 1). Bimalleolar angle 
and foot progression were also measured prone (Figure 2). 
Knee valgus/varus was measured supine. All goniometer 
measurements were performed by the same physiotherapist. 
A three-dimensional motion analysis system incorporating 
62 retrofl ective markers and 12 digital cameras (Oqus 400 
Qualisys medical AB, Gothenburg, Sweden) was used to obtain 
kinematic measurements. The markers were secured to specifi c 
anatomical locations on each subject in accordance with a 
modifi ed Helen-Heyes Model [20,21]. Two force plates (Kistler, 
Winterthur Wulfl ingen, Switzerland) were used to obtain the 
kinetic measurements, the ground reaction force vectors. 

The participants performed 3 DVJs [22], with shoes after 
a standardized warm up of cycling 5 minutes and stretching. 
The participants received verbal instructions for the jump and 
tried 1 or 2 jumps to get familiar with the test. The drop jump 
starts with the participant standing on a 31-cm high box. She 
then drops to the fl oor and on landing immediately jumps as 
high as possible (Figure 3A, B and C). The right and left feet 
land on separate force plates positioned side by side. The mean 
value of the 3 jumps was used. Joint angles and force vectors 
were calculated using the Visual 3D software (C Motion Inc., 

Figure 1: Hip rotation assessment, with an example of around 80 degrees of 
internal rotation.

Figure 2: Foot thigh angle assessment, with an example of just a few degrees of 
external foot thigh angle.
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USA). From the collected data, the hip and knee motion and 
moments as well as foot progression were calculated (Tables 
1,2; Figure 4).

Statistical analyses

The data were assessed for normal distribution and were 
calculated accordingly with parametric analysis. The right 
and left side as well as the dominant and non-dominant sides 
were compared, and no difference was noted. Therefore, all 142 
limbs from the 71 participants were used for further statistical 
analysis.

Results

Physical examination of the alignment of the hip revealed 
greater internal rotation, mean 51.0 degrees (SD 8.5), than 
external rotation, mean 42.2 (SD 6.8), p=0.001. It was noted 
that the younger the participants, the greater the internal hip 
rotation on the physical examination, Correlation Coeffi cient 
(CCO)=0.258 (p=0.002). The mean valgus/varus on physical 
examination was 1.1 degree valgus (SD 1.9) (Table 1).

The movements in the hip and knee joints during the 
drop vertical jump, as well as the foot progression varied 
considerably within the group. 

The maximal valgus moment was 0.21 Nm/kg and the maximal 
varus moment was 0.21 Nm/kg, p=0.001. In the knee, maximal 
external rotation moments, were greater than internal rotation 
moments, mean 0.18 Nm/kg versus 0.13 Nm/kg, respectively, 
p=0.001 (Table 2).

Internal rotation of the hip on physical examination 
correlated with maximal external rotation moment in the knee, 
CCO=0.196 (p=0.019). Thus, greater internal rotation of the 
hip on physical examination was associated with increased 
external rotation moment in the knee during the DVJ.

Internal rotation in the hip had an inverse correlation with 

Figure 3A: Drop vertical jump. Drop from the box.

Figure 3B: Drop vertical jump. Landing with the feet on separate force plates.

Figure 3C: Drop vertical jump. After landing the subject jumps as high as possible.

Table 1: Anatomical alignment on physical examination: hip rotation, knee 
valgus/varus, bimalleolar axis (tibial torsion) and foot–thigh angle (tibial torsion 
including foot adduction/abduction). Seventy-one female participants (142 lower 
extremities).

Lower extremity alignment on physical examination
(in degrees)

mean stand dev. range

Hip internal rotation 
(prone)

51.0 8.5 30.0 – 74.0

Hip external rotation 
(prone)

42.2 6.8 25.0 – 55.0

Knee valgus/varus 
(supine)

1.1 valgus 1.9 6.0 valgus – 7.0 varus

Bimalleolar axis (prone) 23.7 external 5.1 external
2.0 external – 36.0 

external

Foot–thigh angle (prone) 11.6 external 4.7 external
8.0 internal – 25.0 

external

Table 2: Knee moments in the drop vertical jump, valgus/varus and rotation. 
Seventy-one female participants (142 lower extremities).

 
Knee moments in the drop vertical jump

(in Nm/kg body weight)

Mean Stand dev. Range

Valgus moment (maximal) 0.21 0.11 0.00 to 0.70

Varus moment (maximal) 0.21 0.15 0.00 to 1.00

Internal rotation moment (maximal) 0.13 0.10 0.00 to 0.46

External rotation moment (maximal) 0.18 0.09 0.01 to 0.51
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knee varus moment CCO= -0.175 (p=0.038). Thus, less internal 
rotation of the hip at physical examination was associated 
with greater varus moment in the DVJ. No correlation between 
internal rotation in the hip on physical examination and knee 
valgus moment was found.

Hip external rotation on physical examination did not 
correlate with either valgus- or rotational knee moments. 
Knee valgus/varus, bimalleolar angle and foot–thigh angle 
(tibial torsion) did not correlate with either valgus/varus- or 
rotational knee moments.

Discussion 

The result from the physical examinations in this study 
revealed greater internal than external rotation of the hip in 
young female athletes. The degree of rotation correlated with 
knee moments measured in the Drop vertical jump. 

The greater internal than external rotation in the hip joint, is 
in line with previous reports [16,18]. Skeletally mature women 
have greater internal rotation in the hip than skeletally mature 
men, even though the natural development in all children is 
that the femur rotation present at birth gradually decreases 
until skeletal maturity. Interestingly, even in this relatively 
small study group, the physical examinations revealed that 
with increasing age, internal hip rotation decreased and 
external hip rotation increased slightly. However, we found no 
age differences regarding the forces developed over the knee 
joint during jumping, probably owing to the small number of 
participants. We found scarcely any valgus or varus deformity 
on physical examination, and the bimalleolar angle and foot–
thigh angle were within the normal range. In other words, we 
saw no signs of tibial torsional deformity.

When studying the forces (moments) over the knee joint 
during the DVJ we found high variability in both frontal 
plane moments (valgus/varus) and rotational plane moments 
(external and internal rotation moments). In addition, we 
noted that the external rotational moment over the knee joint 
was almost as high as the valgus and varus moments. 

Our results showed that greater internal hip rotation on 
physical examination was associated with greater external 
rotation moment in the knee joint. This is in line with Amraee 
et al, who reported a higher risk of ACL rupture in male athletes 
with greater internal hip rotation of the hip [9]. McLean et 
al reported that increased valgus moment in female athletes 

performing sidestep cutting exercise was associated with 
internal rotation at the hip and knee valgus [10]. However, we 
did not fi nd increased valgus moment associated with internal 
hip rotation in our jump study. On the contrary, internal 
rotation of the hip on the physical examination had a negative 
correlation with knee varus moment, meaning that lower 
internal rotation of the hip is associated with higher varus 
moment in the DVJ. Interestingly, Beaulieu et al reported that 
limitation of internal rotation of the hip increases the strain on 
the ACL in simulated pivot landing [15]. We only speculate, but 
this might be interpreted as indicating that there are different 
mechanisms to injury, depending on the task performed and 
the subsequent forces developed over the ACL.

Several previous assessments of strain on the ACL focus 
mainly on the frontal plane, when studying the risk of ACL 
rupture. The rotational plane is included in only 5% of 
publications on the mechanisms of ACL ruptures [22]. In a two 
dimensional study, Krosshaug et al found that female basketball 
players ran a higher risk of increased valgus moments in the 
knee joint than male players [8]. Meyer et al found that valgus 
angle of the knee is a risk factor for ACL rupture, but their 
study did not include rotational variables [5]. Hewett et al also 
reported no correlation with hip internal rotation or rotational 
moments in the knee but found that decreased knee fl exion at 
landing infl uenced the risk of ACL rupture [7].

Knee valgus/varus were not associated with knee moments, 
although previous studies have revealed such an association 
[5,7,8]. Our negative fi nding could be explained by the fact that 
our participants essentially lacked valgus deformity of the knee 
joint.

In our study, bimalleolar angle and foot–thigh angle (tibial 
torsion) did not correlate with either valgus- or rotational 
knee moments. In an experimental study Ishida and co-
workers reported association between knee rotations and 
foot progression [14]. However, since they did not include a 
physical examination, they had no information on the passive 
range of motion and the alignment of the knee and adjacent 
joints, which most likely infl uence the moments developed 
in the joint [11]. In addition, the infl uence of the hip on knee 
rotations was not addressed in their study.

Several factors are likely to play a role in ACL ruptures 
in female athletes, among them anatomical and alignment 
variables. One of the goals of this and previous studies has 
been to fi nd a practical, easy-to-perform screening test that 
can be used by trainers and team leaders [5] to identify those 
with increased risk of ACL rupture. It is of importance not just 
to be able to identify those at risk of ACL injury, but also to 
develop strategies/training regimens to prevent injury or at 
least inform the individuals identifi ed through such screening 
about the possible increased risk of injury associated with 
certain sport [22].

One limitation of this study was the small number of 
participants. Another is that hip rotation was assessed only 
with extended hips. It would have been useful to know the 
degree of possible rotation with fl exed hips, since the hips are 
substantially fl exed in landing.

Figure 4: Knee valgus and knee external rotation.
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Perhaps the most important limitation is the 
representativeness of the DVJ itself. This laboratory setting 
does not come close to replicating the forces over the knee joint 
in a game or training situation, where these injuries occur. 
Furthermore, there is obviously more movements of the soft 
tissue overlying the anatomical landmarks that the applied 
skin markers are representing. This means that the movement 
of the skin markers, in the high impact performance the DVJ 
is, makes it diffi cult to appreciate the exact accuracy of the 
measurements, even though we added more markers to the 
model as to increase the accuracy. This study is an attempt to 
better understand the anatomic risk factors and may hopefully 
in the future contribute towards studies that more realistically 
mirror the forces involved in competitive sport activities.

Conclusion

On physical examination, increased internal hip rotation, 
often present in females, is predictive of increased forces in 
the knee joint during the drop vertical jump. Although hip and 
tibial torsion are highly variable, increased internal rotation of 
the hip could be a risk factor for ACL rupture in young female 
athletes. 

Our results indicate that hip joint motion is associated 
with knee moments and should be considered in the overall 
assessment in athletes. The physical examination is easily 
performed and could help identify individuals with increased 
risk of ACL rupture.
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