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Context: The relationship between lower extremity align-
ment and lower extremity injury risk remains poorly understood,
perhaps because most authors have examined only individual
or a select group of alignment variables. Examining the
relationships among alignment variables may allow us to more
accurately describe lower extremity posture and clarify the
relationship between lower extremity alignment and injury risk in
future studies.

Objective: To measure lower extremity alignment variables
and examine whether relationships could be identified among
these variables.

Design: Observational study.

Setting: Laboratory.

Patients or Other Participants: Two hundred eighteen (102
males: age = 23.1 £ 3.2 years, height = 177.3 = 8.4 cm, mass
= 80.8 = 13.0 kg; 116 females: age = 21.8 = 2.7 years, height
= 163.5 = 7.4 cm, mass = 63.4 = 12.4 kg) healthy, college-
aged participants.

Main Outcome Measure(s): We measured pelvic angle,
femoral anteversion, quadriceps angle, tibiofemoral angle, genu

recurvatum, and tibial torsion to the nearest degree and
navicular drop to the nearest millimeter on the right and left
lower extremities. Separate principal components factor analy-
ses were performed for each sex and side (left, right).

Results: A distinct lower extremity factor was identified, with
relationships observed among increased pelvic angle, increased
quadriceps angle, and increased tibiofemoral angle. A second
distinct lower extremity factor was identified, with relationships
observed among increased supine genu recurvatum, decreased
tibial torsion, and increased navicular drop. Femoral anteversion
loaded as an independent third factor. These distinct lower
extremity alignment factors were consistent across side and
sex.

Conclusions: Factor analysis identified 3 distinct lower
extremity alignment factors that describe the potential interac-
tions among lower extremity alignment variables. Future authors
should examine how these collective alignment variables, both
independently and in combination, influence dynamic knee
function and risk for lower extremity injuries.
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Key Points

 In healthy, college-aged participants, using a factor analysis approach, the measured alignment variables yielded 3 lower
extremity alignment factors: valgus alignment (greater anterior pelvic, quadriceps, and tibiofemoral angles), pronated
alignment (greater genu recurvatum and navicular drop and less outward tibial torsion), and femoral anteversion.

» The observed factors accounted for only approximately 60% of the total variance in lower extremity alignment variables.
Therefore, more research is needed to examine other anatomical and alignment factors (eg, joint surface geometry,
differences in soft tissue structures) that may account for the remaining variance.

risk factor for acute and chronic lower extremity

injuries, including patellofemoral syndrome,!-3 an-
terior cruciate ligament injuries,47 medial tibial stress
syndrome,? stress fractures, and plantar fasciitis.8 It has
been suggested that biomechanical changes resulting from
abnormal alignment may influence joint loads, mechanical
efficiency of muscles, and proprioceptive orientation and
feedback from the hip and knee, resulting in altered
neuromuscular function and control of the lower extrem-
ities.4.9:10 However, the relationship between anatomical
alignment and injury risk remains poorly understood. Most
investigators have examined only one alignment factor or a
small number of alignment factors. Given the potential
interdependence of various alignment faults along the
lower kinetic chain,47.11 examining only one or a limited
number of alignment factors may not adequately describe
the position of the lower extremity, providing insufficient
information to identify clinically meaningful relationships.

I ower extremity alignment has been proposed as a

Accounting for the alignment of the entire lower
extremity, rather than a single segment, may more
accurately describe the relationship between anatomic
alignment and the risk of lower extremity injury, because
one alignment characteristic may interact with or cause
compensations at other bony segments.4.12 The potential
for an interactive effect among alignment characteristics is
illustrated by a study!0 evaluating the independent and
combined effects of excessive quadriceps angle and
navicular drop on neuromuscular timing and amplitude
of the lower extremity muscles in response to postural
perturbations. Participants classified as having above-
average navicular drop and quadriceps angles exhibited
very different neuromuscular responses (ie, amplitude and
reflex time of the thigh musculature), depending on
whether one or both of these alignment characteristics
was present. The potential for the interaction of alignment
variables to affect dynamic knee function!0 and predict the
likelihood of suffering lower extremity injuries4-¢ reinforces
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the need to take a more comprehensive approach if we are
to fully understand the relationships among lower extrem-
ity alignment, dynamic lower extremity function, and risk
of injury.

The potential interactions among lower extremity
alignment variables have been previously described as
either “correlated”” or “compensatory” postures by Rieg-
ger-Krugh and Keysor.13 These postures were suggested to
result from several factors, such as deviations in skeletal
alignment (eg, when the position of one segment depends
on the position of an adjacent segment) and changes
toward efficient dynamic function (eg, when positioning of
the limb is altered to improve neuromechanical efficiency).
In an effort to account for the potential interactions among
lower extremity alignment variables in future studies, our
purpose was to measure several lower extremity alignment
variables and determine whether distinct relationships
among the variables could be identified. Using a factor
analysis approach, our expectation was that many of the
alignment characteristics would be associated with one
another and would collectively describe one or more lower
extremity alignment factors.

METHODS

Seven anatomic alignment characteristics were measured
on the right and left pelvis and lower extremities of 218
volunteers (102 males: age = 23.1 * 3.2 years, height =
177.3 = 8.4 cm, mass = 80.8 = 13.0 kg; 116 females: age =
21.8 = 2.7 years, height = 163.5 = 7.4 cm, mass = 63.4 *
12.4 kg). Participants were predominantly college-aged
students and had no current injury to the lower extremities
or any previous history that would affect the alignment or
motion of the lower extremity joints (eg, fractures or
surgery). The population reflected a combined sample of
100 volunteers (50 males, 50 females) from previous
studies'415 in which we examined sex differences and
bilateral asymmetries in lower extremity alignment and
current volunteers in an ongoing project examining the
effects of hormone-mediated knee laxity on knee stability
(52 males, 76 females). Participants read and signed a
consent form approved by the university’s Institutional
Review Board for protection of human subjects before data
collection began.

Demographics of age, height, and mass were recorded
for each volunteer. With the exception of genu recurvatum
(see description below), all variables were measured using
identical measurement techniques across the 2 samples and
have been previously described in detail.14.16,17 These lower
extremity alignment characteristics were based on com-
monly identified variables suggested to potentially influ-
ence dynamic motion and the risk of lower extremity
injuries. Pelvic angle was measured in bilateral stance and
represented the angle formed by a line from the anterior-
superior iliac spine to the posterior-superior iliac spine
relative to the horizontal plane using an inclinometer.
Femoral anteversion was measured using the Craig test
with the participant prone and the knee flexed to 90°; the
angle between the true vertical and the shaft of the tibia
was measured using a standard goniometer. Quadriceps
angle was measured in bilateral stance and represented the
angle formed by a line from the anterior-superior iliac
spine to the patella center and a line from the patella center

to the tibial tuberosity using a standard goniometer.
Tibiofemoral angle was measured in bilateral stance and
represented the angle formed by the anatomical axis of the
femur and tibia in the frontal plane using a standard
goniometer. Genu recurvatum represented the sagittal-
plane alignment of the femur and tibia, measured in a non—
weight-bearing, supine position with a bolster under the
distal tibia. In the first 100 participants, the measurement
was recorded while the examiner applied a posteriorly
directed force to the anterior knee until passive resistance
was noted.!4 In the later 118 volunteers, the measurement
was recorded while the individual actively and maximally
extended the knee. We have previously reported that this
change in procedure resulted in no systematic differences in
the measure (4.6° £ 5.6° versus 4.5° = 5.7°, intraclass
correlation coefficient [2,3] = 0.97, SEM = 1.0°).18 Tibial
torsion was measured supine with the femur positioned so
that a line between the epicondyles was parallel to the
horizontal plane. The angle between the true vertical and a
line bisecting the bimalleolar axis was measured using a
standard goniometer and represented the magnitude of
torsion of the distal tibia. Navicular drop was measured in
bilateral stance and recorded as the difference between the
height of the navicular in subtalar joint neutral (position in
which the medial and lateral aspects of the talar head were
equally palpable on both sides) and a relaxed stance
measured with a ruler. A summary of these measurement
methods is provided in Table 1. All measurement proce-
dures were performed by a single examiner who had
previously established good to excellent measurement
consistency on all measures (intraclass correlation coeffi-
cient [2,3] = 0.87) based on repeated measures taken on 15
to 16 participants on 2 separate days using identical
equipment and measurement methods.14.16.18 All standing
measures were taken in a standardized stance, with the left
and right feet spaced equal to the width of the left and right
acromial processes and toes facing forward. The stance was
achieved by instructing participants to march in place and
then take a step forward. They were instructed to look
straight ahead during all standing measures with equal
weight over both feet. Each measure was repeated 3 times.

Data Reduction and Statistical Analysis

For each measurement variable and side, 3 measure-
ments were taken and averaged for analysis. Independent-
samples ¢ tests were performed for the right and left
alignment characteristics to examine sex differences.
Although we have previously reported on these sex
differences in a smaller sample,!4 we felt it was important
to confirm these sex differences in the current sample to
support our rationale for examining these relationships in
males and females separately. Separate exploratory princi-
pal components factor analyses with an orthogonal
(varimax) rotation were performed for the right and left
lower extremities of both males and females and used to
reduce the static alignment variables into unique lower
extremity factors. Factor analysis is a type of multivariate
analysis that allows us to effectively examine the relation-
ships among individual items (eg, lower extremity align-
ment variables) and effectively group them to describe a
reduced number of independent factors.!9 This process
allows us to account for the maximum possible amount of
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Table 1. Alignment Measurement Methods

Alignment Variable Participant Position Instrument Reference Landmarks

Pelvic angle Standing Inclinometer Angle formed by a line from the anterior-superior iliac spine to the
posterior-superior iliac spine relative to the horizontal plane

Femoral anteversion Prone Goniometer Angle formed by the shaft of the tibia relative to the vertical plane

Quadriceps angle Standing Goniometer Angle formed by a line from the anterior-superior iliac spine to the
patella center and a line from the patella center to the tibial
tuberosity

Tibiofemoral angle Standing Goniometer Angle formed by the lines that represent the anatomical axes of
the femur and tibia

Genu recurvatum Supine Goniometer Angle formed by the line of the femur relative to the line of the
lower leg

Tibial torsion Supine Goniometer Angle formed by a line that bisected the bimalleolar axis relative
to the vertical plane

Navicular drop Standing Ruler Difference between the heights of the navicular tubercle in

subtalar joint neutral and relaxed stance

the variance of the variables while still maximizing the
retention of each variable’s unique information.!9 The
strength of the relationship among variables for each factor
is known as the factor loading (o) and represents the
correlation between the variables and the factor. The
number of meaningful factors was determined by accepting
factors for which the calculated eigenvalues (characteristic
roots that represent the sum of the squared loadings on the
principal factor represented by A) are equal to or greater
than 1.19 An orthogonal rotation was performed to
establish a simpler relationship between the factors and
the variables to achieve simple structure, parsimony, and
meaningful clinical interpretation.!®

RESULTS

For both the right and left lower extremities, females had
greater mean values than males for pelvic angle, femoral
anteversion, quadriceps angle, tibiofemoral angle, and
genu recurvatum (P < .001; Table 2). Males and females
were not different on navicular drop (P = .100) or tibial
torsion (P = .117). Thus, the sex differences observed in
pelvis, hip, and knee alignment in a subsample of these
datal4 still hold with the addition of 118 more participants

Table 2. Lower Extremity Alignment Characteristics

(100 versus 218 participants). Correlation matrices used for
the analyses of the right lower extremity (which were
similar to the left lower extremity) for males and females
are presented in Tables 3 and 4, respectively. Rotated
factor loadings for each factor by sex and side are
presented in Tables 5 and 6. Three distinct factors with
eigenvalues of A = 1.1 to 1.7 were identified and were
consistent for both the right and left extremities and
between the sexes. Pelvic angle, quadriceps angle, and
tibiofemoral angle positively loaded (greater anterior pelvic
tilt, quadriceps angle, and knee valgus angles) on 1 factor
and accounted for 21.0% to 24.2% of the total variance in
lower extremity alignment variables. Genu recurvatum,
tibial torsion, and navicular drop loaded on a second factor
and accounted for 17.7% to 22.8% of the total variance in
lower extremity alignment variables (positive loadings
indicating greater genu recurvatum and navicular drop,
negative loading indicating decreased outward torsion).
Femoral anteversion was not related to the other anatomic
alignment characteristics and loaded as an independent third
factor, accounting for 15.1% to 16.8% of the variance in
lower extremity alignment. Together, these 3 factors
accounted for 59.9% and 60.5% of the total variance in
lower extremity alignment variables for males and 56.6% and
55.9% for females, for the right and left sides, respectively.

Males Females
95% Confidence 95% Confidence
Anatomical Measure Side Mean *= SD Interval Mean = SD Interval
Pelvic angle, °ab Right 9.4 + 41 8.6, 10.2 13.0 = 4.5 12.2, 13.8
Left 9.0 = 3.9 8.3,9.8 121+ 44 11.3, 12.9
Femoral anteversion, °a Right 9.2+ 5.0 8.2,10.2 15.4 £ 59 14.3, 16.5
Left 8.6 = 4.7 7.6,9.5 14.7 = 6.1 13.6, 15.8
Quadriceps angle, °a Right 99 =438 8.9, 10.8 141 =56 13.1, 15.2
Left 95+ 44 8.6, 10.4 13.5 = 5.1 12.6, 14.5
Tibiofemoral angle, °ab Right 92+ 26 8.7, 9.7 109 = 2.7 10.5, 11.4
Left 96 + 27 9.1, 10.2 115+ 25 11.1, 12.0
Genu recurvatum, °a Right 3.1 = 3.0 2.5,37 5.6 + 4.2 4.8, 6.4
Left 3.1*+32 25,37 56 = 4.2 4.8,6.3
Tibial torsion, °b Right 18.0 = 6.8 16.6, 19.3 18.8 = 6.3 17.7, 20.0
Left 183 7.0 16.9, 19.6 19.8 = 6.9 18.6, 21.2
Navicular drop, mm Right 59 29 5.3, 6.5 6.6 = 3.6 59,73
Left 6.2 = 3.0 5.6, 6.7 6.8 = 3.8 6.1,7.5

# Indicates females greater than males (P < .001).

b Positive values represent anterior pelvic tilt, valgus angle, and outward tibial torsion.
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Table 3. Correlation Matrix for Right Lower Extremity Alignment in Males

Femoral Quadriceps Tibiofemoral Genu Tibial Navicular
Pelvic Angle Anteversion Angle Angle Recurvatum Torsion Drop
Pelvic angle 1
Femoral anteversion —0.029 1
Quadriceps angle 0.188a 0.158 1
Tibiofemoral angle —0.044 —0.128 0.303= 1
Genu recurvatum —0.091 0.089 —0.2032 0.011 1
Tibial torsion —0.007 —0.029 0.133 —0.143 —0.261a 1
Navicular drop —0.091 —0.006 -0.018 0.081 0.1952 —0.102 1

2 Indicates significant correlation (1 tailed, P < .05).

DISCUSSION

Using a factor analysis approach, our primary finding
was that the measured alignment variables yielded 3
distinct lower extremity alignment factors. One factor
identified a relative valgus alignment characterized by
positive relationships among greater anterior pelvic angle,
quadriceps angle, and tibiofemoral angle. This factor was
independent of a pronated alignment factor characterized
by relationships among greater genu recurvatum, navicular
drop, and decreased outward torsion of the tibia. Clinical
measures of femoral anteversion were not related to the
other anatomic alignment characteristics and loaded as a
separate third factor. Females had greater values than
males in the alignment characteristics of the pelvis, hip, and
knees, confirming our previous findings.!4 This would
suggest that the identified valgus alignment factor and
femoral anteversion were more pronounced in females than
in males. As previously described by Riegger-Krugh and
Keysor,!3 the relationships among alignment characteris-
tics can be structural or functional in nature, with the
position of one segment depending on alignment deviations
of an adjacent segment or resulting from compensatory
changes toward more efficient dynamic function. As all
individuals are known to be different in structure, the
positioning of adjacent segments in response to a specific
alignment difference would also be unique to that
individual, likely explaining the somewhat low correlation
values presented in Tables 3 and 4. The following
discussion will explore the potential relationships among
the alignment characteristics respective to the identified
factors and consider their clinical implications on dynamic
lower extremity motion.

Valgus Alignment Factor

Clinical expertise and observation suggest that excessive
anterior tilt of the pelvis is associated with alignment

changes in the lower kinetic chain, specifically hip internal
rotation, genu valgus, and genu recurvatum.20.2l Our
findings partially support this collective posture at the
pelvis and knees, identifying a factor by which participants
who had greater pelvic angles also had greater quadriceps
and tibiofemoral angles. The relationship between pelvic
angle and frontal-plane knee angles (ie, quadriceps and
tibiofemoral angles) may reflect an interaction between the
pelvis and femur. When measured in a weight-bearing
position (as is the case with the current study), increased
pelvic tilt has been associated with internal rotation at the
hip.22 This associated hip internal rotation could be further
related to transverse-plane and frontal-plane knee angles
by changing the spatial orientation of the anatomical
landmarks used for these measurements. For example, this
resultant hip internal rotation would effectively displace
the anatomical axes of the femur into adduction and the
tibia into abduction, thereby increasing the tibiofemoral
angle. Further, abnormal gait patterns resulting from
increased hip internal rotation can also indirectly lead to
compensations in other parts of the lower extremity, such
as a compensatory external rotation of the tibia on the
femur,23 which in turn would position the tibial tuberosity
more laterally, resulting in an increased quadriceps angle.
Finally, a combination of greater pelvic angle (with
associated hip internal rotation), knee valgus (movement
of the patella medially relative to the anterior-superior iliac
spine and tibial tubercle), and external rotation of the tibia
on the femur (movement of the tibial tubercle laterally)
would result in an increase in quadriceps angle.21,24.25
Although excessive quadriceps angle has been proposed
to increase the risk of lower extremity injuries, particularly
those at the knee, few researchers have directly examined
this relationship.l-7 As previously mentioned, greater
quadriceps angle may result from movement of the patella
medially or movement of the tibial tuberosity laterally (or
both) with greater tibiofemoral angle and femoral internal
rotation21.24 (which may result from an increased pelvic

Table 4. Correlation Matrix for Right Lower Extremity Alignment in Females

Femoral Quadriceps Tibiofemoral Genu Tibial Navicular
Pelvic Angle Anteversion Angle Angle Recurvatum Torsion Drop
Pelvic angle 1
Femoral anteversion —0.068 1
Quadriceps angle 0.207a 0.134 1
Tibiofemoral angle 0.253a —0.093 0.352a 1
Genu recurvatum -0.110 0.020 —0.151 0.028 1
Tibial torsion 0.016 0.061 0.185a —0.087 —0.214a 1
Navicular drop —0.062 —0.151 —0.105 0.072 0.310a —0.1652 1

@ Indicates significant correlation (1 tailed, P < .05).

514 Volume 44 e Number 5 ® October 2009



Table 5. Male Rotated Factor Loadings (a) Following Principal Components Analysis

Lower Extremity

Right Lower Extremity Factors

Left Lower Extremity Factors

Alignment Variable Valgus Pronated Anteversion Valgus Pronated Anteversion
Pelvic angle 0.3362 —0.243 0.135 0.273a —0.256 —0.147
Femoral anteversion 0.152 0.104 0.908a —0.044 0.065 0.9162
Quadriceps angle 0.8662 -0.119 0.155 0.7892 —0.203 0.342
Tibiofemoral angle 0.652a 0.379 —0.448 0.757a 0.237 —0.285
Genu recurvatum —0.271 0.688a 0.206 —0.305 0.680a 0.086
Tibial torsion 0.026 —0.6652 —0.001 0.017 —0.6672 0.182
Navicular drop 0.027 0.562a —0.057 0.199 0.561a 0.151
Eigenvalue 1.492 1.617 1.149 1.557 1.241 1.117
Variance explained, % 21.320 23.096 16.416 22.238 17.735 15.951

2 Indicates loadings on the respective factors.

angle, changing the orientation of the acetabulum?2).
Given the identified relationships between these variables
and the potential for any one of these variables to
differentially influence the quadriceps angle, independently
examining the quadriceps angle for its effects on lower
extremity motion may not be sufficient to identify
individuals at risk for lower extremity injury. This concept
further supports the need to consider the collective
influence of lower extremity alignment variables, rather
than examining alignment variables in isolation.

Pronated Alignment Factor

When considering the potential relationship between
lower extremity alignment and lower extremity injuries, we
cannot ignore the fact that subtalar joint pronation is the
lower extremity alignment variable most commonly linked
to lower extremity injuries.!-8 It is also important to
understand that the predictive strength of this variable on
knee injuries is notably greater when examined in
combination with genu recurvatum,4 suggesting an associ-
ation between these alignment characteristics. Our findings
support an interactive effect between the knee and foot
pronation, as we observed that volunteers with greater
genu recurvatum also had greater navicular drop. Greater
genu recurvatum is often considered a postural deviation in
the sagittal plane, but evidence from a magnetic resonance
imaging study suggests that rotational motion also occurs
at the tibiofemoral joint as the knee moves from
hyperextension to flexion.26 Specifically, genu recurvatum
results in medial femoral rotation relative to the tibia as the
lateral femoral condyle moves anteriorly relative to the
tibia to a greater extent than the medial femoral condyle.

This associated medially rotated posture at the knee may
increase medial rotational stress at the foot, resulting in
greater pronation, a triplanar deviation described as
eversion of the calcaneus, adduction, and plantar flexion
of the talus and abduction of the forefoot.2? These known
kinematics of the tibiofemoral joint may explain the
positive relationships we noted between greater genu
recurvatum (with the associated medial rotation of the
femur) and navicular drop.

Another plausible explanation for the association
between greater genu recurvatum and greater navicular
drop is that these measures may represent joint hypermo-
bility. To examine whether a relationship exists between
these variables and hypermobility, we ran an exploratory
analysis on a subset of these data in which we had also
assessed general joint laxity using the Beighton and Horan
Joint Mobility Index28 (n = 103: 45 males, 58 females).
This model scores the laxity at 5 joints (fifth finger, thumb,
elbow, knee, and forward flexion of the trunk) and has
been used to indicate the magnitude of general joint laxity
as a measure of joint hypermobility. In females, the
correlations with generalized joint laxity were low for both
genu recurvatum (Pearson product moment correlation
coefficient [r] [left, right]: 0.175, 0.251, P > .05) and
navicular drop (—0.31, —0.044, P > .05). These low
correlations were also consistent in males for measures of
genu recurvatum (0.166, 0.252, P > .05) and navicular
drop (0.073, 0.078, P > .05). Therefore, the relationship
between greater genu recurvatum and greater navicular
drop does not appear to be simply an issue of joint
hypermobility.

A limitation of the study was that genu recurvatum was
measured in a non-weight-bearing position, whereas
navicular drop was measured in bilateral stance. However,

Table 6. Female Rotated Factor Loadings (a) Following Principal Components Analysis

Lower Extremity

Right Lower Extremity Factors

Left Lower Extremity Factors

Alignment Variable Valgus Pronated Anteversion Valgus Pronated Anteversion
Pelvic angle 0.622a -0.138 -0.262 0.5992 0.031 —-0.232
Femoral anteversion —0.046 —0.085 0.904a —0.050 0.011 0.901a
Quadriceps angle 0.7162 —0.220 0.350 0.674a —0.333 0.357
Tibiofemoral angle 0.800a 0.217 —0.044 0.752a 0.169 0.008
Genu recurvatum —0.091 0.764a 0.225 —0.056 0.7282 0.394
Tibial torsion 0.017 —0.5972 0.132 0.078 —0.661a 0.059
Navicular drop 0.018 0.694a —0.151 0.287 0.694a —0.154
Eigenvalue 1.693 1.444 1.057 1.467 1.596 1.174
Variance explained, % 24.191 20.633 15.093 20.962 22.800 16.774

2 Indicates loadings on the respective factors.
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we believe that the observed relationship between these
alignment characteristics would likely be similar if genu
recurvatum were measured in a weight-bearing position.
Using similar measurement techniques to ours (active
maximal knee extension) but with the limb in a weight-
bearing position, Trimble et al2® obtained very similar
mean values of genu recurvatum (in both males and
females). It is not known, however, whether the interaction
at the tibiofemoral joint would be similar in a weight-
bearing versus a non-weight-bearing position. Further
work is needed to confirm that measures and tibiofemoral
joint motions are indeed consistent across non-weight-
bearing and weight-bearing conditions.

Along with the observed relationship between greater
genu recurvatum and greater navicular drop, this pronat-
ed alignment factor was also characterized by decreased
tibial torsion. Tibial torsion is considered a bony
alignment defined as the twist of the tibia around the
longitudinal axis in the transverse plane and often
describes the magnitude of outward (external) torsion.30
It has been reported3! that inward (internal) torsion is
present at birth and gradually transitions toward outward
torsion throughout adolescence. Consistent with our
findings, the lack of transition to outward torsion has
been suggested to be associated with subtalar joint
pronation.32.33 Specifically, a lack of outward torsion of
the tibia is thought to cause an “in-toeing’ gait, which the
individual compensates for by abducting the foot at the
subtalar joint (pronated position) to achieve a more
normal, straight-ahead position.32

The association observed among these 3 variables
(greater genu recurvatum, decreased outward torsion of
the tibia, and greater navicular drop) could potentially
combine in weight bearing to define a pronated posture.
The association among these variables in weight bearing
has been previously described by Kendall et al34 as knee
hyperextension occurring with medial rotation of the femur
and pronation of the feet. Although the orientation of the
tibia was not specifically identified, the illustrations
describing this lower extremity posture suggest an inward
torsion (or rotation) of the tibia. This relationship is largely
based on clinical observation; the current study is the first,
to our knowledge, to examine the relationship among genu
recurvatum, torsion of the tibia, and measures of
pronation. Further work is needed to understand the
association in full weight bearing between rotational
alignment of the tibia and alignment at the foot and ankle
and whether these associations are influenced by differ-
ences in knee hyperextension. Further work is also needed
to examine the relationship among measures of pronation
and other alignment characteristics during dynamic mo-
tion, as we assessed navicular drop in a bilateral, static
position.

Femoral Anteversion

We observed that clinical measures of femoral antever-
sion were not related to the other alignment characteristics
and loaded as a separate third factor. A relationship
between greater femoral anteversion and other lower
extremity alignment variables has not been reported, yet
the most common problem associated with increased
anteversion is an in-toeing gait.35 However, an in-toeing

gait would result only if no compensatory postural changes
occurred at the other joints of the lower extremity, in
particular at the knee. In fact, it has been suggested that a
postural consequence of femoral anteversion is external
rotation of the tibia on the femur, potentially contributing
to an increased quadriceps angle.24 Our results did not
indicate a relationship between femoral anteversion and
quadriceps angle, but evidence suggests that greater
femoral anteversion may alter hip muscle function in a
way that leads to reduced hip control and increased
dynamic lower extremity malalignments during functional
activities.36.37 Using a simulated hip model, an increase in
gluteus medius muscle force was necessary to maintain a
level pelvis when the femur was internally rotated (where
the distal attachment site of the muscle [greater trochanter]
is more anterior, as in the case with femoral anteversion)
compared with a neutral alignment.36 Further, decreased
activation of the gluteus medius, as measured by surface
electromyography amplitude, has been demonstrated in
those with increased relative femoral anteversion.37 Col-
lectively, these findings suggest that individuals with
increased femoral anteversion require increased force
production to control the hip and pelvis, yet they
demonstrate decreased activation, which together may
severely reduce frontal-plane and transverse-plane hip
control during functional activities.

A possible reason why femoral anteversion did not
correlate well and, thus, did not load on one of the other
factors, is the potential for inconsistent measurements
due to poor measurement reliability. However, although
the reliability and validity of hip anteversion measure-
ment have come into question,383% the measurement
technique of Ruwe et al40 that we used had good
reliability between testers and high correlations with
intraoperative measurements. Consistent with previous
authors who have reported high intratester!6-41 and
intertester reliability,4! the tester in this study had more
than 10 years of clinical experience and had established a
high level of reliability on this measure. Therefore, we
believe that our findings of femoral anteversion as an
independent factor from the valgus and pronated
alignment factors are more likely because of the
structural factors previously described.

Implications for Lower Extremity Injury

The relationship among static alignment, dynamic lower
extremity function, and injury risk remains largely theo-
retical. We specifically labeled the collective relationship
among the pelvis and knee variables (pelvic angle,
quadriceps angle, tibiofemoral angle) as a valgus alignment
factor because the combination of these variables suggests
the potential for inward collapse of the knee. The clinical
implications of the increased pelvis and knee angles, as
measured statically, are relatively unknown, but females
appear to be more prone to this valgus posture, as our
current findings and previous research suggest that females
have greater anterior pelvic tilt,514 quadriceps an-
gle,5.14.25.42-45 and tibiofemoral angle!445 than males.
Whether this static valgus posture may, in part, explain
why females have been consistently found to land and cut
with greater dynamic knee valgus angles and moments
compared with males or whether this is due to anatomical
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versus neuromuscular differences, or both, is unknown and
deserves further study.

Although the valgus alignment factor, pronated align-
ment factor, and measures of femoral anteversion are
considered independent of one another, it may be that the
interaction of these factors in some way influences the
lower extremity injury equation. Specifically, individuals
who demonstrate increased values for each of these factors
may further increase “at-risk” lower extremity positions
during functional activities common to lower extremity
injuries. Work is ongoing to determine the extent to which
these alignment factors in combination may influence
dynamic knee function.

The relationships identified in the current study are
limited to the specific alignment characteristics measured
by a single examiner with known measurement reliability.
Future authors should continue to examine the validity of
these clinical measures as they relate to lower extremity
function. In addition, we acknowledge that other anatom-
ical and postural measures are assessed during clinical
evaluations (eg, measures of foot structure, joint laxity,
range of motion) and may also contribute to these static
postures and their ultimate effect on dynamic motion and
injury risk. These findings are also limited to alignment
characteristics measured in a static stance or in a non—
weight-bearing position (genu recurvatum, tibial torsion,
and hip anteversion). More work is clearly needed in this
area, but we hope our findings lead to more integrated
examinations of lower extremity alignment when consid-
ering anatomical contributions to dynamic lower extremity
motion and injury risk.

CONCLUSIONS

Relationships among lower extremity alignment vari-
ables identified a distinct valgus alignment factor
characterized by the alignment of the pelvis and knees
(pelvic tilt, quadriceps angle, and tibiofemoral angle),
which was independent of a pronated alignment factor
(genu recurvatum, navicular drop, and inward tibial
torsion) and femoral anteversion. These observed rela-
tionships are limited to healthy, college-aged individuals
with no current lower extremity injury and cannot be
generalized to an injured population. The results should
also be interpreted as a descriptive relationship among
the variables, not as a cause-and-effect relationship. In
addition, the observed alignment factors accounted for
only approximately 56% to 60% of the total variance in
lower extremity alignment variables. More work is
needed to examine other anatomical and alignment
factors that may account for the remaining unexplained
variance. Such factors may include geometry of the joint
surfaces and differences in soft tissue structures (ie, laxity
or stiffness of ligaments and joint capsules and surround-
ing muscle mass).
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