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Abstract:
Background: Lower extremity alignment may influence the load distribution at the knee,
potentially predisposing the anterior cruciate ligament to greater stress. We examined whether
lower extremity alignment predicted the magnitude of anterior knee laxity in men and women.
Hypothesis: Greater anterior pelvic angle, hip anteversion, tibiofemoral angle, genu recurvatum,
and navicular drop will predict greater anterior knee laxity.
Study Design: Descriptive laboratory study.
Methods: Women (n = 122) and men (n = 97) were measured for anterior knee laxity and 7 lower
extremity alignment variables on their dominant stance leg. Linear regression determined the
extent to which the alignment variables predicted anterior knee laxity for each sex.
Results: Lower anterior pelvic tilt and tibiofemoral angle, and greater genu recurvatum and
navicular drop were related to greater anterior knee laxity in women, explaining 28.1% of the
variance (P < .001). Lower anterior pelvic tilt and greater hip anteversion, genu recurvatum and
navicular drop were predictors of greater anterior knee laxity in men, explaining 26.5% of the
variance (P < .001).
Conclusion: Lower anterior pelvic tilt, greater knee hyperextension, and foot pronation predicted
greater anterior knee laxity in both men and women, with genu recurvatum and navicular drop
having the greatest impact on anterior knee laxity. Greater hip anteversion was also a strong
predictor in men, while a lower tibiofemoral angle was a significant predictor in women.
Clinical Relevance: The associations between lower extremity alignment and anterior knee laxity
suggest that alignment of the hip, knee, and ankle may be linked to or contribute to abnormal
loading patterns at the knee, potentially stressing the capsuloligamentous structures and promoting
greater joint laxity.
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Article:
Anterior knee laxity (AKL) defines the amount of anterior displacement of the tibia relative to
the femur, where the primary restraint is the anterior cruciate ligament (ACL). Greater AKL has
been identified as a risk factor for ACL injury and has the potential to disrupt normal joint
neuromechanics during weightbearing activity. †While AKL is known to vary widely among
individuals and on average is greater in adult (but not adolescent) women compared to men, little
is known about the collective factors that may contribute to or are associated with greater AKL
and whether these factors differ between sexes.‡ Previous research suggests that sex hormones
may in part explain the greater values observed in adult women compared to men due to cyclic
changes in women during their menstrual cycle.10,15,39 However, even within sex there exists a
broad range of knee laxity values. Therefore, it is likely that other factors also influence the
magnitude of AKL.
Alignment of the hip, knee, and ankle is thought to play a key role in the load distribution at the
knee36 and, thus, the tension placed on the capsuloligamentous structures. For example, a
compensatory increase in internal tibial rotation is thought to accompany excessive subtalar
pronation during weightbearing that creates a preloading, rotatory stress to the knee joint.1,3,8,9 In
the intact knee, this rotatory force may stress the ligaments over time, promoting greater joint
laxity. This is supported by in vivo work that has demonstrated an increase in ACL loads during
weightbearing when an internal rotation torque is applied at the knee.11When these internal
rotation torques are applied in combination with knee hyperextension26,27 or knee valgus,19 ACL
loads are reported to be substantially higher than when valgus or internal rotation torques are
applied alone. Together, these findings would suggest that lower extremity alignments that
promote excessive knee valgus, knee hyperextension, and tibial internal rotation during
weightbearing may create tension and stretch the ACL, potentially promoting greater AKL.
Moreover, many of these alignment factors (greater anterior pelvic tilt, genu recurvatum, and
navicular drop) have been identified as risk factors for ACL injury in retrospective and casecontrol studies.3,16,22,24,32,35,50
Despite the potential association between lower extremity alignment and greater AKL, little
empirical data are available to support these relationships. Coplan et al7reported greater internalexternal rotational motion at the knee at 5° of flexion in subjects with a pronated foot compared
to a more neutral foot. Woodford-Rogers et al50 observed both greater navicular drop and AKL
in the noninjured limb of ACL-injured subjects compared to uninjured subjects. We are aware of
only 2 studies18,47 that have examined the relationship between lower extremity alignment and
AKL in the healthy knee. In the sagittal plane, knee hyperextension in otherwise healthy knees
was reported to impinge the ACL against the intercondylar roof at an average of 6.3° ± 3.8° of
hyperextension, and the amount of knee hyperextension an individual had past this point of
impingement (hyperextension laxity) was strongly correlated with their AKL as measured by
maximal manual displacement.18 In contrast, Trimble et al47 examined whether clinical measures
of navicular drop, thigh foot angle (as a measure of tibial torsion), and genu recurvatum were
related to AKL in uninjured subjects. Using a stepwise regression analysis, only sex and
navicular drop entered the model as moderate predictors of AKL, and no relationship was
†
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observed between genu recurvatum and AKL. These findings are based on relatively small
samples, limited alignment variables, and with men and women examined in the same analysis.
Because alignment of the pelvis, hip, and knee can be very different in men and women,30 it may
not be appropriate to include both sexes in the same analysis and simply “adjust” for sex.
Further, understanding the impact of one variable on AKL may be dependent on what other
alignments are present, and therefore the hip and pelvis should also be considered for their
potential to modify alignment and joint stresses at the knee and foot.17,20 To that end, our purpose
was to examine the relationship between the collective alignment of the lower extremity and the
magnitude of AKL in men and women. Based on previous literature and existing clinical theory,
our expectation was that individuals who have greater amounts of anterior pelvic angle, hip
anteversion, tibiofemoral angle, genu recurvatum, and navicular drop values would have a
greater magnitude of AKL, regardless of sex.
MATERIALS AND METHODS
The stance limb (support leg when kicking a ball) of 122 women (21.6 ± 2.5 years, 63.8 ± 12.3
kg, 163.5 ± 6.8 cm) and 97 men (23.1 ± 3.2 years, 80.7 ± 13.1 kg, 177.4 ± 8.5 cm) were
measured for AKL and 7 lower extremity alignment variables: pelvic angle, hip anteversion,
tibiofemoral angle, genu recurvatum, tibial torsion, navicular drop, and femur to tibia length
ratio, using established clinical measurement techniques as detailed below. The population
represents a combined sample of 100 subjects (50 men, 50 women) from a previous study where
we reported on sex differences and bilateral asymmetries30,40 and 119 subjects from an ongoing
project examining the effects of hormone-mediated knee laxity on knee stability (72 women, 47
men). A single investigator with excellent measurement reliability on all measures (intraclass
correlation coefficient [ICC]2,3>.87)30,42 collected the anatomical variables from all 219 subjects.
With the exception of genu recurvatum, all variables were measured using identical
measurement techniques across the 2 samples. The measurement procedures, validity, and
reliability of these measurement methods have been previously described30,41,42 and
illustrated30 in detail, and the measurements are briefly defined here. All standing measurements
were taken with the subject barefoot, feet placed biacromial width apart, arms across their chest,
and looking straight ahead.42
Anterior knee laxity was measured supine and the knee flexed to 25° (± 5°) over a thigh bolster
and recorded in millimeters (mm) as the amount of anterior displacement of the tibia on the
femur while applying a 133-N anterior load to the posterior tibia using a knee arthrometer
(KT2000; MedMetric Corp, San Diego, California). Pelvic angle was measured while standing
as the angle in degrees formed by intersecting lines between the horizontal plane and a line from
the anterior superior iliac spine to the posterior iliac spine using an inclinometer (Performance
Attainment Associates, St. Paul, Minnesota).13,42 Hip anteversion was measured with the subject
prone and the knee flexed to 90° using the Craig’s test.25 Tibiofemoral angle (frontal plane knee
angle) was measured standing using the anatomical axis of the femur and tibia.29 With the
goniometer axis positioned over the knee center (midpoint between the medial and lateral joint
line in the frontal plane), tibiofemoral angle was recorded as the angle formed between
intersecting lines from the knee joint center to a landmark midway between the anterior superior
iliac spine (ASIS) and greater trochanter, and from the knee joint center to the ankle center.

Genu recurvatum was measured supine, with the distal tibia supported on a bolster, as the angle
formed between the line of the femur (lateral femoral epicondyle to the greater trochanter) and
the line of the tibia (lateral femoral epicondyle to the lateral malleolus). In the first 100 subjects,
genu recurvatum was measured while the investigator passively extended the knee until
resistance was felt.42 In the later 119 subjects, genu recurvatum was measured while the subjects
actively and maximally extended their knees.41 The reason for this change is that over time we
have found this later technique to be more comfortable for the participant and easier for the
tester. In 15 subjects we verified that this change in procedure resulted in no systematic
differences in the measure (4.6° ± 5.6° vs 4.5° ± 5.7°; ICC(2,3) =0.97; standard error of the mean
[SEM] = 1.0°).
Tibial torsion was measured supine with the femur positioned so that a line between the
epicondyles was parallel to the horizontal plane. Then the angle formed between the true vertical
(verified with a bubble level) and a line bisecting the bimalleolar axis was measured to the
nearest degree.42,46 Navicular drop was measured while the subject stood, as the change in
navicular height (mm) between standing subtalar joint neutral and standing relaxed (Figure 1).
Subtalar joint neutral was defined as the position where the medial and lateral aspects of the talar
head were equally palpable.6 Lastly, femoral and tibial length were measured in centimeters
(cm) with a sliding anthropometric caliper as the distance from the superior aspect of the greater
trochanter to the lateral joint line of the knee, and the distance from the medial joint line to the
most distal aspect of the medial malleolus, respectively.42 From these values the femur to tibia
length ratio was computed.

Statistical Analyses
All anatomical variables were measured 3 times on the dominant stance limb, and the average of
the 3 measures was used for analysis. Multiple linear regression was used to examine the
association between lower extremity alignment and AKL for each sex. All alignment variables
were first entered simultaneously so that we could examine the independent effects of each of the
variables after controlling for the others. We followed this full regression model with a stepwise

removal technique (tolerance = .20). The purpose of the stepwise removal was to determine if the
prediction model could be simplified to fewer variables without substantially reducing the
variance explained.31 We ran separate regression models for men and women because, as
previously stated, the distributions of most of the alignment variables differ significantly by
sex30 and it would have been inappropriate to simply “control” or “adjust” for sex in models
when examining their relationship with AKL.
RESULTS
Means and standard deviations for each variable separated by sex are presented in Table 1. Table
2 presents the complete (all variables entered) multiple linear regression summary results for
men and women. Table 3 presents the coefficients for the regression model following stepwise
removal.

When examining the complete regression models, the amount of variance explained by the lower
extremity alignment variables was similar for men (27.4%; P< .001) and women (29.2%; P <
.001) (Table 2). When all variables were accounted for, greater genu recurvatum and navicular
drop were significant predictors of AKL in both men and women, and decreased anterior pelvic
tilt and greater hip anteversion were predictors of AKL in men. After removing the alignment
variables that had little impact on the overall variance explained in AKL (using a P value of >
.200 as the criteria for removal), a combination of lower anterior pelvic tilt and tibiofemoral
angle and greater genu recurvatum and navicular drop were associated with greater AKL in
women, explaining 28.1% of the variance (compared to 29.2% for the full model) in AKL (R2 =
0.281; P < .001) (Table 3). Of these, genu recurvatum and navicular drop were the strongest
predictors of AKL, measured both in terms of magnitude of the estimated regression coefficient
β̂ (β̂ = 0.163 and 0.148, respectively), and in terms of statistical significance (both P < .001). The
third most important predictor in the model, again both in terms of magnitude of the coefficient
(β̂ = –0.138) and statistical significance (P = .045), was tibiofemoral angle. The P value for the
association of pelvic angle with AKL in women did not reach a level of significance in the final
stepwise removal model (P= .197) but was negatively associated with AKL (β̂= –0.050).
When examining the final stepwise removal regression model for men, a combination of less
anterior pelvic tilt and greater hip anteversion, genu recurvatum, and navicular drop were
associated with greater AKL, explaining 26.5% of the variance (R2 = 0.265; P < .001; compared
to 27.4% for the full model) (Table 3). As with women, greater genu recurvatum and navicular
drop were the strongest predictors of greater AKL in men among the variables examined, both in
terms of magnitude of the coefficients (β̂ = 0.180 and 0.172, respectively) and statistical
significance (both P < .004), and the strength of these coefficients were somewhat higher than
women. Unlike women, greater hip anteversion (β̂ = 0.091;P = .016) and less anterior pelvic tilt
(β̂= –0.106; P = .029) were also significant predictors of greater AKL in men.

DISCUSSION
This is the first study to our knowledge that has examined the collective alignment of the pelvis,
hip, knee, and ankle and its relationship to AKL. Our primary findings were that lower extremity
alignment variables explained approximately 28% and 27% of the variance in AKL in women
and men, respectively. Given that an R2 value of 0.25 or greater is considered a large effect,31 the
amount of variance in AKL explained by lower extremity alignment is substantial. However, our
hypothesis was only partially supported. While greater genu recurvatum and navicular drop were
associated with greater AKL in both men and women as expected, greater hip anteversion and
decreased anterior pelvic tilt were only related to greater AKL in men, while lower tibiofemoral
angles was only related to AKL in women. Further, the relationships noted between tibiofemoral
angle and anterior pelvic tilt with AKL were negative rather than positive.
Consistent with previous literature,7,47 greater foot pronation (as measured by navicular drop)
had a strong association with greater AKL in both men and women. As the foot excessively
pronates during the stance phase of gait, there is an obligatory internal rotation of the tibia on the
foot that is thought to lead to internal rotation of the tibia on the femur,1,3,8,9 with the later
increasing ACL loads in the weightbearing knee.11 But while a relationship between foot
pronation and ACL injury has been documented in several retrospective studies,3,16,24,50 the
biomechanical relationships between foot pronation (as measured by rearfoot eversion) and
internal rotation of the tibia on the femur remain unclear.23,28During walking, no differences in
tibial rotation at the knee were observed,23 but during running, approximately 3° greater tibial
internal rotation motion was observed in subjects with excessive pronation.28 These studies used
relatively small samples and did not account for the alignment of the hip and knee, which could
also contribute to the net rotatory motions observed at the knee. Future investigations during
more dynamic activity (eg, landing or cutting) while also accounting for alignment of the hip and
knee may further clarify these biomechanical relationships.
Greater genu recurvatum was also a strong predictor of AKL in both men and women once all
postural variables were accounted for. Loudon et al24 also observed greater genu recurvatum
(with pronation) in ACL-injured women, but Trimble et al47 reported no relationships between
genu recurvatum and AKL. The lack of relationship noted by Trimble et al47 may be due in part
to the different approaches in data analyses. While Loudon et al24 studied only women and we
examined men and women separately, Trimble et al analyzed men and women together. Because
they found that genu recurvatum was significantly greater in women (5.8° ± 4.2°) compared to
men (3.2° ± 1.5°), genu recurvatum was likely highly correlated with sex, which would have
prevented genu recurvatum from entering the model once sex was accounted for. Further, the
bivariate correlations they observed between genu recurvatum and AKL for their combined
sample (r = 0.184) was lower than what we found within women (r = 0.404) and men (r = 0.338)
in the current study. Hence, it is possible that the independent relationship between genu
recurvatum and AKL is stronger within a particular sex given that there are substantial
differences between men and women in their overall lower extremity posture.30
Research has shown that hyperextension with and without internal tibial torques can dramatically
increase ACL tensile forces,26,27 and retrospective studies have identified an association
between greater genu recurvatum and ACL injury.22,24,32,35 Considering these findings in light

of our results, individuals with greater genu recurvatum may experience chronic tensioning on
the ACL over time, leading to greater AKL. This is supported by Jagondzinski et al,18 who
examined 15 healthy knees and found that the amount of knee hyperextension range of motion
(9.0° ± 4.8°) past the point of impingement of the ACL against the intercondylar notch roof (6.3°
± 3.8°) was positively correlated with AKL (r = 0.77) as measured by maximum manual
displacement of the tibia on the femur. Higher ACL loads have been reported when internal
rotation torques were applied along with the knee hyperextended.26,27 This is consistent with our
findings that the combination of greater navicular drop (resulting in tibial internal rotation) and
genu recurvatum (resulting in knee hyperextension) were related to greater AKL. However, it is
important to note that these mechanical connections remain theoretical, as our regression
analyses do not establish cause and effect. Another plausible explanation for these relationships
is that genu recurvatum is related to AKL simply because they both represent measures of joint
laxity. To confirm that this was not simply a hyperlaxity situation, we ran an exploratory analysis
on a subset of these data where we had also obtained general joint laxity measures using the
Beighton and Horan Joint Mobility Index4 (n = 95). When examining the relationships between
individual joint scores (ie, presence or absence of hyperlaxity) for the elbow, thumb, fifth finger,
knee, and forward flexion with anterior knee laxity, the correlations were very low for thumb,
fifth finger, elbow, and trunk (Pearson r range, .022–.144; P > .05), yet the correlations between
the knee scores were higher and reached a level of significance (.207–.283; P < .05). Therefore,
the relationship between genu recurvatum and AKL does not appear to be based on a situation of
hyperlaxity alone.
Although it is not clear why greater hip anteversion was only found to be a strong predictor of
AKL in men, it is logical that this may also promote greater rotary stress on the knee when
combined with navicular drop and genu recurvatum. Greater hip anteversion is commonly
associated with an intoeing gait,14,45 which can lead to compensations in other parts of the lower
extremity, including excessive internal rotation of the tibia and overpronation of the subtalar
joint during walking.45
Based on clinical observations17,20 and previous research,21 our expectation was that greater
anterior pelvic tilt would be related to greater AKL concomitant to its proposed effect on
alignment of the hip (femoral internal rotation), knee (valgus and genu recurvatum), and ankle
(pronation). However, if an increase in anterior pelvic tilt allows for more internal femoral
rotation, this would allow the femur to follow the tibia into internal rotation, effectively reducing
rather than increasing rotatory stress at the knee in those with excessive pronation. Hence, less
anterior pelvic tilt (maintaining the femur in more external rotation) and greater pronation
(promoting greater tibial internal rotation), may potentially combine to increase rotatory stress at
the knee. While more work is needed in this area, these findings emphasize the importance of
accounting for alignment of the entire lower extremity when screening individuals for anatomical
factors that may influence knee loads, joint laxity, and injury risk.
Contrary to our hypothesis, tibiofemoral angle was a negative predictor of AKL in women and
had little to no relationship with AKL in men. Frontal plane knee alignment has been shown to
influence the load distribution in the frontal plane,36 and excessive varus and valgus alignment
has been associated with greater varus-valgus knee laxity.49 Given previous work that identified
strong associations between AKL and varus-valgus knee laxity,44 we expected greater

tibiofemoral angles to be related to greater AKL. However, in women, a more varus knee was
associated with greater AKL once other postural variables were accounted for. Based on our
collective findings, it appears that alignment factors that have the potential to combine to
produce excessive rotary stress at the knee (ie, pelvic angle, hip anteversion, genu recurvatum,
and navicular drop) may represent the more important predictors of greater AKL.
In summary, less anterior pelvic tilt, and less tibiofemoral angle (women only), and greater
amounts of hip anteversion (men only), genu recurvatum, and navicular drop had the strongest
association with greater AKL. These results, along with findings of pelvic angle, genu
recurvatum, and navicular drop being more prevalent in ACL-injured
populations,16,24,32,35,50 suggest that variations in these alignment factors may be associated with
or create abnormal loading patterns at the knee that ultimately stress the capsuloligamentous
structures and promote greater AKL. However, these findings are limited to the assessment of
AKL in vivo, and biomechanical studies are needed to further clarify how variations in these
alignment factors impact actual knee joint–loading patterns. As many of these lower extremity
alignment characteristics develop during pubertal growth,41 examining these relationships in a
maturing youth population would also be beneficial. These findings also reinforce the need for
clinicians to consider the alignment of the entire lower extremity when screening for injury risk,
as relationships between alignment variables, knee joint loading, and AKL may be quite different
depending on what other alignment variables are accounted for.37 An improved understanding of
these relationships may allow clinicians to better screen for and identify athletes who are prone
to excessive joint laxity and who may experience greater challenges in dynamically stabilizing
the knee during sport activity.
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