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Context: Prospective measures of high external knee-
abduction moment (KAM) during landing identify female athletes
at increased risk of patellofemoral pain (PFP). A clinically
applicable screening protocol is needed.

Objective: To identify biomechanical laboratory measures
that would accurately quantify KAM loads during landing that
predict increased risk of PFP in female athletes and clinical
correlates to laboratory-based measures of increased KAM
status for use in a clinical PFP injury-risk prediction algorithm.
We hypothesized that we could identify clinical correlates that
combine to accurately determine increased KAM associated
with an increased risk of developing PFP.

Design: Descriptive laboratory study.
Setting: Biomechanical laboratory.
Patients or Other Participants: Adolescent female basket-

ball and soccer players (n ¼ 698) from a single-county public
school district.

Main Outcome Measure(s): We conducted tests of anthro-
pometrics, maturation, laxity, flexibility, strength, and landing
biomechanics before each competitive season. Pearson corre-
lation and linear and logistic regression modeling were used to
examine high KAM (.15.4 Nm) compared with normal KAM as
a surrogate for PFP injury risk.

Results: The multivariable logistic regression model that
used the variables peak knee-abduction angle, center-of-mass
height, and hip rotational moment excursion predicted KAM
associated with PFP risk (.15.4 NM of KAM) with 92% sensitivity
and 74% specificity and a C statistic of 0.93. The multivariate
linear regression model that included the same predictors
accounted for 70% of the variance in KAM. We identified clinical
correlates to laboratory measures that combined to predict high
KAM with 92% sensitivity and 47% specificity. The clinical
prediction algorithm, including knee-valgus motion (odds ratio
[OR]¼1.46, 95% confidence interval [CI]¼1.31, 1.63), center-of-
mass height (OR ¼ 1.21, 95% CI ¼ 1.15, 1.26), and hamstrings
strength/body fat percentage (OR ¼ 1.80, 95% CI ¼ 1.02, 3.16)
predicted high KAM with a C statistic of 0.80.

Conclusions: Clinical correlates to laboratory-measured
biomechanics associated with an increased risk of PFP yielded
a highly sensitive model to predict increased KAM status. This
screening algorithm consisting of a standard camcorder,
physician scale for mass, and handheld dynamometer may be
used to identify athletes at increased risk of PFP.

Key Words: high-risk biomechanics, patellofemoral risk
factors, targeted neuromuscular training, knee injury prevention,
assessment tools

Key Points

� With readily available clinical measures, clinicians may use the clinical algorithm to identify athletes at increased risk
of developing patellofemoral pain.

� Once higher-risk athletes are identified, clinicians can implement targeted intervention programs to correct deficits
and potentially reduce the risk of patellofemoral pain.
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P
atellofemoral dysfunction and the resultant patello-
femoral pain (PFP) affect up to 30% of people aged
13 to 19 years.1 Three-quarters of patients with PFP

dysfunction are limited in their recreational activities or
have ceased physical activity altogether.2 A significant sex
disparity is associated with the development of PFP: young
females are affected more often than their male counter-
parts.3 Altered or reduced motor control during physical
activities, which results in excessive frontal and transverse
knee-joint motion and load in females, may contribute to
the development of patellofemoral dysfunction.4

In a recent investigation,4 middle and high school female
athletes (n ¼ 240) were evaluated by a physician for PFP
and for landing biomechanics before their basketball season
and monitored for athlete-exposures and PFP injury during
their competitive seasons. The cumulative incidence rate
for the development of PFP was 1.09 per 1000 athlete-
exposures. Athletes with newly diagnosed PFP demonstrat-
ed increased knee-abduction moment (KAM) at initial
contact on the most symptomatic side. Regression analysis
from the same investigation indicated that the PFP risk was
increased in athletes who demonstrated . 15.4 Nm of knee
abduction during landing.5 Targeted preseason neuromus-
cular-training interventions for those who have underlying
mechanics associated with a high KAM risk factor may
reduce PFP incidence. Predictive models of KAM magni-
tude based on laboratory tools showed that deficits related
to frontal- and sagittal-plane knee mechanics were strongly
related to increased anterior cruciate ligament injury risk in
those with higher magnitudes of KAM.6 The current gap in
our knowledge is the underlying biomechanical predictors
for KAM that may be most closely related to the
development of PFP. In addition, we do not currently
know if clinic-based measurements are adequate to identify
athletes at increased risk for developing PFP.

Our primary purpose was to identify biomechanical
laboratory measures that accurately predict KAM loads
during landing and that predict an elevated risk of PFP in
young female athletes.4 The secondary purpose was to
identify clinical correlates to laboratory-based measures of
increased KAM status for use in a clinical PFP injury-risk
prediction algorithm. Our hypothesis was that clinically
obtainable measures derived from the highly predictive
laboratory-based models would be accurate in identifying
increased KAM status in female athletes at greater risk for
PFP.

METHODS

Participants

Between 2004 and 2008, all 6th- through 12th-grade
female basketball and soccer players were recruited from a
county public school district (5 middle schools, 3 high
schools) to participate in a prospective longitudinal study.
The recruited schools consisted of 6 high school and 15
middle school basketball teams and 7 high school and 3
middle school soccer teams. From the identified teams,
first-time visits of 744 participants were included in the
current analyses; 46 volunteers were excluded from the
study because either they did not complete biomechanical
testing (n ¼ 3) or we found errors in variables used to
calculate KAM measures (eg, foot not entirely located on

force platform, markers excluded from camera view; n ¼
43). Thus, 698 participants were included in the final study
analyses (age¼ 13.9 6 2.4 years, height¼ 159.3 6 8.6 cm,
body mass¼ 54.0 6 12.5 kg, maturational status ¼ 17.2%
prepubertal, 29.9% pubertal, and 52.8% postpubertal).

Procedures

Before data collection, we obtained study approval from
the institutional review board and parental consent and
athlete assent. Participants were tested before the start of
their basketball or soccer competitive season. The testing
consisted of a medical history, knee examination, anthro-
pometric measurements, maturational estimates, laxity and
flexibility measurements, dynamic strength measurements,
lower extremity segment length and alignment measure-
ments, and landing biomechanical analysis. The screening
methods have been previously reported and provided good
reliability.6,7

Anthropometric Measurements. Height was measured
using a stadiometer with the participants barefoot. We
conducted a static motion-analysis trial to calculate
standing anatomic alignment measures (detailed later) that
were considered in the prediction algorithm. Body mass
was measured on a calibrated balance scale. Body mass
index Z-score was calculated using SAS (gc-calculate-
BIV.sas; available on the Centers for Disease Control and
Prevention Web site: http://www.cdc.gov/nccdphp/dnpao/
growthcharts/resources/sas.htm).

Maturational Assessment. We used a modified Pubertal
Maturational Observational Scale (PMOS) consisting of
parental questionnaires and observations to classify
participants into 1 of 3 pubertal categories (prepubertal,
pubertal, or postpubertal). A single investigator used the
PMOS to assess and classify each participant into a pubertal
category.8 The PMOS scale has high reliability and can
differentiate among pubertal stages based on indicators of
adolescent growth, breast development, menstruation
status, axillary and leg hair presence, muscular
development, presence of acne, and evidence of sweating
during physical activities.

Laxity and Flexibility Measurements. Generalized joint
laxity was identified by fifth-finger hyperextension greater
than 908, elbow hyperextension greater than 108, wrist and
thumb to forearm opposition, knee hyperextension greater
than 108, and palms to floor.9 Tibiofemoral translation was
quantified using the CompuKT knee arthrometer
(MEDmetric Corporation, San Diego, CA) to measure
total anterior-posterior displacement of the tibia relative to
the secured femur. During the measurement, each leg was
placed on the adjustable thigh support with the knee
stabilized at 208 to 358 of knee flexion. The arthrometer was
secured to the shank such that the patellar sensor pad rested
on the patella with the knee joint-line reference mark on the
arthrometer aligned with the participant’s joint line. The
ankle and foot were stabilized to limit leg rotation. The
tester provided anterior and posterior pressure (6134 N) to
a plane perpendicular to the long axis of the tibia. Total
displacement (mm) was plotted on the computer and
recorded. Side-to-side differences in knee laxity were
calculated from the absolute difference in total anterior-
posterior tibial translation between the dominant and
nondominant knees.9
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Dynamic Strength Measurements. Isokinetic knee
flexion-extension (concentric-concentric muscle action)
strength was measured with the participant seated on the
dynamometer and the trunk perpendicular to the floor, the
hip flexed to 908, and the knee flexed to 908. Before we
collected each set of data, the participant performed a
warm-up set consisting of 5 submaximal knee flexion-
extension repetitions for each leg at 3008/s. The test session
consisted of 10 knee flexion-extension repetitions for each
leg at 3008/s. Peak flexion and extension torques were
recorded (ft�lb).10 We measured concentric hip-abduction
strength with the participant standing erect, fully supported,
with a stabilization strap around the pelvis and her hands
gripping a stable hand rest. The test leg was positioned
lateral to the opposite leg in 08 of hip and knee flexion. The
axis of hip abduction-adduction was aligned with the axis
of rotation of the dynamometer. The resistance pad was
affixed to the participant’s leg, immediately proximal to the
knee joint. Each participant was provided with instructions
and allowed to execute 5 submaximal warm-up hip
abduction-adduction movements at the test speed. The
warm-up was immediately followed by the test session,
which consisted of 5 maximal-effort hip-abduction
maneuvers with passive adduction repetitions at 1208/s.11

These speeds approximate actual hip abduction-adduction
velocities quantified kinematically during high-risk cutting
tasks. The initial test leg was alternated between
participants to control for a side learning effect. Peak hip-
abduction torques were recorded, and all examinations were
performed by a single investigator.12

Lower Extremity Segment Length and Alignment
Measurements. Before biomechanical testing, we
conducted a static standing trial in which the participant
was instructed to stand still with foot placement
standardized to the laboratory coordinate system. The
static standing trial was used to calculate lower extremity
segment lengths as the estimated distance between the
proximal and distal joint center (eg, the thigh segment
distance was equal to the distance between the hip-joint
center and the knee-joint center). From the mass and
inertial properties for each segment (based on sex-specific
values from de Leva13), we calculated the height of the
center of mass (COM).

Landing Biomechanical Analysis. Three-dimensional
hip, knee, and ankle kinematic and kinetic data were
quantified for the contact phase of 3 repetitions of a drop
vertical-jump (DVJ) task. A single investigator placed 37
retroreflective markers on each participant: the sacrum, left
posterior-superior iliac spine, sternum, and bilaterally on
the shoulder, elbow, wrist, anterior-superior iliac spine,
greater trochanter, mid-thigh, medial and lateral knee, tibial
tubercle, mid-shank, distal shank, medial and lateral ankle,
heel, dorsal surface of the midfoot, lateral foot (fifth
metatarsal), and toe (between the second and third
metatarsals). As for the static trial, the participant was
instructed to stand still with foot placement standardized to
the laboratory coordinate system. This static measurement
was used as each person’s reference alignment; subsequent
kinematic measures were referenced in relation to this
position.7 For the DVJ, the participant stood on top of a box
(31-cm high) with her feet positioned 35 cm apart. She was
instructed to drop directly down off the box and

immediately perform a maximum vertical jump, raising
both arms as if jumping for a basketball rebound.7

A single investigator collected all trial data with EVaRT
(version 4; Motion Analysis Corporation, Santa Rosa, CA)
using a system consisting of 10 digital cameras (Eagle
cameras; Motion Analysis Corporation) positioned in the
laboratory and sampled at 240 Hz. Before data collection,
we calibrated the motion-analysis system based on the
manufacturer’s recommendation. Two force platforms
(Triaxial; Advanced Mechanical Technology, Inc, Water-
town, MA) were sampled at 1200 Hz and time synchro-
nized with the motion-analysis system. The force platforms
were embedded into the floor and positioned 8 cm apart so
that each foot would contact a different platform during the
stance phase of the DVJ.7

After data collection, we further analyzed the motion and
force data in Visual3D (version 4.0; C-Motion, Inc,
Germantown, MD). Net external knee moments were
described in this article and represent the external load on
the joint. Lower extremity kinetics and kinematics were
calculated during the deceleration phase of landing from
the stance phase of the DVJ. The deceleration phase was
operationally defined from initial contact (when vertical
ground reaction force first exceeded 10 N) to the lowest
vertical position of the body COM. The left-sided data were
used for statistical analysis. The described landing and
biomechanical landing analysis techniques have demon-
strated reliable measurements.7

Statistical Analyses

Data were exported to SPSS (version 16.0; IBM SPSS
Statistics, Armonk, NY) and SAS (version 9.1; SAS
Institute Inc, Cary, NC) for statistical analysis. Because
of the nearly 2500 potential biomechanical, anthropometric,
and strength variables available for inclusion in the initial
prediction model, we used Pearson correlation coefficients
to assist in the initial screening of independent variables,
which enabled us to remove nonsignificant correlates of the
dependent variable; that is, associations with values of P .
.05 were not included in the regression model. Imputation
of missing data observed for the remaining independent
variables was performed using Solas (version 3.0; Statis-
tical Solutions, Saugus, MA). The imputation method was
based on ordinary least-squares regression, using age and
body mass index as covariates, and was necessary for less
than 2% of the observations on any independent variable.
Measures of pubertal status were coded into 2 dummy
variables with postpubertal status as the referent group.

To further reduce the number of independent variables,
we used SAS exploratory cluster analysis techniques to
identify and group variables with shared variance into
meaningful taxonomies. Using this technique, 20 clusters
were identified for the initial laboratory-based prediction
model. The next step involved regression analyses using the
independent variables from each cluster separately. We
initially ranked the variables within each cluster based on
their clinical relevance and thus appropriateness for
inclusion in the regression models. No more than the top
3 ranked variables from each cluster were included in these
multivariable regression analyses.

For the initial step in model development, we performed
a multivariable receiver operating curve analysis to
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determine a cut score that would provide the maximal
sensitivity and specificity for predicting PFP injury risk
during a DVJ (Figure 1).4,5 The cut point from the receiver
operating characteristic analysis used to classify the
dependent variable status was .15.4 Nm of KAM. Using
this classification, participants were categorized into a
dichotomous (high KAM: yes or no) outcome variable. As
previously described, all potential predictor variables
remaining after cluster variable reduction were introduced
into a logistic regression model to predict high (.15.4 Nm)
versus low (�15.4 Nm) KAM.

For the final step in laboratory-based model development
and validation, we used a multivariable linear regression to
evaluate the chosen prediction model for the continuous
outcome of external knee-abduction load. The final model
was tested for validity based on examination of the variance
inflation factor to quantify the degree of multicollinearity.
Jack-knife residuals were plotted and Cook distance
statistics inspected to identify potential outliers. Finally,
the residuals were plotted and the Kolmogorov-Smirnov
statistic was used to test for possible deviations from
normality.

We calculated Pearson correlation coefficients to assist in
the initial screening of surrogate clinical predictor variables
by selecting significant correlates (P , .01) of the
independent laboratory-based variables used in a previous
model to predict continuous KAM and the dichotomized
high KAM (KAM . 15.4 Nm) status. The remaining 28
potential independent variables available for consideration
in the clinical prediction model are presented in Table 1.
For the final step in the clinical model development,
multivariable logistic regression with a backward-elimina-
tion strategy was conducted. The multivariable logistic
regression model was estimated using a logit link. An alpha
level of .05 was set for all models. The multivariable

regression model’s predictive accuracy was quantified with
the use of the C statistic, which corresponds to the area
under the receiver operating characteristic curve. A
nomogram was produced from the secondary classification
model to allow predictions in individual athletes.14 The
clinical nomogram was developed using R Project for
Statistical Computing software (Free Software Foundation,
Inc, downloaded 2009, Boston, MA). The R Project
software is available as free software under the terms of
the Free Software Foundation’s GNU General Public
License in source code form.

RESULTS

Laboratory-Based Model

The multivariable logistic regression model that used the
variables (1) peak knee-abduction angle, (2) COM height,
and (3) hip-rotation moment excursion (maximum range of
hip rotational torque: ie, absolute value of minimum–
maximum value) predicted KAM knee load associated with
increased PFP risk (.15.4 NM of KAM) with 92%
sensitivity, 74% specificity, and a C statistic of 0.93. The
multivariable linear regression model that included the
same independent predictors accounted for 70% of the
variance in KAM during landing.

Clinic-Based Model

We identified significantly related clinical correlates to
laboratory-based measures that combined to predict
increased KAM status with 92% sensitivity and 46%
specificity. The clinical prediction algorithm, including
knee-valgus excursion (odds ratio [OR] ¼ 1.46, 95%
confidence interval [CI] ¼ 1.31, 1.63), COM height (OR
¼ 1.21, 95% CI ¼ 1.15, 1.26), and ratio of body fat

Figure 1. Prospective knee-abduction moment data from participants with or without patellofemoral pain that were used to define the cut
score with maximal sensitivity and specificity.

392 Volume 49 � Number 3 � June 2014

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-17 via free access



percentage to knee-flexion strength (OR¼ 1.80; 95% CI¼
1.02, 3.16) predicted high KAM status with a C statistic of
0.80. Mean values for the univariate clinical predictors are
presented in Table 2.

A predictive nomogram developed from the analysis
described earlier that can be used to predict high KAM
(.15.4 Nm ) based on COM height, knee-valgus excursion,
and ratio of body fat percentage to knee-flexion strength
(ft�lbs) is presented in Figure 2.

DISCUSSION

Over the past 4 decades, a large sex disparity in knee
injuries and knee pain has been reported among young
female athletes, and this divergence does not appear to be
decreasing.15 The current standards aimed at prevention and
treatment of PFP are based on retrospective and case-
control biomechanical investigations that attempted to
extrapolate the demonstrated altered neuromuscular strat-
egies in patients with active symptomatic PFP into potential
predisposing mechanisms.16,17 However, the retrospective
nature of the prior biomechanical and strength analyses of
symptomatic patients’ data has limited the ability to
determine if the measured deficits contribute to the
development of PFP or if they present as sequelae of the
disorder in its natural course. The proposed clinical
algorithm is innovative, as it is focused on prospectively
identifying predisposing risk factors that may lead to PFP in
young female athletes. The proposed mechanistic-based
clinical algorithm may effectively position us to apply
patient-specific interventions before PFP develops and
ultimately prevent the underlying mechanisms from
manifesting. The development of the clinical screening
tool from populations captured prospectively creates the

potential for a paradigm shift in prevention and treatment
strategies for PFP.

Mechanistic Connection Between Rapid Increases in
COM

The current findings indicate that laboratory-based
measures of peak knee-abduction angle, COM height, and
hip-rotation moment excursion (maximum range of hip-
rotation torque) combined to accurately predict knee load
associated with elevated PFP risk.4 Rapid growth during
maturation results in concomitant increases in the height of
the COM, making neuromuscular control of the trunk more
challenging. In addition, increased body mass with longer
joint levers initiates greater joint forces that are more
difficult to balance and dampen at the lower extremity
joints during high-velocity maneuvers.18,19 Trunk stability
after rapid growth and increased COM height likely
depends on the ability of the hip to control the trunk in
response to forces generated from distal body segments and
from unexpected perturbations.20,21

If the hip musculature is unable to control the position of
the COM during cutting and landing, uncontrolled lateral
trunk motion may increase knee-abduction motion and
torque through mechanical (lateral ground reaction force
motion) and neuromuscular (increased hip-adductor torque)
mechanisms.22,23 Maturing females do not demonstrate
sufficient neuromuscular adaptations (eg, deficient eccen-
tric tension in the hip-abductor musculature is responsible
for increased adduction of the hip joint) to match the
increased demands created by structural and inertial
changes during pubertal development.21 As they mature
and COM height increases, females tend to use greater
frontal-plane force-absorption strategies rather than a
sagittal-plane control strategy for the lower extremity.24,25

The knee, especially the patellofemoral joint, functions
optimally with sagittal-plane mechanics as the large
muscles of the lower extremity that control frontal-plane
trunk, hip, and knee motion or torque absorb and dissipate
force most effectively and efficiently in the sagittal and not
the frontal plane.4,21,26

Ipsilateral trunk lean may be a sign of weak hip abductors
or lack of motor control of the trunk as it moves the COM
closer to the stance limb to reduce demand on the weak
abductors,27 and deficits in neuromuscular control of the hip
may exacerbate laterally directed trunk motions.21 Consid-
ering that the trunk accounts for more than half of the
body’s mass, increased height of COM, combined with
reduced hip strength and deficient recruitment of the hip
musculature (ie, hip-abductor muscles), likely increases
lateral displacement of the location at which the vertical
ground reaction force acts on the lower extremity joints.
This lateral displacement of the vertical ground reaction
force vector can disrupt the resultant internal response of an

Table 1. Factors Considered Independent Clinical Predictors for

Developing Patellofemoral Pain

Anterior-posterior tibial translation @20 lb (9.07 kg), mm

Anterior-posterior tibial translation @30 lb (13.6 kg), mm

Body mass index, mass/height2

Body mass index Z score, no. of SDs

Body mass, kg

Center-of-mass height, cm

Generalized joint laxity, Beighton-Horan score

Hamstrings flexibility, 8

Height, cm

Isokinetic hip-abduction strength, ft�lb
Isokinetic knee-extension to knee-flexion strength, ratio

Isokinetic knee-extension strength, ft�lb
Isokinetic knee-flexion strength to body fat percentage, ratio

Isokinetic knee-flexion strength, ft�lb
Knee-flexion range of motion during stance phase of drop vertical

jump, 8

Knee-valgus excursion, cm

Normalized isokinetic hip-abduction strength, Nm�kg

Normalized isokinetic knee-extension strength, Nm�kg

Normalized isokinetic knee-flexion strength, Nm�kg

Pubertal status

Relative body composition, fat %

Shoe size

Standing knee-abduction angle, 8

Standing quadriceps angle, 8

Tibia length, cm

Trunk segment length, cm

Vertical jump height, cm

Table 2. Descriptive Statistics for Independent Clinical Prediction

Variables

Independent Predictor Mean 6 SD

Knee-valgus excursion, cm 3.99 6 2.14

Center-of-mass height, cm 89.10 6 5.12

Isokinetic knee-flexion strength

to body fat percentage, ratio 0.76 6 0.33
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equal and opposite increase in the counterbalancing hip-
adductor torque.27,28 Preliminary data from our large
prospective cohort of young female athletes indicate that
excessive lateral trunk motion, external hip-adduction
moment induced by ground reaction force, and disrupted
knee mechanics are associated with increased PFP risk and
are highly correlated during dynamic movements.21 De-
creased hip-abductor strength and increased hip adduction
during dynamic motion and recruitment can disrupt normal
knee kinetics, altering frontal-plane knee loads and
patellofemoral mechanics that ultimately increase the risk
for PFP development.4,23,29 Cumulatively, this evidence
drives our central hypothesis that predisposing morphologic
characteristics associated with growth and maturation, in
concert with a lack of fully developed lower extremity hip-
stabilizing mechanisms, initiate abnormal patellofemoral
joint mechanics that lead to the onset of PFP in maturing
young females. To guide our clinical model development,
we first determined the multivariable logistic regression
model that used the variables (1) peak knee-abduction
angle, (2) COM height, and (3) hip-rotation moment
excursion (maximum range of hip-rotation torque) to
provide a highly accurate prediction of the KAM risk
factor. From this laboratory-based model, we identified
significant clinical correlates to the laboratory-based
predictors that we could evaluate in the proposed clinical
prediction model.

Clinic-Based Frontal-Plane Knee Motion

Altered or decreased neuromuscular control during the
execution of sports movements that result in excessive
resultant frontal-plane knee-joint motion and load appeared

to increase the risk of acute anterior cruciate ligament
injury in female athletes.23 These same factors may also be
associated with the development of PFP. Army recruits who
landed from a jump with a combination of reduced knee
flexion, increased out-of-plane hip rotation, and frontal-
plane foot laxity were at increased risk for developing
PFP.30 Previous authors23,26 have suggested that abnormal
frontal-plane kinematics and moments that are associated
with acute injury may also be related to PFP development
in young athletes, but this relationship has not been
prospectively examined in dynamic sport populations who
develop PFP. At the small knee-flexion angles (198 to 228)
commonly found in female athletes when initiating a
landing, abnormal frontal-plane patellofemoral joint kine-
matics were evident in those with PFP.17,24 Specifically, at
198 of knee flexion, patients with PFP presented with a
laterally aligned patella, which was also associated with
increased knee abduction.17 Cumulatively, the current
evidence indicates that excessive knee valgus, especially
at small knee-flexion angles similar to those found at initial
contact in a jump landing, should be evaluated to determine
its contribution to PFP onset.

In the current data set, 2-dimensional knee-valgus
excursion within the frontal plane was a strong discrimi-
nator between the dependent variable of high (.15.4 Nm)
versus low (�15.4 Nm) KAM as a surrogate indicator of
the risk for PFP (Figure 3). Neuromuscular control is
necessary to avoid the potential for high KAM and is
required to maintain dynamic knee stability during landing
and pivoting.31,32 When the mechanics of active muscular
control are disrupted, increased knee-valgus excursions in
the frontal plane may disrupt normal patellofemoral loads

Figure 2. The nomogram code generates an equally distributed, segmented line representing standardized measurable units for each
clinical predictor variable of knee-abduction moment. The magnitude of each intrasegment distance is in direct proportion to that
individual variable’s strength of association (b coefficient) to the predicted outcome as determined by the combined multivariable logistic
regression equation. To use the prediction nomogram, a straight edge can be placed vertically so that it touches the designated variable
on the axis for each predictor value, and the recorded value for each of the 3 predictors is used to mark points on the axis at the top of the
diagram. All of the recorded points measured using this method can then be summed and this value located on the total points axis. A
straight edge can then be used to bisect the total points line to the probability line, which gives the probability that the athlete
demonstrated high knee-abduction moment (.15.4 Nm of knee abduction) during the drop vertical jump based on the predictive variables.
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and stresses and increase the risk of PFP injury. Because
the camcorder, a simple clinic-based measure, can
accurately capture 2-dimensional motion and may identify
those at risk of developing PFP, its inclusion in the
developed clinic-based prediction model is warranted.33

Clinic-Based Posterior Chain Muscular Recruitment
Relative to Body Composition

Without the muscular power required to resist initial
contact valgus or adequate medial knee musculature
cocontraction to counteract initial contact KAM scenarios,
the tibial and femoral articulating surfaces open and
translate, which may allow for excessive peak KAM
loads.34,35 Ultimately, movement patterns with high KAMs
may increase the potential for an athlete to increase loads
on the passive ligament structures and experience abnormal
patellofemoral joint stresses.36

The knee joint, which is a hinge articulation of the body’s
2 longest levers, is equipped with strong active muscular
restraints to adequately dampen knee-joint loads in sagittal-
plane motions.37 Unfortunately, female athletes at high risk
for developing PFP demonstrate functional impairments
(eg, excessive frontal-plane knee loads) that may limit
muscular protection against the disorder. In females,
hamstrings muscle activation relative to quadriceps activa-
tion does not increase, and hamstrings electromyography
amplitude during increased intensity of the landing phase of
a jump is low.38 In addition, postpubertal females
demonstrate altered hip-recruitment strategies for control
of landing, with greater hip moments, higher knee-to-hip
moment ratios, decreased gluteus maximus activation,
increased rectus femoris activation, and greater hip-
adduction angles and moments than males.24

Increased body mass relative to height (body mass index)
has been implicated as a risk factor for knee injuries;
however, a recent report39 indicates that body mass index
may not be directly linked to an increased risk of PFP
incidence in female athletes. In our prediction model,
increased relative body fat was associated with an increased
likelihood of classification as high KAM status and was
associated with increased risk of PFP. To improve the
prediction accuracy, we developed a ratio of posterior chain
strength (isokinetic knee flexion) with relative body
composition for use in the clinical algorithm (Figure 4).
Future clinical algorithms that include closed chain
measures of hip and posterior chain strength may improve
the delineation of PFP risk.40

Clinic-Based Measurement of COM Height

Beynnon et al41 reported that increased thigh length was a
risk factor for knee injury in female skiers. Our results
indicate that increased COM height was associated with
increased propensity for KAM loads .15.4 Nm. The COM
measure proposed for the clinical algorithm for PFP risk
prediction (Figure 2) can be accurately captured in the
clinical setting; calculations may be acquired from a
standard physician’s scale using the reaction-board method
of calculation (Figure 5).42 During peak growth (height and
mass) velocity in puberty, the tibia and femur grow at rapid
rates in both sexes. Muscular control of the trunk becomes
more challenging because of the concomitant increased
height of the COM. In addition, increased body mass with
longer joint levers initiates greater joint forces that are more
difficult to balance and dampen at the lower extremity
joints during high-velocity maneuvers.21 During this
developmental period, male athletes naturally demonstrate
a ‘‘neuromuscular spurt’’ (increased strength and power
during maturational growth and development) to match the
increased demands of growth and development but do not
demonstrate the same increases in KAM observed in female
athletes.11,43 Conversely, female athletes do not demon-
strate similar neuromuscular adaptations to match the
changing demands imposed by structural and inertial
changes during pubertal development.11,21,43 Interestingly,

Figure 3. Kinematic frontal-plane measures captured using A,
laboratory-based, and B, proposed clinical correlates. Using 2-
dimensional video analysis requires the coordinate position of the
knee-joint center digitized in the frontal view to be measured in the
frame before initial contact and used as the knee-valgus position
X1. The coordinate position of the knee-joint center digitized in the
frontal view is measured in the frame with maximum medial
position and used as the knee-valgus position X2. The calibrated
displacement measure between the 2 digitized knee coordinates
(X2–X1) represents knee-valgus excursion during the drop vertical
jump. Figure reproduced from Myer GD, Ford KR, Brent JL, Hewett
TE. An integrated approach to change the outcome part I:
neuromuscular screening methods to identify high ACL injury risk
athletes. J Strength Cond Res. 2012;26(8):2265–2271. With permis-
sion from the Editor.

Figure 4. Hip-recruitment and -strength assessment measured
using A, laboratory-based, and B, proposed clinical correlate body
composition measurement that is represented by the impedance
scale divided by the posterior chain strength measured (knee-
flexion strength measured with a clinic-based dynamometer and
recorded in ft�lb).
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all new PFP cases that contributed to determining the
.15.4-Nm KAM cut point for classification of high-risk
status4 occurred in the younger middle school–aged female
basketball players, which indicates that implementing
targeted trunk and hip strengthening and neuromuscular
training at an earlier age in high-risk athletes may help to
minimize lower extremity pathomechanics and thereby
reduce the risk and occurrence of PFP before these athletes
participate in high school sports.

A Clinical Assessment Tool to Facilitate Target
Training Strategies

Increased COM height without complementary hip
strength and control has been proposed as an underlying
mechanism for increased frontal-plane knee motion and
load in young females as they mature.4,21 Decreased hip
(gluteus medius and gluteus maximus) strength is related to
increased knee-abduction alignment at initial contact and
maximum measurement,44 and adolescent males naturally
demonstrate increased relative hip-abduction strength
development during maturation, whereas females show no
similar adaptive strategies.11 Thus, focusing clinically on
muscular performance and hip motor-control strategies to
decrease dynamic valgus postures and knee-abduction
loads may decrease abnormal patellofemoral loading
mechanics in females during sports maneuvers.21,45 Neuro-
muscular training focused on the trunk and hip increased
standing hip-abduction strength in females.12 This training
may improve the ability of females to control for the
increased height of their COM and improve dynamic lower
extremity alignments to reduce loads that may contribute to
the onset of PFP. Accordingly, Labella et al46 instituted a
preseason neuromuscular-training program for young
females and found that the prevalence of knee pain at

postseason follow-up was reduced.46 More specifically,
published work from our laboratory indicates that females
categorized as high risk for lower extremity injury, based
on previous coupled biomechanical and epidemiologic
studies,4,23 may be more responsive to specially designed
neuromuscular training.47 By identifying females at greater
risk for PFP, we can substantially improve prevention
strategies to reduce the incidence of PFP. The use of the
clinical prediction algorithm (Figure 6) may increase the
efficiency of neuromuscular training if it is targeted at
females who demonstrate high KAMs. Our results may also
aid in the dissemination of assessment techniques required
for the application of targeted neuromuscular-training
interventions to high-risk populations.

Limitations

Patellofemoral pain in female athletes likely has
multifactorial causes. Prior epidemiologic findings indicat-
ed that altered muscular activation or other intrinsic factors
(such as anatomical, hormonal, and potentially psycholog-
ical factors) may contribute to PFP onset.48 However, we
did not control for or investigate these factors in our
analyses. Future investigators with larger sample sizes
should aim to develop more robust PFP prediction models
that include other potential contributing factors (eg, sport,
training error, patellar-tracking mechanisms, hormonal
measures, and potentially psychological aspects) to further
elucidate risk factors for this disorder. Another possible
limitation is that our analyses were limited to the strength
of the relationship of KAM with the desired outcome of
PFP. Continued efforts to accurately classify PFP into
distinct injuries and to determine prediction models directly
linked to PFP injury outcome are warranted. Finally, future
prediction models that are focused on specific subclassifi-
cations of PFP diagnoses may optimize the sensitivity and
specificity of prediction risk.

A further potential limitation is that based on the low risk
of the treatment (neuromuscular training) for high KAM,
we chose to influence the algorithm for high sensitivity of
prediction for this outcome. Although an increased number
of false-positive results may be predicted with efforts to
maximize sensitivity, female athletes predicted to demon-
strate both low and high KAM will likely improve
performance as an unanticipated effect of neuromuscular
training targeted at reducing injury risk. Finally, we
acknowledge that the proposed algorithmic approach may
have limited utility to predict injury risk during cutting,
pivoting, or maneuvers not associated with landing. Future
authors should aim to validate the proposed algorithm using
clinical measurement techniques to determine the relation-
ship of running and cutting injury mechanisms to PFP
injury prediction. In addition, further research is warranted
to delineate the most efficient and effective training
methods for females who demonstrate high KAM landing
mechanics to further improve the potential prophylactic
effects.

CONCLUSIONS

Authors of prior prospective investigations of landing
biomechanics related to increased risk of PFP have used
inverse dynamics that require complex, laboratory-based,
3-dimensional kinematic and kinetic measurement tech-

Figure 5. Center-of-mass height calculation using A, laboratory-
based methods, and B, proposed clinical correlates. Reaction
board center-of-mass height measurement is calculated as x ¼
w2
� l/(w1þw2), where w1¼mass (kg) measured at the scale near the

feet, w2¼mass (kg) measured at the scale near the head, l¼ length
of the board, and x¼ center-of-mass height from the floor.
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niques.4,30 Unfortunately, complex biomechanical labora-
tories with costly and labor-intensive measurement tools
are required to test individual athletes. These limitations
restrict the potential to perform athlete risk assessments on
a large scale, thereby limiting our ability to target athletes
at higher injury risk with the appropriate intervention
strategies. The defined clinical correlates to laboratory-
measured knee biomechanics associated with increased risk
of PFP yielded a highly sensitive model to predict increased
KAM status. Combining these correlates in clinical
screening algorithms that use measurements derived from
a standard camcorder and a calibrated physician’s balance
scale may allow us to identify athletes at increased risk of
PFP who may benefit from a targeted neuromuscular
training intervention. These clinically feasible methods
provide an indication of the relevance of identifying and
ameliorating potential predisposing risk factors to prevent
this syndrome that affects a large percentage of young
female athletes. Implementing targeted trunk- and hip-
strengthening and neuromuscular training at an earlier age
for high-risk athletes may help to minimize lower extremity
pathomechanics and therefore reduce the risk and occur-
rence of PFP before these athletes participate in high school
sports.
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