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Abstract

Background: Female athletes are at an increased risk of developing patellofemoral pain (PFP)
relative to male athletes. The unique effects of maturation may compound that risk.

Hypothesis/Purpose: The purpose was to evaluate the neuromuscular control mechanisms that
are adaptive to pubertal maturation and determine their relative contribution to PFP development.
It was hypothesized that aberrant landing mechanics (reduced sagittal-plane and increased frontal-
and transverse-plane kinematics and kinetics) would be associated with an increased risk for PFP.

Study Design: Cohort study; Level of evidence, 2.

Methods: There were 506 high school female athletes who completed a detailed medical
history, the Anterior Knee Pain Scale, and a knee examination for the diagnosis of PFP and
attended follow-up appointments. Athletes performed a drop vertical jump task instrumented with
force plates, and biomechanical measures generated from standard 3-dimensional biomechanical
analyses were used to classify participants into high- or low-risk knee and hip landing profiles for
the development of PFP. The biomechanical measures used in the knee landing profile included
sagittal-plane knee range of motion, peak knee abduction angle, peak knee abduction moment,
and peak-to-peak transverse-plane knee moment. The biomechanical measures used in the hip
landing profile included sagittal-plane hip range of motion, peak hip extensor moment, peak
abductor moment, and peak hip rotator moment. Testing was conducted at sport-specific preseason
appointments over the course of 2 years, and changes in pubertal status, landing profile, and PFP
development were documented.

Results: Female athletes with high-risk hip landing profiles experienced increased hip flexion
and decreased abductor, rotator, and extensor moments. Participants with high-risk hip landing
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profiles who transitioned to postpubertal status at follow-up had higher odds (odds ratio, 2.1 [95%
Cl, 1.1-4.0]; P=.02) of moving to a low-risk hip landing profile compared with those who

had not reached postpubertal status at follow-up. Participants with high-risk knee landing profiles
experienced decreased knee flexion and increased knee abduction, external abductor, and external
rotator moments. Pubertal maturation was not associated with a change in the high-risk knee
landing profile at follow-up.

Conclusion: The progression from prepubertal to postpubertal status may have a protective
effect on high-risk hip mechanics but no similar adaptations in high-risk knee mechanics during
maturation. These data indicate that before puberty, maladaptive hip mechanics may contribute to
PFP, while aberrant knee mechanics associated with PFP are sustained throughout the maturational
process in young female athletes.

Keywords

patellofemoral pain syndrome; anterior knee pain; biomechanics; neuromuscular control; knee
valgus; puberty

Young female athletes are 2 to 10 times more likely to develop patellofemoral pain (PFP)
than their male counterparts.1”-18 Furthermore, athletes with PFP may reduce or completely
cease participation in physical activity and have a greater likelihood of developing
patellofemoral osteoarthritis later in life.34 PFP is commonly attributed to malalignment
between the trochlea and the patella that results in increased contact pressures.38 Previous
studies have proposed that shifts in the position of a relatively mobile patella in relation to
a more fixed trochlea can lead to the development of PFP.19:2040 However, Powers3” has
proposed an alternative theory that suggests that the problems might arise from abnormal
femoral movement in relation to a patella that is fixed by the patellar and quadriceps
tendons. While some risk factors for PFP cannot be modified, such as patellar shape,

soft tissue laxity, sex, or family history, other risk factors, including functional activity
techniques and strength, can be adapted through training.! The identification of altered
muscle recruitment strategies for athletes with PFP could help clinicians identify high-risk
biomechanics in other athletes before its onset and assist in the development of preventative
training strategies.

Numerous retrospective biomechanical investigations have reported altered neuromuscular
control strategies in male and female patients with PFP.4>11.12 For example, during a
drop vertical jump (DVJ), female patients with PFP exhibit an increased external knee
abduction moment (KAM) at initial contact on the most symptomatic limb and increased
maximum and normalized knee abduction loading in the least symptomatic limb compared
with matched controls.34 While these data indicate that neuromuscular control may lead

to compromised loading mechanics (eg, hip vs knee loading)3” that contribute to PFP, it

is unknown what effect pubertal maturation has on the incidence of PFP or on changes in
lower extremity landing mechanics that influence its risk.

Female patients may be at an increased risk for PFP as they mature because of inadequate
neuromuscular adaptation to the increased demands of the structural and inertial changes
that develop after puberty,21:22:24.27.30.39 Ap increased body mass in conjunction with an
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increased limb length and consequently longer joint levers result in greater lower extremity
joint forces that are difficult to balance during high-velocity maneuvers.21:22.24 Skeletal
growth also changes the center of mass location, which makes muscular control of the trunk
more challenging. Studies have shown that to compensate, female patients use frontal-plane
force absorption strategies rather than sagittal-plane control strategies for lower extremity
neuromuscular control.14.16 This frontal-plane compensation for altered patellofemoral joint
loading might lead to an increased risk of developing PFP.21:34.37 Therefore, the purposes
of this study were to identify the neuromuscular control mechanism profiles with regard

to the PFP risk among young female athletes and to evaluate whether the risk profiles are
adaptive to pubertal maturation. Prior literature drove our central hypothesis that reduced
lower limb hip and knee neuromuscular control mechanisms (reduced sagittal-plane and
increased frontal- and transverse-plane kinematics and kinetics) underlie the development of
PFP in developing female athletes.

METHODS

Participants

The institutional review board approved the data collection procedures and consent forms.
Parental consent and athlete assent were obtained before data collection. We defined the
term “athlete” as a female member of a middle school or high school volleyball, soccer, or
basketball team. All members of the team were included and scored based on answers

to parental questions regarding the athlete’s pubertal status on the modified Pubertal
Maturation Observational Scale (Figure 1).7-16 Positive answers to these questions were
scored as a point, with <1 total points indicating prepubertal status, 2 to 4 total points
indicating pubertal status, and =5 total points indicating postpubertal status. Of the 739
female athletes who completed baseline biomechanical measures at the start of the study,
506 completed =1 follow-up visits and were included in the final analyses. Table 1 presents
the characteristics of the athletes at the baseline and follow-up visits. At baseline, the
athletes had a mean (£SD) age of 13.6 + 1.8 years, mean height of 159.4 + 8.2 cm, and mean
weight of 53.6 £ 12.1 kg. The mean body fat percentage was 22.9% + 8.2%, and the mean
body mass index was 20.9 + 3.6 kg/m2. Of the 506 athletes who completed follow-up visits,
39% were postpubertal at baseline, and another 15% reached postpubertal by follow-up,
which resulted in 54% postpubertal athletes at the follow-up visit.

Participants were tested before the start of their competitive season (baseline). Testing
consisted of patient characteristics; questionnaires to determine medical history, familial
anthropometric measurements, and indicators of pubertal development utilized for
maturational estimates (as previously described); a clinical knee examination; and landing
biomechanical analyses of DVJ performance.233 Teams of athletes were tested at preseason
appointments over the course of 2 years.

Knee Examination

The initial injury screening process included the Anterior Knee Pain Scale (AKPS)
questionnaire.62846 The AKPS is composed of 13 items that evaluate subjective knee
pain symptoms and functional limitations. Scores range from 0 to 100, with an athlete
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exhibiting no sign of anterior knee pain scoring 100. All participants with an AKPS score
<100 underwent a further assessment, which included the International Knee Documentation
Committee scoreZ% to assess function in the right and left knees, a personal interview
regarding current and prior knee symptoms and limitations, a medical history, and a knee
physical examination by the same investigator. The standardized personal interview included
questions regarding the participant’s severity of knee pain, sport participation time missed
due to knee pain, timing of knee pain with activity, knee pain after play, duration of knee
pain, symptoms of knee instability, and if the athlete had been evaluated by her primary

care physician or a specialist for knee pain. The physical examination included palpation for
tenderness along the region of the patellar attachment of the medial patellofemoral ligament,
medial and lateral patellar facets, medial and lateral femoral-tibial joint lines, medial or
lateral plica within the patellofemoral joint, Gerdy tubercle and iliotibial band, pes anserine
bursa, distal pole of the patella, tibial tubercle, Hoffa fat pad, quadriceps tendon, and patellar
tendon. In the absence of any additional knee injuries, participants were diagnosed as having
active PFP if they had all of the following: AKPS score <100, knee pain with or shortly
after activity, anterior knee tenderness at the patellar attachment of the medial patellofemoral
ligament, tenderness at the medial patellar facet, and tenderness at the lateral patellar facet.
All instances of PFP were treated as a positive PFP diagnosis, regardless of severity.

Landing Biomechanics

Three-dimensional hip, knee, and ankle kinematic and kinetic data were quantified for

the initial ground contact phase of the DVJ. Each participant was instrumented with 37
retroreflective markers placed on the sacrum, left posterior superior iliac spine, and sternum
and bilaterally on the shoulder, elbow, wrist, anterior superior iliac spine, greater trochanter,
midthigh, medial and lateral knees, tibial tubercle, midshank, distal shank, medial and lateral
ankles, heel, dorsal surface of the midfoot, lateral foot (fifth metatarsal), and central forefoot
(between second and third metatarsals). First, a static trial was conducted in which the
participant was instructed to stand still with foot placement standardized to the laboratory
coordinate system. This static measurement was used as each participant’s neutral (zero)
alignment; subsequent kinematic measures were referenced to this position. In addition, the
static trial was used to calculate standing knee abduction angle measures. After the static
trial, participants performed a minimum of 3 DVJ trials. The DVJ involved participants
standing on top of a box (31 cm high) with their feet positioned 35 cm apart (Figure 2).
Participants were instructed to drop directly down off the box and immediately perform a
maximum vertical jump, raising both arms while jumping and reaching for a suspended
basketball 1>

Three trials were collected for each participant with EVaRT (Version 4; Motion Analysis)
using a motion analysis system consisting of 10 digital cameras (Eagle cameras; Motion
Analysis) positioned in the laboratory and sampled at 240 Hz. Two force platforms (AMTI)
were sampled at 1200 Hz and time synchronized 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.15
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Biomechanical Data Analysis

The 3-dimensional Cartesian marker trajectories and ground-reaction forces (GRFs) from
each DV trial were filtered through a low-pass filter at a matched cutoff frequency of 12
Hz.4” The raw, unfiltered vertical GRF data recorded for each limb were used to normalize
the associated kinematic data from 0% to 100% of stance at 1% increments (n = 101), with
initial contact defined as the instant when the vertical GRF first exceeded 10 N. From the
3-dimensional kinematic forces and GRFs, joint moments of force were computed using an
inverse dynamics analysis.*®

Athlete Surveillance and Follow-up

The athletes were monitored throughout their competitive season on a weekly basis for
athletic onset of new PFP, or any other lower extremity injury with resultant time loss, by a
certified athletic trainer. After the season, the AKPS was readministered to all participants.
Athletes with a score indicating PFP on the AKPS (<100) and all athletes who had

been examined at preseason underwent a further evaluation with a standardized personal
interview and physical examination by the same physician. These data were compiled to
calculate the preseason prevalence and in-season incidence of the development of PFP. At
the end of surveillance, all study participants were classified into 1 of 4 groups: (1) PFP at
preseason screening, (2) developed a new episode of PFP during the season, (3) developed
PFP associated with another underlying knee condition, and (4) never developed PFP.

Statistical Analysis

A consultation between the biostatisticians and biomechanics experts resulted in a set of

70 biomechanical variables measured at the baseline visit (Appendix Tables Ala and Alb,
available in the online version of this article) selected a priori that were considered clinically
relevant to PFP. Each of these variables was examined as a potential predictor for PFP
(either present or absent) using logistic regression, and those associated with PFP at a P
value <.2 were identified. Correlation analysis among these potential risk factors further
reduced the list of potential risk factors to ensure that they were not highly correlated

with one another (Spearman r< 0.8 was used). If variables were highly correlated, the
variable with the higher C-statistic, from the logistic regression using PFP as the outcome,
was selected. From this further reduced list of potential PFP risk factors, we then selected
biomechanical measures based on clinical relevance and research team opinion on relevance
for modifiable risk factors to enter into a latent profile analysis (LPA) to define the PFP risk
profile.

LPA is a statistical modeling technique that aims to identify distinct underlying (unobserved)
groupings or profiles from a sample based on observed variables (the biomechanical
measures in this particular analysis). In this study, LPA was used to create distinct profiles
so that participants with similar patterns of biomechanical characteristics were grouped
together, while those with different patterns of biomechanical characteristics were classified
in different landing profiles. Initially, 2 profiles were specified for the LPA model. Then,

in a stepwise fashion, the number of profiles specified was increased by one. At each step,
the model fit was assessed by the change in the Bayesian information criterion, adjusted for
sample size. A lower Bayesian information criterion indicates a better model fit. We also
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used the Lo-Mendell-Rubin adjusted likelihood ratio test,2° average posterior probability
(entropy), and profile membership probabilities to guide the decision on the optimal number
of profiles to be included. Separate LPAs were run for knee biomechanical measures and hip
biomechanical measures. We then examined the knee and hip profiles as potential predictors
for PFP in the logistic regression. The landing profiles were created using baseline preseason
data.

At follow-up, participants were categorized into the landing profiles again using the
biomechanical data from their follow-up visits. This was achieved by application of the
landing profile parameters obtained from the baseline LPA. For athletes whose pubertal
status had changed and advanced to postpubertal, we used data from the first visit at which
they were defined as postpubertal. For athletes whose pubertal status had not changed during
the entire follow-up period, we used data from the last follow-up visit. We evaluated the
change in pubertal status in association with the change in profile membership. The LPAs
were conducted in Mplus 7,31 and all other statistical analyses were conducted in SAS
(\Version 9.3; SAS Institute).

Knee and Hip Profiles

From the initial analyses, 4 knee biomechanical measures and 4 hip biomechanical measures
were identified for inclusion in the LPA to define the landing profiles. The knee measures
were sagittal-plane knee range of motion (knee flexion), peak knee abduction angle (knee
abduction), peak external KAM, and peak-to-peak transverse-plane knee moment (eg, range
between minimum and maximum values for knee rotator moment). The hip measures

were sagittal-plane hip range of motion (hip flexion), peak hip extensor moment (hip
extensor moment), peak hip abductor moment (hip abductor moment), and peak hip rotator
moment (hip rotator moment). The LPA models yielded 2 distinct landing profiles for the
knee biomechanical measures and 2 for the hip biomechanical measures. Table 2 shows

the distribution of landing profile group membership and descriptive statistics of these
biomechanical measures by profile. It should be noted that the PFP outcome was not
included in the LPA models so that the knee and hip profiles were built independent of

PFP. Each participant was classified either in “profile 1” (labeled as potentially high risk) or
“profile 2” (labeled as potentially low risk) separately for knee analysis and for hip analysis.

Hip Profile.—As illustrated in Figure 3, the profile group labeled as “profile 1”
(henceforward referred to as high-risk hip profile) exhibited greater hip flexion angles
combined with lower hip extensor, abductor, and rotator moments. Functionally, this

was considered indicative of insufficient hip musculature recruitment during the DVJ. In
contrast, the profile group labeled as “profile 2” (henceforward referred to as low-risk hip
profile) was characterized by lower hip flexion in combination with higher hip extensor,
abductor, and rotator moments. When we tested the hip risk profile as a predictor for PFP at
baseline, athletes in the high-risk profile were more likely to have PFP compared with those
in the low-risk profile (odds ratio [OR], 1.73 [95% CI, 1.05-2.85]; P=.03).
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Knee Profile.—Of the 2 knee profile groups, the group labeled as “profile 1”
(henceforward referred to as high-risk knee profile) exhibited lower knee flexion in
conjunction with a higher knee abduction, external KAM, and rotator moment, which
characterized a stiffer landing and a generally less absorptive biomechanical profile during
the DVJ (Figure 4). The other “profile 2” (henceforward referred to as low-risk knee
profile) exhibited higher knee flexion with a lower knee abduction, external KAM, and
rotator moment, which likely indicated a more efficient landing pattern that allowed for the
attenuation of GRFs via increased knee flexion. Athletes in the high-risk knee profile were
more likely to have PFP at baseline compared with those in the low-risk knee profile (OR,
1.60 [95% CI, 1.02-2.50]; P=.04).

Pubertal Status and Hip and Knee Profiles

For athletes who completed follow-up visits, their hip and knee risk profiles were identified
at the follow-up visits and examined for a change in association with pubertal status. As
presented in Figure 5, of the 506 athletes included in this follow-up analysis, 253 stayed

in the high-risk hip profile group, 116 stayed in the low-risk hip profile group, while 101
moved from high-risk profile to low-risk profile, and 36 moved from low-risk profile to
high-risk profile at the follow-up visit. With regard to the knee risk profile, 160 of the 506
stayed in the high-risk profile group, 215 stayed in the low-risk profile group, while 50
moved from high-risk profile to low-risk profile, and 81 moved from low-risk profile to
high-risk profile at the follow-up visit. The change in the knee risk profile group is depicted
in Figure 6.

As shown in Figure 7, compared with athletes who matured over the course of the study
(moved from prepubertal to postpubertal; change group), athletes whose maturational status
remained unchanged from baseline to follow-up were at lower odds of moving to the
low-risk hip profile (postpubertal at both baseline and follow-up group: OR, 0.56 [95% ClI,
0.31-1.03], P=.06; prepubertal at both baseline and follow-up group compared with the
change group: OR, 0.48 [95% ClI, 0.26-0.89], #=.02). Further, a focus on athletes classified
in the high-risk hip profile at baseline revealed that those who matured to postpubertal
status had higher odds (OR, 2.1 [95% Cl, 1.1-4.0]; £=.02) of moving to the low-risk hip
profile compared with those who had not reached postpubertal status. Similar analyses that
examined the change in the knee risk profile did not indicate that a change in pubertal status
was associated with a change in the knee risk profile.

DISCUSSION

The goals of the current study were to identify the neuromuscular control mechanism
profiles with regard to the PFP risk among young female athletes and to evaluate whether
the risk profiles are adaptive to pubertal maturation. The investigation revealed that high-risk
hip mechanics were likely to normalize toward a low risk with maturation. Among the
athletes with a high-risk hip landing profile, those who matured to postpubertal status by

the end of the study were more likely to progress to the low-risk hip landing profile than
athletes who either did not mature or were postpubertal for the study’s duration (baseline
and follow-up). However, no such protective influence was observed in the change in the

Am J Sports Med. Author manuscript; available in PMC 2022 November 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Galloway et al. Page 9

knee landing profile, suggesting that pubertal advancement did not help resolve high-risk
knee mechanics.

Hip Risk Profile

As shown in Figure 3, female athletes in the high-risk hip profile exhibited increased hip
flexion and decreased rotator, abductor, and extensor moments. One possible reason for
the observed increase in hip flexion was insufficient sagittal-plane hip eccentric extensor
recruitment. The observed lower abductor, rotator, and extensor moments might indicate
that a greater portion of the absorption load is transferred to passive lower limb structures.
These mechanics could be indicative of an “out-of-plane” loading strategy that puts greater
emphasis on control in the frontal and transverse planes. Uneven distribution of this nature
would cause malalignment between the patella and femur.

While current theories posit that patellar maltracking secondary to abnormal patellar motion
contributes to the development of PFP, research by Powers et al38 and Souza et al*? suggests
that femoral translation and rotation beneath a patella that is contained within the extensor
mechanisms are an important factor. During weightbearing activities, the patella is tethered
to the tibia by the patellar tendon and is suspended by quadriceps contraction. Medial-lateral
stability is provided by the trochlear shape and soft tissue restraints. With the patella fixed

in this position, the decreased external rotator moment of the high-risk group suggests a
decreased ability to resist inward rotation of the hip in response to GRFs. This in turn might
indicate inefficient femoral transverse-plane control mechanisms that could alter the contact
surface area between the femur and patella, thereby resulting in the localization of stress to a
smaller area.

Further, greater uncontrolled hip flexion and lower hip extensor moments may transfer
greater compressive force to the patella, thereby necessitating the dissipation of higher order
reaction forces. The increased force on the patella, and greater use of “out-of-plane” control
mechanisms in the high-risk profile, would require the patella to dissipate higher levels of
force through inefficient control mechanisms. Uneven distribution of stress of this nature has
the potential to cause peripatellar and retropatellar pain indicative of PFP.

Knee Risk Profile

As shown in Figure 4, female athletes in the high-risk knee profile exhibited decreased
knee flexion and an increased abductor angle, KAM, and rotator moment. This group

was generally characterized by stiffer landings and poorer knee biomechanics that mirror
high-risk knee injury behavior as well as a previously investigated PFP risk (such as greater
knee medial rotation).23:34 The smaller degree of knee flexion during the DVJ emphasizes
the reduction of sagittal-plane control mechanics in athletes with a high-risk knee profile.24
Similar results were documented by Boling et al,*° who found that a decreased knee
flexion angle and knee flexor strength were risk factors for PFP. Because the large lower
limb muscles dampen force most efficiently during sagittal-plane movement, this decreased
reliance might demand a greater proportion of the GRFs to be attenuated by smaller sagittal-
plane motions or in alternative planes of motion. The findings of KAM and rotator moment
would indicate the latter of those 2 options as increases in these variables suggest greater
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reliance on frontal- and transverse-plane control mechanics to diminish additional landing
forces.21:34 |n addition, decreased knee flexion signals an increased activation of knee
extensors, which in turn can lead to a fixed patella. This finding, coupled with those of

the high-risk hip profile, ties into the model of PFP development caused by deleterious hip
mechanics in concert with a fixed patella during weightbearing activities.

All the factors that contribute to the high-risk knee profile result in femoral adduction and
tibial abduction similar to the mechanics found in dynamic knee valgus. Alternating valgus
translations and rotations decrease frontal- and transverse-plane control and result in a
greater quadriceps angle (Q-angle) during dynamic movements.3” Q-angle alterations during
dynamic movements are theorized to affect the magnitude of the lateral force vector acting
on the patella.3” Larger Q-angles can lead to increased lateral force on the patella, which
can cause greater lateral patellar tracking.3” This generates wear on the articular cartilage
by means of increased patellofemoral joint stress due to inefficient force attenuation
mechanics.3” Poor landing mechanics, in conjunction with internal joint pressure, may lead
to uneven force distribution during high maneuver tasks that have the potential to disrupt
patellar tracking and cause more localized patellofemoral stress.3437

Athletes with a high-risk hip landing profile at baseline who transitioned to postpubertal
status at follow-up were more likely to also move to a low-risk hip landing profile compared
with those who had not reached postpubertal status at follow-up. While the change in the hip
profile classification was affected by maturation, the change in the knee profile classification
was not. This finding indicates that puberty may have a protective effect on hip stabilization
mechanics but no such effect on knee stabilization mechanics.

Pubertal maturation is associated with rapid growth and increases in center of mass as well
as bone length. While male patients see an increase in their vertical height and a decrease

in their landing forces during maturation, female patients experience relatively little to no
change in either measure.?224 In female patients, the lateral component of these landing
forces (the vector that contributes to shear force on the patella) is correlated with larger
knee torques.! Although both male and female patients demonstrate similar valgus motion
before puberty, male patients display less frequent valgus relative to female patients after
pubertal maturation.22:25 This might indicate that male patients go through a neuromuscular
spurt during puberty that helps to correct for valgus and decreases dynamic knee valgus, but
female patients undergo no such development, which helps explain why their landing forces
remain unchanged after pubertal maturation.2* Through puberty, male patients maintain a
sagittal-plane landing strategy through increases in quadriceps strength that matches their
growth in both stature and mass.822

Clinical Implications

The PFP risk increases during adolescence and experiences a sharp decline once athletes
enter high school.34 The current study identified high-risk hip and knee mechanics that put
female athletes at a higher risk of developing PFP. While the hip and knee profiles are
represented as their own separate entities, they are not mutually exclusive. When mechanics
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from the knee and hip risk profiles are coupled together, they present an out-of-plane landing
strategy that shifts joint stabilization from a safe, purely sagittal-plane alignment to one
controlled through transverse- and frontal-plane mechanics. In doing so, it is possible for

the patella, under weightbearing conditions, to be fixed in place and the femur to rotate in
directions that decrease the contact surface area, thereby increasing the point stress within
the femoral trochlear groove. Over time, this increased point stress causes wear on the
articular cartilage and results in the development of patellofemoral arthritis. The short- and
long-term pain that can be caused by increased point stress makes it vital to identify methods
to correct for high-risk behavior.

Previous biomechanical analyses have identified altered or decreased neuromuscular control
in athletes with symptomatic PFP.343 In addition, athletes with PFP have demonstrated
primary motor cortex (M1) reorganization that may result in a loss of intermuscle
coordination and the implementation of oversimplified movement mechanics during
dynamic tasks.#4 Such neuroplastic reorganization could further inhibit those with the high-
risk knee profile as a loss of M1 organization could lead to further decreases in knee flexion.
These possible changes make it vital to determine the optimal time to introduce female
athletes to protective neuromuscular interventions to properly modify muscle recruitment
strategies during puberty and prevent alterations in neural configuration.

Our findings indicate that the optimal time to begin training female athletes is when
adolescence begins and athletes experience peak growth rates for height. Such strategies
should emphasize protective knee mechanics as the current study found that while
maturation may contribute a protective effect on hip mechanics, it does not seem to have
such an effect on knee mechanics. Previous studies have revealed that real-time biofeedback
integrated with plyometric and neuromuscular training is effective for resolving risky joint
stabilization mechanics associated with anterior cruciate ligament injuries.®1913 While these
strategies can prove useful if implemented within the high-risk knee profile, the hip profile
would benefit from the infusion of more targeted hip and trunk exercises to promote safer
mechanics.32 The utilization of a comprehensive neuromuscular training regimen allows
athletes to implement controlled sagittal-plane mechanics during high-velocity maneuvers to
evenly distribute joint and reaction forces across the medial and lateral compartments of the
knee and decrease lateral patellar stresses.3®

A limitation of the current study is that static alignment and muscle strength were not
assessed as part of the data set, and as such, it could not be determined for certain how
muscle power was altered during maturation. Future research could prospectively evaluate
how these variables changed during maturation as these factors were not included in the
current study but might still relate to the development of PFP. The current study indicates
that decreased hip extensor and knee flexor power are risk factors for PFP, but without a
specific examination of these factors, this cannot be determined with certainty.

CONCLUSION

In this analysis of longitudinally collected data, we found that the progression from
prepubertal to postpubertal status may have a protective effect on high-risk hip mechanics
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but no such effect on high-risk knee mechanics. Female athletes entering puberty who
demonstrate high-risk landing mechanics may benefit from neuromuscular training targeted
to their deficits.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Pubertal Observational Checklist

STAFF ONLY

Female Checklist (staff only)

+ - The adolescent has begun breast development.

+ = The adolescent has begun menarche < 1year ago.

++ - The adolescent has begun menarche 1-2yrs ago.

+ - The adolescent has grown 3 to 3.5 inches in the past year or is past the growth spurt.

++++ - The adol has begun he >2yrs ago
+ = The adolescent has evidence of darker underarm hair or shaves.
+ =  The adolescentis as tall or taller than her mother.

STAGES NUMBER OF “+"

D Pre-pubertal 1 orless

[ Pubertal 2-4

D Post-pubertal Atleast 5

Figurel.

Pubertal Maturation Observational Scale. This checklist was used to determine the pubertal
status of athletes included in the study. Positive answers were counted as 1 point: if an
athlete had <1 point, she was considered as prepubertal; if an athlete had between 2 and 4
points, she was considered pubertal; and if an athlete had =5 total points, she was considered

postpubertal.
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Figure2.
Drop vertical jump. Participants performed at least 3 trials of the drop vertical jump. This

involved participants standing on top of a 31 cm-high box with their feet positioned 35 cm
apart. Participants dropped straight down off the box. Upon making contact with the floor,
participants were instructed to perform a vertical leap and reach for a basketball suspended
from the ceiling.
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Figure 3.

Hip risk profile at baseline. Red represents high-risk mechanics. White skeleton representing
sagittal- and frontal-plane views of the low-risk landing mechanics, with red skeletons
showing the difference in landing for the high-risk group mechanics. The directionality of
the differences in low- and high-risk profile landing mechanics is emphasized by using 2, 3,

mean

Standardized biomechanical measures (hip) by profile group
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Range of Mojion oment Moment Moment
/
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4, and 5 multipliers, respectively, in the hip high-risk postures.
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Knee risk profile at baseline. Red represents high-risk mechanics. White skeleton

representing sagittal- and frontal-plane views of the low-risk landing mechanics, with
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red skeletons showing the difference in landing for the high-risk group mechanics. The
directionality of the differences in low- and high-risk knee profile landing mechanics is
emphasized by using 2, 3, 4, and 5 multipliers, respectively, in the hip high-risk postures.
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739
Subjects at baseline

472 High Risk 267 Low Risk
at baseline at baseline

118 did not have
follow-up visit

115 did not have
follow-up visit

506
Subjects in follow-up

354 High Risk 152 Low Risk
at baseline at baseline

289 High Risk 217 Low Risk at
at follow-up follow-up

Figureb.
Hip risk profile. Of the original 739 study participants at baseline, 506 (68%) could attend

follow-up appointments. Of those, 354 (70%) were high risk at baseline, and 152 (30%)
were low risk at baseline. At the follow-up appointment, 101 (29%) of the original high-risk
profile group progressed to low-risk profile, and 36 (24%) of the original low-risk profile
group progressed to high-risk profile.
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739
Subjects at baseline

330 High Risk 409 Low Risk
at baseline at baseline

113 did not have
follow-up visit

120 did not have
follow-up visit

506
Subjects in follow-up

210 High Risk 296 Low Risk
at baseline at baseline

241 High Risk 265 Low Risk at
at follow-up follow-up

Figure®6.

Knee risk profile. Of the original 739 study participants at baseline, 506 could attend
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follow-up appointments. Of those, 210 were high risk at baseline, and 296 were low risk at
baseline. At the follow-up appointment, 50 of the original high-risk profile group progressed
to low-risk profile, and 81 of the original low-risk profile group progressed to high-risk

profile.
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Figure7.

Pubertal maturation in hip profile. When compared with athletes in the change group (thick
line), athletes whose maturational status remained unchanged over the course of the study
(dotted and dashed line = prepubertal from baseline to follow-up; dashed line = postpubertal
from baseline to follow-up) had lower odds of moving to the low-risk profile. 20dds ratio
comparing athletes who matured over the course of the study to those who did not mature
over the course of the study. ®Odds ratio comparing athletes with a high-risk profile who
matured over the course of the study to athletes with a high-risk profile who did not reach

postpubertal status.
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