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Abstract

Objective—Impaired biomechanics and neuromuscular control have been suggested as probable
links to female sex bias in the onset of patellofemoral pain syndrome. There are limited objective,
clinical measures for assessment of impaired biomechanics and neuromuscular control. The
primary objective of this investigation was to examine sex differences in vertical ground reaction
force (vGRF) and force loading rate in young athletes performing maximum, repeated vertical
single-leg hops (RVSHs). The authors hypothesised that females would demonstrate greater vVGRF
and force loading rate than males and show interlimb differences in force attenuation.

Design—Cross-sectional study.
Setting—Paediatric sports medicine clinic.
Participants—109 Healthy high school, soccer and basketball athletes.

Assessment of risk factors—Participants performed RVSHs for 15 seconds on a portable
force plate with a sampling rate of 400 Hz (Accupower; AMTI, Watertown, Massachusetts, USA).

Main outcome measurements—Raw vGRF was filtered with a generalised cross-validation
spline using a 50-Hz cutoff frequency and then normalised to potential energy. Force loading rate
was calculated by dividing normalised vGRF by time-to-peak force. Group means were compared

using analysis of variance.

Results—The females demonstrated significantly greater normalised vGRF (p<0.001) and force
loading rate (p<0.001) during landing than their male counterparts. Neither sex demonstrated
significant interlimb differences in force attenuation (p>0.05).
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Conclusions—The female athletes may have altered force attenuation capability during RVSHs
as identified by increased vGRF and force loading rate compared with the male athletes. Portable

force plates may be potential tools to identify altered force attenuation in clinical settings.

Patellofemoral pain syndrome (PFPS) has been described as a peripatellar or retropatellar
pain disorder of the knee.!2 The syndrome is commonly experienced by young adult and
adolescent athletes participating in running, jumping and cutting sports.3>~® Previous
investigators reported that PFPS may account for 20% to 40% of all knee problems treated
in sports medicine clinics.? Other authors suggested a sex bias in the onset of PFPS,
contending that adolescent females and young adult women are affected more than their
male counterparts.7*9

In the conservative management of PFPS, sports medicine practitioners traditionally have
based their clinical assessments on subjective measures such as patella alignment, patella
excursion and patella compression tests.!?!! Commonly used static measures have been
shown to have low reliability and poor association with functional abilities.!2~14 Impaired
biomechanics and neuromuscular control have been suggested as probable links to the
pathomechanics of PFPS in young athletes.®15-17 It is likely that altered force attenuation
capabilities would predispose healthy female athletes to PFPS. However, there are limited
objective, clinical measures for dynamic assessment of movement dysfunctions exemplified
by athletes potentially at risk of PFPS.616

Measures of neuromuscular control have been quantified in biomechanics laboratories that
use three-dimensional (3D) motion analysis.!81° To promote advancement in conservative
management of young athletes with PFPS, objective assessments that incorporate sports-
specific mechanical loads must be made accessible to practitioners in clinical
environments.2 In a previous investigation, Walsh and colleagues demonstrated that a
portable force plate is both valid and reliable in measuring force and time data during a
double-leg box-drop vertical jump.20 However, for more discriminating clinical assessments
of interlimb and between-participant force loading differences, assessments of single-leg
neuromuscular control is warranted.

Previous investigations that assessed single-leg neuromuscular control in biomechanics
laboratories have used sports-specific tasks such as running, single-leg lateral landings,
single-leg vertical landings, single-leg stride jumps and unanticipated cutting
manoeuvres.2!=25 The primary objective of this investigation was to determine whether sex
differences would be observed in vertical ground reaction force (vGRF) and force loading
rate in healthy, young athletes performing maximum, repeated vertical single-leg hops
(RVSHs). The first hypothesis was that females would demonstrate greater vVGRF and force
loading rates than their male counterparts. The second hypothesis was that female athletes
would exhibit interlimb differences in vGRF and loading rate.
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A total of 109 healthy, high school soccer and basketball athletes participated in the study.
The participants consisted of 49 girls (mean (SD): age 15.6 (1.1) years; height 165.5 (6.1)
cm; weight 60.6 (10.4) kg) and 60 boys (mean (SD): age 15.5 (1.1) years; height 175.6 (7.6)
cm; weight 66.8 (11.1) kg). The participants were recruited from a county school system as
part of a larger, longitudinal prospective investigation. All the participants read and signed
the informed written consent approved by the Cincinnati Children’s Hospital Medical Center
Institutional Review Board before participation. The athletes were included in the
investigation if they participated in interscholastic soccer or basketball. They were excluded
if they had any previous lower extremity orthopaedic surgeries, acute lower extremity
injuries within the last 3 months, neurological problems or medical conditions that might
affect postural stability.

After the informed consent was obtained, height, weight and leg dominance were assessed.
The investigators determined leg dominance by the leg the participants reported would be
used to kick a ball as far as possible.2® VGRF was assessed using a portable force plate
(Accupower; AMTI, Watertown, Massachusetts, USA) with dimensions of 76 x 102 x 12
cm (length x width x height) and sampled at 400 Hz as described by previous
investigators.20 For RVSHE, the athletes were instructed to jump as high as they could, land
under control, recover their balance and repeat vertical hopping for 15 seconds (fig 1). A
counterbalanced testing order was used to eliminate any potential order effect, and each
athlete was given three practice trials before data acquisition. One successful test trial was
recorded for the dominant and non-dominant lower extremity. Faulty test trials were
characterised by the athlete placing the contralateral foot onto the force plate and/ or landing
outside the dimensions of the force plate. If a faulty trial was performed, the trial was
stopped and then discarded. After full recovery, the athlete was instructed to repeat the test
trial for that limb.

Outcome measures

Analysis

The primary dependent variables of this investigation included vGRF and force loading rate.
The secondary dependent variable was potential energy (PE).25 PE was operationally
defined as energy derived from the product of the mass of the participant (in kilograms), the
gravitational acceleration of the earth (9.8 m/s?) and the single-leg jump height (in
meters).2> Normalised vVGRF was expressed as maximum VGRF (N) divided by PE (J), and
normalised force loading rate was expressed as normalised vGRF (N/J) divided by the time-
topeak landing force (in seconds).

The data collected successfully from 109 participants (49 girls and 60 boys) were reduced
and analysed. vGRF was analysed during the landing phase of stance. The participants were
considered to be in stance phase when the VGRF exceeded a threshold of 10 N and ended
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when the force decreased below the 10 N threshold.2627 Force peaks were selected from a
time frame associated with the first 250 milliseconds of stance. Force peaks that exceeded
70% of the maximum vGRF peak were included in data analysis. Raw data was filtered with
a generalised cross-validation spline using a 50 Hz cutoff frequency. vGRF was normalised
to PE (mass x 9.8 m/s2 x height). Force loading rate was calculated by dividing the
normalised vGRF by the time-to-peak force. Group means were compared using analysis of
variance. The a level of 0.05 was established a priori to determine statistical significance.
Statistical analyses were conducted in SPSS V.12.0 for Windows (SPSS Inc, Chicago,
Ilinois, USA).

The within-session intraclass reliability of all the single-leg force production and force
attenuation measures was X).97 across the test trials, which indicated high test—retest
reliability (p<0.05). Sex differences were observed in single-leg force production and force
attenuation measures. The females demonstrated significantly greater normalised vGRF than
the males on their dominant and non-dominant limbs (p<0.001; see fig 2). In addition, the
females had significantly greater force loading rates than their male counterparts (p<0.001;
fig. 3).

The male athletes demonstrated significantly greater PE than their female counterparts on
both dominant and non-dominant limbs (p<0.001; fig 4). However, there were no significant
interlimb differences in normalised vGRF (p=0.35) or force loading rates (p=0.46) for either

SEX.

DISCUSSION

Conservative management of PFPS has long been considered an enigma for clinicians in
sports medicine environments. The lack of reliable and valid measurements has perpetuated
the use of anecdotal interventions among sports medicine practitioners. Several investigators
have suggested that abnormal mechanical loading of the lower kinetic chain is associated
with the onset of PFPS in recreational athletes.!5161824

The primary objective of the current investigation was to determine whether sex differences
exist in vGRF and force loading rates in healthy, young athletes performing RVSHs on a
portable force plate. We hypothesised that females would demonstrate greater normalised
vGRF and force loading rate than their male counterparts and would demonstrate interlimb
differences in kinetic measures. This hypothesis was developed based on the available
literature that suggests that adolescent girls and young adult women have a higher incidence
of PFPS than their male counterparts.”~ The results illustrated that females demonstrate
significantly impaired force attenuation capability than their male counterparts during
RVSHs. The females demonstrated greater landing forces than males despite the greater PE
exhibited by the male participants. Contrary to the secondary hypothesis, the current
investigation failed to demonstrate significant interlimb differences in kinetic measures for

either sex.

Br J Sports Med. Author manuscript; available in PMC 2014 April 29.



1duosnuely Joyiny vd-HIN 1duosnuey Joyiny d-HIN

1duosnuely Joyiny Vd-HIN

Harrison et al.

Page 5

It was expected that mass and vertical hop height would be greater in males compared with
that in their female counterparts.28 Intuitively, an assumption of absolute Newtonian values
of vGRF would be greater in male athletes compared with that in females. Use of a PE
normalisation procedure that considers mass, acceleration due to gravity and vertical single-
leg hop height presents a method to compare landing forces between sexes. Similar to
previous investigations, it was discovered that females only exhibited 50% as much PE than
males during a single-leg hop manoeuvre.2? Despite possessing significantly less PE, the
female athletes demonstrated 1.5 times greater vVGRF than males during the landing phase of
an RVSH. These findings likely indicate that the neuromuscular strategies used by female
athletes during landing from a single-leg hop may be inefficient in attenuating high-impact
forces.

Previous investigations have used 3D motion analysis during double-leg landings to assess
sex differences in force attenuation among young athletes.2’393! Kernozek and colleagues
demonstrated that recreational female athletes exhibit greater normalised peak vGRF and
posterior GRF than males during 60 cm drops from an adjustable hang bar.30 Salci and
colleagues reported that female volleyball players applied significantly greater vGRF than
males in simulated spike and block landings.3! It is probable that altered neuromuscular
control observed in athletes participating in running and jumping sports may be contributory
to the onset of PFPS. Specifically, high vGRF peaks during the landing phase of sports-
specific manoeuvres may indicate the presence of high internal loads capable of causing
injury to articular and periarticular tissues if not sufficiently attenuated by neuromuscular
mechanisms.

In the current investigation, sex differences in force attenuation were assessed using a
portable force plate designed for accessibility to practitioners in clinical environments.
Similar to the current investigation, Hewett and colleagues used a large, portable force plate
(Accupower; AMTI) to assess landing force and power production.?’ The investigators
reported that adolescent female athletes were unable to generate power and attenuate forces
as effectively as their male counterparts during box-drop vertical jumps.?’ They concluded
that female athletes may exhibit potentially high-risk landing profiles when performing
sports-specific manoeuvres during all stages of pubertal development.2” In an assessment of
single-leg landing performance of college students, Wikstrom and colleagues found that
females landed with significantly greater normalised VGRF than males.? Force attenuation
impairments exhibited by females during both double- and single-leg landings may indicate
neuromuscular links to the pathomechanics of PFPS among young athletes.

Neuromuscular deficits assessed in adolescent athletes have been linked to decreased
dynamic knee stability and increased risk for knee injury.2624-32 Repetitive high-impact
forces ineffectively attenuated during landings may compromise lower extremity articular
structures and contribute to overuse injuries such as PFPS.35 Objective assessment of
aberrant neuromuscular strategies that potentially lead to abnormal loading of the
patellofemoral joint could establish a foundation for efficacious intervention programmes
for young athletes. Development of new dynamic clinical tools is warranted for overall
advancement in conservative management of athletes with PFPS. Using portable force plates
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to assess high-force landing profiles in healthy and rehabilitated athletes may prove
beneficial in reducing anecdotal interventions by targeting pertinent modifiable factors.

A previous investigation conducted by Quatman and colleagues provided evidence for sex
differences in force loading rates during a dynamic sports manoeuvre.3¢ Quatman and
colleagues used 3D motion analysis to assess landing force and vertical jump performance in
healthy pubertal and postpubertal athletes performing a box-drop vertical jump.3¢ Their
findings showed that females had significantly greater force loading rates than their male
counterparts. A similar sex difference in force loading rate was found using RVSHs in the
current investigation. It has been suggested that excessive mechanical loading experienced
by human structures such as peripatellar soft tissues can be attained by an abnormal
magnitude of stress, normal stress in an abnormal direction or normal stress over an
abnormal duration of time.3” It is plausible that the pathomechanics of PFPS may include
repetitive, abnormal load distribution about the synovium, infrapatellar fat pad, retinacula
and subchondral bone. Dye and Vaupel suggested that altered load shifting produces
changes in the mechanical and chemical environments of the knee. Subsequently, these
changes may trigger nocioceptive activity that leads to patellofemoral pain in young
athletes.38

Other investigators have reported results contrary to the findings of the current
investigation.2839 Swartz and colleagues failed to find sex disparities in kinetic variables in
prepubescent and postpubescent athletes.28 It is plausible that the differences in kinetic
findings between Swartz and colleagues and the current investigators can be explained by
assessment of differences in testing procedures and data reduction. Swartz and colleagues
instructed participants to jump for a suspended target set at only 50% of their maximum
vertical jump using a single-leg landing strategy.® In the current investigation, kinetic
variables were assessed while participants performed maximum effort hops. Objective
testing that does not incorporate maximum effort levels may not be discriminative for
assessment of force attenuation deficits during the landing phase of vertical hopping.

Decker and colleagues assessed sex differences in lower extremity kinematics, kinetics and
energy absorption during drop landings in recreational athletes.® They found no significant
difference in vGRF during the landing phase. It is possible that the conflicting results
observed between Decker and colleagues and the current investigation can be partially
explained by participant recruitment differences between the investigations. Decker and
colleagues assessed adult participants with a mean age of 27.3 years compared with
adolescent athletes with a mean age of 15.5 years assessed in the current investigation.3”
Previous investigators have suggested that male and females diverge in neuromuscular
performance and injury rate after peak height velocity during maturation.*” Increases in
skeletal long bone length and body mass potentially create greater joint forces at the knee
and greater challenges to neuromuscular control during dynamic tasks.3%40 There is
evidence that females exhibit decreased neuromuscular control at the knee from early to late
puberty while males exhibit relatively increased neuromuscular control from early to late
puberty.364! Sex differences in force attenuation may be apparent in the current
investigation because of the effects of a sensitive period for neuromuscular development in

the recruited adolescent participants.
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Limitations to the current investigation include the lack of verification for maximum hop
effort during RVSHs. This limitation was partially minimised by continuous encouragement
provided to the participants during the testing and further minimised by the reduction and
the analysis of force peaks that achieved at least 70% of the maximum vGRF peak in the 15-
second trial. In addition, no clear criterion standard for normalisation of vGRF currently
exists. Previous investigations assessing VGRF of participants during landings have
generally used participant mass in normalisation procedures.2!23394243 Because of sex
differences in vertical jump height and the variability of jump height between repetitions,
the current investigation selected PE as the preferred normalisation factor for sex

comparisons.

CONCLUSIONS

The results of this investigation indicate that healthy female athletes may have altered force
attenuation capability as evidenced by increased vGRF and force loading rate compared
with their male counterparts during single-leg landing. Decreased force attenuation may
contribute to the onset of repetitive use injuries such as PFPS in young athletes participating
in running and jumping sports. Portable force plates may be a potential tool to identify
altered force attenuation in young athletes in clinical settings. Athletes identified with high-
force landing profiles through accessible screening tools should be selected for specific
neuromuscular training to reduce neuromuscular control deficits and to decrease potential
risks for the onset of PFPS. Future investigations should combine portable force plates and
2D motion analysis systems for identification of kinetic and kinematic deficits in young
athletes with PFPS during clinical preparticipation assessments.
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Figurel.
A, Frontal plane view of single-leg hop starting position. B, Sagittal plane view of single-leg hop starting position.
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Figure 2.
Normalised vGRF during single-leg hopping.
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Figure 3.
Normalised force loading rate during single-leg hopping.
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Figure 4.
PE during single-leg hopping.
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