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Context: The relationship between generalized joint laxity
and plantar pressure distribution of the foot and the potential
implications for lower extremity injury have not been studied.

Objective: To determine the relationship between general-
ized joint laxity and dynamic plantar pressure distribution. We
hypothesized that individuals with greater generalized joint
laxity, or hypermobility, would have greater dynamic medial
midfoot pressure and loading during walking than nonhypermo-
bile individuals.

Design: Case control.

Setting: Institutional biomechanics laboratory.

Patients or Other Participants: Participants included 112
female soccer players between 11 and 21 years of age.

Main Outcome Measure(s): Each participant was tested for
generalized joint laxity using the Beighton and Horan Joint
Mobility Index (BHJMI; range, 0-9) and was categorized as
having either high (BHJMI score =4) or low (BHJMI score <4)
generalized joint laxity. Peak pressure and maximum force were
calculated from a dynamic, barefoot plantar pressure distribu-
tion system.

Results: Peak pressure and maximum force were greater in
the 27 participants categorized as having high generalized joint
laxity than in the 85 participants categorized as having low
generalized joint laxity. The midfoot region exhibited greater
loading in participants with high generalized joint laxity than in
the other participants. We found an effect of BHJMI classifica-
tion in the medial midfoot; peak pressure in the dominant
(F1,100 = 11.262, P = .001) and nondominant (F; 109 = 14.32,
P < .001) sides and maximum force in the dominant (Fq 109 =
7.88, P = .006) and nondominant (Fq 199 = 9.18, P = .003)
sides were greater in the high generalized joint laxity group than
in the low generalized joint laxity group.

Conclusions: Athletes classified as having high generalized
joint laxity demonstrated increased midfoot loading. Delineation
of risk factors for medial collapse of the foot, which include
hypermobility in athletes, may help clinicians evaluate and
prevent lower extremity injury with treatments, such as
orthoses.
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Key Points

» Dynamic peak pressure and maximum force in the medial midfoot were greater in athletes classified as having high
generalized joint laxity than in athletes classified as having low generalized joint laxity.
» An athlete’s score on the Beighton and Horan Joint Mobility Index may be a valuable indicator of her potential risk for lower

» Our findings of increased medial pressure may be indicative of medial forefoot region collapse in the athlete with high
generalized joint laxity, which has implications for the development and prevention of lower extremity injury.
» The increased relative load of the midfoot region could contribute to increased acute or chronic injury to the lower

« When evaluating a lower extremity injury in an athlete with high generalized joint laxity, the athletic trainer not only should
treat that injury, but he or she also should be aware of mechanical and force alterations and should make necessary

factor contributing to lower extremity joint injuries

and disorders. A joint is typically classified as
hypermobile if its range of motion exceeds normal limits,
taking into account age, sex, and ethnicity.! First described
by Kirk et al,2 hypermobility syndrome has evolved into
benign joint hypermobility syndrome and has incorporated
the Beighton and Horan Joint Mobility Index (BHIMI)
scoring system that takes into account symptoms and
extra-articular features.3 Joint hypermobility occurs most
often in children and diminishes with age.! Joint mobility is
highest at birth, decreases in children around 9 to 12 years

Joint hypermobility in athletes may be an underlying

of age, peaks again in adolescent girls around the age of 15
years, and decreases in both sexes for the remainder of the
lifespan.4 Researchers have suggested that the peak at 15
years in adolescent girls is due to hormonal changes that
occur in puberty, such as the release of the hormone
relaxin.4 Between 5% and 12% of individuals have some
form of joint hypermobility,!4 and it is 3 times more
common in females than in males.5

Individuals with joint hypermobility may avoid strenu-
ous physical activity because of a possible increased risk of
injury.6 However, joint hypermobility can have a perfor-
mance advantage in some sports, such as gymnastics and
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ballet, in which excessive range of motion may be
desirable.” Athletes with joint hypermobility often present
with increased incidence of arthralgias, soft tissue lesions,
recurrent joint dislocations or subluxations, sprains, and
osteoarthritis.!-8 A higher incidence of joint sprain also is
observed in individuals with joint hypermobility.! They
may have impaired proprioception, most notably of the
finger and knee joints.8 This impaired proprioception may
play a role in increased risk of lower extremity joint injury
and disease.

The foot is the first link in the kinetic chain and can
provide a first response to the imposed demands of lower
extremity loads during dynamic tasks. Anatomic or
mechanical impairment can affect the proximal links of
the kinetic chain. The foot and ankle play important roles
in the distribution of forces from heel strike through toe off
of gait. The normal progression of peak foot pressure
during gait is from heel to lateral midfoot, to lateral
forefoot, and to medial forefoot.? In the normal rear-strike
loading pattern, a peak in pressure occurs at heel strike,
and a second peak occurs at toe off at the end of the stance
phase.10 The lowest pressure occurs in the midfoot, with
less pressure in the medial than in the lateral midfoot.10
Deviations in this progression may impair the ability of the
entire lower extremity to attenuate force and can result in
repetitive stress injury.

During gait, the largest area of foot-ground contact
occurs at the medial forefoot, which is followed by the
lateral midfoot and the hindfoot.® Area contact time
generally is defined as the duration of contact in each foot
region expressed as a percentage of the entire stance phase
of gait. Typically, the heel and great toe are each in contact
with the ground for approximately 54% to 64% of the
stance phase, whereas the medial forefoot may hold
contact for as much as 84% of the stance phase.9 Rear-
strike runners tend to land in approximately 5° of inversion
of the calcaneus, traveling into 10° of eversion by
midstance.ll On the other hand, forefoot strikers land in
a greater degree of inversion, prompting increased eversion
excursion.!! In a forefoot-strike pattern, contact time and
acceleration time are both shorter (12% and 25%,
respectively) than in other strike patterns.12

The complex natures of the ligamentous, tendinous, and
muscular articulations of the foot and ankle are important
joint components that may be factors in lower extremity
injury. Ankle sprain is the most common athletic injury,
accounting for 15% to 20% of all sports injuries.!3 In
soccer and basketball, ankle sprains represent 45% and
31%, respectively, of all injuries.!3 Athletes with hypermo-
bile joints have a greater risk of ankle injury compared with
athletes with normal joint mobility (26.1% and 9%,
respectively).6 Individuals with joint hypermobility have a
93% incidence of ankle joint hypermobility and are
susceptible to pes planus deformity.!'4 In dynamic situa-
tions (when the body is moving), the incidence of lower
extremity stress fractures in individuals with pes planus
deformity is nearly twice as high as in individuals with
average arch height, and it is 20% greater than in
individuals with pes cavus foot structure.!5 Sullivan et
all6 also reported that pes planus may be a predisposing
condition for the development of stress fractures. Meta-
tarsal stress fractures, which originally most commonly
occurred in military service members and were nicknamed

“march fractures,” have increased in prevalence among
athletes, most notably long-distance runners, dancers, and
jumping-sport athletes.!” In addition to anatomic and
biomechanical risk factors for the development of stress
fractures, sex may play a role. Female athletes are at
greater risk than their male counterparts for developing
stress fractures.!8

Given the complex nature of hypermobility and the
prevalence of lower extremity injury in athletes, the
purpose of our study was to determine the relationship
between generalized joint laxity and dynamic plantar
pressure distribution. We hypothesized that, during walk-
ing, medial midfoot pressure and loading would be higher
in the participants with hypermobile joints than in
participants with normal joint mobility.

METHODS

Participants

Participants included 112 female soccer players between
the ages of 11 and 21 years (age = 16.2 = 2.8 years, height
= 161.6 = 6.6 cm, mass = 58.7 = 10.0 kg). Athletes were
included in the study if they were female and participated
with an organized soccer team. Athletes were excluded if
they had sustained a lower extremity injury within the year
before the study. Each participant (if older than 17 years of
age) or her guardian provided written informed consent,
and the study was approved by the Cincinnati Children’s
Hospital Institutional Review Board.

Instrumentation

Dynamic plantar pressure distribution was obtained as
each participant walked barefoot at a self-selected pace
over a 6-m walkway. An emed-x system (Novel, Munich,
Germany) was mounted in the middle of the walkway and
level with the surface. The platform consisted of a 48 X 32-
cm?2 matrix of capacitive sensors (4 sensors/cm2), which
collected data at 100 Hz.

To measure joint laxity, we used a standard goniometer
(model 7514; Sammons Preston Rolyan, Bolingbrook, IL).

Procedures

Data were collected before the start of the athletes’
competitive soccer seasons. Each participant was tested by
the same certified athletic trainer (AT) (Mark V. Paterno),
who demonstrated an intraclass correlation coefficient of
0.972 for intrarater reliability using the Beighton and
Horan Joint Mobility Index (range, 0-9) to measure
generalized joint laxity. Generalized joint laxity tests
consisted of fifth-finger hyperextension greater than 90°,
elbow hyperextension greater than 10°, thumb-to-forearm
opposition, knee hyperextension greater than 10°, and
palms to floor with knees fully extended (Figure 1). All
tests were performed bilaterally except for trunk flexion,
with goniometric measurements following placement
guidelines described by Norkin and White!® and proce-
dures described by Boyle et al.20 A 1-point value was given
each time an athlete surpassed the designated laxity
measure at each joint. An injury allowance point was
given for a joint that did not surpass the designated laxity
measure if the participant had a history of mobility-
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Figure 1. Tests to measure generalized joint laxity. A, Fifth-finger hyperextension test. Each participant’s forearm, wrist, and fingers were
stabilized on a flat table. The tester passively extended the participant’s fifth finger as far as possible without pain. Hyperextension of 90°
or greater resulted in a score of 1. Hyperextension of less than 90° resulted in a score of 0. B, Elbow hyperextension test. Each
participant’s shoulder was positioned with the forearm supinated. The axis of the goniometer was placed over the lateral epicondyle of the
humerus, with the distal end aligned with the radial styloid process and the proximal arm aligned along the lateral midline of the
participant’s humerus. If elbow hyperextension was 10° or greater, a score of 1 was given. Hyperextension of less than 10° resulted in a
score of 0. C, Thumb opposition test. Each participant flexed the wrist and pulled the thumb toward the forearm using the opposite hand. If
the thumb could be abducted to touch the forearm, a score of 1 was given. Inability to touch the forearm resulted in a score of 0. D, Knee
hyperextension test. Each participant was placed in a supine position with a box placed under both ankles. The axis of the goniometer was
aligned with the lateral epicondyle of the femur. The distal arm was positioned with the lateral malleolus, and the proximal arm was aligned
with the greater trochanter. Hyperextension of the knee to 10° or greater resulted in a score of 1; anything less than 10° resulted in a score
of 0. E, Palms to floor test. Each participant was instructed to keep both knees extended and attempt to touch the floor with the palms flat
to the floor. The ability to touch both palms flat on the floor resulted in a score of 1. If the participant was unable to place both palms flat on
the floor, a score of 0 was given. Reprinted from Journal of Science and Medicine in Sport, 11(3), Quatman CE, Ford KR, Myer GD, Paterno
MV, Hewett TE, The effects of gender and pubertal status on generalized joint laxity in young athletes, 257-263, 2008, with permission from
Elsevier. http://www.sciencedirect.com/science/journal/14402440.

limiting injury to that joint (eg, elbow fracture) and if the
participant displayed a positive test on the corresponding
contralateral joint.2! Points were summed to give an overall
BHJMI score. Participant composite scores were opera-
tionally categorized into 2 groups: low (range, 0-3; n = 85)
and high (range, 4-9; n = 27) generalized joint laxity
(Table 1). The high category represented the participants
with greatest joint mobility.20

Participants were instructed to walk normally at a self-
selected speed?2 over the walkway until 5 successful trials

on each side (dominant, nondominant) were collected. A
trial was accepted if the entire foot was within the sensor
area. The walking speed was not quantified in this study.
However, we calculated the related variable (stance time)
for each group. Dominant side was operationally defined as
the limb the athlete used to kick the soccer ball as hard as
she could. No group differences existed in dominant-side
(Fi110 = 0.96, P = .33) or nondominant-side (F} 110 =
0.614, P = .44) stance time. For the dominant side, stance
times were 0.66 *= 0.06 seconds for the low generalized
joint laxity group and 0.65 = 0.05 seconds for the high
generalized joint laxity group. For the nondominant side,
the stance times were 0.66 = 0.06 seconds for the low
generalized joint laxity group and 0.65 = 0.05 seconds for
the high generalized joint laxity group. Participants
performed the test barefoot to control for any discrepan-
cies due to self-selected footwear. Fatigue was not
considered to be a confounding factor during this test.

Table 1. Participant Demographics (Mean + SD)

Beighton and Horan

Joint Mobility Index
Category, n Score Height, cm Mass, kg Age, y
Low, 85 0-3 161.3 £ 6.9 57.3 x99 16.1 £ 27
High, 27 4-9 162.5 =+ 5.7 63.0 + 9.0 16.6 = 2.9
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Figure 2. Analysis of the foot subdivided into 5 regions based on
the description by Cavanagh et al.23 Regions include the medial
midfoot (M3), lateral midfoot (M4), first metatarsal head (M5),
second metatarsal head (M6), and lateral (third through fifth)
metatarsal heads (M7).

Data Reduction

Pressure distribution trials were analyzed within a
commercial software package (Projects; Novel). The
emed-x system calculates the pressure in each calibrated
sensor. Pressure is equal to force per unit area. Therefore,
when the region of interest is determined, the total area and
pressure are known, and total force within the region can
be calculated. From each walking trial, the foot was
subdivided into 10 anatomic regions as described by
Cavanagh et al.23 These regions included the medial and
lateral heel, medial and lateral midfoot, forefoot (first,
second, and third through fifth metatarsal heads), hallux,
second toe, and lateral (third through fifth) toes. For these
analyses, we focused on the 5 regions of the midfoot and
forefoot, which were designated M3 through M7 (Fig-
ure 2). The dynamic peak pressure and maximum force
within the regions were calculated.

400 kPa
300
250
200

150

100

BHJMI=0

Figure 3. Representative trial of a participant with a Beighton and
Horan Joint Mobility Index (BHJMI) score of 7 compared with a trial
from a participant with a score of 0.

50

BHJMI=7

Statistical Analyses

Means and SDs of the peak pressure and maximum force
were calculated from each foot and were classified as either
dominant or nondominant. A 1-way analysis of covariance
was performed with the independent variable of BHIMI
classification (high and low groups) and covariate of
participant mass. The dependent variables were peak
pressure and maximum force in each region. Bonferroni
corrections for the different regions of the foot used in the
analyses provided an adjusted o level of .01.

RESULTS

Differences in dynamic peak pressure were observed
between high generalized joint laxity and low generalized
joint laxity groups (Table 2). An effect of BHIMI
classification was found in the medial midfoot. The high
generalized joint laxity group displayed greater dynamic
peak pressure on both the dominant (F; joo = 11.262, P =
.001) and nondominant (F} 90 = 14.32, P < .001) sides

Table 2. Peak Pressure and Maximum Force Within Each Region for the Dominant and Nondominant Sides in Athletes With Low
Generalized Joint Laxity and Athletes With High Generalized Joint Laxity (Mean = SD)

Dominant Side

Nondominant Side

Low Generalized High Generalized

Low Generalized High Generalized

Joint Laxity Joint Laxity Fi 109 P Joint Laxity Joint Laxity Fi 109 P
Peak pressure, kPa
Medial midfoot 78.5 + 28.6 105.7 = 43.5 11.262 .001a 77.9 = 30.7 110.8 + 47.9 14.32 <.001a
Lateral midfoot 103.6 = 57.1 121.0 + 38.2 0.84 .36 103.9 =+ 48.1 126.7 + 40.4 2.6 1
Metatarsal 1 275.8 = 123.0 338.9 = 141.5 2.39 13 275.0 = 142.6 330.9 = 145.0 0.77 .38
Metatarsal 2 4271 = 178.4 527.3 = 203.5 2.28 13 434.0 = 205.0 521.9 = 178.6 1.45 .23
Metatarsals 3-5 391.6 = 158.3 4315 = 116.5 0.20 .65 420.2 = 198.2 450.4 + 129.6 0.001 .97
Maximum force, N
Medial midfoot 94 +79 20.2 = 30.5 7.88 .0062 9.4 = 111 21.2 + 28.1 9.18 .003a
Lateral midfoot 76.3 + 58.0 101.1 £ 55.2 1.57 21 731 +51.4 94.4 + 47.6 1.44 234
Metatarsal 1 132.5 + 57.8 166.1 = 72.2 2.48 12 126.2 + 57.2 156.9 + 62.4 1.70 .196
Metatarsal 2 161.3 £ 445 197.5 + 46.1 6.31 .013 160.3 = 44.3 196.6 + 43.2 6.98 .01
Metatarsals 3-5 215.7 = 70.5 234.9 = 61.7 0.00 .99 229.6 = 74.1 236.8 + 63.3 0.65 42

@ Effect for Beighton and Horan Joint Mobility Index classification.
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compared with the low generalized joint laxity group
(Figure 3).

Differences in maximum force also were observed
between high and low generalized joint laxity groups
(Table 2). Compared with the other group, the high
generalized joint laxity group displayed greater maximum
force in the medial midfoot of both the dominant (£} 199 =
7.88, P = .006) and nondominant (F} 199 = 9.18, P = .003)
sides. The high generalized joint laxity group also displayed
greater maximum force in the second metatarsal region of
both the dominant (Fj ;00 = 6.31, P = .013) and
nondominant (Fy 199 = 6.98, P = .01) sides compared with
the other group. No other differences were observed within
the other foot regions.

DISCUSSION

In our study, peak pressure and maximum force were
higher in athletes with high generalized joint laxity than in
athletes with low generalized joint laxity. Mechanically,
this medial collapse of the midfoot combined with greater
force production may result in alteration of functional
biomechanics of the metatarsals during the pronation
phase of gait, further promoting dissipation of energy at
the forefoot.24 Ferrari and Watkinson24 found that this
was more pronounced in girls than in boys. Medial collapse
of the midfoot can alter the biomechanics of the foot
during normal gait. Lees et al25 found that greater peak
pressure and force could contribute to greater injury risk,
because participants with a higher arch index related to
medial collapse of the forefoot were more prone to stress
fractures in the metatarsal bones.

Medial collapse can result in increased incidence of stress
fractures in the metatarsal bones, as well as problems with
force distribution and dissipation when measured dynam-
ically in individuals with pes planus.!5 Clinically, the
athlete with joint hypermobility may benefit from the use
of orthoses as a corrective measure for pes planus to offset
this medial collapse. Hockenbury!7 showed that the use of
orthoses decreased the incidence of metatarsal stress
fractures in military recruits with pes planus. Brophy et
al26 drew a similar conclusion after examining 44 National
Football League athletes and finding a correlation between
increased medial forefoot pressure and the development of
turf toe.

During gait, typical foot pressure progresses from the
heel to the lateral midfoot, to the lateral forefoot, and to
the medial forefoot. We found that peak pressure in the
medial midfoot was higher in athletes with high generalized
joint laxity than in athletes with low generalized joint
laxity. Therefore, medial foot collapse during gait is more
prevalent in athletes with high generalized joint laxity than
in athletes with low generalized joint laxity. Ferrari and
Watkinson24 documented similar findings, noting that the
center-of-pressure trajectory was more medial in girls than
in boys, who demonstrated a centrally placed center-of-
pressure trajectory. They found that, because of this medial
trajectory, the first metatarsal head was loaded more in
girls than in boys.24 Clinically, this may help explain why
females are more susceptible than males to hallux valgus
disorders.24 This medial collapse of the midfoot region and
resultant pes planus with increased loading at the first
metatarsal head also may alter the mechanical advantage

of the peroneus longus muscle, leading to decreased
eversion and plantar flexion.2?

Our results also showed that maximum force under the
second metatarsal region was higher in the high generalized
joint laxity group than in the low generalized joint laxity
group. This trend was evident in both the dominant and
nondominant sides. Thijs et al28 examined 102 female
runners and the correlation between patellofemoral pain
and altered foot mechanics, and they found that runners
who developed patellofemoral pain had a predisposing
factor of a higher peak force under the second metatarsal
when compared with other runners. We found that athletes
with high generalized joint laxity also showed this
increased pressure under the second metatarsal. Further
research is warranted to investigate a link between high
generalized joint laxity and the predisposition to patello-
femoral pain.

We observed participants during walking. In compari-
son, Eils et al?9 examined plantar pressure distribution
patterns in men performing soccer-specific movements.
They reported?® that during cutting maneuvers versus
straight running, pressure load shifted to the heel, medial
midfoot, medial forefoot, and hallux. During kicking
versus running, the load was shifted to the lateral heel
and lateral midfoot.29 Further investigation is under way to
determine whether increased medial loading occurs during
running, cutting, and kicking in female soccer players with
joint hypermobility.

The high generalized joint laxity score may be a valuable
indicator of potential injury risk in athletes.30 For example,
Decoster et alé found that the rate of ankle injuries was
26% higher in athletes with generalized joint hypermobility
than in athletes with normal joint mobility. The demands
placed on the joints of an athlete with joint hypermobility
are important to consider prospectively, because the joints
generally may tolerate repetitive activity better than tasks
requiring stabilization.6 Athletes with joint hypermobility
also may develop compensatory mechanisms, such as
premature recruitment of hip muscles, when faced with
ankle perturbation.3! These athletes, particularly females,
are at greater risk than other athletes for developing hallux
valgus deformity, because correlation between hypermo-
bility and increased first metatarsal-phalangeal angles has
been found.14

Clinically, our findings indicate that increased medial
pressure may have led to collapse of the medial forefoot in
athletes with high generalized joint laxity. This medial
collapse may have important implications in the develop-
ment and prevention of lower extremity injury. Medial
forefoot collapse may increase the athlete’s risk for
developing conditions such as medial tibial stress syn-
drome, because the forces at the foot may not be
transferred proximally in an optimal fashion. It also could
lead to ankle instability, increased incidence of ankle
sprain,6 and muscular problems due to the decreased
mechanical advantage of the peroneus longus muscle. In
addition, increased stress may move up the kinetic chain
and may initiate patellofemoral pain, stress fracture, or
medial tibial stress syndrome because of differences in force
distribution or mechanical and anatomic changes resulting
from the medial collapse.!s

Primary goals of the AT should be to prevent injury and
to minimize the development of secondary problems

360 Volume 44 e Number 4 e August 2009



related to injury or impairment. Because pes planus and a
medially displaced center-of-pressure trajectory can increase
the risk of lower extremity injury, the athlete should be
evaluated for joint hypermobility; conversely, an athlete
who has joint hypermobility should be tested for signs of
medial foot collapse. A relatively easy way to accomplish
this is through footprint analysis. If the athlete demonstrates
medial foot collapse, appropriate measures can be taken to
correct these gait mechanics to prevent secondary injury. A
primary example of external modification would be fitting
the athlete with orthoses. Fitting an athlete who has joint
hypermobility with rigid or semirigid orthoses to help
decrease this medial collapse may potentially prevent the
development of secondary lower extremity injury. Athletic
trainers should examine a possible underlying mechanical
cause of an injury when treating the injury itself.

The main limitation to our study is the reliability of
measures for generalized joint laxity. Questions concerning
the reliability of these measures are evident in conflicting
results in numerous studies.421.32 We attempted to
minimize this limitation by using 1 AT with many years
of experience with the BHJMI to screen hundreds of
athletes with high intrarater reliability. Despite this
limitation, we found a relationship between generalized
joint laxity and increased peak pressure and maximum
force in the medial aspect of the forefoot.

CONCLUSIONS

Compared with athletes who have low BHIMI scores,
athletes with high BHIMI scores also may have increased
midfoot peak pressure and maximum force. The increased
relative load of the midfoot region potentially could
contribute to increased acute or chronic injury to the
lower extremities. When evaluating a lower extremity
injury in an athlete deemed to have joint hypermobility,
the AT not only should treat that injury, but he or she also
should be aware of mechanical and force alterations and
should make necessary corrections to prevent future
injuries. Further study should be dedicated to comparing
plantar pressure distribution and joint hypermobility
between sexes to provide additional insight into sex
differences and how they may relate to the development
of structural foot deformities and lower extremity injuries.
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