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Abstract
The drop vertical jump (DVJ) task is commonly used to assess biomechanical performance
measures that are associated with ACL injury risk in athletes. Previous investigations have solely
assessed the first landing phase. We examined the first and second landings of a DVJ for
differences in the magnitude of vertical ground reaction force (vGRF) and position of center of
mass (CoM). A cohort of 239 adolescent female basketball athletes completed a series of DVJ
tasks from an initial box height of 31 cm. Dual force platforms and a three dimensional motion
capture system recorded force and positional data for each trial. There was no difference in peak
vGRF between landings (p = 0.445), but side-to-side differences increased from the first to second
landing (p = 0.007). Participants demonstrated a lower minimum CoM during stance in the first
landing than the second landing (p < 0.001). The results have important implications for the future
assessment of ACL injury risk behaviors in adolescent female athletes. Greater side-to-side
asymmetry in vGRF and higher CoM during impact indicate the second landing of a DVJ may
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exhibit greater perturbation and better represent in-game mechanics associated with ACL injury
risk.
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INTRODUCTION
Anterior cruciate ligament (ACL) injuries are catastrophic knee injuries that debilitate
athletic careers, involve costly rehabilitation and lead to early onset arthritis (Lohmander et
al., 2007; Lohmander et al., 2004). Investigation has identified soccer and basketball as the
most frequent sources of ACL injury in adolescent athletes (Kelm et al., 2004). Female
athletes incur ACL injuries at 4–6 times the rate of their male counterparts (Hewett et al.,
2005; Hewett et al., 1999) such that one in every 60–80 female soccer or basketball players
sustain an ACL injury (NHFS, 2002). Up to 70% of these injuries occur in non-contact
situations and are associated with high-loading athletic tasks (Boden et al., 2000). Within
female high school basketball, 60% of ACL ruptures are attributed to jumping or landing
(Piasecki et al., 2003). Specifically, the jumping and landing task related to rebounding a
ball is most frequently cited as the mechanism of ACL rupture by female basketball players
(Powell and Barber-Foss, 2000).

The drop vertical jump (DVJ) task has been utilized to obtain measures related to ACL
injury risk factors, including vertical ground reaction force (vGRF) (Hewett et al., 2005).
Adolescent participants who drop from a box height of 30 cm generate peak vGRFs in
excess of four times bodyweights (McNair and Prapavessis, 1999). VGRFs contribute to
knee instability and are a primary loading mechanism of the knee joint and ACL (Hewett et
al., 1996; Hewett et al., 2005; Yu and Garrett, 2007). Biomechanical factors such as
increased drop height (Ford et al., 2011), decreased quadriceps to hamstrings activation ratio
(Peng et al., 2011; Yeadon et al., 2010), poor neuromuscular control (Hewett et al., 2005),
maturity (Lazaridis et al., 2010; Quatman et al., 2006), and increased joint stiffness (DeVita
and Skelly, 1992; Myers et al., 2011) produce larger vGRFs and likely increased injury risk
during landing. Greater vGRF upon landing likely enhances the probability of ACL injury
as, prior to injury, participants who sustain ruptures exhibit 20% larger peak vGRFs during
landing than participants who remain healthy (Hewett et al., 2005). The DVJ allows
investigators to examine variation within these and other biomechanical risk factors such as
joint kinetics and kinematics (Hewett et al., 2005) in order to prospectively screen athletes
for potential ACL injury.

Despite the plethora of studies focused on vGRFs during the initial drop landing in a DVJ,
little work has investigated the biomechanical behaviors of the second landing that follows a
maximal vertical jump. The first landing of the DVJ is controlled, as athletes are provided
instructions on how to initiate the drop, make contact, and position their feet. Conversely,
explicit directions for the second landing are not documented in the literature. Studies have
demonstrated that task instruction can immediately reduce peak vGRFs during landing
(McNair et al., 2000; Prapavessis and McNair, 1999; Prapavessis et al., 2003). As vGRFs
propagate through the closed kinetic chain and impart torsion moments across knee (Boden
et al., 2000), increased vGRFs instigate larger moments that can create joint instability and
place athletes, especially those with poor neuromuscular control, at risk of sustaining ACL
injuries (Hewett et al., 2005). Therefore, relative to the first landing, the lack of instruction
for the second landing in a DVJ may negatively impact neuromuscular controls and alter
landing biomechanics related to increased injury risk. Coupled with a task change from drop
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jump to drop land, which is known to alter joint kinetics and muscle activation
(Ambegaonkar et al., 2011), these factors warrant an investigation of how the second DVJ
landing varies from the first.

The purpose of the current study was to determine how vGRFs and center of mass (CoM)
kinematics from the second landing of a DVJ compare to those of the first landing. Our
initial hypothesis was that participants would demonstrate altered vGRF and CoM behaviors
between the first and second landings of a DVJ.

METHODS
Participants included in the current study were from a cohort in a prospective, longitudinal
study. A population of 239 middle school (n = 162) and high school (n = 77) female
basketball players (mass = 55.4 ± 13.2 kg, height = 1.60 ± 0.09 m, age = 13.6 ± 1.6 years)
were tested immediately preceding their upcoming season. Basketball players were
appropriate participants as they generate greater peak vGRF during jump landing than
soccer players (Ford et al., 2011). Participants were not divided based on maturational status
or excluded due to prior injury history as the scope of this testing was to depict results
inclusive of an adolescent female basketball squad. Accordingly, 20% of participants had
knee injury histories that ranged from anterior knee pain to joint fractures. Testing
procedures were approved by the institution’s review board and informed written consent
was obtained from the parent or legal guardian of each subject. Consent was also obtained
from each subject prior to participation.

Subjects wore athletic shorts and tee shirts that were taped in a manner that exposed skin
around the greater trochanter of the hip the lower lumbar and abdominal regions and were
instrumented with 43 retroreflective markers for 3-D biomechanical analysis. Markers were
placed on anatomical landmarks at the sternum, sacrum, left PSIS, C7, three points on the
upper back, and bilaterally on the shoulder, elbow, wrist, ASIS, greater trochanter, midthigh,
medial and lateral knee, tibial tubercle, midshank, distal shank, medial and lateral ankle,
heel, dorsal surface of the midfoot, lateral foot, and toe. (Figure 1) The three upper back
markers were attached to a thin backpack (Skeeter CamelBak, Petluma, CA) in a triangular
pattern and the pack was securely tightened around the shoulders of each subject. The heel,
midfoot, lateral foot, and toe markers were drilled into a standard pair of running shoes
(Supernova, adidas, Herzogenaurach, Germany) that were provided to each subject based on
foot size. Shoe model was standardized as variation in footwear can alter peak vGRF during
landing (Oliver et al., 2011). A static trial, where participants were oriented into a
standardized foot placement and instructed to rigidly stand in the anatomical position, was
collected for each subject to define body segments, dimensions, and neutral standing
alignment. After the static trial, markers at the medial and lateral ankles, medial knees,
shoulder, sternum, and C7 were removed prior to the collection of dynamic motion. Motion
was collected with a 10-camera motion analysis system (Eagle cameras, Motion Analysis
Corporation, Santa Rosa, CA) and sampled at 240 Hz. vGRFs were collected by dual, in-
ground, multi-axis force platforms (AMTI, BP600900 Watertown, MA) and sampled at
1200 Hz. Prior to motion capture each subject was measured for height with a stadiometer,
body mass with a calibrated physician scale, shoe size to the nearest half size, and maximum
vertical jump.

Each subject performed three DVJ trials (Ford et al., 2003). The DVJ task initiated with a
subject standing erect on top of a 31-cm box with their feet positioned 35 cm apart and arms
held at their sides. The subject dropped down from the box onto dual force platforms and,
upon landing, immediately transitioned into a maximum vertical jump. A basketball was
suspended slightly above the maximum vertical jump height recorded for each subject to
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encourage maximum jump effort. Subjects were instructed to reach for and retrieve this
target during the vertical jump. The DVJ was completed with a second landing on the force
platforms. (Figure 2) During the initial drop, participants were directed to leave the box,
drop straight down, and simultaneously land on both force platforms with separate feet. The
box was positioned such that a straight drop allowed athletes to land with each foot on a
separate force platform. If these requirements were not fulfilled, the trial was repeated.
Instructions were not given for the second landing, nor were trials repeated. If participants
failed to land with each foot completely contained in separate force platforms during the
second landing, the trial was excluded from analysis as vGRF data would be incomplete.
The landing phases of the DVJ were used for analysis due to the association of landing with
ACL injuries.

Landing phase data were processed in Visual3D (version 4.0, C-Motion, Inc, Germantown,
MD) with custom Matlab (version 2010b, The Mathworks, Inc, Natick, MA) code. Each
landing phase was identified with kinematic and kinetic data and defined as the point of
initial contact with the force platforms to the lowest point of CoM during stance. Initial
contact was defined as the first point when vGRF exceeded 10 N. Visual3D utilized relative
positions of the retroreflective markers to define each body segment as a rigid body with
length and volume. An internal biomechanical model assigned mass to each segment as a
percentage of the subject’s bodyweight. Visual3D estimated subject CoM throughout the
DVJ task based on the parameters and positions of each rigid body segments during every
recorded frame of the motion capture. VGRF data were filtered through a fourth-order, low-
pass, digital filter with a cutoff frequency of 100 Hz. Marker trajectories were filtered
through a fourth-order, low-pass, digital filter with a cutoff frequency of 12 Hz (Ford et al.,
2011). VGRF data were calculated during the first and second landing phases, while CoM
positions were calculated throughout the full DVJ. Force values were reported as absolute
values and normalized to bodyweight. For each subject, a mean of all successful trials was
taken and used in data analysis.

The within subject variables of consecutive landing and contralateral sides were used in the
statistical design. A 2-by-2 (side by landing type) repeated measures analysis of variance
(ANOVA) was employed to assess differences in vGRF and CoM between first and second
landing. Significance was determined at α ≤ 0.05. Absolute difference in peak vGRF per leg
during landing phase was used to calculate side-to-side asymmetry.

RESULTS
Data from both the first and second landing phases are summarized in Table 1. When
separated by first and second landing, participants demonstrated similar cumulative peak
vGRF (p = 0.45), which were all above 1000 N per leg. The absolute difference in peak
vGRF between the right and left legs within the first landing was 247 N and increased to 299
N within the second landing (p < 0.01; Figure 3). When separated by leg, neither the right
leg nor the left leg individually demonstrated between landing differences in peak vGRF (p
= 0.75 and 0.10; Figure 4).

The minimum CoM height during stance phase increased from the first to second landing (p
< 0.01; Table 1). There was no significant difference in the maximum CoM height during
flight prior to both landings (p = 0.68; Figure 2). CoM total displacement following initial
contact was smaller during the second landing as compared to the first landing (p < 0.001;
Figure 4) No side-by-landing interaction was found for CoM measures (p = 0.46).
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DISCUSSION
The purpose of the current study was to determine how vGRFs and CoM from the second
landing of a DVJ compare to those of the first landing. It was found that though vGRFs are
equivalent between the first and second landing, differences in CoM and asymmetry indicate
that each landing enacts unique biomechanical and neuromuscular mechanisms.

Interestingly, peak vGRFs were comparable between landings, which lead us to accept the
null hypothesis that vGRF would not change from the first to second landing. Greater fall
heights prior to landing incrementally increase perturbations and, consequently, vGRFs on
the lower extremity (Ford et al., 2011; Peng, 2011). The three millimeter difference in
maximum CoM height prior to each landing was statistically equivalent, which caused the
null hypothesis to be accepted, but justified the equivalent peak vGRFs recorded between
landings. Also, peak vGRFs of 4.17 and 4.13 bodyweights observed in the first and second
landing, respectively, compare favorably to previous literature where female athletes
generated 4.20 bodyweights landing from a 30 cm box (McNair and Prapavessis, 1999).
Therefore, in relation to peak vGRF, the second landing demonstrated no greater risk of
instability or injury at the knee than the first landing.

The data supported a hypothesis of altered CoM between landings as participants exhibited
smaller total displacement and a higher minimum CoM in the second landing. Participants
who fall from greater drop heights demonstrate reduced knee and hip flexion and increased
joint stiffness during landing (Ford et al., 2011). These behaviors correspond to a more rigid
body that would be expected to exhibit a higher CoM than when landing from a smaller drop
height that would generate less perturbation. The CoM height at initial contact was also
higher for the second landing than the first, which signifies the lower extremity joints were
more extended in flight prior to initial contact for the second landing than the first. Since
greater stiffness is associated with larger landing perturbation (Myers et al., 2011), the
increased minimum CoM during the second landing may increase perturbation of
kinesthesia. Unlike previous drop landing research, change in perturbation between landings
cannot be attributed to fall height differences as the maximum CoM height during flight that
preceded each landing was statistically equivalent.

Since landing from a rebound is the task most commonly associated with ACL rupture in
basketball (Powell and Barber-Foss, 2000), it is possible that the first drop landing task does
not sufficiently simulate all the biomechanical mechanisms enacted when landing from a
maximal vertical jump. The maximal exertion that predicates landing in a rebounding task
and second landing may create a more unstable body posture in-flight that leads to increased
stiffness and greater landing perturbation than experienced in the first landing. Additional
perturbation during the second landing may also arise from a shift in the athlete’s focus.
During the box drop and first landing, foot position and timing instructions were provided to
the athletes, which directed their attention toward leg mechanics. During the maximal
vertical jump and second landing, participants were given no mechanical instruction and
concentrated on the hanging target provided. This second condition may provide a better
representation of in-game scenarios where an object such as a basketball may divert
attention away from mechanical control of the body and consequently increase the level of
perturbation in a motion task.

The current findings demonstrated that absolute difference in side-to-side vGRFs increased
from the first to second landing. The presence of side-to-side asymmetries during athletic
tasks have been suggested as a precursor to non-contact ACL injuries (Pappas and Carpes,
2012; Paterno et al., 2007; Schot et al., 2006). Research has documented bilateral vGRF
asymmetries of 12.8% when landing from a 50 cm box (Schot et al., 2006). Female athletes
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have shown larger peak vGRFs in the non-dominant limb during the first landing of a DVJ
(Cowley et al., 2006). Asymmetry, as predicted by absolute difference in peak vGRF
between legs, was observed in both landings of the current study and was approximately 0.1
times bodyweight greater in the second landing. Differences in bilateral asymmetry from
first to second landing could result from variations in the tasks performed. In the first
landing phase, each subject elicited a muscular response that counteracted the impact GRFs
and then generated power for a vertical jump, while the second landing only necessitated the
counteraction of impact GRFs. Though previous research has demonstrated that participants
recovering from ACL reconstruction will generate the same peak vGRF as matched controls
during a DVJ, asymmetry between sides has been shown to be larger in reconstruction
populations than controls (Paterno et al., 2007). These findings corroborate the current work,
as peak vGRF values are equivalent between first and second landings, but side-to-side
asymmetry is greater in the second landing. Like ACL reconstruction participants versus
controls, athletes in this study distribute comparable magnitudes of force across each leg, but
enact different pathways of absorption on separate landings. Athletes with ACL
reconstructions are known to have greater instability at the knee and high risk of
experiencing subsequent ACL injury (Paterno et al., 2011). Therefore, the coupled larger
asymmetry and equivalent vGRFs observed during the second landing of a DVJ indicate that
participants may display mechanics more closely related to ACL injury risk than in the first
landing.

There were potential limitations to this investigation. Several trials were excluded because
participants did not successfully complete the second landing. Exclusionary criteria may
have diminished observed differences, but they were designed around the collection of
accurate force data. Overall, 205 participants (86%) completed a successful trials and
provided sufficient power. Also, the desire to generalize results across an adolescent female
basketball team created and inhomogeneous population. Pubertal development (Lazaridis et
al., 2010; Quatman et al., 2006), participation in feedback or neuromuscular control
programs (Hewett et al., 1996; Onate et al., 2001; Prapavessis and McNair, 1999), and the
presence of knee injuries (Paterno et al., 2007; Paterno et al., 2011) impact biomechanical
behavior; however, as these variables are not controlled for in the selection of a roster, they
were not isolated in this investigation.

CONCLUSIONS
In adolescent female athletes, the first and second landing from a DVJ exhibit separate
neuromuscular biomechanical pathways. Maximum vGRFs during impact and maximum
CoM height in flight prior to landing were equivalent between landings and therefore
indicated no increase in perturbation between landings. Nevertheless, side-to-side vGRF
asymmetries and minimum CoM height were greater in the second landing, which indicated
that athletes alter their mechanics, force distribution, and joint stiffness between landings.
These factors are associated with increased ACL injury risk and the observed results indicate
that athletes exhibit less neuromuscular control during the second landing. The second
landing of a DVJ should be analyzed kinematically and kinetically to determine how forces
are mechanically absorbed compared to the first landing.
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Figure 1.
Demonstration of marker set instrumentation on a subject.
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Figure 2.
Virtual depiction of the four stages of a DVJ. Participants dropped from a box, landed on
force platforms, executed a maximal vertical jump, and landed back on the platforms. The
accompanying plot depicts the ensemble average progression of vGRF and CoM throughout
the each stage of the DVJ task.
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Figure 3.
Depiction of side-to-side differences in peak vGRF within each landing accompanied by
standard deviation bars. The second landing displayed significantly greater differences.

Bates et al. Page 12

J Biomech. Author manuscript; available in PMC 2014 April 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Ensemble average data that depicts differences between the first and second landing in
vGRF and CoM relative to time from initial contact.
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Table 1

Provides mean vGRF and CoM values per leg and landing. Force values are also presented in terms of
bodyweight.

1st Landing 2nd Landing

Variable Mean
Relative to
Bodyweight Mean

Relative to
Bodyweight

Peak GRF (N)

  Left leg 1078 ± 324 2.00 1088 ± 313 2.05

  Right leg 1163 ± 334 2.17 1110 ± 316 2.08

  Overall 2241 ± 658 4.17 2198 ± 629 4.13

CoM (m)

  Max in flight 1.252 ± .062 --- 1.249 ± .079 ---

  Min in land 0.710 ± .060* --- 0.813 ± .061* ---

  Land ROM 0.238 ± .032* --- 0.194 ± .035* ---

*
indicates a significant difference was present between landings; ROM = range of motion
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