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Abstract. - OBJECTIVE: To clarify the charac-
teristics of vertical drop jump (VDJ) for screen-
ing athletes at high risk of ACL injury by compar-
ing the kinematic, kinetic and electromyographic
variables of different VDJ.

SUBJECTS AND METHODS: Thirty male soc-
cer players were recruited to measure param-
eters of knee kinematics, kinetics, and surface
electromyograph during VDJ in four kinds of
movements measured (the distance between the
take-off feet is 5 cm or 30 cm, and the distance
between the landing feet is 5 cm or 30 cm) us-
ing the Vicon motion capture system, Kistler3-D
dynamometer, and Noraxon surface electromyo-
graph test system.

RESULTS: The peak knee abduction moment
was significantly greater for landing feet distance
of 30 cm compared to landing feet distance of 5
cm, regardless of whether the distance between
take-off feet was 5 cm (0.58 vs. 0.44) or 30 cm
(0.61 vs. 0.40); regardless of whether the dis-
tance between landing feet was 5 cm (22.78 vs.
20.45) or 30 cm (24.32 vs. 21.87), the peak verti-
cal Ground Reaction Force was significantly in-
creased for the take-off feet distance was 5 cm
compared to take-off feet of 30 cm.

CONCLUSIONS: In the test of VDJ, athletes
will adopt different landing strategies for different
movement instructions, and the VDJ with the dis-
tance of 5 cm between the take-off feet and the dis-
tance of 30 cm between the landing feet may be the

better maneuver to screen for risk of ACL injury.
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Introduction

Anterior cruciate ligament (ACL) is an import-
ant stability structure of the knee, and its injury
is one of the most common injuries to the knee.
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In football, the incidence of ACL injury is 0.06-
3.7/1000 h' and the estimated incidence of ACL
tear is 0.8%, and this number is higher in young
athletes>. ACL injury can bring serious conse-
quences to athletes, such as loss of exercise time,
decreased athletic performance, and even termina-
tion of athletic career. Only 60% of patients with
ACL injury can return to their pre-injury activity
level after reconstruction, with the long-term con-
sequences of early osteoarthritis®. These negative
effects warn us of the importance of timely pre-
vention of ACL injuries.

Studies'* have shown that the number of non-
contact ACL injuries in sports is significantly high-
er than contact injuries, which indicates that most
ACL injuries are preventable. At present, preven-
tion strategy for ACL injury is mainly through
training interventions for neuromuscular control,
balance and strength>®. Petushek et al’ reported
that neuromuscular control training can reduce the
risk of ACL injury and suggested that neuromus-
cular training for ACL injury prevention should
be targeted at young athletes, with lower extrem-
ity strength training throughout the entire sports
season, and special attention to landing training.
Paulson et al® systematically reviewed ACL injury
prevention methods and pointed out that reasons
for inconsistent intervention effect of ACL injury
prevention are various, training target for vulner-
able people and injury-prone programs might be
more effective. It is very important to determine
the screening method for the vulnerable population
of ACL injury. Screening out the vulnerable popu-
lation and conducting targeted training for them is
an efficient way to prevent ACL injury.

In 2005, Hewett et al° found for the first time
that vertical drop jump (VDJ) test could be used
to screen for the risk of ACL injury. They per-
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formed VDJ on 205 athletes: the results showed
that athletes with larger knee valgus angle, abduc-
tion moment and higher ground reaction forces
during the landing buffer phase had an increased
risk of ACL injury. The knee abduction moment
had sensitivity of 73% and specificity of 78% on
predicting ACL injury, dynamic valgus measures
showed a predictive of 0.88. However, some stud-
ies have shown that the VDJ test is a poor screen-
ing test for ACL injuries in athletes. Krosshaug et
al*tested 710 elite athletes using VDJ and found
that medial knee displacement was the only fac-
tor associated with increased ACL injury risk. A
receiver operating characteristic curve analysis of
medial knee displacement showed an area under
the curve of 0.6, indicating a poor-to-failed com-
bined sensitivity and specificity of the test, even
when including previously injured players. Lep-
péanen et al'® proved that smaller knee flexion an-
gle and larger vGRF during landing was associat-
ed with increased risk of ACL injury, but the areas
under ROC curve were 0.6 and 0.7, respectively.

Based on the above argument, Augustsson et
al''first paid attention to whether the specific char-
acteristics of VDI test affected the risk screening
of ACL injury. They examined three VDJ tests:
1) stiff landing with the distance between the
take-off feet is 30 cm and the distance between
the landing feet is 30 cm (30 cm-30 cm), 2) deep
“countermovement” jump with wide foot position
(30 cm-30 cm) and 3) deep “countermovement”
jump with narrow foot position (5 cm-5 cm). They
found that compared to the stiff landing, there
were greater knee valgus angles during landing
for both deep “countermovement” jumps (30 cm-
30 cm and 5 cm-5 cm). However, several previous
studies”'*'>!* have confirmed that stiff landing
with less knee flexion in a VDJ test was associat-
ed with increased risk of ACL injury. In addition,
this study did not consider the different distance
between the take-off feet and landing feet during
a VDJ test (such as 5 cm-5 cm, 5 cm-30 cm, 30
c¢m-30 cm and 30 cm-5 cm). We think that a more
detailed movement indication needs to be investi-
gated to find out which VDI is better to screen for
ACL injuries and so far no study has explored dif-
ferent distance between the take-off feet and the
landing feet about VDJ test.

Therefore, the purpose of this study was to
clarify the influence of movement indication (the
distance between the take-off feet is 5 cm or 30
cm, and the distance between the landing feet is 5
cm or 30 cm)!"! on knee kinematics, kinetics, and
surface EMG around knee in male soccer play-

7396

ers during VDJ and clarify the characteristics of
VDJ can be used for ACL injury screening. Our
hypothesis is as follows: the distance between the
take-off feet is 5 cm and the distance between the
landing feet is 30 cm of VDI has the greatest knee
abduction moment and is the most suitable for the
screening of ACL injury.

Subjects and Methods

Study Design and Participants

Thirty-three male football players were re-
cruited. The age of the subjects was 18.80 £ 1.08
y, the height was 174.70 £ 7.14 cm, the weight
was 65.57 + 7.82 kg, and the years of sports par-
ticipation were 3.60+ 1.97 y. G* Power software
was used to calculate the sample size, and with
an effect size of 0.25, significance of 0.05, and
statistical power of 0.8 (Cohen effect size, weak
0.10, medium 0.25, large 0.40)', requiring at least
22 subjects. Inclusion criteria: university-level
football players who exercise more than 3 times
a week; there was no history of lower limb injury
and joint degeneration within 3 months before the
experiment; all subjects did not engage in stren-
uous exercise within 24 hours before the exper-
iment. Exclusion criteria: subjects have a histo-
ry of lower limb surgery, knee pain, lower limb
neuromuscular dysfunction, or visible knee effu-
sion. Approval for this study was obtained from
the Institutional Review Board of Shandong First
Medical University (ID number: 202103170147).

Experimental Process

Before the test, the subjects completed a 10
min warm-up. After the warm-up, the experiment-
er explained the basic requirements of the test and
demonstrated the movements. The subjects were
required to practice until they mastered the move-
ments. During the experiment, the subjects wore
the same tights. To reduce the differences during
the test, the subjects wore unitive sports shoes. The
subjects drop from a 34 cm wooden box which dis-
tance to force platforms is 30% of their height, with
their feet at a certain distance (5 cm or 30 cm) and
perform a maximal jump upon landing with their
feet on 2 separate force platforms at a certain dis-
tance (5 cm or 30 cm), as shown in Figure 1. To
reduce the difference in the experimental process,
it is required that both hands placed on the waist
during the landing process, and both hands do up-
ward swing arm movements during the jumping®'°.
If the above requirements are met, the data of three
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Figure 1. Vertical drop jump procedure.

experiments with successful measurement of each
VDJ method were collected for analysis. To reduce
the possible influence of learning effect on landing,
the principle of digital random test was used for the
four landing methods (5 cm-5 cm, 5 cm-30 cm, 30
cm-5 cm and 30 cm-30 cm).

Experimental Equipment and Data
Processing

The experiment was conducted in biomechan-
ics laboratory of the School of Sports Medicine
and Rehabilitation, Shandong First Medical Uni-
versity. An optical motion capture system con-
sisting of 8 infrared cameras was used (VICON,
Oxford Metrics Limited, UK), and the acquisition
frequency was 200 Hz. Sixteen reflective markers
(diameter 14 mm) were pasted on the bony marks
of the lower extremity of the subjects, including
left and right anterior superior iliac spine, left and
right posterior superior iliac spine, left and right
lateral thighs, left and right lateral epicondyles
of the knee, left and right lateral shanks, left and
right lateral malleolus, left and right first metatar-
sal, and left and right heels. In addition, the ki-
nematic analysis based on reflective markers was
highly dependent on the placement of markers.
To minimize inconsistency in marker placement,
all marker locations were carefully defined, and a
physical therapist was arranged to mark all sub-
jects” markers. The acquisition frequency of two
60 cmx40 cm three-dimensional (3D) force plat-
form (model 9286BA, KISTLER, Switzerland)
was 1600 Hz. The 16-channel surface electro-
myography (EMG) test system (Desktop DTS,
Noraxon, AZ, USA) was used to collect surface

EMG signals from the muscles around the knee
(vastus medialis, vastus lateralis, long head of bi-
ceps femoris, semitendinosus) at a frequency of
1500 Hz.

The main parameter of this study was knee
abduction moment. Secondary parameters were
flexion angle, valgus angle, vGRF and H/Q ratio.
The landing phase of the VDJ was from the mo-
ment the foot touch the ground (vGRF > 10 N)
to the peak flexion angle of the knee'®. The kine-
matic data were smoothed by Butterworth low-
pass filter with 6 Hz. The moment generated by
knee joint was calculated by inverse dynamics
after kinematic dynamic rigid body model was
established. The EMG signal was processed by
MR3 software, and the filtering frequency was
20 Hz for low frequency and 500 Hz for high
frequency. Fourth-order full wave rectification
without phase shift is adopted. The Windows
was set to 50 ms, and the channel type was uni-
formly selected EMG and represented by Root
Mean Square (RMS). Knee moments (Nm/kg)
and vGRF (N/kg) were normalized by body
weight. The maximum activity amount of each
muscle during landing phase was normalized by
the maximum activity amount during maximum
voluntary isometric contraction (MVIC)'7. The
average muscle activity amount of vastus medi-
alis and vastus lateralis was defined as muscle
activity amount of quadriceps femoris, and the
average muscle activity of long head and sem-
itendinosus of biceps femoris was defined as
muscle activity amount of hamstring muscle.
H/Q ratio was defined as hamstring muscle activ-
ity amount/quadriceps muscle activity amount'®.
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Table I. The effect of motion instruction on biomechanical variables of knee during VDJ.

5-5 5-30 30-5 30-30
Peak flexion angle (°) 81.53 +£5.84 83.41 + 3.50 80.56 + 4.59 81.92 + 3.81
Flexion angle at IC (°) 19.29 + 7.21 19.02 + 7.35 17.69 £ 7.07 17.96 £ 6.55
Peak valgus angle (°) 6.42 £3.56 6.04 +4.44 5.13+3.13 7.19 £3.32
Peak abduction moment (NM/kg) 0.40 + 0.24 0.61 +£0.35* 0.44 +£0.29 0.58 £ 0.39%
Peak vGRF (N/kg) 2278 + 6.33# 24.32 + 4.61# 20.45 + 4.63 21.87 £3.60
quadriceps (%) 298.00 = 49.30 302.15 + 62.78 298.12 + 62.53 291.84 + 82.19
Hamstring (%) 182.44 £ 43.54 169.87 + 46.14 179.32 + 46.46 172.76 + 55.18
H/Q 0.62+0.14 0.60 +0.33 0.62+0.17 0.62+0.20

5-5 cm: The distance between the take-off feet is 5 cm and the distance between the landing feet is 5 cm; 5-30 cm: The distance be-
tween take-off feet is 5 cm and the distance between landing feet is 30 cm; 30-5 cm: The distance between take-off feet is 30 cm and
the distance between landing feet is 5 cm; 30-30 cm: The distance between take-off feet is 30 cm and the distance between landing
feet is 30 cm.IC: initial contact; vGRF: vertical Ground Reaction Force; * When the main effect is significant, post-test 5-30 vs. 5-5
and 30-30 vs. 30-5, p < 0.05; ¥ When the main effect was significant, post-test 30-5 vs. 5-5 and 30-30 vs. 5-30, p < 0.05.

Statistical Analysis

Microsoft Excel 2010 and PRISM 8.0 statisti-
cal software were used to process and analyze all
experimental data, which were expressed as mean
+ standard deviation. Before statistical analysis,
the data were tested for normal distribution using
the one-sample k-s test, and the data in each group
followed the normal distribution and the homoge-
neity of variance was the premise. Single-factor re-
peated measurement variance analysis was used to
explore the effects of the distance between take-off
feet and landing feet on the kinematics and kinetics
and EMG parameters of the knee during the land-
ing stage of VDJ, and pairwise comparison was
performed using the post-Tukey test. If the normal
distribution was not followed, Friedman test was
used to compare the knee kinematics, kinetics, and
EMG parameters during the landing stage of the
four landing methods. The test level was p = 0.05.

Results

Friedman’s test found that there was a signif-
icant difference in the peak knee abduction mo-
ment in the four landing movements (p < 0.001).
The comparison between the groups showed that
when the distance between the take-off feet was 5
cm, the peak abduction moment during VDJ with
the landing feet distance of 30cm was significant-
ly higher (p < 0.05). When the distance between
take-off feet was 30 cm, the peak knee abduction
moment during VDJ with the landing feet dis-
tance of 30 cm increased significantly (p < 0.05).
There were no significant differences in peak knee
flexion angle, peak knee valgus angle, vGRF and
H/Q ratio (p > 0.05) (Table I and Figure 2).

The results of one-way repeated measure ANO-
VA analysis showed that the vGRF of the four
landing movements had significant difference (p
< 0.05). When the distance between landing feet
was 5 cm, the vGRF was significantly increased
(p <0.05) during VDJ with the take-off feet dis-
tance of 5 cm. When the landing feet distance was
30 cm, the vGRF increased significantly during
VDJ with the take-off feet distance of 5 cm (p <
0.05). There were no significant differences in
peak knee flexion angle, peak knee valgus angle,
peak knee abduction moment and H/Q ratio (p >
0.05) (Table I and Figure 3).

Figure 2 shows the temporary changes of knee
abduction moment during landing phase of differ-
ent VDJ. The result showed that the knee abduc-
tion moment of the four kinds of VDIJs reach the
peak value at ap-proximately 16.68% of the land-
ing stage. The knee adduction moment reached its
peak value at ap-proximately 89.02% of the land-
ing stage of four kinds of VDIs.

Figure 3 shows the temporary changes of
VvGRF during landing phase of different VDIs.
The result showed that the vGRF reaches the peak
value at approximately 42.83% of landing phase
of VDJ with the take-off feet distance of 5 cm and
landing feet distance of 5 cm (5-5). The vGRF
of the other three kinds of VDJ (5-30, 30-5 and
30-30) reached the peak value at approximately
46.39% of the landing stage.

Discussion
VDJ is a commonly used test to assess neu-

romuscular control and knee load, and has been
widely used to screen the risk of ACL injury in
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Figure 2. The temporary changes of knee adduction/abduction moment during landing phase of different VDJs.

athletes”'*?’. The purpose of this study was to
clarify the influence of motion indication (distance
between take-off feet 5 cm or 30 cm, distance be-
tween landing feet 5 cm or 30 cm) on the knee ki-
nematics and kinetic and myographic parameters
during landing phase of VDIJ, and to clarify the
characteristics of VDJ for ACL injury screening.
For the first time, this study found that VDJ with
the take-off feet distance of 5 cm and the land-
ing feet distance of 30 cm has greater knee vGRF
and peak valgus moment, may better screen ACL
injury risk. This is the first recommendation for
ACL injury risk screening using this kind of VDJ,
which provides a theoretical basis for the devel-
opment of appropriate ACL injury risk screening
programs around the world. Coaches can carry
out effective prevention and special intervention
to athletes according to this screening program,
to reduce the high ACL injury rate and high treat-
ment costs of athletes.

In this study, no matter the distance of take-
off feet was 5 cm or 30 cm, the knee abduction
moment during landing phase of VDJ with the
landing feet distance of 30 cm was significantly
higher. Studies have shown that knee abduction
moment can be used as a predictor of ACL injury
with specificity of 73% and sensitivity of 78%°.
Donohue et al*' explored whether the single-leg
landing, single-leg squat, double-leg landing, and
double-leg squat could be used as ACL injury

screening test, found that knee abduction moment
during double-leg landing was greater than sin-
gle-leg landing. When conducting the landing test
and the VDJ test, Ishida et al?? found that the latter
significantly increased the peak knee abduction
moment. In the current study, the peak abduction
moment is larger during the landing phase of VDJ
with landing feet distance of 30 cm, suggesting
that VDJ with landing feet distance of 30 cm may
better predict ACL injury risk. Therefore, it is rec-
ommended to screen for ACL injury. When the
distance between the landing feet was 30 cm, the
increase of the dynamic abduction moment of the
knee might be caused by insufficient muscle con-
traction to resist the load generated by the abduc-
tion moment of the knee at the initial touchdown,
resulting in the increase of the valgus loading, thus
increasing the loading of the athlete’s ligament
structure?*?*, In addition, scholars® have reported
that the knee abduction moment may be related
to different quadriceps and hamstring activation
modes. However, in the current study, no signifi-
cant differences were found in hamstring muscle
activity, quadriceps muscle activity and H/Q ratio.
Augustsson et al'! also found no significant differ-
ence in activity of quadriceps muscle during VDJ
with different landing depths. Therefore, further
research is needed to determine whether muscle
activity around knee during VDJ can be import-
ant risk factor of ACL injury. In this study, no
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Figure 3. The temporary changes of vGRF during landing phase of different VDIJs.

difference was found on knee peak valgus angle.
Scholars® have confirmed that valgus angle, as a
predictor of ACL injury risk, has low sensitivity
and specificity, which may be the main reason for
no difference. In addition, this study found no sig-
nificant difference on the knee flexion angle and
vGREF but found that the knee flexion angle at IC
remained small. Myers et al"} pointed out that a
stiff landing with small knee flexion angle would
increase the risk of ACL injury, but the area un-
der the ROC curve was only 0.6, so the accuracy
of screening ACL injury with flexion angle was
poor. Similar to previous studies®*?’, this study
also found that the knee abduction moment was
the largest at 20% of the landing stage among the
four kinds of VDJ, which was most likely to lead
to ACL injury.

In this study, regardless of the distance be-
tween landing feet is 5 cm or 30 cm, the peak
vGRF was significantly higher during the landing
phase of VDJ with take-off feet distance of 5 cm.
It has been reported that the identification of bio-
mechanical features of risk of lower limb injury is
usually done by assessing landing movements, as
this task has been shown to induce higher vGRF
and high-risk movement patterns®. This study
firstly aims to discuss the influence of the distance
between take-off feet on vGRF during VDJ. When
the distance between take-off feet is 5 cm, it may
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not be conducive to absorbing the impact force of
the ground and the vGRF increases during land-
ing buffer, as well as the synchronization of peak
vGRF and peak ACL stress during landing, thus
increasing the stress on ACL*. Leppénen et al®!
conducted a VDJ test on 171 basketball players
and found that vGRF was higher and knee flexion
angle was lower in injured athletes. Similar stud-
ies also found that vGRF maintained a high value
in both the double-leg landing screening task and
the single-leg landing screening task?’*2. Howev-
er, although Leppénen et al'’ confirmed that a larg-
er vGRF was associated with a higher risk of ACL
injury in their study, the area under ROC curve
was only 0.7, which lacked accuracy as a screen-
ing factor for the risk of ACL injury. Therefore,
further research is needed to determine whether
take-off feet distance of 5 cm is more conducive
to the screening of ACL injury risk. In this study,
no significant difference was found on the abduc-
tion moment of knee during landing phase of VDJ
with different take-off feet distance. Leppinen
et al'* also found that vGRF had no significant
correlation with the knee abduction moment and
pointed out that vGRF was significantly correlat-
ed with knee flexion angle at initial contact and
the stiff landing with less flexion angle at initial
contact predisposed to produce larger vGRF. In
this study, no significant difference was found in



The screening of anterior cruciate ligament injury

knee flexion angle at initial contact during landing
phase of VDJ with the different take-off feet dis-
tance. However, it was found that all the stiff land-
ing with a small knee flexion angle at IC. Similar
to the results obtained with different landing feet
distance, this study did not find significant differ-
ences on knee valgus angle and H/Q ratio during
landing phase of VDJ with different take-off feet
distances. In this study, vGRF of the four kinds
of VDJ reaches its peak value at approximately
45% of the landing stage, which is similar to the
conclusion of previous studies®.

This study was completed in a laboratory un-
der strictly controlled condition. Although high-
risk VDJ movements on the playground have been
simulated as far as possible, the environment and
field still differ from the actual conditions on the
real sports field. This study was based on the rele-
vant kinematic, kinetic and myographic variables
that lead to high risk of ACL injury determined
by previous ACL injury screening studies and did
not follow up on ACL injury after VDJ screening
test under movement instructions, which is also
the direction of our subsequent research. Since
this study only compared male university-level
football players, the results may not be directly
applicable in female, other level, or specialized
athletes. It is suggested that female and subjects
of different sport types or level may be included
in subsequent studies.

Conclusions

The test of VDJ with take-off feet distance of 5
cm and landing feet distance of 30 cm may be the
better to screen ACL injury risk. This study pro-
vides a theoretical basis for ACL injury screening.
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