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ABSTRACT

Sañudo, B, Feria, A, Carrasco, L, de Hoyo, M, Santos, R, and

Gamboa, H. Gender differences in knee stability in response

to whole-body vibration. J Strength Cond Res 26(8): 2156–

2165, 2012—The purpose of this study was to determine

whether there are kinematic and electromyographic (EMG)

differences between men and women in how the knee is

controlled during a single-legged drop landing in response to

whole-body vibration (WBV). Forty-five healthy volunteers, 30

men (age 22 6 3 years; weight 76.8 6 8.8 kg; height 179.0 6

6.8 cm) and 15 women (age 22 6 3 years; weight 61.0 6 7.7

kg; height 161.9 6 7.2 cm) were recruited for this study. Knee

angles, vertical ground reaction forces, and the time to stabilize

the knee were assessed after single-legged drop landings

from a 30-cm platform. Surface EMG data in rectus femoris

(RF) and hamstrings (H) and knee and ankle accelerometry

signals were also acquired. The participants performed 3

pretest landings, followed by a 3-minute recovery and then

completed 1 minute of WBV (30 Hz to 4 mm). Before vibration,

the female subjects had a significantly higher peak vertical

force value, knee flexion angles, and greater H preactivity

(EMGRMS 50 milliseconds before activation) than did the male

subjects. In addition, although not significant, the medial-lateral

(ML) acceleration in both knee and ankle was also higher in

women. After WBV, no significant differences were found for

any of the other variables. However, there was a decrease in

the RF to H activation ratio during the precontact phase and

an increase in the ratio during the postcontact phase just in

women, which leads to a decrement in ML acceleration. The

gender differences reported in knee stability in response to

WBV underline the necessity to perform specific neuromuscu-

lar training programs based on WBV together with instruction

of the proper technique, which can assist the clinician in the

knee injury prevention.

KEY WORDS injury prevention, neuromuscular control, vibration

training, lower-limb, kinematics

INTRODUCTION

A
large body of literature suggests that women

demonstrate a substantially greater risk, approx-
imately fourfold to eightfold higher, to suffering
acute injury of the anterior cruciate ligament (ACL)

compared with men (13,20). Most of these injuries occur in
noncontact situations such as landing activities because of
the rapid changes in the forces applied to the knee joint (3,16).
Therefore, identification of risk factors that predispose female
athletes for ACL injury has a high clinical relevance.

The potential underlying mechanism to these differences
between genders has been categorized in anatomical, hor-
monal, and biomechanical or neuromuscular imbalances (18),
but there is clear consensus that sex differences in neu-
romuscular and biomechanical function may be the most
compelling factors to explain the different rates of injury
in men and women. It has been suggested that the absence
of dynamic knee joint stability or neuromuscular control
of the lower extremity in female athletes contributes to an
increased knee injury rate (16). In addition, gender-specific
muscle activation patterns and lower limb kinematics and
kinetics have been documented (20). Differences in mus-
cle activation have been reported in some studies supporting
a tendency to higher activation of quadriceps and lower
activation of hamstrings (H) in women compared with that in
men; thus, women show quadriceps to hamstrings deficits and
have delayed H reactions in response to anterior stress on the
ACL (7,11,17,20,43,46,49). Several electromyographic (EMG)
studies have evaluated gender differences and also indicate
that female athletes display different neuromuscular responses,
including timing (33) and magnitude (49) of muscle activation
in situations where ACL injuries occur (2). This situation has
also been related to the lower muscle stiffness produced by
women in comparison with that produced by men (49).

Although there has been considerable interest in determin-
ing whether men and women differ in muscular activation,
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timing, recruitment patterns, musculotendinous stiffness, or a
combination of these factors, to provide a potential explanation
for the disparity in ACL injury rates, more research in needed
to contribute to the understanding of the potential prevention
mechanism. It is widely accepted that efficient neuromuscular
control is essential to dynamic joint stability, and recent data
support that neuromuscular training should be used in female
athletes to decrease the incidence of ACL injuries (4). How-
ever, a better understanding of how exercises affect knee
stability is of importance in enhancing injury prevention.

To date, injury-prevention programs have successfully
incorporated unilateral landings (20) and strengthening in
their protocols (15) because muscle contraction can decrease
the incidence of injury to the knee. Other studies have
investigated the effect of exercise on tibial translation (26),
which may play an important role in stabilizing the knee (31)
and there is some evidence of the use of neuromuscular
electrical stimulation to restore and improve quadriceps
function (23). However, there are contradictory results about
the effects of training methods on the knee joint stabilization
(26). More research is needed to determine the efficacy
of various proprioceptive feedback mechanisms and the
ultimate capacity of neuromuscular responses to stiffen the
joint and protect the ACL under sudden loading conditions
(42). In this sense, and considering that neuromuscular
factors that contribute to knee stability include active muscle
stiffness (38), muscle coactivity (21), and reflexive muscular
activation (10), whole-body vibration (WBV), which is a new
kind of somatosensory stimulus for proprioception has been
shown to affect all these variables (6).

The WBV increases muscle strength (27) and improves
neuromuscular performance based on an increase in the
synchronization activity of the motor units (6), which might
have an important role in neuromuscular control of the
knee joint (31). However, there is a lack of scientific support
about the effects of WBV on knee proprioceptors. Only,
Moezy et al. (32) compared the effects of WBV training and
conventional therapy on knee proprioception and postural
stability in ACL reconstructed subjects. The authors reported
improved proprioception and balance after WBV but a
greater improvement of postural stability in the WBV group
in comparison with conventional training.

It was suggested that vibration stimulates the skin receptors,
muscle spindles, joint mechanoreceptors, and changes in the
vestibular system (6). It seems that during a WBV loading,
skeletal muscles undergo small changes in muscle length,
including the activation of muscle spindles, mediation of the
neural signals by afferent channels, and activation of muscle
fibers via large alpha-motor neurons and may contribute to
joint stability by modulating muscle stiffness via reflex action on
gamma-motoneurons (44). This might cause an increase in
the recruitment of the motor units through the activation of
muscle spindles and therefore a more efficient use of the pos-
itive proprioceptive feedback, which was suggested to result
in increased muscle strength because of neural adaptation (45).

One may argue that WBV affects the reflex activity of the
muscles, which act as synergists to the ACL and thus the
neuromuscular control of the knee joint. However, to the best
of our knowledge, no study has investigated the effects of
WBV training on knee proprioception before. Just one study
aimed to investigate the effect of a single WBV exposure on
the reflex activity of the H and on functional knee stability
(31). The authors suggested that a single session of WBV
results in a decrease in anterior tibial translation, which may
play an important role in stabilizing the knee. No studies have
investigated the differences between men and women when
controlling the knee during a single-legged drop landing after
the exposure to WBV. Therefore, the purpose of this study
was to determine whether gender differences existed in
muscle activity and knee kinematics in healthy people when
performing a landing maneuver after the exposure to WBV.
We hypothesized that the exposure to WBV would result in
(a) differences in lower limb kinematics. Women would
exhibit decreased vertical ground reaction forces (GRFs)
compared with men, (b) decreased knee flexion angle during
a single leg–landing task in both genders, and (c) differences
in muscle activation timing. Concurrently, we presumed that
vibration would result in the increased activation of the H,
mainly in women (with a tendency to lower activation
of H) and that knee joint control would be increased (d), an
increase of muscle reflex activity that may in turn affect
neuromuscular knee stabilization in both genders. We also
hypothesized that some characteristic differences exist
between the lower limb kinetics (knee and ankle accelera-
tion) of male and female participants.

METHODS

Experimental Approach to the Problem

There are gender differences in neuromuscular and bio-
mechanical functions, which may explain the different rates of
injury in men and women. The different activation strategies
or kinematics patterns contribute to an increased knee injury
rate in women, which may also be because of the lower
muscle stiffness produced by women. It is widely accepted
that neuromuscular control, joint stiffness, or the efficacy
proprioceptive feedback mechanisms can improve joint
stability and decrease the incidence of ACL injuries. The
WBV has been reported to improve all these mechanisms
although no study has investigated neither the effects of WBV
training on knee proprioception before nor the differences
between men and women when controlling the knee while
landing after the exposure to WBV. To observe the differences
in the muscle activity and knee kinematics between men and
women before and after the exposure to WBV, 45 healthy
individuals performed 3 pretest single-leg drop landings from
30 cm, and after 3-minute recovery, they completed 1 minute
of WBV (30 Hz to 4 mm) before a new landing. In all attempts,
knee angles, vertical ground reaction forces, and the time to
stabilize the knee were assessed. Surface EMG data in rectus
femoris (RF) and H and knee and ankle accelerometry signals

VOLUME 26 | NUMBER 8 | AUGUST 2012 | 2157

Journal of Strength and Conditioning Research
the TM

| www.nsca.com

Copyright © National Strength and Conditioning Association Unauthorized reproduction of this article is prohibited.



were also acquired. All outcomes were compared before
and after WBV using a repeated-measures 2-way ANOVA
(group 3 measurement time). The results of this study would
potentially provide an additional insight into the mechanisms
of ACL injury and would provide information for the devel-
opment of injury-prevention programs that differentiate
specific responses to WBV for both genders.

Subjects

Eighty-one subjects from the student population at the
University of Seville were invited by mail and by word of
mouth to participate in the study. Fifty subjects volunteered to
participate. Medical histories were reviewed by a physician to
assess the suitability for the study and exclusion criteria
included the presence of lower extremity injury within 6
months before data collection. Five subjects did not fulfill the
inclusion criteria (1 man had severe chondromalacia, 1 man
and 1 woman meniscal tears, and 1 man and 1 woman a grade
2 or greater ligament injury) and were excluded from the
study. The subjects with a history of minor strains, sprains,
or chronic conditions such as tendinitis or bursitis in the
dominant extremity that had completely healed or were
causing no pain at the time could be included in the study.
Forty-five healthy individuals, 30 men (age 22 6 3 years;
weight 76.8 6 8.8 kg; height 179.0 6 6.8 cm) and 15 women
(age 22 6 3 years; weight 61.0 6 7.7 kg; height 161.9 6 7.2 cm)
participated in this study. To verify that sport experience and
training history were similar between the sexes, data on sport
activity and training history were collected on each subject,
including running, practice, and weightlifting activities of
the previous month. The participants had to be physically
active, participating in a minimum of 20 minutes of physical
activity 3 times per week. All the subjects played in intramural
sports leagues at the university but had not participated
in regular resistance or jump-training programs during the
last 12 months. All the subjects had a very similar training
volume (minimum 3 per week and maximum 4 per week),
broken up into 1-hour sessions. The participants were asked
to not perform heavy exercise during the 48 hours before the
test. Each subject was informed of all the procedures,
potential risks, and benefits associated with the study and
was free to withdraw from the study at any time. All the
experimental procedures were performed in accordance with
the Helsinki Declaration, and the subjects were provided
both verbal and written consent before participating. The
procedures were approved by the institutional Human
Research Ethics Committee.

Procedures

All the subjects were familiarized with the test procedures
during the pretest orientation session. They were instructed
on, and provided with a demonstration of, the correct per-
formance of the jump exercise to be assessed during the test
session. All the tests were preceded by a 5-minute warm-up
consisting of cycling on a cycloergometer (Ergoline 900�,
Ergometrics, Bitz, Germany) at 60 W (60 rpm), and the

warm-up was followed by five 30-cm single-legged drop
landings until they demonstrated the correct technique.

The participants performed the first single-leg drop landing
onto a squared zone (50 3 40 cm) delimited into the force
plate. After 1-minute recovery, this action was repeated
twice (again with 1-minute recovery between trials). After
a 3-minute recovery, the participants were placed on the
vibrating platform and completed 1 bout of 1 minute (30 Hz
to 4 mm). Immediately after the vibration was applied, the
participants performed the single-leg drop landing again. All
research was conducted during a period (between February
and March) in which the participants were competing in their
respective intramural leagues. In addition, all the testing
procedures were performed during the same period (between
10:00 and 12:00 AM) in a room at an ambient temperature
22–24� C. All the subjects had a typical Spanish breakfast,
and water intake was ad libitum.

Electromyography

The EMG signals of the dominant leg were collected.
In accordance with the guidelines of SENIAM Project (19),
self-adhesive bipolar surface electrodes (diameter: 1.5 cm,
interelectrode distance: 3 cm; Blue Sensor�, Medicotest
A/S, Olstykke, Denmark) were placed at 50% on the line from
the anterior superior iliac spine to the superior part of the
patella, to record the RF signal and for recording H parallel
to the muscle approximately half the distance from the gluteal
fold to the back of the knee (semitendinosus/semimembranosus
muscles). The reference electrode was placed over the patella.
Signals were acquired using a wireless system (bioPLUX,
Lisbon, Portugal).

The EMG signals were first processed removing the y axis
offset, by subtracting its mean value. A band-stop filter of
2 Hz centered on 50 Hz was applied, and the signals were
then rectified and normalized to the respective maximum
value. After applying a smoothing filter with a moving
average window of 400 points, the EMG activation areas
were determined as those were the resultant signal that had
an amplitude .0.1. For both RF and H EMG signals,
the neuromuscular preactivity (pre150 and pre50), which
refers to the EMG 150 and 50 milliseconds before toe-down
and the postactivation periods (pos150 and pos50), first 150
and 50 milliseconds after to toe-down were defined. In each
landing, the EMG signal root mean square (EMGRMS) in
each period were computed, and after obtaining the fre-
quency spectra signals by applying the Fast Fourier Trans-
form algorithm, the respective mean frequency values were
also calculated. A quadriceps-to-hamstring (RF/H) preac-
tivity ratio was calculated by dividing the RF activity by the
H activity.

Accelerometry

A triaxial accelerometer (xyzPLUX�; PLUX—Wireless Bio-
signals, Lisbon, Portugal) was used to measure accelerations
onto the participant’s ankle and knee. The sensors were set
to measure accelerations within 63g range. Accelerometers

2158 Journal of Strength and Conditioning Research
the TM

Gender Differences in Response to Vibration

Copyright © National Strength and Conditioning Association Unauthorized reproduction of this article is prohibited.



were stuck onto the skin at the tibial condyle level and at
the peroneal malleolus level. Acceleration signals provided
information related to participant’s knee and ankle oscillations.
The signals were preprocessed to exclude the influence of
gravity. To consider only vibration-induced muscle displace-
ments, the signals provided by the accelerometer were low-
pass filtered by an application of a smoothing filter with
a moving average window of 10 points. Accelerations in the
medial-lateral (ML) and anteroposterior (AP) axis 60 milli-
seconds after to the toe-down were considered for both the
knee and the ankle. For each time point, the signals were
rectified, and then the mean values were computed.

Drop Landings

The participants performed 3 single-legged drop landings
from a 30-cm platform onto a force plate (MuscleLab;
Ergotest, Langesund, Norway) set at a sampling rate of 600
Hz and were used to measure the GRFs, to indicate time
phases of initial ground contact (PF1) and maximum vertical
GRF (PF2) acting as key reference points for kinematic
analyses and also to determine the time to stabilize the knee,
defined as the eccentric contact time (seconds). The peak
GRF during landing was defined as the highest value attained
from the force-time record for the landing phase (11). The
GRF data were normalized by each participant’s body mass.
The participants wore no shoes to avoid its possible influence
on the landing phase and were required to cross their arms
over their chest and begin each trial in single-limb stance on
the dominant leg. They then dropped off the platform and
landed on the force plate using the same leg. Data were
sampled and processed using a dedicated PC system
(MuscleLab; Ergotest, Langesund, Norway).

Whole-Body Vibration

All the participants were familiarized with the vibrating
platform (Power Plate�, North America Inc., Northbrook, IL,
USA) and the proper positioning. During the test, the

subjects should hold the half squat position on the platform
(with a 100� knee flexion controlled by electronic goniom-
eter). The WBV stimulus was induced at the plantar surfaces
of the feet at a frequency of 30 Hz with a peak-to-peak
displacement of 4 mm, which is considered the optimal
combination to get the greater muscle performance (9).

Joint Kinetics

Three reflective markers were placed over the lateral
malleolus, lateral condyle, and greater trochanter. The two-
dimensional sagittal-plane-projection angle of knee was mea-
sured during all the tasks. A digital video camera was placed at
the height of the subject’s knee, 2 m beside the subject’s
landing target and aligned perpendicularly to the sagittal
plane. The digital images were imported into a digitizing
software program (Quintic 4�, Quintic Consultancy Ltd.,
Cambridge, United Kingdom). The knee flexion angle at
touchdown and the knee flexion angle when the maximal
GRF was reached were determined.

Statistical Analyses

The data represent means and the SDs. Possible statistical
differences were analyzed using a repeated-measures 2-way
ANOVA (group 3 measurement time). One-way analysis of
variance (ANOVA) tests were used to analyze the difference
between male and female subjects in all kinematics variables.
Mean EMG data for the participants were analyzed for the
differences between the 2 groups by using a multivariate
ANOVA and then by using a 1-way ANOVA for results for each
individual muscle. The level of significance was set at p # 0.05.
All statistical analyses were performed using the SPSS, 15.0
(SPSS, Inc., Chicago, IL, USA) statistical software package.

RESULTS

Table 1 shows the results of the kinetic variables during the
landing phase before and after WBV. Gender differences in
both the knee flexion angle at touchdown (p = 0.02) and the

TABLE 1. Vertical ground reaction forces and kinematic data during 30-cm single-legged drop landings before and after
WBV.*†

Measures

Pretest Postest

Men Women p Men Women p

PF1 (BW) 2.70 (1.12) 2.69 (0.96) 0.960 2.72 (0.91) 2.96 (1.05) 0.454
PF2 (BW) 6.44 (1.50) 8.49 (2.58) 0.002‡ 6.73 (1.87) 7.99 (2.22) 0.065
T_stab (s) 1.92 (0.53) 2.04 (0.64) 0.548 1.76 (0.53) 1.57 (0.34) 0.214
Angle 1 (�) 142.41 (9.93) 151.00 (12.22) 0.021‡ 147.96 (8.38) 147.00 (5.99) 0.711
Angle 2 (�) 124.07 (8.97) 130.15 (6.52) 0.034‡ 124.79 (8.61) 128.23 (6.36) 0.205

*WBV = whole-body vibration; PF1 = first peak vertical force value; PF2 = second peak vertical force value; BW = times body weight;
T_stab = time to stabilize the knee; angle 1 = knee flexion angle in touchdown; angle 2 = knee flexion angle when the maximal vertical
ground reaction force was reached.

†Data are reported as mean (SD).
‡p , 0.05 (p values are for intergroup differences).
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TABLE 2. Electromyographic activity during 30-cm single-legged drop landings before and after WBV.*†

Measures

Pretest Postest

Men Women p Men Women p

RMS_pre50_RF 0.06 (0.35) 0.07 (0.35) 0.266 0.05 (0.03) 0.05 (0.02) 0.658
Freq_pre50_RF 131.98 (20.23) 128.02 (19.29) 0.558 138.06 (16.60) 127.71 (17.87) 0.076
RMS_pos50_RF 0.09 (0.02) 0.09 (0.02) 0.477 0.10 (0.03) 0.09 (0.02) 0.854
Freq_pos50_RF 128.23 (16.39) 121.04 (23.50) 0.263 123.95 (15.97) 126.15 (22.28) 0.719
RMS_pre50_H 0.08 (0.04) 0.12 (0.06) 0.048‡ 0.10 (0.05) 0.08 (0.05) 0.239
Freq_pre50_H 161.13 (14.93) 157.67 (6.09) 0.428 153.81 (11.64) 155.44 (14.64) 0.701
RMS_pos50_H 0.11 (0.04) 0.11 (0.04) 0.746 0.11 (0.05) 0.09 (0.03) 0.329
Freq_pos50_H 146.72 (25.29) 136.41 (44.02) 0.826 143.98 (17.01) 130.81 (44.69) 0.171
Ratio RF/H_preRMS 0.77 (0.51) 0.82 (0.92) 0.794 0.73 (0.69) .071 (0.25) 0.954
Ratio RF/H_preFreq 0.82 (0.14) 0.81 (0.13) 0.801 0.90 (0.13) 0.83 (0.15) 0.111
Ratio RF/H_posRMS 0.98 (0.52) 0.98 (0.58) 0.998 1.01 (0.49) 1.08 (0.36) 0.651
Ratio RF/H_posFreq 0.90 (0.20) 0.82 (0.21) 0.280 0.88 (0.18) 0.89 (0.18) 0.866

*WBV = whole body vibration; RMS_pre50 = preactivation (50 milliseconds before ground contact); Freq_pre50 = preactivation
frequency values; RMS_pos50 = postactivation (50 milliseconds after the end of activation); Freq_pos50 = postactivation frequency
values; ratio RF/H = RF to H activation ratios during the precontact and postcontact phases; RF = rectus femoris; H = hamstrings.

†Data are reported as mean (SD).
‡p , 0.05 (p values are for intergroup differences).

Figure 1. Comparison of EMGRMS in RF (A) and H (B) during the first 150 and 50 milliseconds before ground contact and during the subsequent 50 and 150
milliseconds between men and women before and after whole-body vibration (C, D). Mean values (SD) are displayed. *Significant differences between genders.
EMG = electromyography; RMS = root mean square; RF = rectus femoris; H = hamstrings.
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knee flexion angle when the maximal GRF was reached (p =
0.03) during the postcontact phase of the jump were found in
the pretest. In addition, during this phase, women demon-
strated greater PF2 (p = 0.02) compared with that of the men.
After WBV, no significant differences were found for the
GRF or the knee flexion angles. However, there was a trend
toward a different PF2 (p = 0.06). Thus, a decrement of
6% was found in women, whereas men even experienced an
increment (4%). The time to stabilize the knee was sig-
nificantly lower in both men and women (p , 0.05) after
WBV, although no gender differences were found.

The magnitude of the EMG activation and the activation
ratios in RF and H are reported in Table 2. During the pretest,
no gender differences in the magnitude of muscle activation
during the precontact phase of the jump were found for RF.
Significant differences in EMGRMS activity was shown in H
50 milliseconds before activation in women compared with
that in men. During the postcontact phase of the jump, men
demonstrated greater RF activation (p = 0.26) compared with
that in women. When the EMG activity was assessed after
WBV, no significant differences were found. In the precontact
phase of the jump, men showed a trend toward a greater
EMG frequency of the RF (p = 0.076) than did women and
although none was significant, the EMGRMS of the H
decreased in women after WBV (27%; p = 0.475). On the
other hand, during the postcontact phase, the activation of
RF increased in women (4%; p = 0.687), whereas a decrement
in the H activation was experienced (4%; p = 0.999)

Timing of activation statistical analysis in RF and H
(Figure 1) revealed that in the precontact phase of the jump,
150 milliseconds before the activation both men and women
showed a similar response. However, 50 milliseconds before
the activation, women showed a greater EMGRMS in both RF
and H (Figure 1A, B). After WBV, no significant differences
were found for the muscles assessed during the precontact
and postcontact phases of the jump (Figure 1C, D). Although
a greater activation of the H was found in women 150
milliseconds before the ground contact.

The RF to H activation ratios (RMS and frequency) during
the precontact and postcontact phases of the drop landing
before and after WBV between men and women are also
shown in Table 2. No significant differences were found for
the activation ratios when the activation of the RF and H are
averaged and expressed as a ratio. In the pretest, during the
postcontact phase of the jump, men demonstrated a higher
RF/H activation ratio than women (p = 0.280) did. When the
analysis was performed after WBV, men increased the
activation 50 milliseconds before the ground contact, whereas
women showed a greater activation in the postcontact phase.
In none of the cases were significant differences were found.

Finally, the acceleration of the knee and ankle during the
drop landings before and after WBV is shown in Table 3. No
significant differences were found during the precontact or
postcontact phase either before or after WBV. However, in
the pretest, men displayed a greater AP knee acceleration
(12%; p = 0.160) and a lower ML knee acceleration (14%;
p = 0.122) than women did. Regarding the ankle, women
showed again a greater ML acceleration (14%; p = 0.147).
After WBV, women experienced a decrement in the knee
(10%; p = 0.963) and ankle (9%; p = 0.997) ML acceleration.

DISCUSSION

The purpose of this study was to observe the differences in the
muscle activity and knee kinematics during 30-cm single-
legged drop landings between men and women before and
after the exposure to WBV. The specific aim of this research
was to evaluate the gender differences in knee stability in
response to WBV, which had not been previously addressed.
The main finding of this study is that although women
displayed a significantly greater GRF and H activity before
the ground contact, an acute bout of WBV might reduce
GRF and H activity in women, increasing cocontraction. On
the other hand, no gender differences in neuromuscular
activity of the quadriceps were observed after WBV. Finally,
WBV decreases women ML acceleration in both the knee
and ankle.

TABLE 3. Acceleration data during 30-cm single-legged drop landings before and after WBV.*†‡§

Measures

Pretest Postest

Men Women p Men Women p

AP_knee (g) 1.66 (0.43) 1.46 (0.40) 0.160 1.76 (0.36) 1.54 (0.45) 0.095
ML_knee (g) 1.42 (0.40) 1.65 (0.50) 0.122 1.41 (0.44) 1.49 (0.49) 0.604
AP_ankle (g) 2.32 (0.39) 2.29 (0.32) 0.765 2.29 (0.41) 2.36 (0.45) 0.623
ML_ankle (g) 0.86 (0.32) 1.00 (0.19) 0.147 0.89 (0.27) 0.91 (0.27) 0.839

*WBV = whole-body vibration; AP = anteroposterior axis; ML = medial-lateral axis.
†Data are reported as mean (SD).
‡Acceleration 60 milliseconds after the ground contact with or without WBV in both the knee and ankle.
§p Values are for intergroup differences.
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Biomechanical and neuromuscular imbalances were
reported to explain the different rates of knee injury in men
and women. In this sense, the results of the examination of
gender differences during single-legged drop landings
presented in this study confirmed previous research findings
that women land with increased GRF (22). Considering that
PF2 was previously matched with the moment when ACL
resists the largest strain during the landing (37), the results of
this study indicate that women may be at a greater risk of
injury. However, PF2 decreased in this population group
after WBV, which was reported to reduce the risk of injury
during the landing movement (1). In addition, women landed
with a greater knee extension, which has also been cited as
a predisposing factor to knee injury (36). Markolf et al. (28)
reported that quadriceps forces can produce anterior tibial
translation and increase in ACL mainly when the knee is
flexed #40�. In this study, both men (38�) and women (29�)
displayed lower degrees. It seems that the neuromuscular
system may attempt to prevent falls during unilateral landings
by limiting excessive knee flexion (3), and this may also be
the reason why after WBV there was a light decrement in the
knee flexion angle at touchdown. This is consistent with the
results reported by Gehring et al. (14) indicating that a
simultaneous activation of all the aspects of the quadriceps
muscle may likely lead to a better control of the frontal plane
motion in the knee joint.

Another important finding in this study was related to the
neuromuscular control of the lower extremity, which may
be related to the incidence of ACL injuries (4). There is
evidence in the literature reporting gender-specific muscle
activation strategies and differences in timing or even the
muscle stiffness (33,49).

Differences between men and women in muscular
activation during jumping activities have been reported in
the literature. Although most studies support a tendency
to higher activation of quadriceps and lower activation of
H or even higher EMG activity means (50) in women com-
pared with that in men, others did not report preactivity
patterns for the RF or H muscles (7,43,46). Our results nei-
ther showed differences in the preactivation phase, which
is consistent with the findings of Cowan and Crossley (8)
who demonstrated that there were no differences in the
onset of EMG or peak activity of the thigh and leg muscles
between genders.

In this study, women showed greater activation of the H
than men did during the precontact phase of the jump, which
contrasts with the results of Bencke and Zebis (2) who found
lower H activation during 50 milliseconds before initial
ground contact, indicating lower H force in the first part of
ground contact for the female subjects. Most research
examining this issue has failed to find significant gender
differences in H activation upon landing during functional
movements (7,30,35). Although Sell et al. (40) also found
a greater H activation in women, which suggests that women
may be H dominant. This situation was reported to reduced

the ACL load because H is synergistic to the ACL. However,
because women relied more on their H, the initial increased
use of these muscles in comparison with the use of RF
muscles could place greater stress on the ACL in these female
athletes (2). A greater H preactivity was found 150 milli-
seconds before the activation in women, but this response
was just seen in men 50 milliseconds before the activation.
These findings were partially explained by Melnyk et al. (31)
suggesting that a short bout of WBV causes an increase in
the short latency responses activity of the H and does not
influence the medium latency responses activity of the H.
In addition, Krosshaug et al. (24) showed that the timing of
noncontact ACL injury ranges from 17 to 50 milliseconds
after initial ground contact and this leave no time for
mechanosensory feedback mechanisms to prevent injury,
which suggests that a different mechanism may have
occurred after WBV in this study.

Some gender differences in the timing of H and RF muscle
activation have also been demonstrated in the literature
(11,30). However, both seem to employ a similar sequence of
muscle activation (5). The ratio of the H to the RF activation
is reportedly important as a risk factor of ACL injury (48). In
a study by Hanson et al. (17), lower H-to-quadriceps acti-
vation ratios were found in female players than in male soccer
players during a standardized side-cutting maneuver. This
finding is consistent with those of others who report higher
H-to-quadriceps activation ratios for men, compared with
that for women, during functional movements (34,35). How-
ever, in this study, no significant differences were found in
activation ratios between men and women before or after
the WBV.

Finally, it was suggested that both muscle stiffness and
muscle coactivity may also contribute to knee stability (21).
Some authors reported that H stiffness is significantly greater
in men than in women, and this may potentially contribute
to longer electromechanical delay and a lesser rate of mus-
cle force production in response to joint perturbation (4).
Voluntary responses are too slow to protect the joint. How-
ever, reflexive muscular activation may be sufficient to elicit
a protective stiffening response (41). In fact, the greater
the muscle activation, the greater the joint stiffness (10). The
results of this study indicate that after WBV, there were no
significant differences, although a decrement in postactiva-
tion frequency H values was found in women together with
an increase in RF activity. This may indicate that the women
were attempting to use their quadriceps muscles to maintain
the position of the knee.

Both preparatory and reactive muscle activities assist in
regulating muscular stiffness, and increased muscular stiffness
provides greater joint stability and protection against joint
injury (38). In this sense, WBV was suggested to control knee
position during dynamic movement by the nervous and
muscular systems, increasing the coactivation of the muscles
surrounding the joint (32). However, in this study, these
different muscle activation strategies between genders are not
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apparent, which may indicate that the vibratory stimulus was
not enough to induce muscle coactivation. These results
contrast with those of Moezy et al. (32) who found that WBV
resulted in a greater amount of antagonist coactivation.
One possible explanation for this finding may be the double
reciprocal inhibition in which antagonist muscle pairs are
simultaneously active (39). Adequate cocontraction of the
H during explosive movements is extremely important for
dynamic knee joint stabilization (2), and these authors
reported that WBV had a greater effect for knee stability than
did conventional training because WBV resulted in a greater
amount of antagonist coactivation. In addition, WBV may
induce the reflex action on gamma motoneurons modulating
muscle stiffness, and this might also explain possible gender
differences in this phenomenon considering that the subjects
had difficulty in controlling force production during vibration
and that greater levels of coactivation are needed to control
movements, and therefore, this situation may require a greater
response of the proprioceptive system (44). Another possible
explanation of our results after WBV might be because of
improved synchronization of the motor units and improved
cocontraction of synergist muscles, which could improve
joint stability (21). This explanation may be more suitable
attending to the kinetics improvements achieved in this study.

Some authors have reported that knee injury is related to
decreased knee flexion at initial contact, increased RF EMG
activity and also increased knee valgus during unilateral
landings (20,36). One of the most intriguing results of this
study is the significant effect of gender on the lower limb
acceleration. To our knowledge, this is the first investigation
that has evaluated the acceleration suffered by the knee
and ankle during landing. As such, direct comparison of our
reported values with those of previous literature is not
possible. However, Chappell et al. (7) showed that women
exhibit greater anterior shear force on the tibia during landing
compared with what men exhibit. Gender differences in
muscle reflex in response to tibial internal-external rotation
and anterior translation of the knee have also been examined
(42). The results shown in this study are consistent with those
of previous literature but only in the AP axis. However,
gender differences have shown that the participating female
athletes shown a greater (nonsignificant) ML acceleration
than did their counterpart male athletes in both knee and
ankle, and this absence of muscle control of ML knee motion
has been suggested to result in high valgus knee torques and
high GRF (47). These gender differences in joint kinematics
suggest that increased dynamic knee valgus contributes to
ACL noncontact injury risk in women (48).

When acceleration was assessed after WBV, an increment
in the AP axis for the knee was found in men (6%) and women
(5%). Kvist (25) indicated that exercise affects tibial trans-
lation in a different manner depending on gender, although
the authors reported that training resulted in a postexercise
increase in tibial translation only in the male athletes. In this
study, no gender differences could be found. One possible

explanation of the kinetic characteristics found might be
related to the fatigue resulting from the WBV because
Chappell et al. (7) reported that subjects land with sig-
nificantly increased peak proximal tibial anterior shear forces,
increased valgus moments and decreased knee flexion angles
during landings in fatigue conditions, and it was found that
fatigue resulted in increased knee internal rotation, adduc-
tion, and abduction moments, with the latter being more
pronounced in women (29). However, Fagenbaum and
Darling (12) interpreted the increased knee flexion acceler-
ation during landing as a potential injury-prevention mech-
anism; therefore, the observed effect of WBV may play an
important role in stabilizing the knee, mainly in women’s ML
activity. In general, ML muscle control of the knee joint
is necessary because medial joint compression may be an
ACL protective mechanism because it can avoid excessive
abduction displacement (20,33).

In conclusion, women display significantly greater H EMG
activity in the preactivation period during single-legged drop
landings before WBV than do their male counterparts. In
addition, gender differences in the knee flexion angles, GRF
and ML acceleration were reported. After WBV, there were
no significant differences between men and women. How-
ever, women experienced a decrement in knee and ankle ML
acceleration with no changes in the EMG data, which may
suggest an increase in the synchronization activity of the
motor units or even muscle cocontraction.

PRACTICAL APPLICATIONS

Numerous studies have demonstrated gender differences in
the performance of single-legged landings, a common athletic
maneuver that is important in cutting or jumping. These
differences in neuromechanical function and musculotendi-
nous stiffness may contribute to the greater incidence of
ACL injury in women (4). Our comparison of kinematics and
neuromuscular responses in male and female subjects to a
WBV perturbation provides a new insight into the control of
knee joint loading. In particular, our results may suggest that
interventions based on WBV may offer the potential for
increased rate and magnitude of knee muscles recruitment and
an increase in the synchronization activity, which has been
suggested to reduce the rate of injuries in this particular joint.

This study indicates a possible benefit to using WBV as
a preventive activity in actions involving explosive motions
(e.g., jumping). However, the gender differences reported in
knee stability in response to WBV underline the necessity to
perform specific neuromuscular training programs based on
WBV together with instruction of the proper technique,
which can assist the clinician in understanding the mecha-
nisms necessary to protect the joint and prevent injury under
sudden loading conditions. However, more research is
needed to fully understand how WBV affects muscle acti-
vation and stiffness and possible gender differences. Specif-
ically, the results of this study indicate that WBV affects
knee stability in a different manner depending on gender.
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Therefore, because of these differences, professionals might
consider using this activity with some caution, and the use of
WBVshould always be determined on an individualized basis.
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