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ABSTRACT

Stastny, P, Lehnert, M, Zaatar, AMZ, Svoboda, Z, and

Xaverova, Z. Does the dumbbell-carrying position change

the muscle activity in split squats and walking lunges?

J Strength Cond Res 29(11): 3177–3187, 2015—The for-

ward walking lunge (WL) and split squat (SSq) are similar

exercises that have differences in the eccentric phase, and

both can be performed in the ipsilateral or contralateral car-

rying conditions. This study aimed to determine the effects of

dumbbell-carrying position on the kinematics and electromyo-

graphic (EMG) amplitudes of the gluteus medius (Gmed),

vastus medialis (VM), vastus lateralis (VL), and biceps femoris

during WLs and SSqs. The resistance-trained (RT) and the

non–resistance-trained (NT) groups (both n = 14) performed

ipsilateral WLs, contralateral WLs, ipsilateral SSqs, and con-

tralateral SSqs in a randomized order in a simulated training

session. The EMG amplitude, expressed as a percentage of

the maximal voluntary isometric contraction (%MVIC), and the

kinematics, expressed as the range of motion (ROM) of the

hip and knee, were measured during 5 repetition maximum for

both legs. The repeated measure analyses of variance

showed significant differences between the RT and NT

groups. The NT group showed a smaller knee flexion ROM

(p , 0.001, h2 = 0.36) during both types of WLs, whereas

the RT group showed a higher eccentric Gmed amplitude

(p , 0.001, h2 = 0.46) during all exercises and a higher eccen-

tric VL amplitude (p , 0.001, h2 = 0.63) during contralateral

WLs. Further differences were found between contralateral

and ipsilateral WLs in both the RT (p , 0.001, h2 = 0.69)

and NT groups (p , 0.001, h2 = 0.80), and contralateral

WLs resulted in higher eccentric Gmed amplitudes. Contralat-

eral WLs highly activated the Gmed (90% MVIC); therefore,

this exercise can increase the Gmed maximal strength. The

ipsilateral loading condition did not increase the Gmed or

VM activity in the RT or NT group.

KEY WORDS electromyography, strength training, gluteus

medius, ipsilateral loading, contralateral loading, vastus lateralis

INTRODUCTION

E
xercise selection is a key point when creating
a resistance training program. For example, side
lunges and forward lunges have been shown to
activate the gluteus medius (Gmed) (16,18),

which is an important muscle for controlling the frontal
plane motion of the pelvic hip complex. The Gmed stabilizes
the hip during unilateral stance to prevent the pelvis from
dropping on the unsupported side and has also been proven
to be critical for controlling internal rotation of the femur
during closed kinetic chain activities (24). Weakness of the
Gmed has been associated with lower back pain (41), patel-
lofemoral pain syndrome (10,22,30), iliotibial bend syndrome
(23), increased injury risks in athletes (35), and decreased
sport performance (37). Not only do some exercises target
certain muscle groups over others but also the activation of
a specific muscle group can be altered by performing varia-
tions on the same exercise. For example, specific types of
squats and lunges result in different activations of the vastus
medialis (VM) compared with the vastus lateralis (VL)
(21,31,32). Specifically, squats performed with greater hip
adduction not only activate the VM more than the VL but
also activate the Gmed more than conventional squats do
(21). Additionally, muscle activation differs between unilateral
and bilateral squats. For example, the Gmed and hamstrings
are more active than the quadriceps during unilateral squats,
whereas during bilateral squats, the quadriceps are more
active than the Gmed and hamstrings (39).

The VM and VL are 2 of the key muscles that control the
frontal plane kinematics of the knee (49), which may also
influence the activation of other muscles. An imbalance
between VM and VL has been associated with anterior cru-
ciate ligament injury and patellofemoral pain syndrome
(19,31). However, knee stability is also dependent on ham-
string function, such as the activity of the biceps femoris
(BF) (11,47). With the previously mentioned facts in mind,
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performing variations of squats and lunges may increase the
activation of the VM, BF, and Gmed, possibly resulting in
changes in strength that may be important for injury pre-
vention and rehabilitation. However, if VL activation ex-
ceeds VM activation by a ratio greater than 1:1, the risk of
injury may be increased, especially in non-trained individuals
and during the rehabilitation process (31). However, high
VL activity may be important for resistance-trained (RT)
individuals if it is beneficial for performance in specific sports
(34,38). Therefore, it is important to determine an individual’s
specific needs and to select the appropriate exercises to target
these needs.

The Gmed, VM, VL, and BF play key roles in knee
stability and pathology, suggesting that complex training
programs should include a focus on strengthening the
specific muscle groups appropriate to the athlete’s needs.
Different variations of lunges and squats are commonly used
in both professional and recreational resistance training. One
may consider performing different squat and lunge variations
if the aim of the exercises is to activate certain muscles in
a closed kinetic chain exercise. Walking lunges (WLs) have
been shown to activate the quadriceps more than the ham-
strings, whereas jumping lunges with different eccentric
characteristics produce even greater electromyographic
(EMG) activity of the quadriceps than WLs do (33). WLs
and single-leg squats are considered traditional rehabilitation
exercises (16,24,45) that are effective in rehabilitation pro-
grams (1) and should be included in injury prevention train-
ing programs.

Recent studies (19,24,45) have reported the EMG values
for a variety of weight-bearing exercises. However, when
prescribing an exercise as part of a resistance training pro-
gram, one should consider that muscle activation can be
varied by altering the exercise intensity (32), changing the
kinematics (17), changing the way the eccentric actions are
performed (33), training experience (12,26,36), and asym-
metrical loading (42,43). Forward WLs have kinematics sim-
ilar to those of stationary split squats (SSqs); the major
difference between the 2 is that the dynamic nature of
WLs results in impact forces during landing, whereas the
SSqs do not because both feet are constantly fixed to the
ground, with one foot in front of the other. Therefore, SSqs
are included in resistance training programs by practitioners
beforeWLs. In addition, both these exercises allow for a large
range of motion (ROM), such as peak knee and hip flexion
over 908 angle, even in non–resistance-trained (NT) individ-
uals (14,20,40), and they can be externally loaded using
dumbbells in an ipsilateral or contralateral fashion.

To our knowledge, the combined effect of dumbbell-
carrying position and the characteristics of the eccentric
phase and joint kinematics on muscle activity has not yet
been explored. Therefore, the purpose of this study was to
determine the effect of dumbbell-carrying position on the
EMG amplitudes of Gmed, VM, VL, and BF during WLs
and SSqs in RTand NTmen. The hypothetical presumption

was that the ipsilateral loading condition would yield
a greater level of Gmed activity during WLs and SSqs
because of the increased need for lateral stabilization, which
may also change the level of VL and VM activities and hip
and knee kinematics. Another hypothesis was that RT men
would exhibit greater EMG amplitude during WLs and SSqs
compared with NT men. Specifically, this study has 4
objectives: to determine whether the EMG amplitudes of
the selected muscles is associated with changes in knee and
hip joint kinematics during SSqs and WLs, to determine
whether the EMG amplitude differs between RT and NT
men, to determine whether hip and knee joint kinematics are
different during WLs and SSqs in RT and NT men, and to
determine whether there are differences in muscle activity
between ipsilateral and contralateral loading conditions
during WL and SSq exercises. The results of this study
may provide insight to guide the selection of exercises to
include in resistance training programs, specifically in terms
of training status, dumbbell-carrying position, and the choice
of unilateral exercise.

METHODS

Experimental Approach to the Problem

The present investigation was a cross-sectional study that
was performed in the biomechanics laboratory at Palacky
University during the power-lifting preseason (May and June
2014). The hypothetical presumption was that the ipsilateral
and contralateral loading conditions (independent variables)
would result in reciprocal differences in EMG and kinemat-
ics as dependent variables. The testing procedure was
performed in the same form as a training session (described
below). This procedure tested the hypotheses that the
ipsilateral loading condition would result in a greater level
of Gmed, VL, or VM EMG amplitude during WLs and SSqs
and that hip and knee joint kinematics are associated with
the EMG amplitudes of selected muscles. The differences
between RT and NT men were tested by examining
dependent variables in these research groups.

Subjects

The participants included 28 men between the age of 24 and
35 years divided into a RT group and a NT, as described in
Table 1, along with isometric performance. At the time of
data collection, none of the subjects had reported having
recently implemented ipsilateral or contralateral loading of
SSq or WL in their training programs. The RT group
included 14 competitive power lifters competing in the
Czech championships during the 2014 season (deep back
squat 1 repetition maximum [1RM], 149 6 37 kg; strength
training age, 12 6 6 years) with at least 5 years of strength
training experience in a self-reported structured training pro-
gram, which included at least 3 resistance training sessions
per week for the lower limbs. The NT group included 14
recreational sportsmen recruited from Palacky University
who performed fewer than 2 lower-limb resistance training
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sessions per week. All the participants were older than 18
years of age and lacked any pathologies or injuries. Written
informed consent was provided by all participants, and the
testing protocol with informed consent was approved by the
local ethics committee at Palacky University in Olomouc, in
accordance with the ethical standards of the Helsinki Dec-
laration of 1983. All the participants were informed of and
shown the testing protocols and all aspects of the investiga-
tion when they signed the written informed consent form for
the study. Additionally, written informed consent was
obtained from the subject pictured in Figure 1 for the pub-
lication of his image.

Procedures

Initial anthropometric measurements were taken to record
the participants’ height, body mass, leg length, knee width,
ankle width, and greater trochanter-to-anterior-superior iliac
spine distance. The warm-up procedure consisted of 5 mi-
nutes of stationary cycling and one set of 25 bodyweight

squats using different foot positions. After the warm-up,
EMG electrodes were secured to the skin over the belly of
the VM, the VL, the BF, and the Gmed and were kept in
place throughout the entire measurement period. The par-
ticipants performed a 5-second maximal voluntary isometric
contraction (MVIC) on an isokinetic dynamometer for knee
extension, knee flexion, and hip abduction to establish the
EMG signal during maximum effort. Three-dimensional
(3D) reflective markers were taped bilaterally onto each sub-
ject before the WL and SSq exercises. Four exercises (WLs
and SSqs with the dumbbell on the ipsilateral and contralat-
eral sides) were performed in a random order. Each exercise
was performed first with bodyweight for 5 repetitions with
one leg as the stance leg (i.e., the leg that was in front during
the lunge or squat) followed by 60 seconds of rest and then 5
bodyweight repetitions with the other leg as the stance leg.
After a 1- to 3-minute rest period, the first dumbbell load of
12.5 kg was used for the next set of 5 repetitions for each leg
with 60 seconds of rest between legs followed by another

TABLE 1. Subject and group characteristics with isometric measurement results.*

Variable All subjects (N = 28) RT (n = 14) NT (n = 14)

Age (y) 28.78 6 5.61 30.02 6 5.60 28.35 6 5.71
BM (kg) 84.61 6 9.88 86.79 6 11.77 80.44 6 6.04
Height (cm) 181.78 6 6.28 178.57 6 6.96 183.01 6 4.53
Trainings (sessions per week) 2.32 6 1.41 3.71 6 0.93 1.14 6 0.74
PT knee flexion 758 angle (N$m) 142.29 6 18.16 151.77 6 18.79 139.04 6 16.65
PT knee extension 758 angle (N$m) 307.50 6 69.97 354.46 6 49.11 269.27 6 64.75
PT hip abduction 108 angle (N$m) 163.06 6 29.53 177.23 6 38.00 156.96 6 17.87

*RT = resistance-trained group; NT = non–resistance-trained control group; BM = body mass; PT = peak torque obtained during
a 5-second isometric contraction at the stated joint angle.

Figure 1. Dumbbell position during ipsilateral vs. contralateral split squats. A) Contralateral split squat. B) Ipsilateral split squat.
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1–3 minutes of rest period and another weight increase of
approximately 12.5 kg for 5 repetitions with 60 seconds of
rest between legs. This process was repeated until the dumb-
bell mass exceeded the subject’s ability to perform 5 repeti-
tions (5RM). The recommendations of the American Society
of Exercise Physiology were followed for this task (6): at least
60 seconds and a maximum of 3 minutes of rest were included
between subsequent sets of each exercise (i.e., each increase in
dumbbell load) but only the 5RM sets were included in the
statistical analyses. Once the 5RMwas determined for the first
exercise, the same protocol was used for the remaining 3
exercises, which were performed in random order.

Instrumentation

Maximal voluntary isometric contraction was determined
using an isokinetic dynamometer IsoMed 2000 (D&R Ferstl
GmbH, Hemau, Germany), which has been reported to have
high reproducibility for peak torque measurement (15). The
EMG data were collected with a Noraxon 1400A device
(Noraxon, Scottsdale, AZ, USA). Kinematic data were col-
lected using a 6-camera Vicon-612 infrared motion analysis
system (Oxford Metrics, Oxford, United Kingdom) with es-
tablished validity (48), which was completed with 2 force
plates (Kistler Instrumente, Winterthur, Switzerland). The
Vicon motion analysis system, EMG, and force plate outputs
were connected to and fully synchronized via analogue sig-
nal with the Vicon Nexus software (Oxford Metrics). These
procedures are further explained below.

Exercises

All 4 exercises were performed with both the dominant and
nondominant legs in a randomized order. A 60-second rest
period was included between the exercise set with the first
limb as the stance leg and the set with the opposite limb as
the stance leg.

The ipsilateral WLs started with the subjects standing
with their feet together on one force platform and their
hands parallel to their trunks. The dumbbell was carried in
one hand, and the lunge step was initiated by the ipsilateral
leg stepping on the second force platform. The end of the
exercise was defined as the end of foot contact with the
second force platform, when the stance (loaded) leg was
returned to the starting position. The full range of the lunge
was performed while the trunk was kept in an upright
position, and the participants were instructed to “lunge
down as far as possible” (17). The step distance was equal
to the leg length, which was determined by measuring from
the anterior-superior iliac spine to the medial malleolus of
the tibia (5,17).

The contralateral WLs started and finished in the same
manner as the ipsilateral WLs, and the subjects were given
the same verbal instruction. The only difference was that the
leg opposite the hand holding the dumbbell was the leg that
performed the lunge.

For the ipsilateral SSqs, the participant started by standing
in the lunge position (described above) with one foot on

each force plate, with the supported (rear) leg standing on
the toes and the stance leg flat on the force plate. The
dumbbell was carried in the hand that was ipsilateral to the
stance leg (Figure 1B). The full range of the SSq was per-
formed with the trunk kept in an upright position. The step
distance was equal to the leg length, as determined by mea-
suring from the anterior-superior iliac spine to the medial
malleolus of the tibia (5,17), and the participants were in-
structed to “squat down as far as possible.”

The contralateral SSqs (Figure 1A) started and finished in
the same manner as the ipsilateral SSqs, and the subjects
were given the same verbal instruction. The only difference
was that the leg opposite the hand holding the dumbbell was
the leg that performed the squat.

Isometric Strength Measurement

To obtain the maximal value of the EMG signal, the subjects
performed a 5-second MVIC on the dynamometer for
unilateral knee flexion and extension and hip abduction for
both legs. Each participant performed 2 consecutive meas-
urements of each muscle group with 45 seconds of rest
intervals. A full passive ROM and 2 submaximal isometric
trials against resistance were performed on the dynamom-
eter before each MVIC attempt to avoid injury. The greatest
EMG value was used for the statistical analyses, and the
peak torque of that trial was used to describe maximal
isometric strength, as shown in Table 1.

First, the knee extensors (VM and VL) and knee flexors
(BF) were tested for each leg. Maximal voluntary isometric
contractions were measured in the standard sitting position
with 758 angle knee flexion. The backrest of the dynamom-
eter seat was set to an angle of 758 angle, and the angle of the
hip joint was 1008 angle. The arm of the dynamometer lever
was fixed to the distal part of the shin, and the lower edge of
the shin pad was placed 2.5 cm over the medial apex mal-
leolus. The subjects were secured with belts in the pelvic
region and the thigh region of the tested lower limbs that
did not interfere with the electrodes placed on the VM and
VL. Adjustable straps and pads were placed on the should-
ers, and the participants held handgrips along the seats. The
mechanical axis of the dynamometer was aligned with the
knee axis according to the standard position for knee
flexion/extension (15).

Reference Gmed values for MVIC were obtained during
side-lying hip abduction (8,35). The subjects were positioned
with the tested lower extremity at 108 angle of hip abduction
and 108 angle of hip flexion. The arm of the dynamometer
lever was fixed to the lateral thigh of the tested limb 1 cm
above the patella. To keep the testing position of the tested leg
fixed, a strap was used. The axis of rotation of the dynamom-
eter was aligned with the greater trochanter of the femur.

The participants were provided with concurrent visual
feedback in the form of an isokinetic strength curve
displayed on the dynamometer monitor. Verbal encourage-
ment was also provided.
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Electromyographic Measurement

Raw EMG signals were recorded bilaterally by 8 leads and
sampled at 1,000 Hz. Two bipolar surface electrodes
(adhesive disposable electrode; Kendall, Mansfield, MA,
USA) were taped over each muscle with a 10-mm inter-
electrode distance and were secured with a strap to reduce
the possibility of EMG signal artifacts resulting from
electrode displacement (during the measurement, there were
no other motion artifacts in the signal). The input impedance
was greater than 10 MV at 100 Hz, with a frequency band-
width of 16–800 Hz and a common mode rejection ratio of
60 Hz (80 dB).

The electrodes for the VM were placed over the distal
third of the muscle belly and were oriented 558 angle to the
vertical. The electrode for the VL was placed over the mus-
cle belly in the distal third, and it was oriented 158 angle to
the vertical (25). The Gmed was located by palpating the
iliac crest and placing electrodes parallel to the muscle fibers
at 33% of the distance between the iliac crest and the greater
trochanter (3,4), which is similar to the locations used by
O’Sullivan et al. (44) for the posterior Gmed. The electrodes
for the BF were placed over the distal third of the belly of the
long head. The ground electrode was placed over the tibia
bone.

Three-Dimensional Kinematics Measurement

Six cameras were placed around the walking track with 2
force plates in the middle, and the kinematic data were
recorded at 200 Hz in accordance with the Plug-In Gait
model (13). Reflective markers that were 14 mm in diameter
were bilaterally attached to the subject’s skin over the
following landmarks: the anterior-superior iliac spine,
posterior-superior iliac spine, lateral thigh, lateral femoral
epicondyle, tibia, lateral malleolus, heel, and metatarsal head
of the second toe. The force plates were used to detect and
standardize the beginning of foot contact during the ipsilat-
eral and contralateral WLs with a contact sensitivity of 20 N.

Data Acquisition

The Vicon Nexus software program was used to compute
knee angles in the sagittal plane and hip angles in the sagittal,
frontal, and transverse planes; separate the eccentric phase
and concentric phase of each exercise repetition; and
separate the EMG amplitudes for the eccentric and concen-
tric phases. The knee and hip angles were relative for each
subject. Knee angles were defined as the angles between the
thigh and the shank, and hip angles were defined as the
angles between the pelvis and the thigh. Each segment was
determined as a body-fixed and rigid coordinate system
detected by at least 3 nonlinear markers, in accordance with
the Plug-In Gait model (13), which also includes the anthro-
pometry of the lower limb. The pelvis coordinate system
was constructed from the 3D location vectors of the 3 pelvic
markers located near the center of the hip, midway between
the anterior-superior iliac spines, and the posterior-superior
iliac spine. The knee center location was determined using

a thigh-embedded coordinate system located at the lateral
knee marker. The ankle center location was determined by
a shank-embedded coordinate system located at the lateral
ankle marker. The eccentric and concentric phases of the
SSqs and WLs were separated at the peak knee flexion of
the stance (loaded) leg. The kinematic values, expressed in
degrees, were the peak angles and total ROM of the knee and
hip throughout the exercise movement. These included peak
hip adduction, peak hip external rotation, peak hip flexion,
peak knee flexion, hip abduction/adduction ROM, hip
external/internal rotation ROM, hip flexion/extension
ROM, and knee flexion/extension ROM. ROM was calcu-
lated as an absolute difference in both directions of the
selected movement. For example, knee flexion was measured
from minimum to maximum flexion angle, whereas hip exter-
nal rotation may not have started at a neutral position, mean-
ing that both internal and external rotation needed to be
considered when calculating the total hip rotation ROM.
All these variables were obtained for both legs but were only
evaluated for the stance leg during the SSq and WL exercises.

The EMG data were band-pass filtered (16–500 Hz) and
smoothed using a root mean square algorithm with a sliding
window function and a time constant of 25 milliseconds and
were normalized to the EMG during MVIC to be expressed
as a percentage of MVIC (%MVIC). The EMG mean am-
plitudes (expressed as %MVIC) were separated for the
eccentric and concentric phases as muscle activity values:
concentric Gmed, VM, VL, and BF amplitudes and eccentric
Gmed, VM, VL, and BF amplitudes.

Statistical Analyses

All statistical analyses were performed with STATISTICA
version 12 (StatSoft, Inc., Tulsa, OK, USA) with a = 0.05.
The first 4 repetitions of each leg during the 5RM trial of
each exercise were averaged for further statistical analyses.
The intraclass correlation coefficient (ICC) across 4 repeti-
tions for each individual was determined to confirm whether
the EMG and 3D measurements were stable within each
subject (Table 2). Kendal rank-order correlations (Kendall
tau b “Ƭ”) were used to determine the dependence of the
EMG amplitudes and the kinematics during all exercises
without categorizing them by group (RT or NT). For this
test, the kinematic values were regarded as one group of
variables (predictors), whereas the associated EMG ampli-
tudes were a second group of variables (predictants).
Kendal’s Τ was used because this coefficient does not require
any assumptions of correlation linearity and is not depen-
dent on the number of involved cases (46).

To determine whether the EMG amplitudes and kine-
matics varied between groups, a 2 3 4 (groups 3 exercises)
analysis of variance (ANOVA) for repeated measures was
performed on 4 variables (exercises). This analysis was
repeated for each EMG and kinematic measurement sepa-
rately while regarding between-subject (group) factors as
a result. Furthermore, the 1-way repeated measure ANOVA
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was used to compare differences in EMGs and kinematics
among all exercises for both groups separately. The depen-

dent variables were all 4 exercises without consideration of

the categorical factors. Both ANOVAs were followed by

Tukey’s post hoc tests. The effect size (partial eta square,

h2) of each test was calculated for all analyses and was clas-

sified according to Hopkins (29). Statistical significance was

set at p # 0.05.

RESULTS

The within-subject reliability analyses across the first 4
repetitions of the 5RM for the individuals resulted in ICC
values ranging from 0.43 to 0.94 (Table 2) for both EMG
amplitudes and kinematics during all exercises, which indi-
cate a high or very high reliability (9) of measurement.

The EMG and kinematic values exhibited 3 moderate
relationships. The peak hip abduction predicted (correlated

with) the Gmed amplitude (Τ =
0.4, p = 0.042) and the BF
amplitude (Τ = 0.6, p , 0.002)
during eccentric actions; fur-
thermore, hip abduction/adduc-
tion ROM predicted Gmed
amplitude (Τ = 0.36, p ,
0.001) during eccentric actions.
Other variables exhibited a Τ
value of under 0.3, which is con-
sidered a weak relationship (46).

The repeated measure
ANOVA results showed signif-
icant differences between the
RT and NT groups in the total
ROM and EMG variables col-
lected from the eccentric phase
of the movements. Significant
knee flexion ROM differences
(F4,51 = 7.12, p , 0.001, h2 =
0.36) were found between the
RT and NT groups for both
ipsilateral and contralateral
WLs (Figure 2, Table 3), and

Figure 2. ANOVA results for knee flexion during all 4 exercises. ANOVA = analysis of variance; ROM = range of
motion; RT = resistance-trained group; NT = non–resistance-trained group; SSq = split squat; WL = walking
lunge. *Significance between the RT and NT groups according to Tukey’s post hoc test; **significance between
the exercises according to Tukey’s post hoc test.

TABLE 2. Within-subject reliability.*

Ipsilateral SSq Contralateral SSq Ipsilateral WL Contralateral WL

ICC SEM ICC SEM ICC SEM ICC SEM

VM (%MVIC) 0.84 4.06 0.85 5.63 0.75 5.52 0.74 2.33
VL (%MVIC) 0.82 4.06 0.86 5.14 0.71 1.88 0.70 3.12
BF (%MVIC) 0.61 3.44 0.75 3.05 0.55 2.11 0.59 3.32
Gmed (%MVIC) 0.89 5.44 0.92 1.32 0.77 3.20 0.79 4.52
Peak hip flx (8) 0.56 2.64 0.62 2.45 0.55 2.95 0.52 2.71
Peak knee flx (8) 0.87 1.47 0.91 1.03 0.72 1.82 0.68 1.91
Peak hip add (8) 0.88 1.35 0.86 1.5 0.69 1.69 0.78 1.28
Peak hip ER (8) 0.85 1.91 0.84 1.6 0.74 1.64 0.72 1.49
Hip flx/ext ROM (8) 0.46 0.78 0.61 0.77 0.67 0.79 0.58 0.71
Knee flx/ext ROM (8) 0.87 1.42 0.76 1.5 0.83 1.5 0.78 1.46
Hip abd/add ROM (8) 0.92 0.65 0.78 0.75 0.43 0.5 0.48 0.48
Hip ER/IR ROM (8) 0.94 0.7 0.64 0.51 0.79 0.8 0.8 0.82

*SSq = split squat; WL = walking lunge; ICC = intraclass correlation coefficient; VM = vastus medialis; %MVIC = percentage of
maximal voluntary isometric contraction; VL = vastus lateralis; BF = biceps femoris; Gmed = gluteus medius; ROM = range of motion;
add = adduction; abd = abduction; ext = extension; flx = flexion; ER = external rotation; IR = internal rotation.
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TABLE 3. EMG during the eccentric phase and kinematics of all exercises (mean 6 SD).*

Ipsilateral SSq (N = 28) Contralateral SSq (N = 28) Ipsilateral WL (N = 28) Contralateral WL (N = 28)

RT NT RT NT RT NT RT NT

VM (%MVIC) 45 6 14 46 6 27 40 6 10 43 6 21 45 6 14 48 6 23 47 6 10 41 6 14
VL (%MVIC) 44 6 15 41 6 27 41 6 13 44 6 19 45 6 9 39 6 12 54 6 17†z§ 36 6 13
BF (%MVIC) 20 6 10§ 22 6 23 19 6 8 17 6 13 29 6 11 23 6 12 34 6 9 28 6 24
Gmed (%MVIC) 49 6 27† 24 6 12z 46 6 23†z 27 6 5z 51 6 17†§ 23 6 8§ 90 6 22†z§ 60 6 15z§
Peak hip flx (8) 97 6 6 92 6 13 96 6 3 90 6 7 96 6 8 94 6 11 101 6 6 95 6 11
Peak knee flx (8) 108 6 6 94 6 12 105 6 4 101 6 8 115 6 9 109 6 12 110 6 5 103 6 7
Peak hip add (8) 3 6 5 6 6 10 4 6 4 6 6 12 7 6 5 11 6 8 3 6 4 8 6 5
Peak hip ER (8) 10 6 11 8 6 17 15 6 11 12 6 15 7 6 5 10 6 8 12 6 9 11 6 15
Hip flx/ext ROM (8) 40 6 6 39 6 6z 35 6 7 37 6 5z 39 6 6† 34 6 5§ 38 6 6 36 6 4§
Knee flx/ext ROM (8) 85 6 12 82 6 9z 88 6 11 83 6 11z 86 6 11† 74 6 8z 85 6 11† 77 6 9z
Hip abd/add ROM (8) 14 6 5 15 6 5 24 6 5 21 6 6 15 6 4 13 6 3 14 6 4 12 6 3
Hip ER/IR ROM (8) 20 6 5 19 6 15 14 6 4 13 6 4 25 6 5 22 6 6 26 6 7 23 6 6

*EMG = electromyography; SSq = split squat; WL = walking lunge; RT = resistance-trained group; NT = non–resistance-trained group; VM = vastus medialis; %MVIC =
percentage of maximal voluntary isometric contraction; VL = vastus lateralis; BF = biceps femoris; Gmed = gluteus medius; ROM = range of motion; add = adduction; abd =
abduction; ext = extension; flx = flexion; ER = external rotation; IR = internal rotation.

†Significant difference between groups.
zSignificant difference between WL and SSq exercises within a group.
§Significant difference between ipsilateral and contralateral carrying positions for the same exercises within a group. The a level = 0.5.
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the NT group showed a smaller knee flexion ROM (Table 3).
The hip flexion ROM differed significantly between the RT
and NT groups (F4,51 = 5.04, p = 0.002, h2 = 0.28) for the
ipsilateral WLs (Figure 3, Table 3), and the NTgroup showed
a smaller hip flexion ROM (Table 3). A significant Gmed
amplitude difference (F7,91 = 23.10, p , 0.001, h2 = 0.46)

was found between the groups
during the eccentric phase of
both the SSq and WL exercises,
and the NT group showed
a lower amplitude (Figure 4,
Table 3). Furthermore, signifi-
cant VL amplitude differences
(F7,91 = 28, p , 0.001, h2 =
0.63) were found during the
eccentric phase of the contralat-
eral WL exercise (Figure 4,
Table 3), and the RT group ex-
hibited a higher eccentric VL
amplitude. No other differences
between groups were found for
any other variables.

The 1-way repeated measure
ANOVA showed significant
differences in both EMG and
kinematics in the NT group.
Significant differences were
found for knee flexion ROM
(F3,81 = 12.75, p , 0.001, h2 =
0.32) between SSqs and WLs
in the NT group, and WLs re-

sulted in less knee flexion (Figure 2, Table 3). Hip flexion
ROM was significantly different in the NT group between
the ipsilateral SSqs (F3,81 = 6.87, p , 0.001, h2 = 0.20) and
the other 3 exercises, and ipsilateral WLs showed a smaller
hip ROM compared with the other exercises (Figure 3,
Table 3). Significant differences were found in the RT group

for the Gmed in the eccentric
phase between the contralat-
eral WL (F3,39 = 44.8, p ,
0.001, h2 = 0.69) and the 2
other exercises (the contralat-
eral SSq and ipsilateral WL ex-
ercises), and the contralateral
WL showed a higher ampli-
tude (Figure 4, Table 3). A
higher eccentric VL amplitude
was also found in the RT
group for the contralateral
WL (F3,39 = 3, p , 0.041,
h2 = 0.18) compared with the
other exercises. Furthermore,
significant differences were
found in the NT group for the
Gmed in the eccentric phase
between the contralateral WL
(F4,54 = 18.9, p , 0.001, h2 =
0.80) and the 3 other exercises,
and the contralateral WL
yielded a higher amplitude
(Figure 4, Table 3). No other

Figure 4. ANOVA results for the Gmed during all 4 exercises and for the VL during contralateral WLs. ANOVA =
analysis of variance; EMG = electromyography; %MVIC = percentage of maximum voluntary isometric contraction;
Gmed = gluteus medius; VL = vastus lateralis; RT = resistance-trained group; NT = non–resistance-trained group;
SSq = split squat; WL = walking lunge. *Significance between the RT and NT groups according to Tukey’s post
hoc test; **significance between the exercises according to Tukey’s post hoc test.

Figure 3. ANOVA results for hip flexion during all 4 exercises. ANOVA = analysis of variance; ROM = range of
motion; RT = resistance-trained group; NT = non–resistance-trained group; SSq = split squat; WL = walking
lunge. *Significance between the RT and NT groups according to Tukey’s post hoc test; **significance between
the exercises according to Tukey’s post hoc test.

Dumbbell Position Split Squat Walking Lunge
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differences among exercises were found for any of the other
variables.

DISCUSSION

The aim of this study was to determine the effect of dumbbell-
carrying position on kinematics and EMG amplitudes in WLs
and SSqs. The study identified differences in EMG amplitudes
in the Gmed and VL; these differences were associated with
both the dumbbell-carrying position and kinematic changes.
Hip abduction (Gmed) strength during bilateral and single-leg
squats has been previously associated with knee valgus (39),
which is similar to the association between hip abduction/
adduction ROM and Gmed activity. The subjects involved in
this study did not have any hip abduction weakness (Table 1)
according to normality data (2,7); therefore, the observed in-
creases in Gmed activity were the result of its higher enhance-
ment in the chosen muscle chain rather than actual weakness
of individual muscles. The same results were found for VL
activity. However, the Gmed might have been the weakest
point in the muscle chain of measured muscles, which may
partially explain why its activity increased more than that of
the other muscles during 5RM of SSqs or WLs. The associ-
ation between peak hip abduction and BF amplitude does not
resemble the findings of previous research; moreover, BF
activity did not differ among exercises. Thus, it is possible that
the BF acts in a specific manner to stabilize the knee during
SSqs and WLs, regardless of the dumbbell-carrying position.

The finding that the kinematics did not differ between the
RT and NT groups during SSqs but did differ during WLs
supports the idea of including SSq exercises at the beginning
of a training program, before WLs are performed. In other
words, some of the non-trained individuals may be unable to
perform the full range of WLs, but this limitation is not
observed in SSqs. Two crucial differences were found for
ipsilateral WLs, which resulted in a decreased range of knee
and hip flexion in the NT group. The knee and hip joint
kinematics during contralateral WLs were similar to the
values found in a previous study (20), where the peak knee
(110 6 6) and hip angles (87 6 12) during traditional WLs
varied according to the trunk position.

The WL is an exercise with an eccentric phase that
includes landing; therefore, the greater ICC for the EMG
values during the SSq exercises (Table 2) may be attributed
to the inclusion of only an ascending phase and the lack of
a landing phase in WLs. This result is similar to the previous
findings (16) in which forward lunges resulted in lower ICC
values than single-leg squats, and exercises that included
jumps resulted in an ICC of less than 0.5. However, the
presented EMG and kinematic measurements exhibit
acceptable reliability. Furthermore, the eccentric phase of
movement was the only variable that showed any significant
differences in EMG amplitudes.

The kinematic variables exhibited 3 moderate correlations
with EMG amplitudes, indicating that the observed EMG
changes appeared not only because of the kinematic change

but also because of other variables, such as the dumbbell-
carrying position, the presence of an impact force during
WLs, or training experience. Because the peak angles during
WLs in the NT group were similar to or greater than the
peak angles reached in a previous study (peak knee flexion =
87.5 6 11.2, peak hip flexion = 74.2 6 14.4) (17), we can
assume that an appropriate load was applied for the NT. In
this regard, a 5RM already represents the threshold load at
which NT men can maintain the prescribed exercise
technique.

The between-group analysis indicated differences in
Gmed activity during the eccentric phase, where the RT
group exhibited higher amplitude values than the NTgroup.
This finding is consistent with contemporary knowledge
that strength training increases EMG values, such as the root
mean square (12) or MVIC results (36), in primal movers,
whereas decreasing the training intensity also influences the
EMG (27). However, this finding was not reported for the
BF in a previous study (28) or in this study. Previously, con-
tradictions were found in the VM and VL; strength training
performed twice a week resulted in large increases in the
maximal voluntary activation of the VL or VM during both
isometric and concentric knee extension actions (28). Our
study found that EMG differences based on training experi-
ence were only present for the eccentric part of the SSq
or WL exercises and not for any concentric action;
the minimum difference in training experience between the
groups was 2 lower-leg trainings per week. The EMG differ-
ences between the RTand NT subjects in our study might be
related to the exercise variation or to the fact that the group
averages were calculated using the values for both legs of
every individual, which may explain the contradictions
between our study and studies in which only the dominant
leg was measured.

Contralateral WLs resulted in greater Gmed activation
during the eccentric phase in both the RT (90% MVIC) and
NT (60% MVIC) groups compared with the contralateral
SSqs (RT = 46% MVIC, NT = 27% MVIC). This result
shows that contralateral WLs have a high activation effect
on the Gmed even for NT individuals because a Gmed acti-
vation of 60% MVIC is considered a high amount of activity
(45). Unfortunately, a reduction in knee flexion was found in
the NT group (compared with the RT group), meaning that
this exercise might be recommended for beginners only if
ROM is not negatively affected. Contralateral WL showed
increased VL activity in the RT group (54% MVIC), which
was not accompanied by the same increase in VM activity.
This finding suggests that contralateral WLs may increase
the muscle imbalance between the VM and VL, especially in
RT individuals. Alternatively, contralateral WLs appear to be
beneficial for Gmed and VL strengthening, if such strength-
ening is the aim of a training program. The forward body-
weight lunge was estimated for the Gmed activity and was
found to exhibit a moderate (15.5–19% MVIC) (5,17) or high
(29–42% MVIC) (16,18) level of activity. This degree of
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muscle activity should be exceeded when the external load is
increased from bodyweight to 5RM, which was observed in
both groups during contralateral WLs but not during SSqs.

The ipsilateral and contralateral loading condition EMGs
did not differ for the SSqs but did differ for the WLs in both
groups. The ipsilateral loading condition for both the WLs
and SSqs did not exhibit any advantage over the contralat-
eral condition in terms of muscle activity. Changes in the
muscle activities resulting from the dumbbell-carrying posi-
tion were found for the WLs. However, both types of SSqs
exhibited high Gmed activity (.40% MVIC) in the RT
group, suggesting that this exercise is appropriate for Gmed
strengthening.

Most of the exercises used in this study produced an EMG
signal amplitude for the VM and VL of less than 45% MVIC;
thus, we would consider these exercises beneficial for
moderate activity (18) in this muscle group. The BF did not
exhibit any significant differences, and its activity was the
lowest for the observed muscles, as previously reported (33).

This study has a limitation regarding the number of
selected muscles because the electrodes were placed bilat-
erally, but unilateral exercises were measured. A bilateral
placement was chosen considering the way exercises are
performed during a training session, in which both legs have
to be trained. Some of the EMG values recorded during the
eccentric part of the WL exceeded 100% MVIC in some
individuals, which is reasonable because the MVIC was
measured in the isometric (not eccentric) condition. It would
be more appropriate to measure EMG activity during
different RMs, but this would likely produce inaccurate
results because the NT group was involved. Another
limitation concerns the variations in ROM between groups.
Instead of standardizing the ROM, we instructed the
participants to “lunge down as far as possible” at a standard-
ized step distance to respect both the individuality of each
person’s movement and the idea of taking the measurement
in a condition similar to that of a training session.

PRACTICAL APPLICATIONS

The results of this study demonstrate that NT individuals
perform WLs with less knee flexion ROM, whereas this
reduction is not observed during SSqs. Thus, SSqs should be
performed during the initial period of a resistance training
program (in NT men) before WLs are performed to ensure
that participants achieve a full ROM and moderate Gmed
activity during this exercise.

The other results demonstrate that contralateral WLs
produce greater Gmed and VL activities compared with
ipsilateral WLs and both types of SSqs. Thus, the ipsilateral
loading condition may not be ideal for increasing the Gmed
or VM activity in trained or nontrained men. Contralateral
WLs activate the Gmed in both RT and NT individuals but
with an additional preference for VL activity in RT
individuals. Contralateral WLs (at 5RM) target the Gmed
in terms of its maximal activity; thus, this exercise may

increase maximal Gmed strength. As hypothesized, changes
in muscle activity are dependent on a combination of factors,
including different dumbbell-carrying positions, training
history, and the selected exercise. Therefore, this study adds
to the body of evidence that highlights the importance of
prescribing specific exercises to meet each individual’s spe-
cific needs.
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