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Electromyographical Analysis of Selected
Lower Extremity Muscles During
5 Unilateral Weight-Bearing Exercises

linicians regularly prescribe unilateral weight-bearing
(WB) exercises in an attempt to simulate functional muscle
recruitment patterns required for activities of daily living,
recreation, and sports.”” The use of unilateral WB exercises
in the rehabilitation of knee dysfunction is supported by extensive
analysis of the electromyographic (EMG) signal amplitude of the thigh
muscles.?>6:910.11%17.2330 Thege studies support the use of the lateral

© STUDY DESIGN: Prospective single-group
repeated-measures design.

© OBJECTIVES: To quantify electromyographic
(EMG) signal amplitude of the gluteus maximus,
gluteus medius, vastus medialis oblique, and
biceps femoris during 5 unilateral weight-bearing
exercises.

© BACKGROUND: Using normalized EMG
(NEMG) signal amplitude as a measure of muscle
activation and, therefore, an estimate of exercise
intensity, the relative contributions and interac-
tion of the hip and thigh muscles during unilateral
weight-bearing exercise can be examined. With
regard to potential efficiency for strengthening,
data on the amount of EMG signal amplitude for
these 4 muscles during commonly used exercises
are limited.

© METHODS AND MEASURES: Twenty-three
healthy, asymptomatic subjects (16 men, 7
women; mean * SD age, 31.2 = 5.8 years)
participated. A repeated-measures analysis
was conducted using general linear models.

The percent maximum voluntary isometric
contraction was measured within each subject
across 4 muscles during 5 exercises for 2 sepa-
rate trials. Effect sizes of pairwise comparisons
were computed.

© RESULTS: Statistically significant differences
were noted in the amount of mean NEMG signal
amplitude for the 4 muscles across the 5 ex-
ercises. A similar recruitment pattern between
muscles was observed across all exercises.

© CONCLUSION: Even though all muscles
except the biceps femoris demonstrated mean
NEMG signal amplitudes sufficient for strength-
ening, the wall squat produced the highest
levels of activation and should be considered
the most efficient for targeting any of the 4
muscles or for training a cooperative effort
among the muscles. J Orthop Sports Phys Ther
2007:37(2):48-55 doi:10.2519/jospt.2007.2354
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step-up, maximal 1-legged squat, and
forward step-up exercises for improv-
ing or targeting quadriceps activation in
rehabilitation. More recently, hip muscle
weakness has been implicated as a risk
factor for knee dysfunction.!?16:1820:21.23
However, research documenting the
EMG signal amplitude of the hip mus-
culature during unilateral WB exercises
is limited.

Bolgla et al* reported that WB exercises
(left-sided pelvic drop and WB left hip
abduction with the hips at 0° and 20° of
flexion) demonstrated significantly greater
right gluteus medius (GMed) EMG signal
amplitude when compared to non-weight-
bearing exercises (sidelying right-hip ab-
duction and standing right-hip abduction,
with the hip at 0° and 20° of flexion), except
for sidelying hip abduction. Few studies
have reported on the relative activations of
the gluteus maximus (GMax) and GMed ei-
ther alone or in cooperation with the thigh
muscles. The GMax and GMed contribute
significantly to postural and functional
abilities such as normal gait. Weakness of
these muscles may interfere with several
phases of the gait cycle, affecting not only
movement at the hip joint, but also at the
knee and ankle joints.?®*® Because unilat-
eral WB exercises recruit multiple muscles
across multiple joints, resulting in vary-
ing activations of different lower extrem-
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ity muscles, a thorough understanding of
muscle recruitment patterns is needed.

EMG is a measure of muscle activa-
tion, so it is assumed that exercises pro-
ducing higher EMG signal amplitudes
also produce greater strengthening ef-
fects. Because there is limited direct
evidence of the contribution and interac-
tion of the GMax, GMed, vastus medialis
oblique (VMO), and biceps femoris (BF)
during unilateral WB exercise, the pur-
pose of this study was to quantify muscle
activation patterns of these 4 muscles
using EMG during 5 unilateral, WB
exercises: the wall squat, mini-squat,
forward step-up (FSU), lateral step-up
(LSU), and retro step-up (RSU). Our
hypothesis was that there would be no
differences in EMG signal amplitude for
any of the muscles across the 5 unilateral
WB exercises.

METHODS
E—
Subjects
WENTY-THREE PHYSICALLY ACTIVE
Department of Defense beneficiaries
(16 males, 7 females; mean =+ SD age,
31.2 * 5.8 years; mean * SD height, 173.1
10.1 cm; mean * SD body mass, 77.0
13.9 kg) volunteered for this study. All
subjects gave their written consent before
participating in this study. A brief medi-
cal history and physical examination were
performed by a licensed physical therapist.
Inclusion and exclusion criteria are listed
in TABLE 1. This study was approved by the
Institutional Review Board, Tripler Army
Medical Center, Honolulu, HI.

I+ I+

Orientation

On the day of testing each subject received
abrief screening examination, signed the
informed consent, and was oriented to
the testing protocol. All testing was per-
formed on the dominant leg, defined as
the leg used to kick a ball (22 right, 11eft).
The protocol was sequenced as follows:
warm-up, electrode placement, practice
and familiarization, maximum voluntary
isometric contraction (MVIC) testing,
and exercise testing.

TABLE 1

INcLUSION AND ExcLUSION CRITERIA FOR

PARTICIPATION IN THE STUDY

INCLUSION

® Age range, 18-65y

® Department of Defense beneficiary

@ Bilateral lower extremity range of motion within normal limits
@ Bilateral lower extremity strength with manual muscle testing 5/5
@ Able to perform single-limb balance with eyes open for 30 seconds

EXCLUSION

@ History of surgery for spine or lower extremities

fibromyalgia

® Taking any medications

® History of disease affecting the spine or lower extremities, such as diabetes, peripheral neuropathy, stroke, arthritis, or

® Unresolved lower extremity pathology or current pain in the spine or lower extremities

Setup Procedures

After a 10-minute warm-up on a cycle
ergometer at a submaximal speed, each
subject was prepared for surface EMG
electrode placement. The skin was debrid-
ed and cleansed with an isopropyl alcohol
pad to help reduce skin impedance. EMG
recording electrodes were placed accord-
ing to referenced muscle placement for
the most effective measurement.>? For the
GMax the electrode was placed 34% of the
distance from the second sacral vertebra
to the greater trochanter, starting from the
second sacral vertebra.?? For the GMed the
electrode was placed 33% of the distance
from the iliac crest to the greater trochan-
ter, starting from the greater trochanter.*?
For the VMO the electrode was placed 52
mm from the superior medial side of the
patella, along a line medially oriented at
an angle of 50° from a line joining the an-
terior superior iliac spine and the superior
medial side of the patella. For the BF the
electrode was placed 35% of the distance
from the ischial tuberosity to the lateral
side of the popliteal fossa, starting from
the ischial tuberosity.?* Differential elec-
trodes were used with an interelectrode
distance of 30 mm in line with the orien-
tation of the muscle fibers. Ground elec-
trode sites were prepared on the proximal
fibular head and the iliac crest in the same
manner as the other placements. To ensure
consistency with electrode placement, the
same investigator placed all electrodes.
After electrode placement, each subject
was instructed in how to perform each of

the 5 unilateral WB exercises. The exer-
cises were first demonstrated by a research
member. Then the subject practiced and
demonstrated each exercise, receiving cor-
rective feedback as needed.

EMG Equipment and Processing

Muscle activity of the GMax, GMed,
VMO, and BF was recorded using Ag/
AgCl NuTab disposable electrodes and
clear adhesive hydrogel. The same EMG
equipment and processing were used for
both MVIC and specific exercises. The
Nicolet Viking IV EMG system (Nico-
let Biomedical, Madison, WI), with a 4-
channel remote amplifier, was used for
data collection with a sampling frequency
of 20 kHz. Raw data were band pass fil-
tered at 30 Hz to 10 kHz using Nicolet
MultiMode Plus program software (Ver-
sion 5.1; Nicolet Biomedical, Madison,
WI). The common-mode rejection ratio
was greater than 110 dB at 50 to 60 Hz.
The signal was full-wave rectified then
integrated over the period of 1.5 seconds,
and amplitude was normalized by the
muscle-specific values obtained during the
MVICs. Data were therefore expressed as
a percentage of the MVIC.*

MVIC Testing

The Biodex System 2 isokinetic dyna-
mometer (Biodex Corporation, Shirley,
NY) was used to test MVIC for each of
the 4 muscles in accordance with testing
procedures listed in the Biodex System 2
instruction manual. For GMax testing the
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subject was placed supine and secured
with chest and pelvic straps. The hip was
placed in 30° of flexion, with the fixed re-
sistance pad placed just proximal to the
popliteal fossa (FIGURE 1). For GMed testing
the subject was placed in sidelying, tested
side up, with the hip in 0° abduction and
neutral flexion/extension with the fixed re-
sistance pad over the lateral femoral con-
dyle. The hip and knee of the nontested
leg were flexed for support. A strap was
placed over the pelvis for proximal stabi-
lization (FIGURE 2). For VMO and BF test-
ing the subject was seated with the hip in
90° of flexion. The tested knee was placed
in 60° of flexion, with the fixed resistance
pad placed at the distal tibia. Straps were
used to improve reliability for generating
a MVIC.” The order of muscle testing was
randomized. Standardized verbal encour-
agement, a proven technique for eliciting
amaximum contraction, was given to each
subject for all MVIC testing.
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FIGURE 1. Maximum voluntary isometric contraction

testing of the gluteus maximus.

FIGURE 2. Maximum voluntary isometric contraction
testing of the gluteus medius.
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Each subject completed 3 trials of a
maximal contraction, holding each con-
traction for a period of 3 seconds. The
middle 1.5 seconds of that testing period
was recorded. An average of each of the
3 trials was calculated to determine the
MVIC for each muscle. A 60-second rest
was taken between each repetition, with
at least a 2-minute rest between each dif-
ferent muscle group.

Exercise Testing Protocol
After MVIC testing, each subject had a
5-minute rest. Muscle activity was mea-
sured while doing a randomized series
of 5 unilateral WB exercises: wall squat,
mini-squat, FSU, LSU, and RSU. Each
exercise was standardized to require a
15.24-cm vertical motion, because 15.24
cm is the standard height of a step when
negotiating stairs.

A series of 3 repetitions, consisting of
a concentric (up) and eccentric (down)
phase, were recorded for each exercise. A
metronome set at 40 beats per minute was
used to control exercise speed such that
the concentric and eccentric phase took 1.5
seconds each. The subject was instructed
to begin each exercise at the command,
“ready, set, go.” Once the subject could keep
pace with the metronome, recording was
initiated manually by the investigator at
the beginning of the concentric phase of a
repetition. The subject continued with the
exercise until the EMG system recorded 10
seconds of data. The first 3 seconds were
not used and the following 6 seconds were
divided into 2 repetitions. Each repetition
consisted of a 1.5-second concentric phase
and a 1.5-second eccentric phase. The EMG
signal for the 1.5-second concentric phase
was recorded and represented the integrat-
ed EMG over the entire concentric move-
ment. The EMG signal measured during
each movement was full-wave rectified and
then integrated over a period of 1.5 seconds.
An average of the 2 concentric repetitions
was calculated. This average amplitude was
normalized by the specific value obtained
during the MVIC testing of the respective
muscle. Data were therefore expressed as a
percentage of the MVIC.

Unilateral Wall Squat

For the unilateral wall squat (FIGURE 3A)
the subject stood with his/her back resting
against a wall and maintained a single-
limb stance with the dominant leg. The
subject was instructed to keep the trunk
and head in an upright vertical position
with the pelvis level throughout the exer-
cise. The nondominant knee was fully ex-
tended and the hip was flexed enough so
that the nondominant leg did not touch
the ground during testing. The heel of the
dominant leg was placed 30.48 cm from
the wall. Repetitions were standardized
by the use of a metronome, as described
in the exercise testing protocol.

Unilateral Mini-Squat

The subject initiated this exercise
(FIGURE 3B) with the dominant knee and
hip moving into a flexed position while
the nondominant knee remained flexed
with the hip in neutral so as not to touch
the ground during testing. The subject was
instructed to keep the trunk and head in an
upright vertical position with the pelvis lev-
el throughout the exercise. For this exercise
the subject lowered his/her body 15.24: cm
in a vertical descent using the wall guide
to control the depth of the movement. The
subject was allowed to lightly touch, but
not to hold the wall to remain upright and
balanced. Repetitions were standardized
by the use of a metronome, as described in
the exercise testing protocol section.

Forward Step-up

The height of the step used was 15.24 cm
(FIGURE 3C). The subject stood in front of
the step with feet parallel and then placed
the foot of the dominant leg on the step,
while keeping the nondominant knee ex-
tended with the foot dorsiflexed and hip
slightly extended. The subject was in-
structed to maintain an upright and ver-
tical position of the head and trunk with
the pelvis level throughout the exercise.
The subject was allowed to lightly touch,
but not hold, the wall to remain upright
and balanced. Repetitions were standard-
ized by the use of a metronome, as de-
scribed in the exercise testing protocol.
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FIGURE 3. (A) Test positionfor the unilateral wall squat. (B) Test position for the unilateral mini-squat. (C) Test position for the forward ep-up. (D) Test position for the lateral step-up.
(E) Test position for the retro step-up. Note: The object on the wall at the subject’s right hand served as guide to standardize the lowering height of 15.24 cm.

Lateral Step-up

The height of the step used was 15.24
cm (FIGURE 3D). The subject stood at the
side of the step and placed the dominant
leg on the step. The nondominant knee
remained extended with the foot dor-
siflexed and hip in neutral. The subject
was instructed to maintain an upright
and vertical position of the head and
trunk, with the pelvis level throughout
the exercise. The subject was allowed to
lightly touch, but not hold, the wall to re-
main upright and balanced. Repetitions
were standardized by the use of a metro-
nome, as described in the exercise testing
protocol.

Retro Step-up

The height of the step used was 15.24 cm
(FIGURE 3E). The subject stood in front of
the step, facing away from it, with feet
parallel. The subject placed the foot of
the dominant leg on the step behind him/
her. The nondominant knee remained
extended with the foot dorsiflexed and
the hip in slight flexion. The subject was
instructed to maintain an upright and
vertical position of the head and trunk
throughout the exercise. The subject was
allowed to lightly touch, but not hold,
the wall to remain upright and balanced,
with the pelvis level throughout the ex-
ercise. Repetitions were standardized by
the use of a metronome.

Statistical Analysis

A repeated-measures analysis was con-
ducted using general linear models (SAS
Version 9.1; SAS Institute Inc, Cary, NC).

The ratio of EMG signal amplitude to
MVIC was measured within each subject
across 4 muscles (GMax, GMed, VMO,
and BF) during 5 exercises (wall squat,
mini-squat, FSU, LSU, and RSU) for 2
separate trials, providing 40 repeated
measures per subject. Preliminary analy-
ses indicated that there were no signifi-
cant differences in the outcome across
trials; therefore, measures from the 2 tri-
als were averaged.

The model consisted of 2 within-sub-
jects factors, muscle and exercise, and the
interaction between the 4 muscles and 5
exercises. An unstructured covariance
structure was used to account for the de-
pendent measures between muscles and
exercise within a person. A 12-degrees-
of-freedom F test of the interaction be-
tween muscle and exercise was used to
evaluate whether there was a statistically
significant difference in the activation of
the 4 muscles during the 5 exercises. If
the F test was significant, then pairwise
post hoc comparisons were performed to
test for differences between and within
each muscle and each exercise. To protect
against inflated type I error, which may
result from multiple comparisons, sig-
nificant differences between and within
each muscle and each exercise were de-
termined using the simulation method
proposed by Edwards and Berry,” as
implemented by the LSMEANS state-
ment in SAS Proc Mixed.?” Consequent-
ly, all pairwise statistical tests report
the P values after adjusting for multiple
comparisons.

Effect sizes of pairwise comparisons

between exercises within each muscle
were computed as the difference between
the 2 mean ratios of NEMG signal ampli-
tude of the compared exercises, divided
by the standard deviation of the specific
muscle. For the effect sizes of pairwise
comparisons between muscles within
each exercise, the difference in means was
divided by the standard deviation of the
specific exercise. The effect sizes and 95%
confidence intervals were reported as Co-
hen d.® Cohen® designated an effect size
of 0.2 as small, 0.5 as medium, and 0.8 as
large. An effect size of 0.5 or greater was
considered clinically significant.

RESULTS

HE INTERACTION BETWEEN THE 2

within-subjects factors, muscle

and exercise, was significant (Fu,22
=7.92, P<.0001). This provides evidence
that the responses across the 4 muscles
under the 5 exercises were significantly
different. Furthermore, the main ef-
fects of muscle (F&22 = 103.5, P<.001)
and exercise (sz = 26.5, P<.001) were
significant.

TABLE 2 lists the mean normalized
EMG (NEMG), standard deviations,
and standard errors of measurements
for each muscle under each exercise.
Pairwise comparisons tested the differ-
ences between and within each muscle
for each exercise. Significant differences
from the pairwise comparisons between
the 5 exercises for each of the 4 muscles
are reported as footnotes, with their cor-
responding P values, an estimate of the

JOURNAL OF ORTHOPAEDIC & SPORTS PHYSICAL THERAPY |

VOLUME 37 | NUMBER 2 | FEBRUARY 2007 | 51



effect size, and the 95% confidence inter-
val of this effect size.

TABLE 3 lists the NEMG, standard
deviations, and standard errors of mea-
surements for each exercise under each

RESEARCH REPORT

muscle. Pairwise comparisons tested
the differences between and within each
exercise for each muscle. Significant dif-
ferences from the pairwise comparisons
between the 4 muscles for each of the 5

TABLE 2 ‘ NEMG SiGNAL AMPLITUDE FOR EacH MuUScLE*

EXERCISE! GMAX: GMEDS VMO! BF"

1. Wall squat 86+ 43(9) 52+ 22 (5) 66+ 16 (3) 15+ 8(2)
2. Mini-squat 57 = 44(9) 36+ 17 (4) 60 =17(3) 11+ 6(1)
3.FSU 74+ 43(9) 44+ 17 (4) 65 + 17 (4) 12+ 6(1)
4.LSU 56 + 29 (6) 38+ 18(4) 55+ 12 (3) 9+ 4(1)
5.RSU 59 + 35 (7) 37 +18(4) 57 = 17 (4) 10 £5()

Abbreviations: BF, biceps femoris; FSU, forward step-up; GMax, gluteus maximus; GMed, gluteus
medius; LSU, lateral step-up; RSU, retro step-up; VMO, vastus medialis oblique.

* Expressed as mean * SD (SEM) percent MVIC for 5 unilateral WB exercises.

' A repeated-measures model with an unstructured within-person covariance revealed a significant
main effect across exercise (F = 26.52, P<.001). Significant differences for each muscle across exercises
are listed below: d = effect size (95% confidence interval).

* Exercise 1 significantly greater than exercises 2 (P<.001, d = 0.72 [0.56-0.89]), 4 (P<.001, d = 0.74
[0.58-0.91]), and 5 (P<.001, d = 0.69 [ 0.52-0.85]); exercise 3 significantly greater than exercises 2 (P =
.019,d = 0.42 [0.26-0.59]), 4 (P =.003, d = 0.44 [0.28 -0.61]), and 5 (P = .039, d = 0.39 [0.22-0.55]).

§ Exercise 1 significantly greater than exercises 2 (P = .001, d = 0.82 [0.74-0.89]), 4 (P = .011, d = 0.75
[0.67-0.83]) and 5 (P =.002, d = 0.80 [0.72-0.87]).

!l Exercise 1 significantly greater than exercise 4 (P = .006, d = 0.70 [0.63-0.76]); exercise 3 significantly
greater than exercise 4 (P = .033, d = 0.61 [0.54-0.67]).

T Exercise 1 significantly greater than exercises 4 (P = .008, d = 0.88 [0.85-0.90]) and 5 (P = .047, d

= 0.67[0.65-0.70]); exercise 3 significantly greater than exercise 4 (P =.0012, d = 0.41 [0.39-0.44]);
exercise 5 significantly greater than exercise 4 (P = .0157, d = 0.20 [0.18-0.23]).

TABLE 3 ‘ NEMG SIGNAL AMPLITUDE FOR EXERCISES*

MUSCLE WALL SQUAT MINI-SQUATS FSu! LsuU® RSU*
1. GMax 86 = 43(9) 57 = 44 (9) 74 = 43(9) 57 + 29 (6) 59 + 35(7)
2. GMed 52+ 22 (5) 36+ 17 (4) 44+ 17 (4) 38+ 18(4) 37 +18(4)
3.VMO 66 = 16 (3) 60 =17(3) 65 + 17 (4) 55+ 12 (3) 57 = 17 (4)
4.BF 15+8(2) 11+ 6(1) 122+6(1) 9+ 4(1) 10 = 5(1)

Abbreviations: BE, biceps femoris; FSU, forward step-up; GMax, gluteus maximus; GMed, gluteus
medius; LSU, lateral step-up; RSU, retro step-up; VMO, vastus medialis oblique.

* Expressed as mean + SD (SEM) percent MVIC for 4 muscles.

! A repeated-measures model with an unstructured within-person covariance revealed a significant
main effect across muscle (F = 103.51, P<.001). Significant differences_for each exercise between muscles
are listed below: d = effect size (95% confidence interval).

* Muscle 1 significantly greater than muscles 2 (P = .021, d = 0.95 [0.80-1.10]) and 4 (P<.001, d = 1.96
[1.81 - 2.11]); muscle 2 significantly greater than muscle 4 (P<.001, d = 1.02 [0.87-1.16]); muscle 3
significantly greater than muscles 2 (P = .022, d = 0.39 [0.24-0.54]) and 4 (P<.001, d = 1.40 [1.25-1.55]).
$ Muscle 1 significantly greater than muscle 4 (P = .001, d = 1.47 [1.34-1.60]); muscle 2 significantly
greater than muscle 4 (P<.001, d = 0.80 [0.68-0.93]); muscle 3 significantly greater than muscles 2
(P<.001,d = 0.74 [0.61-0.87]) and 4 (P<.001, d = 1.55 [ 1.42-1.68]).

! Muscle 1 significantly greater than muscle 4 (P<.001, d = 1.82 [1.68-1.96]); muscle 2 significantly
greater than muscle 4 (P<.001, d = 0.93 [0.79-1.07]); muscle 3 significantly greater than muscle 2
(P<.001, d = 0.61 [0.47-0.75]) and 4 (P<.001, d = 1.54 [1.40-1.68])

T Muscle 1 significantly greater than muscle 4 (P<.001, d = 1.81 [1.70-1.91]); muscle 2 significantly
greater than muscle 4 (P<.001, d = 1.08 [ 0.97-1.19]); muscle 3 significantly greater than muscle 2 (P =
.005,d = 0.66 [0.55-0.76]) and 4 (P<.001, d = 1.74 [1.63-1.84.]).

* Muscle 1 significantly greater than muscle 4 (P<.001, d = 1.68 [1.56-1.80]); muscle 2 significantly
greater than muscle 4 (P<.001, d = 0.91 [0.79-1.03]); muscle 3 significantly greater than muscles 2 (P =
.003, d = 0.71[0.60-0.83]) and 4 (P<.001, d = 1.62 [1.50-1.74]).

exercises are reported as footnotes, with
their corresponding P values, an estimate
of the effect size, and the 95% confidence
interval of this effect size.

GMax

For the GMax, the mean NEMG across
the exercises ranged from 86% to 56%
MVIC. Across exercises, the GMax per-
cent MVIC ranked as follows in de-
scending order: wall squat, FSU, RSU,
mini-squat, and LSU. A greater percent
MVIC was generated during the unilat-
eral wall squat, as compared to the mini-
squat (P<.001, d = 0.72), LSU (P<.001,
d = 0.74), and RSU (P<.001, d = 0.69).
Similarly, a statistically greater percent
MVIC was generated for the GMax dur-
ing the FSU as compared to the mini-
squat (P =.019,d = 0.42), LSU (P =.003,
d = 0.44), and RSU (P =.039, d = 0.39).

GMed

For the GMed, the mean NEMG across
the 5 unilateral WB exercises ranged from
52% to 36% MVIC. Across exercises, the
GMed percent MVIC ranked as follows in
descending order: wall squat, FSU, LSU,
RSU, and mini-squat. A greater percent
MVIC was generated during the unilat-
eral wall squat as compared to the mini-
squat (P =.001, d = 0.82), LSU (P = .011,
d =0.75),and RSU (P =.002, d = 0.80).

VMO

For the VMO, the mean NEMG across
the 5 unilateral WB exercises ranged from
66% to 55% MVIC. Across exercises, the
VMO percent MVIC ranked as follows in
descending order: wall squat, FSU, mini-
squat, RSU, and LSU. A greater percent
MVIC was generated during the wall
squat as compared to the LSU (P =.006,
d = 0.70) and during the FSU as com-
pared to the LSU (P =.033, d = 0.62).

BF

For the BF, mean NEMG across the 5 uni-
lateral WB exercises ranged from 9% to
15% MVIC. Across exercises, the BF per-
cent MVIC ranked as follows in descend-
ing order: wall squat, FSU, mini-squat,
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RSU, and LSU. A greater percent MVIC
was generated during the wall squat as
compared to the LSU (P =.008, d = 0.88)
and RSU (P = .047, d = 0.67). Similarly,
a statistically greater percent MVIC was
generated for the BF during the FSU as
compared to the LSU (P = .0012, d =
0.41), and RSU as compared to the LSU
(P =.0157,d = 0.20).

Interaction Between Hip and

Thigh Muscles

The interaction between the hip and
thigh muscles demonstrated a similar
muscle recruitment pattern within each
exercise. Significant interactions (TABLE
3) were noted as follows: GMax greater
than BF (d=1.02), GMed greater than
BF (d=0.80), VMO greater than GMed
(d=0.39), and VMO greater than BF
(d=1.40). The only exception to this pat-
tern of activation was demonstrated for
the wall squat: Gmax greater than GMed
(d=0.95).

DISCUSSION

HIS STUDY EXAMINED THE NEMG
Tsignal amplitude during exercises

that simulate functional muscle re-
cruitment patterns to strengthen lower ex-
tremity muscles. A key observation in our
study was that for all 4 muscles, statisti-
cally significant differences were noted in
the amount of mean NEMG signal ampli-
tude across the 5 exercises. In addition, a
consistent pattern of recruitment between
the hip and thigh muscles was observed
for each exercise. Andersen et al' suggest
that an adaptive threshold of 40% to 60%
of maximal effort is necessary to strength-
en muscle during therapeutic exercise.
Using NEMG signal amplitude as a mea-
sure of muscle activation and therefore,
an estimate of exercise intensity, the rela-
tive contributions and interaction of the
hip and thigh muscles are discussed with
respect to the potential efficiency of these
exercises during rehabilitation.

Gluteus Maximus
While many exercises are used clinically

to strengthen the GMax, little is known
about their efficiency. Due to the highest
level of recruitment, we recommend the
wall squat over the mini-squat (d = 0.72),
LSU (d = 0.74), and RSU (d = 0.69). Clin-
ically, the FSU may also be prescribed
over the same 3 exercises (d = 0.42, 0.44,
0.39, respectively), but may result in a
smaller strengthening effect. The small
variation in mean GMax NEMG signal
amplitude among the RSU (59% MVIC),
mini-squat (57% MVIC), and LSU (56%
MVIC) suggests that these exercises may
have similar strengthening effects. Mean
GMax NEMG signal amplitude was
within or above the 40% to 60% thresh-
old for all exercises, indicating that they
activate the GMax to a sufficient intensity
for strengthening. Clinically, FSU, RSU,
mini-squat, and LSU may be considered
as a progression towards the wall squat
or used earlier in the rehabilitation pro-
cess, as they require the least amount of
muscle activity.

Worrell et al*® examined the mean
NEMG signal amplitude of the GMax
and hamstring (HS) muscles during the
LSU. The mean NEMG signal amplitude
of the GMax (15% to 23% MVIC) and HS
(10% to 14% MVIC) were reported. Our
study revealed Gmax at 56% MVIC and
HS at 9% MVIC. Methodological differ-
ences in step height, step-up cadence, and
MVIC testing position likely account for
the reported differences between studies.
Worrell et al*° recommend that the LSU
should not be used to recruit the GMax
muscle. Our results do not support their
recommendation, given a mean GMax
NEMG of 56%.

Blanpied?® investigated GMax EMG
activity during a wall slide squat and
squat machine exercise. Placing the
foot forward or anterior to the center of
mass of the body resulted in a significant
increase in GMax, vastus lateralis, and
hamstring muscle activity, presumably
due to a change in the application of the
ground reaction force relative to the body
position. Similarly, in this study, placing
the foot anterior to the hip during the
wall squat resulted in the highest level

of GMax recruitment. To our knowledge,
no other studies have reported mean
GMax NEMG for the wall squat, FSU
or RSU that allow direct comparisons to
our findings.

Gluteus Medius

In weight bearing the GMed controls
the pelvis and the femur in the frontal
plane. Clinicians and researchers often
cite the importance of strengthening the
hip musculature to stabilize the pelvis
and decrease valgus alignment at the
knee.!212202126 T our study, mean GMed
NEMG signal amplitude was highest
during the wall squat as compared to the
mini-squat (d = 0.82), LSU (d = 0.75),
and RSU (d = 0.80), indicating the po-
tential for a moderate to large strength-
ening effect. The lack of a statistically
significant difference in the mean GMed
NEMG signal amplitude among the FSU
(44% MVIC), LSU (38% MVIC), RSU
(87% MVIC), and mini-squat (36%
MVIC) suggests that these exercises
have similar levels of recruitment. To
our knowledge quantification of mean
GMed NEMG signal amplitude during
unilateral WB exercises has only been
described by Bolgla and Uhl.* However,
due to differences in the WB test posi-
tions, direct comparison of results to our
study is not possible. Both the wall squat
and FSU elicit sufficient mean GMed
EMG signal amplitude to strengthen
the GMed. But, because of their lower
demands, the LSU, RSU, and mini-squat
should be considered for use in earlier
stages of the rehabilitation process.

Vastus Medialis Oblique

For the purposes of this study, the mean
NEMG VMO signal amplitude is consid-
ered reflective of the knee extensor mus-
cles. Due to the highest levels of muscle
recruitment, our data support that the
wall squat and FSU should be prescribed
over the LSU (d = 0.70 and d = 0.61, re-
spectively) to target the knee extensor
muscles. The more anterior position of
the foot compared to the hip during the
wall squat may account for the higher
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knee extensor activation.?

Mean NEMG VMO signal amplitude
activation was within or above the 40%
to 60% range for all 5 exercises indicating
that they all activate the knee extensors
to a sufficient intensity for strengthening.
Worrell et al*® reported that mean VMO
NEMG during the LSU ranged from 63%
to 80% MVIC.

Several studies have reported VMO
EMG analyses during unilateral WB ex-
ercises.>>™ Brask et al® reported a mean
peak VMO NEMG signal amplitude of
60% MVIC during the concentric phase
of an unweighted LSU. Cook et al® re-
ported mean VMO NEMG signal ampli-
tude of 47% MVIC during the concentric
phase of an unweighted LSU. Beutler et
al® observed that at an angle of 30° knee
flexion, the 1-legged squat and FSU had
relatively low quadriceps activation levels
of 69% and 67% MVIC, respectively. Our
EMG data are consistent with these find-
ings for the mini-squat at 60% MVIC and
the FSU at 65% MVIC.

Biceps Femoris

Our findings indicate greater activation
of the BF during the wall squat over the
LSU (d = 0.88) and the RSU (d = 0.67),
as well as the FSU and RSU over the LSU
(d = 0.41, d = 0.20, respectively). How-
ever, due to the consistently reported low
HS activity during unilateral WB exer-
cises,>9172+30 which is consistent with our
findings, these exercises would have lim-
ited strengthening effects in healthy indi-
viduals. If HS strengthening is indicated,
exercises such as the HS muscle curl ex-
ercise should be considered.!

Interaction Between Hip and

Thigh Muscles

Unilateral WB exercises recruit multiple
muscles across multiple joints, resulting
in varying activations of different hip
and thigh muscles. A large effect size was
demonstrated for the recruitment pat-
terns of the 4 muscles within each exer-
cise such that mean GMax, GMed, and
VMO NEMG signal amplitudes were
consistently higher than the BF. Clini-
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cally, these exercises could be used inter-
changeably for the purpose of training this
cooperative muscle activation potentially
as a prerequisite to functional activities.
However, a main difference in prescrib-
ing each exercise would be the need to
determine the best exercise to efficiently
target a specific muscle or muscle group.
The mean VMO EMG signal amplitudes
within each exercise were consistently
higher than those of the GMed. The effect
size was small and may not be clinically
significant.

The only additional interaction oc-
curred during the wall squat between
the Gmax and GMed. The effect size was
large and may be clinically significant. To
perform all other exercises, the pattern of
GMax and GMed muscle activations was
not significantly different. Only the wall
squat elicited a higher GMax as compared
to GMed muscle activation possibly relat-
ed to the foot position forward of the hip
necessary to perform the wall squat.

Limitations

Our study has the following limitations.
Use of surface EMG electrodes is associ-
ated with crosstalk from adjacent mus-
cles. To minimize crosstalk, standardized
and optimal electrode placement was
used.?> Advantages of surface electrodes
include the ability to obtain a broad sam-
pling of motor units and the noninvasive
nature of this technique. Limitations in
our EMG equipment allowed collection
of data over a small number of trials.
However, no differences were found when
testing for difference between trials.

The results of our study may be influ-
enced by submaximal effort of subjects
during MVIC testing. We attempted to
control for this by giving standardized
verbal encouragement to each subject,
a proven technique for eliciting a maxi-
mum contraction.b

Varying trunk and pelvic postures may
have affected our results due to their in-
fluence on the demands of the lower
extremity muscles during the unilateral
WB exercises. We attempted to standard-
ize the subjects pelvic and trunk posture

in vertical alignment through corrective
feedback of verbal and physical cueing
commonly used in the clinical setting.
The results of the current study are
representative of a young, asymptomatic
population during the concentric phase of
the exercises. Future studies should include
examination of EMG signal amplitude to
investigate gender differences, quantify
the eccentric phase of these exercises, and
compare these exercises to others to deter-
mine the best exercises to target muscles
for strengthening. Additional studies of in-
teractions between hip and thigh muscles
might include onset and timing of muscle
activations within these exercises and a
comparison to functional activities.

CONCLUSION

HIS STUDY QUANTIFIED THE RELA-
Ttive differences in mean NEMG sig-

nal amplitudes of 4 muscles between
and within 5 unilateral WB exercises. For
all 4 muscles, statistically significant dif-
ferences were noted in the mean NEMG
signal amplitude across the 5 exercises.
All muscles except the BF demonstrated
mean NEMG signal amplitudes within or
above the recommended adaptive thresh-
old for strengthening. Considering the high
levels of muscle activation for all muscles
for the wall squat, this exercise is the most
efficient for strengthening a single muscle
or for training a cooperative effort between
the hip and thigh muscles. Clinicians may
use this information when prescribing
unilateral WB exercises to target specific
lower extremity muscles when patients can
safely perform WB exercise. Future studies
should focus on the effectiveness of these
exercises for rehabilitation purposes.
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