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Abstract This study investigated the initiation and
release of hand grasp in individuals with post-stroke
hemiparesis. The study included 10 individuals with mild
hemiparesis and 10 age- and sex-matched control subjects.
Participants were instructed to grasp and release the
bottle-like handle of a manipulandum with their affected
hand when prompted by auditory cues. Data points related
to the initiation and release of the grasp, the maximal grip
force, and the time of maximal force were analyzed with
the wrist at each of five angles: flexion at 30° and 60°,
neutral at 0°, and extension at 30° and 60°. The post-stroke
group required more time than the control group to release
the grasp. No significant differences were observed
between groups for other data points. The results may
suggest that the delayed grasp release remains a residual
deficit even in patients with well-recovered hand function
after stroke.

Keywords Reaching and Grasping, Manipulation and
Release, Rehabilitation

1. Introduction

Grasping is a fundamental component of manipulation
skills and is frequently affected by stroke [1].
Consequently, individuals with post-stroke hemiparesis
experience significant declines in performance of such
important activities of daily living as cooking, eating,
writing, and self-hygiene. Stroke-related impairments of
grasping have been intensively studied, with major
emphases on the timing of grip formation and modulation
of grip forces [2-4]. Much less attention has been paid,
however, to post- stroke changes in grasp release [5].

Release is essential to various manipulation skills,
including pushing, pulling, shaking, throwing, and
transferring an object in the hand [6], and often considered
interchangeably with grasping itself. This may not be the
true, as those two components may be controlled and

affected differently after stroke.

The purpose of the present study was to investigate the
effects of unilateral stroke on grasp release and other
parameters of grasp. A better understanding of
impairments underlying hand manipulations may lead to
the development of more efficient treatment options and,
thus, an increased return to function after stroke.

2. Materials and Methods

2.1. Subjects

A convenience sample of 10 individuals with stroke
(stroke group, three women) with an average (mean +
standard deviation [SD]) age of 58.4 + 19.3 years and
average time since stroke of 8.1 = 3.9 months participated
in the study, after signing an institutionally approved
consent form. The control group comprised 10 healthy
height-, sex-, and age-matched individuals (age: 60. 3 +
19.8 years, six women).

All participants with stroke had arm and hand motor
impairments, with the following clinical test scores: 46—56
points (51.8 + 10.8 points) on the Motor Arm and Hand
section of the Fugl-Meyer Assessment Scale [7]; 18-24
points (23.3 £ 2.0 points) on the Sensory Section of the
Fugl-Meyer Assessment Scale; and 0-3 points (1.2 £ 1.1
points) on the modified Ashworth scale [8].

2.2. Experimental Procedure

A custom-made manipulandum device (Fig. 1) was used
to measure grip strength with two 445-N force transducers,
placed on either side (fingers and thumb) of a bottle-shaped
handle. The handle was attached to a rotating platform that
could be locked into different angles between 90° of wrist
flexion and extension (Fig. 1). The manipulandum has been
validated in previous experiments [9]. During a single
experimental session, a participant sat in a chair with the
involved extremity placed comfortably on the arm rest at
approximately 90° of shoulder flexion, with hand and



fingers around the manipulandum handle.

Delay in Hand Grasp Release in Individuals with Post-stroke Hemiparesis

(F1x60). During each trial, the participant was prompted to

Each participant performed three 8-s trials of grasping grasp the handle with maximal force as quickly as possible
the handle, placed consecutively in five wrist positions: after the first auditory cue (Go, Fig. 2A), and then to
extension of 60° (Ext60), extension of 30° (Ext30), neutral release the handle as quickly as possible after the second
at 0° (Neutral), flexion at 30° (F1x30), and flexion at 60° auditory cue (Stop).
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Figure 2. (A) Trajectories of grip aperture (solid) and grip force (dashed) with indicators of the following events and phases: Go — first auditory cue;
Stop — second auditory cue; T, — latency of grasp initiation; Tcies — time of grasp; Topen — time for grip aperture to return to baseline; Fy.x — maximal force

elicited by fingers; and Tpux force —

participant (black).

time of maximal force. (B) Trajectories of grip aperture in one participant with stroke (gray) and one control
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2.3. Data Analysis

Grip aperture was defined as the distance between two
reflective markers, placed on the distal phalanx of the first
and second digits, as captured by a Vicon T160 system at
100 Hz. From trajectories of grip aperture (Fig. 2A, solid
line) and grip force (dashed line), several outcome
measures were calculated: a) latency of grasp initiation
(T\a), calculated as the time between the signal Go and the
time that the grip aperture decreased by >2 SD of the
baseline; b) time of grasp (Tgos), calculated as the time
between T, and the time that grip aperture reached a
minimal stable value; c) time of grasp release (Topen),
calculated as the time that the grip aperture returned to
baseline; d) maximal force elicited by fingers (Fy,.y); and e)
time of maximal force (Tpax force)-

Each outcome measure was averaged across three trials
for each of the five wrist positions and for each subject.
Averaged means were compared between groups with the
Mann—Whitney U test for each of the five wrist positions,

and within groups by Friedman’s Analysis of Variance
(ANOVA) with the significance level set at 0.01.

3. Results

Figure 2B illustrates trajectories of grip aperture for two
representative participants: one control (black line) and one
individual with stroke (gray line). Both participants
initiated grasp quickly (for <0.5 s) and held the handle for
almost 3 s (as required). However, there was a marked
difference between participants in their release of the grasp.
Release took approximately 0.4 s for the control participant,
compared to about 0.7 s for the participant with stroke.

Table 1 presents statistical measures (means, medians,
and low-high quartiles) for each outcome measure and
results of statistical tests. Significant between-group
differences were found only in one variable (Topen) for
four out five wrist positions (Ext30: U=19, p=0.011,
Neutral: U=19.5, p=0.013; FIx30: U=22, p=0.017; and
FIx60: U=23, p=0.015).

Table 1. Mean (median) [low:high quartile] of outcome measures in stroke and control groups.

Wrist Ext60 Ext30 Neutral FIx30 ‘ F1x60 Friedman’s
position Tt (5) ANOVA
Stroke 0.44 (041) 0.52 (0.45) 0.54 (0.46) 0.49 (0.43) 0.41(0.41) X(4)=2.08,
[0.36:0.50] [0.31:0.73] [0.42:0.67] [0.36:0.55] [0.36:0.48] p="71
Health 0.65 (0.53) 0.62 (0.59) 0.55 (0.59) 0.50 (0.53) 0.52 (0.46) x%(4)=8.70,
Y [0.47:0.83] [0.50:0.70] [0.44:0.66] [0.39:0.64] [0.44:0.50] p=.07
Mann—
Whitney U U=12, p=.04 U=33, p=234 U=39, p=.65 U=41, p=.75 U=21.5, p=.06
Topen(s)
Stroke 0.58 (0.57) 0.74 (0.58) 0.75 (0.62) 0.72 (0.58) 0.74 (0.65) x%(4)=0.37,
[0.41:0.65] [0.49:0.92] [0.43:0.90] [0.44:0.79] [0.43:0.90] p=98
Health 0.42 (0.36) 0.42 (0.40) 0.40 (0.41) 0.42 (0.38) 0.45 (0.44) x*(4)=3.43,
Y [0.31:0.55] [0.32:0.47] [0.32:0.47] [0.32:0.54] [0.36:0.48] p=48
Mann- = = = =.01* = =.01* = =.01% = = *
Whitney U U=18, p=.05 U=19, p=.01 U=19.5, p=.01 U=22, p=.01 U=23, p=0.01
Tclose(s)
Stroke 0.45 (0.41) 0.42 (0.43) 0.59 (0.52) 0.53 (0.51) 0.53 (0.50) x*(4)=7.40,
[0.33:0.53] [0.26:0.54] [0.37:0.87] [0.39:0.59) [0.41:0.65] p=11
Health 0.41 (0.38) 0.41 (0.40) 0.38 (0.35) 0.39 (0.42) 0.42 (0.40) x*(4)=1.06,
Y [0.33:0.43] [0.33:0.50] [0.25:0.47] [0.25:0.42] [0.29:0.51] p=-89
Mann—
Whitney U U=28, p=.50 U=47, p=285 U=26, p=.07 U=31, p=.16 U=31,p=.14
Tmax force (S)
Stroke 1.37 (1.18) 1.46 (1.28) 1.62 (1.83) 1.76 (1.74) 1.56 (1.55) x*(4)=7.50,
[0.84:1.87] [0.93:2.12] [0.82:1.96] [1.51:2.29] [1.17:1.98] p=11
Health 1.74 (1.59) 1.57 (1.54) 1.62 (1.58) 1.51 (1.57) 1.40 (1.16) x*(4)=4.70,
Y [1.27:2.15] [1.18:1.91] [1.13:2.08] [1.05:1.78] [1.06:1.69] p=31
Mann—
Whitney U U=19, p=.18 U=40, p=.71 U=43, p=.90 U=41, p=.77 U=31, p=27
Frnax(N)
Stroke 25.3(19.5) 27.8 (22.3) 25.1(22.0) 39.1 (36.2) 41.8 (27.8) x*(4)=11.0,
[6.11:36.2] [13.9:27.8] [11.2:30.6] [27.9:50.2] [25.0:47.3] p=.02*
Health 25.0 (22.3) 30.6 (19.5) 50.2 (38.9) 52.9 (47.3) 55.7(33.4) x%(4)=10.2,
Y [8.57:39.0] [11.1:33.4] [14.0:64.1] [16.7:69.6] [18.9:86.3] p=.03*
Mann— » _ _ _ _ _ _ _ _ _
Whitney U U=23, p=94 U=34, p=288 U=23, p=22 U=31, p=.66 U=32, p=.73

Significant differences are indicated by bold font and (*)
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Within-group differences, have been found in both
groups, but mainly for the maximal force: F
(X2(4):10.2, p=0.037) in the stroke group, and F. =
(x*(4)=11.0, p=0.025) in the control group. In both groups,
greater force was applied to the manipulandum handle at
the FIx30 and FIx60 wrist positions.

4. Discussion

The stroke group differed from the control group in only
one experimental parameter, as it took significantly longer
to release the grasp. The time to initiate and complete the
grasp, the maximal grip force, and the time to achieve
maximal force were similar in both groups. No stroke
participant had a limited range of motion or significantly
impaired strength of the wrist or hand/digit extensor
muscles. These observations may suggest that the grasp
release remains a residual deficit even in patients with
relatively intact ability to form hand grasp.

Several reasons could explain why people with stroke
may experience greater difficulties with releasing hand
grip than with grasping objects. First, successful recovery
of hand functions is traditionally evaluated by testing hand
flexor strength and grasp-forming ability [10], whereas few
rehabilitation protocols and tests exist for grading the
recovery of hand extensors and grasp release. Thus, less
attention is paid to recovery of grasp release. Second,
recovery of hand/digit extension may occur slowly after
stroke, and muscle extensors retain greater weakness than
muscle flexors for a longer recovery period. This process is
not only due to a reduced ability to activate motoneurons of
the hand extensors [4], but also due to the increased resting
tone of flexor muscles [11]. Third, with the resultant lack
of functionality after stroke, the person decreases their use
of the affected arm and hand, thereby losing strength in
extensor muscles, which, on a daily basis, are utilized less
intensively than the flexor muscles. These factors can
possibly explain why grasp release can still be delayed
even in people with relatively mild impairments of hand
function after stroke.
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Abstract  Exercise is often used to manage knee
osteoarthritis (OA). However, OA leads to balance
impairments which may lead to injury. The purpose of this
study was to determine the effect of exercise on dynamic
balance of individuals with unilateral knee OA. On one
occasion, twenty participants with unilateral knee OA
completed the star excursion balance test (SEBT) in all
eight directions (anterior, anteromedial, medial,
posteromedial, posterior, posterolateral, lateral, and
anterolateral) on both affected and unaffected limbs, before
and after a supervised exercise program. The exercise
program consisted of 30 minutes of stretching and
strengthening of the knee flexors and extensors. The SEBT
was quantified as the composite score from all 8 directions.
Participants also completed a Visual Analogue Scale (VAS)
of pain before and after exercise. A two-way
repeated-measures ANOVA revealed no significant
interaction nor difference between affected and unaffected
sides for SEBT. There was significant improvement in
SEBT composite score after exercise (7% and 5% post
exercise for the affected and unaffected limbs respectively).
VAS was not significantly different before and after
exercise. These results suggest that a single bout of
exercise improves acute dynamic balance performance in
both affected and unaffected limbs in individuals with
unilateral knee OA.

Keywords Biomechanics, Knee Osteoarthritis,
Balance, Exercise, Star Excursion Balance Test (SEBT)

1. Introduction

Osteoarthritis (OA) is a non-inflammatory disorder of
synovial joints that is characterized by loss of hyaline
cartilage and remodeling of the surrounding bone [1]. The
knee is one of the most commonly affected joints, and
poses a significant burden to the healthcare system
worldwide, affecting over 241 million people [2]. Knee OA

results in significant pain, decreased quadriceps muscle
strength, and impaired postural control and joint
proprioception [3]. Individuals suffering from knee OA
experience a progressive loss of function due to their
symptoms [4]. These symptoms can also lead to balance
impairments in individuals with OA compared to controls
[5]-

Exercise is an important component in managing OA,
irrespective of severity, because it reduces pain and
improves function [1]. Regular exercise, including
stretching and strengthening (often in exercise and/or
physiotherapy programs), is the standard of care for
individuals with knee OA [6]. Additionally, exercise
programs have been shown to improve balance when
evaluated long term [7, 8]. However, there is a lack of
research evaluating the acute effects of exercise in this
population.

It has been reported that pre-exercise warm-ups improve
the dynamic and static balance of healthy populations [9].
Therefore, exercise may acutely facilitate neuromuscular
control, reduce stiffness and significantly improve
dynamic balance in individuals with knee OA.
Alternatively, muscular fatigue that may acutely negate
these benefits [10].

Given that falls are a devastating injury in the elderly
[11], and that prescribed exercise programs improve
balance [12, 13], it is important to evaluate the acute effects
of a single bout of exercise on balance performance in
individuals with OA.

The purpose of this study was to determine the acute
effect of exercise on dynamic balance of individuals with
knee OA. It was hypothesized that individuals with
unilateral knee OA would have larger composite star
excursion balance test (SEBT) reach distance after
completing an exercise session. It was also hypothesized
that the changes would be larger on the contralateral limb
than on the limb with osteoarthritis.

2. Materials and Methods
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2.1. Study Design

This study used an experimental, repeated measures
design evaluating the effects of a single session of exercise
on dynamic balance by measuring the Star Excursion
Balance Test (SEBT) before and after an exercise session.
Participants attended one experimental session.

2.2. Participants

Individuals with clinical knee OA according to the
Altman classification were eligible for the study [14]. The
Altman classification requires knee pain with at least three
of six clinical findings including age greater than 50 years,
morning stiffness less than 30 minutes, crepitus, bony
tenderness on the joint, bony enlargement, and lack of
palpable warmth [14]. Exclusion criteria included previous
joint replacement, inflammatory or infectious arthritis of
the knee, major neurological disorder, major medical
illness, inability to read English, psychiatric illness that
limits informed consent, inability to exercise for 30
minutes, and inability to stand on one limb for five
seconds.

The study participants were recruited via posters at a
community physician’s office. A sample of 20 individuals
with unilateral knee OA, 5 men and 15 women, aged 64 =9
years, were tested.

2.3. Outcome Measures

The star excursion balance test (SEBT) was performed
using all eight directions [15]. Pain was assessed before
and after exercise session using a Visual Analogue Scale
(VAS). The Knee Injury and Osteoarthritis Outcome Score
(KOOS) was assessed at beginning of the session. The
participant’s age, height, weight and leg length (anterior
superior iliac spine to the ipsilateral medial malleolus)
were recorded. Balance measurements were performed on
both limbs, with the participants' contralateral limb used as
a control.

2.3.1. Visual Analogue Scale of Pain

A VAS was used to measure pain before and after the
exercise session, preceding the SEBT protocols. The VAS
is a tool that measures a characteristic (pain) on a

Left Stance Leg

Anterior
Anterolateral Anteromedial
Lateral Medial
Posterolateral Posteromedial

Posterior

horizontal line continuum, 100 mm in length, with visual
labels designating that the left side indicates no pain and
the right side indicates most possible pain [16]. The VAS is
a reliable tool for looking at change within an individual
[16, 17].

2.3.2. KOOS

The KOOS is a 42-item self-administered questionnaire
that covers five patient-relevant dimensions: pain (9
questions), other disease-specific symptoms (7 questions),
daily living function (17 questions), sport and recreation
function (5 questions), and knee-related quality of life (4
questions). The KOOS is the most commonly used
outcome instrument for assessment of patient-relevant
treatment effects in osteoarthritis, and it takes
approximately 10 minutes to administer [18]. Each
subscale has a number of questions that are rated with a
Likert scale from zero to four. The total score ranges from
0-100, where a score of zero indicates extreme knee
problems while a score of 100 indicates no knee problems
[18].

2.3.3. SEBT

There is considerable variability in the way that different
studies have performed the SEBT protocol. This study was
modeled after research that also evaluated individuals with
knee OA [8]. The SEBT was performed using eight lines
taped to the floor, each at 45° to each other, with
centimeters marked to determine reach distance (Figure 1).
Participants performed the test barefoot. The participant
positioned their stance leg at the centre of the star, with the
first medial cuneiform and arch of the foot over the centre
mark. The participant reached with the opposite leg as far
as possible in the specified direction while maintaining
balance on the stance leg. They made a light touch with
their toe at the maximal reach and returned to the original
double leg stance position. The average of the reach lengths
in each of the eight directions was normalized as a
percentage of leg length [19]. Leg length is defined as the
length from the anterior superior iliac spine (ASIS) to the
most distal portion of the medial malleolus [19]. The
composite score was calculated as the average of the eight
reach directions [20].

Right Stance Leg

Anterior
Anteromedial Anterolateral
Medial Lateral
Posteromedial Posterolateral

Posterior
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Figure 1.

The participant was required to keep their hands on their
hips for the entire trial, and the stance foot could not move.
One observer performed all measurements to reduce
variability. They monitored the participant’s position and
record the maximal reach distance for each trial. Trials
were discarded and repeated if the observer determined that
1) an appropriate position of the stance limb was not
maintained with the knee moving out of line with the toe, 2)
the stance foot was lifted or moved from the centre of the
grid, 3) the participant did not touch down, or touched
down more than once, during the trial, 4) considerable
support was put in the reaching leg when touching the
ground, 5) the participant lost balance at any point or failed
to return to the starting position, 6) their hands came off
their hips.

All participants received verbal instructions and
watched a demonstration of the test before completing the
SEBT. One practice trial was performed standing on the
unaffected leg in each of the eight directions, and one
practice trial was repeated in each direction standing on
the affected leg. The order of test direction was performed
as follows, relative to stance leg: anterior, anteromedial,
medial, posteromedial, posterior, posterolateral, lateral,
and anterolateral (Figure 1). Three trials were recorded
consecutively for each test direction and the average was
calculated and wused in subsequent analyses. All
participants performed the SEBT on their unaffected leg
first and then on their affected leg.

2.4. Statistical Analysis

The statistical significance of differences in composite
reach scores, and VAS scores, from before and after the
exercise session, and between the arthritic and non-arthritic
limbs, were determined using two-way repeated measures
ANOVAs. All statistical analyses were performed using
GraphPad Prism (version 6.00 for Mac OS, GraphPad
Software, La Jolla California USA, www.graphpad.com).
Partial Eta squared values of effect size (1,%) were
calculated using an  open-access  spreadsheet
(http://openscienceframework.org/project/ixGed).

2.5. Exercise Program

This study used an established exercise routine that
emphasizes optimal alignment of the trunk and lower limb
joints relative to one another, as well as quality of
movement performance, while dynamically and
functionally strengthening the lower limb muscles [6]. It
is fully described in the supplementary material associated
with [61, and can be accessed at
https://static-content.springer.com/esm/art%3A10.1186%
2F1471-2474-12-276/MediaObjects/12891 2011 1294
MOESMI1_ESM.doc. All of the stretches and exercises

Exercise Acutely Improves Dynamic Balance in Individuals with Unilateral Knee Osteoarthritis

The star excursion balance test set up for the left and right stance legs.

were completed on both the affected and unaffected limb.
The exercise program took approximately 30-40 minutes
to complete.

3. Results

The KOOS results indicated that all participants suffered
from moderate to severe symptoms in their affected limb
(Table 1). There was no statistically significant interaction
for the VAS score between the affected/unaffected limb
and pre/post exercise (F=0.24, p=0.63, n,2=0.01; Figure 2).
There was a significant main effect of limb on the VAS
score between pre- and post-exercise conditions (F=36.27,
p<0.0001, n,2=0.66; Figure 2), but no significant main
effect of time (F=0.13, p=0.72, n,2=0.01; Figure 2).

Table 1. KOOS score of subscales Pain, Symptoms, Activities of Daily
Living, Sport and Recreation, and Quality of Life.
Subscale* mean +/- SD
Pain 53.70 +/- 15.42
Symptoms 52.55+/-15.12
ADL 60.69 +/- 17.51
Sport/Rec 33.10+/- 19.40
QOL 41.37 +/- 18.59

*A score of 100 indicates no knee problems and 0 indicates extreme
knee problems.
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Figure 2. Mean VAS score on a 100 mm continuum from before and
after exercise on both the affected and unaffected limbs. There was a
statistically significant difference between limbs, but no significant
interaction and no significant difference between pre and post exercise.

Considering the composite reach scores, there was no
statistically ~ significant  interaction  between  the
affected/unaffected limb and pre/post exercise (F=2.1,
p=0.16, 1,2=0.12; Figure 3). There was a significant main
effect of time on composite reach score between pre- and
post-exercise conditions (F=83.43, p<0.0001, 1,2=0.77;
Figure 3).

The mean composite reach score improved 7% and 5%
post exercise for both the affected and unaffected limbs,
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respectively. There was no significant main effect of
affected/unaffected limb (F=0.05, p=0.83, 17,2=0.04).
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Figure 3. Mean normalized (% of leg length) composite SEBT reach
values before and after exercise for both the affected and unaffected legs.

4. Discussion

The purpose of this study was to determine the acute
effect of exercise on dynamic balance of individuals with
unilateral knee osteoarthritis. It was hypothesized that
individuals with knee OA would have a larger composite
SEBT reach distance after completing an exercise session.
We observed a significant increase in balance performance
after the exercise session on both the affected and
unaffected leg, which is consistent with our hypothesis.
The medium effect size indicates that this increase has
practical significance. Additionally, the VAS data also
suggests that a single exercise session does not acutely
increase pain in limbs with knee OA.

It was also hypothesized that the changes would be
larger on the contralateral limb than on the limb with
osteoarthritis. There was no significant difference between
affected and unaffected limbs either before or after exercise,
and no significant interaction, which does not support this
hypothesis. There was a trivial effect size for all of these
comparisons supporting that they are not practically
important. There are several potential factors that could
have contributed to this observation. For example, recent
research evaluated three SEBT reach directions (y-balance
test) and determined that the posteromedial and
posterolateral reach directions of the SEBT can detect
neuromuscular control deficits in individuals with anterior
cruciate ligament deficiency, but that the anterior reach
direction was not different [21]. In contrast, other
researchers have reported significant differences in the
anterior reach distances in individuals with lateral ankle
sprains compared to controls [22]. Accordingly, our
quantification of the SEBT using the composite reach
measure, which incorporates all eight reach directions, may
effectively dilute changes in individual reach directions.

Electromyography (EMG) data has suggested that

gastrocnemius, gluteus maximus, and vastus medialis were
activated for every direction of the SEBT, but that the
remainder of the hip/thigh and lower extremity muscle
activation in healthy populations varied between reach
directions [23, 24]. Studies focusing on muscle activation
during gait in individuals with knee OA have concluded
that muscle activation patterns change with increased
severity of OA [25]. Additionally, it has been reported that
during both level and stair climbing ambulation, patients
with knee OA were able to complete the tasks with the
same limb acceleration and movement compared to a
control group despite EMG data demonstrating
differentiated muscle group activation and coordination
[26]. It is possible that the SEBT could be performed using
compensatory muscle activation patterns, therefore
reducing reach distance differentiation between limbs.
Muscle activation was not monitored during the present
study; therefore it is unclear if the same muscle activation
patterns were present, which could have affected the
outcome. Additionally, joint kinematics were not observed.
When the SEBT has been used in injured populations, often
kinematic differences are evident between affected and
control tests, particularly in hip and knee flexion [22]. Joint
kinematic and muscle activation data would be helpful in
order to evaluate whether the SEBT movements were
performed the same way in each test.

If joint impairments are only a local result of knee OA,
then we would expect to observe a difference between
limbs in individuals with unilateral knee OA. One
investigation evaluating patients with lateral ankle sprains
demonstrated that joint flexion was different at both the
hip and knee on both the affected and unaffected limb
during the SEBT [22]. Despite the unilateral injury, there
was a clear bilateral impairment compared to healthy
controls [22]. A similar bilateral effect was observed as
individuals with unilateral knee OA have reduced joint
proprioception in their contralateral limb and their
affected limb [27]. This suggests that the poor spatial and
temporal coordination that affects kinematics caused by
knee OA is not necessarily localized to the affected limb
[27]. It could be the case in the present study that the OA
impairment has affected both limbs. This might account
for the lack of between-limb difference. If unilateral OA is
impacting function of both limbs, it is a further indication
that exercise should be included in clinical management as
it would be beneficial for both limbs.

The increase in SEBT composite score in the both the
affected and unaffected limb observed in the present study
is greater than the change observed in individuals with
OA following a 12 week exercise program (4.46%
increase in balance performance on the affected limb) [8].
Exercise treatment in individuals with OA has been shown
to reduce pain, improve strength, and improve function [1,
7]. This has been shown help reduce risk of falls in this
population [7]. The KOOS data indicated that all
participants in the present study experienced symptoms
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ranging from moderate to severe that affected their daily
activities and quality of life. Previous studies have
reported that the observed improvements in balance with a
six-week exercise program were comparable to the results
of the present study [28]. These balance improvements
were accompanied by improved KOOS scores in pain and
activities of daily living [28]. This suggests that the
observed increase in dynamic balance performance in the
present study may be functionally important for
individuals suffering from OA.

Some research has suggested that neuromuscular
fatigue may negatively affect balance and postural control
acutely [10, 29], but the present study did not observe any
negative changes in performance due to fatigue. The
exercises utilized in the present study were clinician
approved and consistent with guidelines for treatment of
knee OA [1, 6]. The balance improvements observed in
the present study suggest that exercise has an acute benefit
for individuals with knee OA, in addition to the
previously established long-term benefits.

4.1. Limitations

A potential limitation of this study is the lack of control
for diurnal variation. Knee OA symptoms, such as joint
pain and stiffness, fluctuate throughout the day in the OA
patients [30]. Clinical symptoms have been shown to
effect dynamic balance and postural control, especially
due to stiffness in the morning [31]. Therefore, the
participants that were seen in the morning may have
demonstrated more improvement than the people in early
afternoon or evening, as they would not have had the
same amount of stiffness [31].

Three quarters of the participants in this study were
female. There are sex differences in the clinical
presentation of knee OA due to knee anatomy, kinematics,
and hormonal influence [32]. Accordingly our findings
may not be generalizable, and should be interpreted with
caution. We recommend that this study be repeated with a
larger sample size, and a more equal number of male and
female participants. This would provide evidence about
the generalizability of our findings.

Previous literature supports the use of four practice
trials and three test trials in the SEBT protocol in healthy
individuals to account for learning effect [29, 33].
However, the present study evaluated all 8 directions in a
population with knee OA, which could be a significant
physical burden. Therefore, in order to ensure that the
participants could complete the test, the protocol was
modified to one practice trial and three test trials. The
average of three test trials was used to better represent
individuals’ true scores [34]. Therefore, there is the
potential that a learning effect occurred in the present
study.

5. Conclusions

In conclusion, these results suggest that a single
exercise session does not acutely increase pain in limbs
with knee OA. The results also suggest that exercise
improves dynamic balance performance in both affected
and unaffected limbs in individuals with unilateral knee
OA. This improved dynamic balance could potentially
increase limb function for affected populations. The
absence of pain or reduced dynamic balance ability
suggests that there are no contraindications to population
specific exercise for individuals with unilateral knee OA.
This supports the clinical use of exercise for the
management of unilateral knee OA.
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Abstract The purpose of this study was to determine if
muscle activity of upper extremity muscles differed
depending on the involvement of the legs during a bench
press. The study included 15 male and 12 female
recreationally trained, college age participants. There were
2 testing sessions. Session 1: Participants performed a
1-repetition maximum in a standard bench press followed
by a leg-drive familiarization. For the familiarization,
participants were instructed in the leg-drive technique
(buttocks remained on the bench) and given ample time to
practice until comfortable and which satisfied the
researchers. Leg-drive pressing force was verified by
measuring anterior-posterior and vertical ground reaction
forces measured by a force plate. Session 2: Outfitted with
surface electromyography (EMG), participants performed
3 repetitions in the bench press with 75% of the standard
bench press 1-repetition maximum (1RM) under three
conditions: 1) standard 2) leg-drive, 3) legs-in-the-air. The
normalized average of the peaks of the three reps for each
muscle were analyzed using a 2 x 3 (gender x condition)
ANOVA. The ANOVA revealed no significant differences
across groups or conditions (pectoralis major p = 0.405,
anterior deltoid p = 0.297, triceps brachii p = 0.092). When
comparing a standard bench press to leg-drive, our results
indicate that similar amounts of muscle activation are
required for the task regardless of the leg involvement. This
work indicates that using a leg-drive technique that does
not allow the buttocks to rise from the bench, does not
result in a change in upper extremity muscle activity
compared to a standard bench press. Due to lack of
differences across conditions, athletes and strength coaches
should base their decision on the use of leg-drive on their
personal preference.

Keywords Lower-extremity, Electromyography,
Resistance Training, Muscle Contraction

1. Introduction

Resistance exercise is an essential component to the
training regime of athletes and the general public alike. The
bench press is commonly used as a measure of upper-body
strength with the prime movers being the pectoralis major,
the triceps brachii, and the anterior deltoids (1). While it is
clear that the bench press is an upper-body exercise, it is
less clear to what extent the lower extremities are, or
should be, involved in the exercise. Professional
organizations such as the National Strength and
Conditioning Association instruct that the left and right feet
of the lifter are to remain on the floor during the lift for
stability as 2 (out of 5) points of contact (13). Anecdotal
evidence in weight rooms suggest that it may be beneficial
to use the lower extremities as a performance enhancing
driving mechanism in addition to stability. To accomplish
such a task, lifters flex at the knee to move the foot behind a
vertical plane at the knee joint in order to press with their
legs (leg-drive) while performing the lift.

Observationally, many weight-training participants
indicate that leg-drive while performing the bench press
gives them a sense of improved performance. In an article
about inter-subject variability of muscle synergies during a
bench press, authors Kristiansen et al. discovered that
experienced power lifters utilized the vastus lateralis
muscle while lifting 75% of a 3 repetition maximum (RM)
load (8). Interestingly, untrained individuals in the same
study did not exhibit this same muscle activation pattern in
the lower extremities. The authors suggested that the use of
the vastus lateralis in experienced lifters acts to
isometrically extend the knee, resulting in increased
stability and stiffness of the torso, allowing greater strength
expression (8). However, these authors did not control for
participant posture and it was noted that the experienced
lifters tended to arch their backs during the lift. Thus, the
increased vastus lateralis activation could partly be due to
driving the legs but also could be due to the effort required
to maintain an arched position.
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Little other scientific evidence exists on the effects of
leg-drive on bench press performance. Therefore, the
purpose of this study was to compare muscle activation of
the pectoralis major, anterior deltoid, and triceps brachii
muscles during three bench press conditions. The three
conditions included: 1. Feet on ground but not driving
(standard (13), figure 1a), 2. Feet on ground and driving
(leg-drive, figure 1b), and 3. Feet off the ground with hips
and knees flexed to 90 degrees (feet-in-the-air, figure 1c).
Due to limited literature on leg-involvement during a bench
press, it was hypothesized that no differences in muscle
activation of the three upper extremity muscles would exist
regardless of lower extremity involvement.

Figure 1. (A) Standard bench press condition. (B) Leg-drive condition.
Note that during the leg-drive, participants aligned their feet behind the
vertical line of the knees while still maintaining a flat foot on the floor. (C)
Feet-in-the-air condition. Note that the hips and knees are flexed to
approximately 90 degrees.

2. Methods

2.1. Approach to the Problem

The protocol was conducted on two separate days, 1
week apart. Participants were asked to refrain from
physical activity 2 days prior to and during the experiment
to avoid cumulative fatigue. On the first day, a bench press
IRM protocol (4) was conducted to determine the
maximum weight the participant could lift in the bench
press exercise. The 1RM was only performed in the
standard bench press condition. A standardized five-point
body contact position was utilized for the 1RM protocol
(13). On day 1, participants were familiarized with the
leg-drive technique and metronome pacing.

On day two, participants performed a maximal voluntary
isometric contraction (MVIC) for the purpose of EMG
normalization followed by 3 bench press reps in the 3
testing conditions. It should be noted that all three lifting
styles are common and are safe for the lifter to perform.
Before MVIC testing, surface EMG electrodes (Noraxon
Dual Ag/AgCl electrodes with inter-electrode distance of
1.75 ecm, Noraxon USA Inc., Scottsdale, AZ) were placed
over the muscle bellies of the pectoralis major (sternal
fibers), anterior deltoid, and lateral head of the triceps
brachii on the right side of the body according to the
SENIAM project guidelines (5).

2.2. Subjects

Fifteen males (age 22.1 + 2.1 yrs, height 1.71 + 0.04 m,
mass 74.7 + 6.4 kg, IRM 103.56 + 24.11 kg) and twelve
females (age 20.5 + 1.3 yrs, height 1.63 + 0.07 m, mass
60.1 = 11.3 kg, IRM 48.10 + 5.65 kg) over the age of 18
participated in this study. Individuals were considered for
inclusion had they been regularly resistance training with
the bench press exercise for at least 6 months prior to the
start of the study while also sustaining no serious lower or
upper body injuries during this time. Participants were
informed of the benefits and risks of the investigation prior
to signing an informed consent approved by the
University’s Protection of Human Rights in Research
Committee (approval number F16-021_SE). This research
was conducted in accordance with the 1964 Declaration of
Helsinki.

2.3. Procedures

In the setup for the leg-drive, participants maintained
five points of contact during the press but flexed their
knees, causing the feet to align behind the knees while
remaining flat on the floor (Figure 1a). The participants
were instructed to drive their feet down and forward as if
performing an isometric knee extension into the floor. It
was emphasized not to allow the buttocks to rise off the
bench during the leg-drive. Participants practiced until
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comfortable and the investigators were satisfied.

To verify that the participants were driving the legs as
desired, the right foot was placed on a force platform (1200
Hz, Advanced Mechanical Technology Inc. (AMTI),
Watertown, MA) and the vertical and anterior-posterior
ground reaction forces (GRF) were recorded (AMTI
Netforce, Watertown, MA). During the zeroing process,
the participant maintained contact with the force plate
without pressing. The force plate was zeroed with the foot
in place to remove the weight of the leg from the GRF data.
A positive vertical and positive antero-posterior GRF
indicated a successful leg-drive.

To minimize compounding effects of delayed onset
muscle soreness (DOMS), testing days were separated by 1
week. Each EMG site was shaved (if applicable), abraded
with sandpaper, cleansed with alcohol, and treated with an
electrode skin prep gel (Nuprep, Weaver and Company,
Aurora, CO) (6). Electrode impedances were maintained
below 10 kOhms as verified by the EL-Check electrode
checker (Biopac Systems Inc., Goleta, CA).

For the MVIC procedure, positioning was identical to
the standard bench press but with the pressing apparatus
configured to restrict the participant to a 90-degree elbow
angle. Participants performed 3 sustained pulses of
maximal isometric contractions for approximately 3
seconds separated by another 3-second pause. The highest
recorded value in each muscle for any of the three
contractions was used as the normalization value for
subsequent EMG data (6).

Following the MVIC test, participants performed 3
bench press repetitions at 75% of their 1RM in each of the
three aforementioned testing conditions: standard (figure
la), leg-drive (figure 1b), and feet-in-the-air (figure 1c).
The 3 repetitions for each randomly ordered condition were
performed to a metronome set at 60 beats per minute to
standardize lifting velocity across participants. Starting
with the barbell in the upward position the participant
began the eccentric phase of the lift on a metronome beep,
reached the bottom of the lift at the next beep, started the
concentric movement on the third beep, and finished the
rep on the fourth beep. This procedure was repeated for the
following 2 reps. Participants had 4 minutes of rest
between conditions. If any of the trials failed to meet the
metronome timing, participants were given 4 minutes of
rest and the trial was repeated. During the standard and
leg-drive conditions, the right leg of the participant was
positioned on a force plate to record vertical and
antero-posterior GRF data.

The raw EMG data were collected and processed
through Biopac’s Acknowledge 4.4 software (Biopac
Systems Inc., Goleta, CA). Data were band pass filtered at
10-500 Hz, full wave rectified, and smoothed using a root
mean square (RMS) moving window of 100 ms (6). The
processed EMG data were then exported to Microsoft
Excel for calculation and extraction of the variables of

interest. The average of the peak EMG muscle activations,
across the 3 reps for each condition, was calculated and
then normalized to the peak muscle activation value from
the MVIC. Thus, normalized muscle activation values are
presented as a percentage of MVIC.

The GRF data were collected in AMTI’s NetForce
software (AMTI Inc., Watertown, MA) and exported to be
used in Matlab (v. R2017b, Mathworks, Natick, MA) for
processing. Ground reaction force data were smoothed
using a 4" order Butterworth filter with a cutoff frequency
set at 20 Hz (16). Peak vertical and antero-posterior GRF
were determined for each rep and then averaged across reps
for the leg-drive condition. The standard bench press
condition did not result in 3 distinct peaks like in the
leg-drive condition, thus, for the standard condition, the
maximum GRF values were used for analysis. The GRF
values were then normalized to body weight to determine
the percentage of body weight at which the participant was
pressing.

2.4. Statistical Analyses

For the EMG data, between group and within group
differences for peak muscle activations were analyzed
using a 2 x 3 (gender x condition) analysis of variance
(ANOVA). In the presence of a significant F-value, a
Bonferroni post-hoc analysis was conducted to determine
where, if any, differences occurred. The criterion level for
significance was set at p < 0.05.

In addition, averaged peak vertical and antero-posterior
GRF variables were analyzed using a 2 x 2 (gender x
condition) ANOVA. This only included 2 conditions
because force plate data was not collected for the
feet-in-the-air  condition. The criterion level for
significance was set at p < 0.05. In the presence of a
significant finding, 95% confidence intervals (95% CI) and
Cohen’s D effect sizes (ES) were reported. Cohen’s D
effect sizes were interpreted as 0.20 = small, 0.50 =
moderate, and 0.80 = large (2).

3. Results

Figure 2 shows mean muscle activation values, in %
MVIC, for each of the three muscles, across gender and
condition. The results of the ANOVA revealed no
statistically significant differences across gender or
condition for any of the three muscles analyzed (pectoralis
major gender p = 0.939, condition p = 0.405; anterior
deltoid gender p = 0.734, condition p = 0.297; triceps
brachii gender p = 0.456, condition p = 0.092). Graphically,
there is a trend with the feet-in-the-air condition resulting
in higher muscle activations than the other two conditions.
This is only a noted trend and not substantiated statistically
by the ANOVA.
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Figure 2. Mean muscle activation values normalized to MVIC across gender and condition. There were no statistically significant differences found

across any of the conditions.

= = [ (=] o)
Ln =] L (=1 n =1
1 1 1 1 1 I

Marmalized Force (366W)

]

O5tandard Bench Press

W LezDrive

c

Arntero-posterior GRF

1aall

1

Vertical GRF
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Figure 3 shows the mean GRF data across gender and
conditions. The results of the ANOVA for the GRF data
revealed a significant increase in both vertical (mean
difference = 19.03 %BW, 95% CI = 16.46 —21.30 %BW, p
< 0.001, ES =4.81) and antero-posterior (mean difference
=8.85 %BW, 95% CI=7.11-10.60 %BW, p <0.001, ES
= 6.99) GRF in the leg-drive compared to the standard
bench press condition. Additionally, there were no
statistically significant differences between genders for the
vertical (p = 0.095) or antero-posterior (p = 0.528) GRF.

4. Discussion

The intent of this study was to examine the effects of
leg-drive on upper extremity muscle activation during the
bench press exercise. It was hypothesized that no
differences in muscle activation of the three upper
extremity muscles would exist regardless of lower
extremity involvement and leg position. The hypothesis

was supported in that there were no statistically significant
findings in any of the muscle activations of the pectoralis
major, anterior deltoid, or triceps brachii during the three
conditions of the bench press.

From an observational standpoint, lifters who utilize
leg-drive feel as if they are capable of lifting more weight,
or, performing a better lift when compared to a standard
technique. This is further evidenced by Kristiansen et al.
who demonstrated that experienced lifters utilized the
vastus lateralis muscle more during a bench press at 75% of
a 3-RM while inexperienced lifters did not (8). The authors
suggest that this posture led to a greater strength expression
in the experienced lifters. While this current work did not
result in a greater strength expression, it is worth noting
that Kristiansen et al. did not control the participants’
posture on the bench. In their observations, they reported
that experienced lifters tended to arch their backs during
the lift, while the inexperienced lifters did not. It is
probable that the “greater strength expression” they are
describing was a result of an increase in the torso angle to
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mimic a decline bench press. For example, Lauver et al.
showed that compared to a flat bench press, a decline
position results in more utilization of the lower fibers of the
pectoralis major and simultaneously places less emphasis
on the anterior deltoids (10). A decline position places
more demand on the larger musculature of the pectoralis
major, which better handles that demand and removes
some demand from the smaller musculature of the anterior
deltoids.

Within this study, the participants were required to
maintain 5 points of body contact (in the leg-drive and
standard conditions), one of which was the buttocks on the
bench. This variable was controlled in order to minimize
the effects of spinal posture in the lift. It is clear from the
GRF data that the participants pressed harder into the
ground during the leg-drive (anteroposterior = 11.00 %
BW, vertical = 22.85 % BW) compared to the standard
bench press condition (anteroposterior = 2.16 % BW,
vertical = 3.82 % BW). Thus, any expected changes in
muscle activity would be attributed to the leg-drive
technique. If leg-drive was easier from a muscle activation
perspective, one of two different scenarios may be
expected: 1. there might be increased muscle activations
with the leg-drive technique, indicating that the positioning
would cause the central nervous system (CNS) to recruit
more motor units to perform the lift. 2. with leg-drive, the
body is placed into a mechanical advantage thereby
reducing demand placed on the central nervous system.
This would result in less motor unit recruitment necessary
for the lift. If the lift were “easier,” then this scenario would
make more sense, as it would take less muscular effort to
lift the given weight. The latter theory is more consistent
with Ploutz et al. who showed that after 9 weeks of
resistance training, the quadriceps utilized less muscle for a
given lift when compared to pre-training (15). Thus, the
more a muscle is prepared for, or capable of performing a
demanding task, the less effort is required of that muscle to
complete that task.

Due to the lack of muscle activation variation, it is
plausible that the demand of the task (75% of 1RM) was
too light. Since the weight remained at 75% of IRM
throughout all conditions, the muscle activation may not
have changed because the demands of the weight remained
the same. It is possible that increasing the number of reps
or the load would tease out muscle activation differences
between lifting techniques since the requirement for the
CNS would be more demanding. As such, perhaps
leg-drive is only beneficial in very heavy, or increasingly
demanding loads. Alternatively, it is possible the leg-drive
technique yielded no muscle activation difference because
the effort to control lifting velocity via metronome
hindered the participant’s power output.

During the feet-in-the-air condition there was a small
trend of higher muscle activation values compared to the
other two conditions. While this trend is not statistically
significant, it is worthy of mention in light of some studies

that show alterations in muscle activity with instability (3,
9, 11, 12, 14, 17). Current literature on the effects of
instability in the bench press is ambiguous. In a study by
Nairn et al., participants performed a bench press on a
stability ball resulting in increased shoulder muscle
activation compared to a standard bench press (12).
However, in a study by Saeterbakken, the standard bench
press condition resulted in greater EMG activity in the
pectoralis major and triceps compared to the unstable
conditions (17). The instabilities created in previous
studies were either at the level of the bench (e.g. using a
stability ball) or at the implement being lifted (e.g. using an
earthquake bar). It appears that a majority of the studies
resulted in more recruitment of stabilizing muscles rather
than the primary movers. Interestingly, in the current study,
instability was not purposely created in the bar or the bench
in the feet-in-the-air condition, but it appeared that there
was some instability in the participants because of not
having their feet on the floor to help maintain balance. This
small finding may be worth exploring more in future bench
press studies.

Since there was not a statistically significant change in
EMG activity levels across the conditions, it begs the
question, why do lifters feel that performing the leg-drive
while lifting is “easier” compared to a standard bench press?
In this study, the EMG activity remained at similar levels
between all three conditions, but it is important to note that
the resistance also remained constant at 75% of the
participant’s IRM. It is possible that since the weight being
lifted is the same amount across all conditions, the CNS
only recruited the motor units necessary to perform that
task; no more, no less. A study by Korak et al. corroborates
this idea, noting that the strength and neural activations
between two groups performing bench press using the
same load (one utilizing rest-pause method and one
performing a traditional bench press) were not significantly
different (7). Interestingly, they did find that over a 4-week
training period, even though EMG activities were not
different between groups, the group that was trained in the
rest-pause method did increase their lifting volume
compared to the traditionally trained group. Since there
was not a difference in muscle activity across conditions, it
is clear, at least from a muscle activation standpoint that the
use of leg-drive while keeping the buttocks on the bench,
does not lead to a reduction in motor unit recruitment.
However, it is still unknown if leg-drive could feasibly
contribute to an increased maximum load lifted or training
volume. More research is necessary to determine the
effectiveness of this technique.

Future research should examine the effects of leg-drive
utilizing a higher or lower percentage of the participant’s
IRM.Currently, no studies have examined the effects of
leg-drive on any type of performance increases, such as
increasing the load or the number or reps during the bench
press. Examining this in a future study may reveal if a
heavier or lighter weight with leg-drive results in a change
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in muscle activation compared to a standard bench press.
Future training studies could compare an intervention
group utilizing leg-drive to a control group performing a
standard bench press to determine if the maximum amount
of weight lifted or volume lifted, would be different over
several weeks of training.

5. Practical Applications

Based on the findings of the present study, recreational
athletes or individuals utilizing the bench press in their
training could use the leg-drive technique if they prefer it,
or refrain if they do not. Because there were no significant
differences in upper extremity EMG activations found
between conditions, strength and conditioning coaches or
practitioners should base the decision to utilize the
leg-drive on the athlete’s personal preference.
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