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Background: Accelerometric assessment of balance is typically conducted from lower back locations
approximating the center of mass (COM).

Aims: Because placement of accelerometers at the approximate COM may not always be practical,
the purpose of this study was to determine if significant differences exist between acceleration
measures recorded from the mid-sternum, COM, and center of pressure (COP).

Methods: Data were collected from 25 subjects (13 male; 22.4 £ 3.3 years) as they performed 30 sec
trials of bipedal standing and single leg standing. Accelerations were simultaneously recorded
via tri-axial accelerometers attached at the mid-sternum and approximate COM (i.e., over L3),
and by force plate. Signals were tilt corrected and root mean squared (RMS) values of the
accelerations were calculated. Repeated measures ANOVA were performed to determine if differences
exist between accelerometer measurement locations as a function of stance and accelerometer
location.

Results: No significant differences in mean RMS acceleration between the accelerometer locations
were observed during bipedal standing in the anterior-posterior (p = 0.140), medial-lateral (p = 0.170),
or vertical directions (p = 0.270). For the single leg stance, significant differences were observed
between measurement locations in the anterior-posterior (p < 0.001), medial-lateral (p = 0.002), and
vertical directions (p < 0.001).

Conclusion: Trunk accelerations recorded from above the center of mass may provide useful measures
for identifying those with reduced postural control.
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Introduction

Human balance is a complex and multi-dimensional
process that allows for the maintenance of a specific
posture, or postures, while executing any number of
different tasks. These tasks can vary from simple
activities of daily living such as sitting upright or
static standing, to more complex skilled activities
executed while performing work duties or recre-
ational activities. Our ability to perform this wide
range of activities is dependent upon our capacity to
coordinate and control various components of mul-
tiple intrinsic systems which contribute to the process
of maintaining balance.' These include biomechani-
cal, motor, and sensory components which are fur-
ther influenced by task demands, environmental
constraints, and individual calpabilities.l*5

The quantitative assessment of standing balance has
traditionally been accomplished with the use of a sin-
gle force plate. Here, the amplitude and velocity of
center of pressure (COP) excursions are measured in
the anterior-posterior and medial-lateral directions.
An increase in these values is then generally inter-
preted as the individual demonstrating poor balance.’
Force plates have been reported to be valid and reli-
able for the assessment of standing balance.” However,
the use of COP excursion measures has been ques-
tioned by some as it may indicate a change in postural
control strategy as opposed to poor postural con-
trol.*'" An alternative method for quantitatively
measuring balance is with the use of accelerometers.

For the measurement of balance, accelerometers are
typically placed along the lumbar spine at the
approximate location of the whole body center of
mass (COM). When attached here, accelerometers
have demonstrated fair to excellent correlation to
force plate balance assessments.”’' 7 A number of
authors further report that, during both bipedal and
single leg balance assessments, acceleration patterns
recorded from the estimated COM behave similarly
to COP acceleration patterns measured via a force
plate.6’12’14 It has additionally been argued that, for
the assessment of balance, the accelerations recorded
from the COM may provide a better indicator of
postural control than do COP measures.”

Another potential site of sensor attachment for bal-
ance assessment is the sternum. In an investigation of
gait and balance in those with Huntington’s disease,
Dalton and colleagues15 attached a single tri-axial
accelerometer to the sternum just inferior to the
suprasternal notch. Balance was assessed utilizing
four Rhomberg balance tests including feet together
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with eyes open and closed, and feet apart, eyes open
and closed. Results indicated that acceleration data
recorded from the sternum could differentiate
between  pre-symptomatic and  symptomatic
Huntinigton’s disease patients. Janssen and col-
leagues 6 additionally attached accelerometers to the
sternum to assess balance during sit-to-stand move-
ments. Subjects performed sit-to-stand movements
on a force plate with an accelerometer placed over the
sternum. These investigators reported a correlation
coefficient of 0.77 between force plate and accelera-
tion data. However, the authors stated that the pur-
pose of the study was to quantify trunk movements
during the sit-to-stand test, and not to use the attach-
ment site data as a corollary to balance as assessed by
center of mass variables.'® Recent investigations
have investigated the use of a tri-axial accelerometer
built into a mobile consumer electronics device for
the purpose of providing a quantitative clinical bal-
ance assessment. ' The device is held at the level of
the mid-sternum for ease of placement, and measures
trunk accelerations that result from the balance con-
trol strategy employed by the subject. However, it is
currently unknown how trunk kinematics recorded
at the mid-sternum level for the purpose of assessing
balance compares to those recorded from the more
accepted measurement locations, such as the esti-
mated COM or from a force plate.

Given the previous research, a question arises as to
whether similarities or correlations exist between
accelerations measured at the mid-sternum and other
measurement locations such as the estimated center of
mass and at a force plate. An answer to this question
could provide insight into understanding various
instrumented balance assessment methods and clarify
whether findings from one study can be compared to
those of another using different accelerometer place-
ment. Therefore, the objective of this study was to
determine if differences exist in balance measures
(i.e., accelerations) recorded with tri-axial accelerome-
ters attached at the mid-sternum level and that mea-
sured at other commonly used sites, including the
approximate COM, and measured with a force plate.
It is hypothesized that accelerations measured from
the mid-sternum location will be significantly different
than accelerations measured from the COM and COP.

Methods

A total of 25 subjects (13 male, 12 female; aged
22.4 *+ 3.3 years) volunteered to participate in this
study (Table 1). All participants were university
graduate and undergraduate students free from any
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Variable Mean * SD
Age (yrs) 224+33
Weight (kg) 81.3+225
Height (cm) 171.6+£9.2
Body Mass Index (kg/m?) 27.5+6.5
Suprasternal Notch (cm) 139.1£8.0
Xiphoid Process (cm) 120.2+7.2
Sternal Midpoint (cm) 129.7+7.7
Posterior Superior Iliac Spine (cm) 104.5+5.7

Table 1: Subject Demographic and Anthropometric Data.

condition or injury that may have limited their
standing balance. All methods and procedures were
approved by the Wichita State University Institutional
Review Board for Human Subjects. An Informed
Consent form describing the nature of the testing to
be completed, as well as exclusion criteria, was pro-
vided to all participants upon arrival to the testing
facility. Testing procedures were then explained to
all participants and exclusion criteria confirmed ver-
bally. Participants were excluded if they reported
any current or pre-existing neurological, musculo-
skeletal, visual, vestibular, or other conditions that
may have altered their ability to balance normally.
Upon receiving approved informed consent, demo-
graphic and anthropometric measures were recorded.

Anthropometric measures were collected using
a GPM calibrated anthropometer (Siber-Hegner,
Switzerland). Anthropometric measures recorded
included standing height, height from the floor of
the suprasternal notch, height from the floor of the
xiphoid process, and height from the floor of the
third lumbar vertebrae as determined by palpation. 1
Height from the floor of the suprasternal notch and
xiphoid process were averaged to determine the ster-
nal mid-point. Standing height and weight were
used to calculate each subject’s body mass index
(BMI). For all measures, subjects did not wear shoes.

Acceleration measures were recorded utilizing
two Zephyr BioHarness 3 (BH3) devices (Zephyr
Technology Corp., Annapolis, MD, USA). The
BH3 device is a compact monitoring system that is
designed for mobile physiological monitoring. The
device includes a MEMS tri-axial accelerometer
capable of measuring accelerations of J_r16g,20 an
inclinometer to measure tilt in the X-Z plane, and
an elastic strap to secure the device to the user. The
first BH3 device was placed on the chest at the
calculated height of the sternal midpoint, and
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measured accelerations of the upper trunk. The sec-
ond BH3 device was placed on the lumbar spine at
the level of the third lumbar vertebrae (L3), deter-
mined by palpation, as the approximate whole body
COM. COP movements were recorded using a
multi-axis force plate (AMTI BP600600) (Advanced
Mechanical Technology, Inc., Watertown, MA, USA)
(Figures 1 and 2).

After recording all demographic and anthropomet-
ric information, the BH3 devices were placed at the
sternal midpoint and L3 locations with an elastic
strap fit with a custom receptacle to secure and ori-
ent the device (Figure 1 and 2). The mid-sternum
BH3 device was oriented in a manner that accelera-
tions in the positive X-direction corresponded with
anterior movement, and accelerations in the positive
Y-direction corresponded with lateral movement to
the right. The L3 BH3 device was oriented such
that accelerations in the positive X-direction corre-
sponded with posterior movement, and accelera-
tions in the positive Y-direction corresponded with
lateral movement to the left. The elastic strap for
each BH3 device was positioned around the subject’s
torso so that the accelerometer Y-direction was as
closely aligned with the transverse plane as possible.
After the BH3 devices were attached, subjects were
instructed to stand on the force plate.

Accelerometer and force plate ground reaction force
data normalized to body mass (i.e., center of pres-
sure standard deviations)zl’22 were collected simulta-
neously while subjects performed one trial each of
two Romberg stances, which included bipedal stand-
ing with feet together and eyes closed, followed by
dominant leg single leg stance with eyes open. Each
stance was performed without shoes for a period of
30 seconds, and subjects rested for a period of no
less than two minutes between stance conditions.
For each test, subjects were instructed to stand
quietly as accelerometer and force plate signals
were measured at S0Hz and 1000Hz, respectively.
Accelerometer data was transmitted wirelessly via
Bluetooth to an external computer for storage. Force
plate signals were time synchronized to match the
50Hz accelerometer data. Subjects performed a
familiarization trial prior to performing each stance.
The middle 15-second window of each trial was used
in the RMS calculations.”

All acceleration data was post-processed in a custom
MATLAB program (The MathWorks, Inc., Natick,
MA, USA). Accelerations from the L3 BH3 device
were transformed so that the positive and negative
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Figure 1: Bipedal stance condition with subject standing
on force plate and tri-axial accelerometers attached at
the mid-sternum and L3.

anterior-posterior, medial-lateral, and vertical direc-
tions corresponded to the mid-sternum BH3 device
and the force plate. Anterior-posterior acceleration
data from both BH3 devices were corrected for tilt
in the X-Z plane using the respective BH3 anterior
inclinometer measures. Subsequently, medial-lateral
acceleration data were corrected for tilt in the

ORIGINAL ARTICLE

Figure 2: Single leg stance condition with subject
standing on force plate and tri-axial accelerometers
attached at the mid-sternum and L3.

Y-Z plane.”” After processing, the acceleration root
mean square (RMS) in the anterior-posterior, medi-
al-lateral, and vertical directions were calculated for
each measurement location.

The statistical analysis consisted of a two-way
repeated measures Analysis of Variance (ANOVA),
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performed separately for each of the three directions
(i.e., anterior-posterior, medial-lateral, vertical).
For each ANOVA, the independent variables con-
sisted of the location of acceleration measurement
(mid-sternum, L3, force plate) and the stance
(bipedal, single leg), and the dependent variable was
the RMS of the acceleration. Significant main effects
were assessed by the Tukey Honest Significant
Difference post-hoc test. Significant interactions
were assessed by the least significant difference post-
hoc test, with a Bonferroni adjustment for the num-
ber of comparisons, where comparisons of interest
included the mid-sternum to the L3 and force plate
locations. Significance was indicated using a=0.05.
All statistical analyses were performed with the use
of SAS Version 9.1 (Cary, NC).

Results

The mean RMS acceleration values measured at L3
were higher than those for the mid-sternum and
force plate in the anterior-posterior (0.700 vs. 0.462
and 0.064m/s’, respectively) and medial-lateral
(0.703 vs. 0.352 and 0.069m/s, respectively) direc-
tions for single leg stance and in the medial-lateral
direction for bipedal stance (0.794 vs. 0.236 and
0.058m/s’, respectively). The mean RMS accelera-
tion values measured in the anterior—posterior and
medial-lateral directions at the force plate for both

Plane - Direction Bipedal Stance  Single Leg

Mean * SD Stance
Mean £ SD

Anterior — Posterior
Mid-sternum 0.384+£0.356 0.462 £0.515
L3 0.204 £0.056 0.700 £0.641
Force Plate 0.044 £0.025 0.064 £0.038
Medial — Lateral
Mid-sternum 0.236 £0.043 0.352+0.302
L3 0.794£0.937 0.703+0.793
Force Plate 0.058 £0.024 0.069 £0.022
Vertical
Mid-sternum 9.737 £0.056 9.702 +0.066
L3 9.700+0.164 9.661 +0.175
Force Plate 9.828 £ 0.019 9.830+0.030

Table 2: Mean (SD) RMS of acceleration measured at
the mid-sternum, L3, and mean RMS of center of
pressure acceleration measured at the force plate, as
a function of the anterior-posterior, medial-lateral
vertical planes, for the bipedal stance (feet side by
side) and dominant leg single leg stance.
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bipedal and single leg stance were lower than those
measured at both the mid-sternum and L3. In the
vertical direction, the force plate mean RMS accel-
eration values were highest for both bipedal and sin-
gle leg stance. The resulting mean and standard
deviation of the RMS accelerations as a function
of direction (anterior-posterior, medial-lateral,
vertical), stance (bipedal, single leg) and measure-
ment location (mid-sternum, L3, force plate) are
shown in Table 2.

Statistical analyses showed the RMS accelerations
were different as a function of stance and location,
depending on the direction of the acceleration. In
the anterior-posterior direction, there were signifi-
cant main effects of measurement location (p < 0.001),
stance (p = 0.002) and a significant locationXstance
interaction (p < 0.001). Post-hoc analysis of the sig-
nificant interaction indicated that for the single leg
stance, the mean RMS acceleration measured at the
mid-sternum was significantly different than that
measured at L3 (p =0.006) and the force plate
(p <0.001). For the bipedal stance, the mean RMS
acceleration at the mid-sternum was significantly
different than that measured at the force plate
(p = 0.002), but not significantly different from the
L3 measurements (p = 0.034) (see Figure 3). In the
medial-lateral direction, the RMS acceleration var-
ied significantly as a function of measurement loca-
tion (p < 0.001), but not by stance (p = 0.851), nor
was there a significant interaction (p = 0.260). The
post-hoc test on the significant location effect found
that the RMS acceleration at the mid-sternum was
significantly different from that measured at L3 and
the force plate (see Figure 4). In the vertical direc-
tion, the RMS acceleration varied significantly as a
function of measurement location (p < 0.001), but

Anteroposterior

0.7
T 0.6 i3
Tos
= —
g 0.4 M Mid-sternum
x
03 M Forceplate
0.2
0.1
| F 4

Single Leg Bipedal

Figure 3: Mean RMS acceleration in the anterior-
posterior plane as a function of measurement location
and stance. Solid horizontal line indicates conditions
that were not significantly different from each other.
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Figure 4: Mean RMS acceleration in the medial-lateral
plane as a function of measurement location. Solid
horizontal line indicates conditions that were not

significantly different from each other.

not as a function of stance (p = 0.155), nor was there
a significant interaction (p = 0.422). The follow-up
post-hoc test indicated that the RMS acceleration
measured at the mid-sternum was significantly dif-
ferent than the RMS acceleration measured at the
force plate, but not at the L3 level (see Figure 5).

Discussion

Because accelerometer placement on the body in
balance studies varies and because the correlation
between balance measures from the chest and other
body locations has not been widely reported, the
objective of this study was to investigate the balance
measures of tri-axial accelerometers attached at the
mid-sternum and the estimated COM. The second
objective was to examine the balance measures
recorded at the mid-sternum and a force plate. One
finding from this study was that the balance mea-
sures from the two tri-axial accelerometers exhibited
differences for both bipedal and single leg stance
conditions. Another finding was that balance mea-
sures from the mid-sternum accelerometer differed
from the force plate for both the bipedal and the sin-
gle leg stance conditions. The interpretation and
importance of these findings are discussed below.

The results for bipedal stance identified statistical
differences in mean RMS accelerations in the medi-
al-lateral direction but not the anterior-posterior
direction. In a similar study, Mancini and colleagues
reported that accelerometer signals recorded from
the estimated COM behaved similarly to signals
obtained from an accelerometer placed at the C7
vertebra during quiet bipedal stance in both the
anterior-posterior and medial-lateral directions.”
The difference in the medial-lateral acceleration
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Figure 5: Mean RMS acceleration in the vertical direction
as a function of measurement location. Solid horizontal
line indicates conditions that were not significantly
different from each other.

results between our study and that of Mancini and
colleagues may be due to the bipedal stance width;
subjects in our study stood with their feet together.
This foot arrangement yields a narrow base of
support in the medial-lateral direction, which has
been shown to increase medial-lateral movements.”*
Additionally, bipedal corrections of medial-lateral
sway involve shifting weight between the feet to
compensate for COM motion.® COM motion in the
frontal plane will require a concomitant motion by
the torso, and therefore mid-sternum, in the oppo-
site direction to maintain the COM over the base of
support.

The significant differences in mean accelerations
observed in the anterior-posterior and medial-lateral
directions between measurement sites during sin-
gle-leg standing were likely the result of subjects
utilizing a combined ankle and hip strategy for
maintaining balance. Traditionally the ankle strat-
egy is considered as the primary strategy, particu-
larly with younger subjects.” In the ankle strategy,
the center of mass is manipulated through torques
applied primarily at the ankle joint, requiring that
the upper and lower body move in unison, similar to
an inverted pendulum, as the center of mass is
manipulated. Under this scenario, linear accelera-
tions would increase in proportion to the distance
from the axis of rotation, the ankle. However, our
results indicate larger magnitude accelerations at L3
relative to the mid-sternum in both the anterior-pos-
terior and medial-lateral directions, implying the hip
strategy may have been used. With the hip strategy,
the center of mass is manipulated through torques
applied primarily at the hip joints, causing the upper
and lower body to move in opposite directions as
the center of mass is manipulated. Additionally, the
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ankle strategy is generally limited in the medial-lat-
eral direction due to torque generation limitations
of the ankle invertors and evertors.

Comparisons between the acceleration measures at
the mid sternum and the force plate indicated differ-
ences for both bipedal and single leg stance condi-
tions in the anterior-posterior, medial-lateral, and
vertical directions. In the anterior-posterior and the
medial-lateral directions, the significant differences
in mean accelerations may have been the result of
flexion and extension at the hip which coordinated
the movement of the trunk relative to the COM.’
The force plate did not record the larger accelerations
as the hip strategy creates a compensatory horizontal
shear force exerted against the support surface which
acts to decelerate the center of mass to control bal-
ance.””*** In the vertical direction, significant differ-
ences were observed between the mid-sternum and
force plate locations. This is likely the result of the
hip strategy and the height of the accelerometers
above the force plate. As compensatory anterior-pos-
terior and medial-lateral movements of the upper
and lower body are made in an effort to control bal-
ance, the vertical positions of the accelerometers will
change to a greater extent than the whole body cen-
ter of mass, which is reflected by the force plate accel-
eration measurement.

A discussion of the study methods is warranted to
provide context to the results. The sample popula-
tion consisted of students recruited from the WSU.
These students were also free of injuries or other
conditions that could have adversely affected their
standing balance and increased the magnitude of
the measured accelerations. As a result, the findings
may not be generalizable to the larger population.
The bipedal stance condition had subjects stand
with feet together. The close proximity of the feet
resulted in a narrow base of support that could have
yielded different acceleration measures than had the
feet been placed further apart. Also, this study was
conducted in a laboratory setting with few visual
and auditory distractions, which may limit the gen-
eralizability of these findings with regards to less
controlled environments.

Conclusion

Overall, the results of this study indicate that, for
those with normal balance, the choice between
mid-sternum and L3 measurement locations may be
of little consequence. However, as indicated by the
differences between the mid-sternum and force
plate measurement locations, bipedal and single leg
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balance measurements recorded at the mid-sternum
may provide valuable information with regard to the
amount of trunk movement required for a subject to
maintain balance. This is further supported by the
overall increased anterior-posterior and medial-
lateral mean acceleration at the mid-sternum when
compared to the force plate. Additionally, the
mid-sternum location was able to identify a change
in vertical position with trunk movement. The verti-
cal component could potentially be an indication of
increased postural instability. This information
could prove useful when considering the potential
use of MEMS tri-axial accelerometers built into
many consumer electronics devices. These devices
could be positioned against the mid-sternum loca-
tion, allowing for the accelerator to capture larger
variations in postural sway.
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