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Abstract

Background The sit-to-stand movement requires balance
control and coordination between the trunk and lower
limbs. For these reasons, it is commonly used in clinics for
evaluating lower limb muscle function in the elderly. The
aim of the present study was to point out relevant biome-
chanical and neurophysiological sit-to-stand parameters
allowing comparison between elderly fallers and non-
fallers.

Methods Ten elderly fallers and thirty non-fallers per-
formed sit-to-stand movements. Sit-to-stand mechanical
(maximal and mean force, impulse) and temporal param-
eters were measured in the vertical and anteroposterior
axes using force platforms. Activity of rectus femoris,
vastus lateralis, and gastrocnemius lateralis muscles was
bilaterally recorded by surface electromyography.

Results Time to realize sit-to-stand movements was sig-
nificantly longer in elderly fallers compared to non-fallers
(» < 0.05). In the same way, maximal vertical force and
mean posterior force applied on force platform were sig-
nificantly lower (p < 0.05) in fallers than in non-fallers
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individual. At muscular activity level, results showed a
main statistical difference in gastrocnemius lateralis mus-
cle activity patterns between faller and non-faller groups.
Conclusion Vertical and anteroposterior data from force
platform, and gastrocnemius lateralis muscle activity
determined during sit-to-stand movement are the most
relevant parameters to differentiate fallers and non-fallers.
Moreover, these factors highlight different strategies to rise
from a chair between faller and non-faller group, sug-
gesting that fallers would constantly adjust their control
balance during the sit-to-stand movement.

Keywords Sit-to-stand strategies - Fall - Muscular
activation - Force platform

Abbreviations

ANOVA Analysis of variance
EMG Electromyography
FG Faller group

GL Gastrocnemius lateralis
GRF Ground reaction force
NFG Non-faller group

RF Rectus femoris

STS Sit to stand

TUG Timed up and go test
VL Vastus lateralis
Introduction

Aging causes changes in the neuromuscular system such as
strength loss and alteration of muscle activation (i.e.,
dynapenia) [1] which creates a deficit in the production of
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an optimal motor response and impairs motion control
during activities of daily living. Then, decline of neuro-
muscular factor, combined with the sensorimotor system
decrease with aging has important functional consequences
such as difficulty to rise from a chair [2] and increased risk
of falling [3]. Moreover, the occurrence of falls is related to
various factors as a disturbed sense of balance [6], lower
body instability [7], and functional limitations [8].

Despite the importance of fall occurrence in public
health, no reliable processes evaluating the risk of fall are
available, while several methods are mobilized to monitor
the elderly, such as postural tests and physical scales. All
these evaluations are widely used because they are easy to
apply and provide a good index of postural aging. How-
ever, they often suffer of a lack of standardization [9] and
of reproducibility [10]. Thus, they are considered to give
poor predictive values for falling risk in the elderly [4, 5].
Among classical tests used, the sit-to-stand movement
requires coordination between the trunk and lower limbs
balance and stability [11-14]. So, it deals with skills and
autonomy of elderly people. Because of the reduced
physical burden on the subjects and the low risk of
inducing disorders [15], STS remains a common test for
clinical assessments of the lower limb muscle function in
the elderly [16]. Nevertheless, when it is coupled with
force platform, it can allow better discriminating motor
behavior in a specific population such as elderly people
[12, 17]. Previous studies focused on comparing young
adults and elderly through STS movement force platform
data [15, 18, 19]. For example, it was shown that the
horizontal component of ground reaction forces was
greater in younger subjects, reflecting the difficulties in
ensuring postural control in elderly people [19]. Likewise,
postural adaptation was highlighted by the earlier activa-
tion of soleus and gastrocnemius muscles in the elderly to
prepare the transfer of body weight before seat-off [19].
Such differences were attributed to the development of
compensatory strategies for balance control during STS
[20]. All these results also suggest that the different
potentials in lower limb muscle force and/or muscle acti-
vation strategies, objectified by dynamic and electromyo-
graphic (EMG) measurements, could be used to
discriminate faller to non-faller profiles.

All these characteristics, associated with lower muscular
strength in lower limb in the elderly with fall experience
(i.e., faller group vs. non-fallers) [21-23], can cause a
different strategies employed by these two population to
stand up.

The aim of the present study was to point out the most
relevant mechanical (force platform measurements) and
muscular (EMG activity) parameters that could allow dif-
ferentiating a group of elderly fallers (FG) from a group of
non-fallers people (NFG), during STS movement.

@ Springer

Materials and methods
Population

Forty women aged from 64 to 79 years volunteered to
participate in the present study. Subjects were split into
two groups: (1) a non-faller group (NFG, n = 30) without
history of fall and (2) a faller group (FG, n = 10) with
subjects who had a previous history of at least one or
more falls in the year preceding the test. A fall was
defined as an event in which an individual unintentionally
drops onto the ground or at a lower level [24], excluding
environmental causes (e.g., rushes and snow). Subjects’
anthropometric data are presented in Table 1. All partic-
ipants were living in community dwelling and were
devoid of any pathology.

Protocol

Each participant performed a set of five repeated STS
movements as quickly as possible [25]. Subjects had to
keep their starting (sitting) and final (standing) position
during 5s before performing the following STS
movement.

To reduce the required work for full knee extension
and stand up [26], chair-seat height was adjusted
according to Perennou [27], i.e., each subject’s lower leg
length with a 90° knee angle when seated. STS move-
ments were performed with participants’ arms crossed on
their chest, in order to standardize the position and to
suppress the influence of arm swaying [17] on STS
strategy and force platform parameters as described
elsewhere [25].

Ground reaction force recording and processing

During all STS movements, ground reaction forces (GRF)
were recorded using two force platforms (type 9286BA,
Kistler Group, Winterthur, Switzerland) placed under each
foot. Each platform recorded the ground reaction force of
each lower limb. To determine a global dynamic force in
the vertical and anteroposterior axes, it must sum the

Table 1 Anthropometric characteristics of the subjects

Population n Age (years)  Size (m) Mass (kg)
NFG 30 70.8 (4.1) 1.57 (0.08) 64.2(53) NS
FG 10 734 4.8) 1.58 (0.05) 66.5 (4.6) NS

n number of subject; data are presented as mean and standard devi-
ation (SD), FG faller group, NFG non-faller group, NS not significant
difference between FG and NFG
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values of the two platforms. Data were recorded at 100 Hz.
Offset was made without any load on the platform (i.e.,
before the subject stood on the plate).

GRF data were processed offline with Bioware® soft-
ware (V5.1.0.0, Kistler Group, Winterthur, Switzerland),
and with custom-built Matlab scripts (R2008b, The Math-
works, Natick, Massachussetts, USA). According to Etnyre
and Thomas [17], STS movement began with a relief phase
and ended when the vertical component of the GRF nor-
malized relative to the body weight was equal to one,
which meant that the subject was standing. From the force—
time curves, several parameters were determined during
STS movement (Fig. 1a): peak GRF (Fpeax, in N kgfl),
average GRF produced during the complete STS (Fiyean, in
N kg_l), time to reach Fpe, (T4, in 8), STS total time (Tiy,
in s); STS Impulse (Imp, in N kg™' s) which corresponded
to the area under the force—time curve during total STS
movement. Each parameter was analyzed according to the
vertical (z) and anteroposterior (y) axes. For all parameters,
data were expressed as the mean = standard deviation
(SD) of the five trials. Anterior (yant) and posterior
(ypost) directions were differentiated in the analysis of
results.

Fig. 1 Synchronization
between EMG and STS
parameters. a Typical example
of a sit-to-stand (STS) vertical
and anteroposterior force—time

&

Surface electromyographic recording
and processing

During the STS movement, surface electromyographic
signals (EMG) of rectus femoris (RF), vastus lateralis (VL),
and gastrocnemius lateralis (GL) muscles were bilaterally
recorded and analyzed to evaluate any potential functional
asymmetry between both lower limbs. For each muscle, dry
surface electrode (Delsys DE 2.1, Delsys Inc, Boston, USA;
1-cm interelectrode distance) was attached on the skin.
Before electrode application, the skin was shaved and
cleaned with alcohol to minimize impedance. Electrodes
were placed on the muscle bellies, longitudinally with
respect to the underlying muscle fibers arrangement and
were located according to the recommendations of
SENIAM (surface EMG or non-invasive assessment of
muscles) [28]. The wires connected to the electrodes were
well secured with adhesive tape. EMG signals were
amplified (1000 ) and digitized (6—450 Hz bandwidth) at a
sampling rate of 2 kHz (Delsys Myomonitor IV, Delsys
Inc., Boston, USA), and stored on a computer.

Surface EMG signals were processed offline with cus-
tom-built Matlab scripts (R2008b, The Mathworks, Natick,
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Massachussetts, USA). First, EMG signals were band-pass
filtered (10-450 Hz, 4th order Butterworth filter) to ensure
that the signals were free of any potential artifacts induced
by muscle vibrations contained in low frequencies [29].
Then, the linear envelop of the rectified EMG signals was
calculated by using a zero lag low-pass filter (10 Hz, 4th
order Butterworth filter). EMG profiles were normalized by
their respective maximum value obtained during the STS
movement, thereby obtaining values of relative activation
between 0 and 1. EMG results were presented by mean
muscle activation into each STS phase.

Sit-to-stand phases

An electronic goniometer was placed on the knee joint
(Delsys Inc, Boston, USA, full range of +180°, precision
of £0.5°) to verify initial condition respect. Goniometer
was synchronized with the EMG measurements and
allowed determining the seat-off phase and the end of the
movement. STS movement has been splitted into two
phases: 1/the first one is an isometric lower limb phase
(T1so) (i-e., lower limbs did not move) corresponding to the
time interval between the initiation of STS (i.e., relief
phase) and the seat-off; 2/the second phase is a dynamic
phase (Tpyn), during which lower limbs are actually in
movement, that begins from the seat-off until the end of
movement (i.e., stand up position). The dynamic phase can
be divided in three consecutive time periods (Fig. 1b),
defined relatively to the GRF signal. The period 1 corre-
sponded to the time between the beginning of dynamic
phase and Fpea (Tpyn1)- Then, the period 2 ran from Fpeyy
to the relief peak (Tpyny). Finally, the period 3 corre-
sponded to the time between relief peak and stand up
position (Tpyn3)-

These phases of STS finally correspond to (1) trunk
flexion (T1so), (2) verticalization (Tpyn; and Tpyno), and
(3) stabilization (Tpyns) of the STS movement, typically
referred in the literature [30, 31].

Statistical analysis

Data are presented as their mean £+ SD. Skewness and
Kurtosis analysis was used to verify the normality of dis-
tribution and homogeneity of variance in the datasets.
Since all data followed a normal distribution, a one-way
ANOVA with repeated measures was applied to determine
the significant differences between the two groups (NFG
vs. FG) for platform data. A one-way ANOVA was applied
for EMG data. Tukey and Kramer post hoc comparisons
were carried out to identify pairwise differences in muscle
activation between all phases. Power analysis was esti-
mated by using the method of averages of two independent
groups [32]. Power was considered as excellent when its
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value ranges between 0.8 and 1, good between 0.6 and
<0.8, and low for values <0.6. For all statistical proce-
dures, significance threshold was set at p < 0.05.

Results
Force platform parameters

Whatever the considered group and force platform
parameters, no significant differences were observed
between data recorded on both right and left sides, meaning
that there was no asymmetry considering all the subjects
during STS. Consequently, parameters related to the force
platforms corresponded to the combined recordings from
the two force platforms (i.e., as if only one force plate was
used), to determine a global dynamic force in the vertical
and anteroposterior axes.

Mean platform parameters determined during STS for
each group (NFG and FG) are presented in Table 2. During
STS, Tror (1.57 vs. 1.43 s) was significantly longer in FG
than NFG (p < 005) AISO, FZPeak and FYMEAN posT W€Ere
significantly (p > 0.05) greater in NFG than in FG (+7
and 438 %, respectively). Inversely, Impz (7.2 vs.
123 N kg™ ' s, respectively) and Impy post (379.4 vs.
436.1 N kg™ ' s, respectively) were found to be signifi-
cantly smaller in NFG.

Table 2 Force platform parameters during sit-to-stand movement in
old subjects

NFG FG Power
Tror (s) 1.43 (0.17)* 1.57 (0.16)  0.652
Ti () 0.76 (0.10) 0.81 (0.15)  0.209
Vertical data (z)
Fpeax (N kg™h) 1.27 (0.09)* 1.20 (0.05)  0.646
Frvean (N kg™) 0.61 (0.05) 0.64 (0.07)  0.265
Imp; (N kg™' s) 379.4 (68.0)*  436.1 (49.2)  0.655
Anteroposterior data (year)
Fypeak ant (N kg™h) 0.54 (0.33) 0.53 (0.35)  0.052
Fypeak post (N kg™") 0.40 (0.17) 0.35(0.08)  0.120
Fymean ant (N kg™ 0.42 (0.16) 0.46 (0.14)  0.099
Fymean post (N kg™h 0.43 (0.23)* 0.27 (0.13)  0.514
Impy ant N kg™''s) 23.5 (13.0) 29.0 (19.8)  0.157
Impy post (N kg™ s) 7.2 (4.8)* 12.3 (2.6) 0.898

STSsas fast condition, NFG non-faller group, FG faller group, Fz
vertical force, Fy anteroposterior force, 4y7 anterior data; posr pos-
terior data, F,., average GRF produced during the complete STS, T}
time to reach peak GRF, T,,, STS total time, Imp corresponds to the
area under the force—time curve during the total STS

* p <0.05: Significantly different from FG
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EMG analysis

EMG of rectus femoris (RF), vastus lateralis (VL), and
gastrocnemius lateralis (GL) muscles were bilaterally
recorded and analyzed, but no significant differences were
observed between data recorded on both right and left
sides. Thus, only results from the dominant leg (i.e., right)
were presented. Mean muscle activations in both popula-
tions are presented in Fig. 2, and the power analysis was
equal to 1 for all EMG results.

EMG measurements revealed a phase effect for each
group and each muscle. For instance, the mean activation
of RF and VL muscles was the highest (RF: 62.6 vs.
61.4 % and VL: 52.6 vs. 58.4 %, respectively for FG vs.
NFGQG) at the beginning of the dynamic phase (Tpyn;), and
decreased after reaching the maximum vertical force
(Tpyn2 and Tpyns) in both populations. However, the GL
muscles activities exhibited some intergroup discrepancies.
Indeed, there was a gradual and progressive increase in the
mean activation of the GL muscles during STS for NFG
(TISO =224 %, TDYNI =35.6 %, TDYN2 =584 %, and
Toynz = 72.9 %), while the mean activation of the GL
muscles displayed an almost constant period with no sig-
nificant differences (between Tiso = 37.6 %, Tpyni =
44.9 % and Tpyne = 50.4 %) for FG. The mean activation

Fig. 2 Sequence of muscular
activation movements in old
subjects during sit-to-stand
movement. RFR rectus femoris
right side, VLR vastus lateralis 09 A
right side, GLR gastrocnemius
lateralis right side

07+

for these three phases (Tiso, Tpyni, and Tpyno) was sig-
nificantly different to Tpyns (75.8 %) for FG.

Discussion

The aim of the present study was to determine mechanical
and muscular STS parameters that could be relevant for
comparing a group of elderly fallers (FG) to a group of
non-fallers (NFG) from force platform and muscle activa-
tion parameters when executing fast STS movements.
Results showed significant discrepancies in force platform
parameters and mean activation of the GL between FG and
NFG assuming different motion strategies to rise from a
chair in the two groups.

Force platform parameters

Among the various factors involved in fall occurrence, the
“lower body instability” plays an essential role [7].
Whatever the considered group, results of the present study
presented no statistical difference between the two lower
limbs concerning the force platform parameters. This
shows that our FG is not affected by lower limb asym-

metry. Nevertheless, results indicated that several
No Faller Group Faller Group
A
*
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IsometricPhase A| Significant difference for all phase
DynamicPhase 1
DynamicPhase2 Significant difference between two phase
DynamicPhase 3 # No significant difference between two phase,

but difference for other
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parameters can be proposed to discriminate fallers and non-
fallers behavior. One can assume that difference between
the two groups is mainly due to the fact that fallers are
more careful during movements of daily living. This is
supported by the longer time observed during STS. Kim
and Shin [33] showed that the elderly with fall experience
performed movements with relatively less stability,
implying to take more time to complete a movement.
Concerning the kinetic parameters, when the STS move-
ment was performed as fast as possible, results revealed
significant difference in the force production between the
two groups. Indeed, the maximal vertical force (Fzpeak)
produced by NFG was significantly higher (p < 0.05) than
the one produced by FG (1.27 vs. 1.20 N kg™!, respec-
tively). As previously reported, this may reflect a lack of
strength in lower limbs of fallers [22, 23], and confirm that
loss of muscle strength is a main risk factor for falls [34].
Moreover, the stronger and faster performance levels on
STS release in NFG than in FG may be assigned to the
phenomenon of sarcopenia. Indeed, sarcopenia is charac-
terized by a loss of the number and size in type 2 muscle
(fast-twitch) fibers with age, which causes a lower level of
force production [35] and affects the speed of movements.

Comparison of dynamic parameters between the two
groups also revealed a significant higher Fyygan post in
fallers. Yoshida et al. [36] demonstrated that the forward
lean was greater in healthy elderly subjects than in young
healthy subject. From the Yoshida et al. [36] results, one
can assume that fallers need to lean forward more than non-
fallers, inducing a backward imbalance during the back-
ward return of the trunk. By definition, the STS movement
is a transitional movement where the center of mass moves
from a stable position to a less stable position over
extended lower extremities [37]. It was previously sug-
gested that the time to perform the lower limb extension
was related to the center of mass position in order to ensure
both a change in direction (from horizontal to vertical) and
the preservation of equilibrium [38]. To preserve their
equilibrium, elderly people should perform an important
trunk flexion before extending the leg. This anteroposterior
trunk flexion may be more accentuated in fallers, assuming
that aging induces the development of compensatory
strategies on balance control during STS movement, which
could probably be objectified by kinematic measurements.

Generally, two functional strategies can be described
when performing STS movement. The first one consists in
producing a small trunk flexion to transfer forwards and
then to begin the seat-off [39]; the second way consists in
increasing trunk flexion before initializing the movement
[20]. The first strategy involves more strength to stand up
and is preferentially performed by our non-fallers’ sub-
jects; the second one involves a more pronounced antero-
posterior swing as observed in fallers. Consequently,
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preferentially performing a strategy rather than the other
one could explain the differences in the force platform
parameters (Fzpeak, Fymean post) between FG and NFG.
Further investigations including video analysis should be
done to verify this hypothesis.

Electromyography

In the present study, muscle activation analysis only
focused on lower limbs muscles which mainly contribute to
ensure greater autonomy in all daily activities. Indeed,
Wretenberg and Arborelius [40] showed that the knee
extensors represent 72 % of the total concentric work
produced when rising from a chair and are often considered
as the main actor in the STS [41]. Results of the present
study demonstrated that muscles were activated before the
seat-off (T1s0), whatever the considered group suggesting a
pre-activation of lower limb muscles before their extension
to rise, as already shown by Groos et al. [19]. Results also
indicated that RF and VL were activated in the same way
during STS, with no statistical difference between the two
subjects’ groups, but revealed that the main difference
between FG and NFG results in the sequence of GL muscle
activity during STS. In fact, it can be observed that muscle
activity of GL increased significantly during each phase
only in non-faller group, whereas it remains quite identical
during Tiso, Toyni, and Tpyne for FG. However, it can be
noted that, whatever the considered group, the maximal
activity of the GL muscle was observed in Tpynz phase.
According to this observation, several studies [42, 43]
observed that the triceps surae muscles contributed to
postural adjustments during STS movement and were
activated at the end of STS, having an important postural
role for standing stability [44]. Our results suggest that GL
muscles are also involved in preparatory and accompany-
ing postural movement, and allow for controlling balance
during STS. So, fallers would adjust their control balance
constantly during the STS movement as objectified by the
GL activity.

One can think that elderly fallers and non-fallers use a
different strategy to perform STS movement, explain by
significant difference of anteroposterior data and a different
muscular activity distribution. Indeed, it is commonly
accepted that the GL allows to control equilibrium [19, 30,
31, 37]. Because VL and RF are activated when the center
of gravity is adequately positioned, this suggests that sub-
jects comply a motor program consisting in triggering the
muscles that are used to perform sit-to-stand movement
(quadriceps) when they are placed in a stable position.
Such an observation is in accordance with previous finding
from Goulard and Valls-Solé [44] who suggested that “the
pattern of lumbar paraspinal, quadriceps, and hamstrings, is
likely a centrally programmed sequence of activation, and
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this motor program is probably executed only when the
preparatory postural muscles have ensured that the center
of gravity is appropriately placed.” This hypothesis can
explain the difference in the pattern of GL muscle activity
and the similarity in the VL and RF muscles activity pat-
tern between fallers and non-fallers, in connection with
different strategies to rise of chair mentioned. The motor
program is the same but the adequate stability condition to
begin the stand phase of STS movement is different.

Practical applications

To the authors’ knowledge, differentiation between fallers
and non-fallers in elderly has never been done by associ-
ating mechanical and neuromuscular parameters like hori-
zontal and vertical ground reaction forces and
gastrocnemius muscular activity, etc., during a sit-to-stand
movement at high speed. When exist, such measurements
mainly concern comparison between elderly and young
people [19]. Comparing population of similar age presents
higher interest for clinicians, and also for elderly subjects,
allowing to, propose some keys in their rehabilitation and/or
reinforcement (i.e., squat exercise and proprioception
exercise to work equilibrium). Moreover, the sit-to-stand
movement, which is a repetitive daily activity can allow
detecting information on the muscular deficit, especially at
the hip [19] and knee levels. Indeed, despite a strategy
which requires higher energy/strength level, elderly fallers
favor balance control, even during fast movement [45], and
mainly during the knee extension phase. Indeed, elderly
fallers reduce their body moment of inertia by flexing their
trunk, bringing their upper body nearest the body center of
mass. This allows them to control their balance, but requires
a greater force production during the knee extension, since
the movement is not carried out in one step. This seems
paradoxal in comparison with previous studies showing that
elderly fallers present a less muscular strength in lower limb
that non-faller ones [22, 23]. This continuous preservation
of the balance is supported by electromyographic results.
Findings of the present study point out that elderly fallers
and non-fallers use different strategies to achieve the sit-to-
stand movement. The first strategy, called “moment-trans-
fer” [46], induces an important speed on the anteroposterior
component of the subject’s center of mass, due to a kinetic
energy transfer during flexion of the trunk to stand up. The
trunk flexion causes a great strength production in the lower
limbs before the seat-off moment. This strategy requires a
high level of equilibrium control and is the most common
way among non-disabled people [39], corresponding to
non-faller people in the present study. The second strategy,
called “stabilization strategy” [46], consists on bringing the
center of mass above the support polygon, before the seat-
off, upon important trunk flexion. Subsequently, the subject

performs a knee extension phase to stand up. This strategy
focuses on postural stability and is usually used by people
with muscle weakness in the lower limbs [20], corre-
sponding to the faller subjects of the present study. This
finding was supported by the kinematic results obtained in
the present study (i.e., trunk flexion, trunk angular velocity,
etc.) which offer the perspective of analyzing easily and
quickly the sit-to-stand movement thanks to a simple 2D
video capture. This represents a promising opportunity to
characterize the different sit-to-stand strategies. Indeed, in
clinical practice, a video camera (2D analysis) would be a
more available tool and easy to use than a 3D force platform
coupled with surface electromyography. The improving
technology for the development of smartphones (e.g., video
resolution and recording rate) and the growing range of
applications gives us the reasons to think that determining
sit-to-stand strategies in elderly would be greatly facilitated
in the near future.

Conclusion

This study determined mechanical and muscular STS
parameters that are relevant for distinguishing a group of
elderly fallers vs. a group of non-fallers. Our main results
also demonstrated differences in anteroposterior and ver-
tical dynamometric parameters, and a different pattern of
GL muscle activity. The differences reported between
fallers and non-fallers could be explained by a different
motion strategy to rise from a chair. A video analysis
should be useful to verify this hypothesis. Finally, one can
also ask if there are one or more threshold values from
force platform parameters that discriminate fallers and non-
fallers
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