
Older adults utilize less efficient postural control when 
performing pushing task

Yun-Ju Lee, Bing Chen, and Alexander S. Aruin
University of Illinois at Chicago, Chicago, IL, 60612

Abstract

The ability to maintain balance deteriorates with increasing age. The aim was to investigate the 

role of age in generation of anticipatory (APA) and compensatory (CPA) postural adjustments 

during pushing an object. Older (68.8 ± 1.0 years) and young adults (30.1 ± 1.4 years) participated 

in the experiment involving pushing an object (a pendulum attached to the ceiling) using both 

hands. Electrical activity of six leg and trunk muscles and displacements of the center of pressure 

(COP) were recorded and analyzed during the APA and CPA phases. The onset time, integrals of 

muscle activity, and COP displacements were determined. In addition, the indexes of co-activation 

and reciprocal activation of muscles for the shank, thigh, and trunk segments were calculated. 

Older adults, compared to young adults, showed less efficient postural control seen as delayed 

anticipatory muscle onset times and delayed COP displacements. Moreover, older adults used co-

activation of muscles during the CPA phase while younger subjects utilized reciprocal activation 

of muscles. The observed diminished efficiency of postural control during both anticipatory and 

compensatory postural adjustments observed in older adults might predispose them to falls while 

performing tasks involving pushing. The outcome provides a background for future studies 

focused on the optimization of the daily activities of older adults.
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1. Introduction

Age is an important factor affecting the ability to maintain standing posture while 

performing voluntary arm movements (Bleuse et al., 2006, Carvalho et al., 2010, Kubicki et 

al., 2012) or dealing with external impacts to the body (Bugnariu and Sveistrup, 2006, 

Kanekar and Aruin, 2014a, b). Both arm movements and external impacts induce body 

perturbations and require implementation of the anticipatory and compensatory postural 

strategies to maintain and restore balance. Anticipatory postural adjustments (APA) are a 
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feed-forward control mechanism, which reflects changes in the activity of postural muscles 

prior to the expected postural perturbations (Aruin and Latash, 1995, 1996, Belen'kii et al., 

1967, Massion, 1992). The compensatory postural adjustments (CPA) are a feedback-based 

control mechanism, which reflects changes in muscle activity during the balance restoration 

phase following the perturbations (Alexandrov et al., 2005, Macpherson et al., 1989, Maki 

and McIlroy, 2006, Park et al., 2004).

Pushing, which involves using upper extremities exerting force away from the body, is the 

activity people commonly use in daily life for example, while moving strollers or grocery 

carts; it is also used by older adults pushing a wheeled walker with a seat while ambulating. 

Furthermore, aerobic activity involving for example, pushing a lawn mower, has beneficial 

effects on health outcomes for older adults (Elsawy and Higgins, 2010). However, how 

older adults perform daily activity involving pushing was not reported. Moreover, pushing 

tasks involve force exertion performed simultaneously with maintenance of balance, which 

could be challenging for the older adults. In addition, efficient pushing requires well-

organized postural control utilizing both anticipatory and compensatory postural strategies 

(Lee and Aruin, 2013). It was reported that older adults performing pushing exhibited 

different compared to young adults distal-to-proximal postural response (Inglin and 

Woollacott, 1988) and higher amplitude of COP excursions (Blaszczyk et al., 1997). It was 

also suggested that physical activities involving pushing could be a risk factor for falls and 

fractures in the elderly (Palvanen et al., 2000).

The role of age in the generation of anticipatory postural adjustments was studied during 

performance of a pull-and-push arm movements (Blaszczyk, Lowe, 1997, Inglin and 

Woollacott, 1988, Stelmach et al., 1990), arm arising movements (Bleuse, Cassim, 2006, 

Carvalho, Vasconcelos, 2010, Kubicki, Bonnetblanc, 2012), or externally induced 

perturbations (Kanekar and Aruin, 2014b). It was reported that when older and young adults 

were exposed to external perturbations, ventral and dorsal postural muscles of older adults 

were activated during the APA phase about 50 to 80 ms later than the muscles of young 

adults (Kanekar and Aruin, 2014b). Moreover, the COP displacements were seen 100 ms 

later in older adults during both self- and externally-triggered perturbations (Bugnariu and 

Sveistrup, 2006, Kanekar and Aruin, 2014b).

Studies of compensatory postural adjustments using external perturbations applied to the 

upper body revealed that magnitudes of muscle activity and COP displacements in older 

adults were significantly larger than in young participants (Claudino et al., 2013, Kanekar 

and Aruin, 2014a). However, postural control of older adults performing tasks involving 

pushing an object is not well understood. Therefore, the objective of this study was to 

investigate effects of age on anticipatory and compensatory postural adjustments when 

performing a pushing task. Moreover, prior literature suggests that the central nervous 

system (CNS) controls muscles as task-specific structural units and not at a single muscle 

level (Bernshtein, 1967, Slijper and Latash, 2000, Slijper and Latash, 2004). Additionally, 

since the CNS uses either reciprocal activation or co-activation of ventral and dorsal muscles 

for postural control, sum and difference between ventral and dorsal muscle activities 

characterizing co-activation (C value) and reciprocal activation (R value) of postural 

muscles respectively (Slijper and Latash, 2004, Staude and Wolf, 1999) could be used to 
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describe postural control. Furthermore, postural sway in older adults increase with the 

increase of the task demands (Prioli et al., 2006) and larger COP displacements were 

observed during both anticipatory and compensatory phases of postural control in older 

adults exposed to external perturbations (Claudino, dos Santos, 2013, Kanekar and Aruin, 

2014b). Hence, our first hypothesis was that the activation of leg and trunk muscles and 

COP displacements will be delayed in older adults compared to young subjects. Secondly, 

we hypothesized that older adults will control muscle activity using co-activation pattern 

with larger COP displacement while young adults will utilize pattern of reciprocal activation 

of muscles with smaller COP displacement during the anticipatory phase (APAs) and the 

compensatory (CPAs) phase of postural control when performing the pushing task.

2. Methods

2.1. Participants

Eight older adults (4 males and 4 females) and eight young adults (5 males and 3 females) 

without any neurological or musculoskeletal disorders participated in the study. All 

participants had normal or corrected to normal vision and were able to understand and 

follow instructions. Older adults were independent community ambulators, were not on any 

sedative medications, and had not undergone any surgery in the six months prior to study 

participation. The mean (SE) age of the older group was 68.8 ± 1.0 years, the mean height 

was 1.73 ± 0.03 m, and the mean body mass was 64.9 ± 6.8 kg. The mean (SE) age of the 

young group was 30.1 ± 1.4 years, the mean height was 1.73 ± 0.02 m and the mean body 

mass was 73.9 ± 4.6 kg. Both, body height and mass were not significantly different 

between the two groups. All subjects signed a written informed consent approved by the 

Institutional Review Board of the University of Illinois at Chicago.

2.2. Experimental procedure

The subjects were required to stand on a force platform (Model OR-5, AMTI, USA) in front 

of an aluminum pendulum (affixed to the ceiling) and push the horizontal flat wooden 

handle (62 × 9 × 2 cm) attached to it. An extra load (30% body mass) was fastened to the 

opposite side of the handle. The subjects were instructed to stand upright with feet shoulder 

width apart. Their upper arms were by the sides of their trunk at 90 degrees of elbow flexion 

and wrist extension, and palms slightly contacting the wooden handle. The height of the 

pendulum was adjusted to match the subject's hand position (Fig. 1). The subjects were 

instructed to push the pendulum handle straight forward with both hands using only trunk 

motion without wrist flexion and elbow extension as well as without taking a step or lifting 

the heels from the surface of the force platform. The subjects performed each trial in a self-

paced manner after receiving the experimenter's command “push.” After the pendulum was 

pushed away, it was caught by the experimenter. Then, the subjects returned to the starting 

position and waited for the experimenter's command to perform the next trial (5 trials in 

total). All the subjects were provided with several practice trials to familiarize themselves 

with the task. The study was conducted during one session that lasted approximately 20 

minutes.
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2.3 Data collection

The electrical activity of muscles (EMG) was recorded using disposable surface electrodes 

(Red Dot, 3M, USA). After cleaning the skin with alcohol, electrodes were attached to the 

bellies of the following muscles: tibialis anterior, TA (at one-third on the line between the 

tip of the fibula and the tip of the medial malleolus), medial gastrocnemius, MG (on the 

most prominent bulge of the muscle), rectus femoris, RF (at 50% on the line from the 

anterior superior iliac spine to the superior part of the patella), biceps femoris, BF (half way 

between the ischial tuberosity and the lateral epicondyle of the tibia), rectus abdominis, RA 

(3 cm lateral to the umbilicus), and erector spinae, ES (3 cm lateral to L1). The selected 

muscles have been used in previous studies of anticipatory and compensatory postural 

adjustments involving externally induced body perturbations (Aruin and Latash, 1996, 

Mohapatra et al., 2012, Santos et al., 2010). The placement of electrodes was based on 

recommendations reported in the literature (Basmajian, 1980). The EMG activity was 

recorded from the muscles on the right side only because both the posture and induced body 

perturbation were symmetrical. EMG signals were band-pass filtered (10-500 Hz) and 

amplified (gain 2000) using the EMG system (Myopac, RUN Technologies, USA).

Ground reaction forces and moments of forces were recorded from the force platform. An 

accelerometer (Model 333B42, PCB Piezotronics Inc., USA; weight 7.5 mg, sensitivity 51.0 

mv/(m/s2) and measurement range ± 98 m/s2 pk) was attached to the pendulum and its 

signal was used to determine the timing when the pendulum was pushed away. The forces, 

moments of forces, EMGs, and accelerometer signals were synchronized and digitized with 

a 16-bit resolution at 1,000 Hz by means of an analog-to-digital converter and customized 

LabVIEW 8.6.1 software (National Instruments, Austin TX, USA). The data were stored on 

a computer for further processing.

2.4. Data processing

All data were processed offline using MATLAB software (MathWorks, Natick, MA, USA). 

The accelerometer signal was used to determine the timing the pendulum started moving 

away (T0) by applying the Teager-Kaiser onset time detection method (Li et al., 2007).

In order to minimize the effects of electrical activity of the heart, EMG data of the trunk 

muscles (RA and ES) was subjected to an additional procedure. This contamination was 

identified by means of independent component analysis and removed from the signals (Lee 

et al., 2010). Then, all EMG data were high-pass filtered at 20 Hz, full-wave rectified, and 

low-pass filtered at 2 Hz (2nd order Butterworth). The timing of changes in the muscle 

activity (EMG onset time) was estimated with an approximate generalized likelihood ratio 

algorithm (concepts of statistically optimal change detection in random process) by using a 

combination of a fixed-size and sliding test window shifted along a data sequence (Staude 

and Wolf, 1999).

The EMG data were integrated during the two phases: 1) from -100 ms to +50 ms 

(anticipatory postural adjustment, APA) and 2) from +50 ms to +200 ms (compensatory 

postural adjustment, CPA) in relation to T0. Moreover, ∫EMGs of the baseline activity 

during the 150 ms time window (0-150 ms) were obtained at the beginning of the trial. Two 
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approaches were used to describe changes in muscle activity during the APA and CPA 

phases. One approach was focused on normalization of activity of each muscle using 

integral of baseline activity; as a result, activation of muscles was described by values larger 

than zero (∫EMG>0) and inhibition by values smaller than zero (∫EMG<0). Thus, the ∫APA 

and ∫CPA were normalized by ∫baseline for each muscle as:

According to the framework of the equilibrium-point hypothesis (Feldman, 1986), C indexes 

describe co-activation and R indexes describe reciprocal activation of agonist–antagonist 

muscle pairs (Slijper and Latash, 2004). Thus, the second approach was based on using the 

sums (C) and differences (R) between normalized ∫EMG values and calculated separately 

for the shank, thigh, and trunk in the APA and CPA phases as:

The ground reaction forces and the moments of forces were filtered with a 20Hz low-pass, 

2nd order, zero-lag Butterworth filter. Time-varying COP traces in the anterior-posterior 

direction were calculated using the approximations described in the literature (Winter et al., 

1996). An approximate generalized likelihood ratio algorithm (Staude and Wolf, 1999) was 

used to determine the timing of COP shifting away from the baseline (COPonset). Then, the 

COP values obtained at T0 (COPAPA) were used to describe the COP displacement during 

the APA phase and the COP peak values (COPCPA) were acquired to reflect the COP 

displacement during the CPA phase. All variables were calculated for each trial and 

averaged over five trials.

2.6. Statistics

Paired t tests were performed to compare young (Y) and older (O) groups on EMG onset 

time, COPonset, COPAPA, and COPCPA. In addition, paired t tests were used to evaluate 

differences between C and R values for both groups during the APA and CPA phases, 

separately. Statistical difference was set at p <0.05. Means and standard errors are presented 

in the results section and figures.

3. Results

Onset of muscle activity was seen in all leg and trunk muscles prior to T0 in both of the 

older and young groups. The ES in the older group, however, was activated after T0. All 

muscles in the older group became active later than in the young group. Figure 2 illustrates 

onset of muscle activities in the older and young groups at the group level. Age significantly 

affected onset time in the MG, BF, and ES. Thus, the MG onset was -59.33 ± 70.94 ms in 

the older group and –292.43 ± 32.10 ms in the young group (t = -3.225; p = 0.015). The BF 
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onset was -62.75 ± 47.81 ms in the older group and –281.02 ± 16.30 ms in the young group 

(t = -3.601; p = 0.009). For ES muscle, it was 49.13 ± 36.46 ms and -86.14 ± 30.51 ms in the 

older and young group, respectively (t = -2.548; p = 0.038). In the older group, the onset of 

TA was -259.25 ± 45.26 ms, RF was -244.71 ± 36.17 ms, and RA was -27.50 ± 48.24ms, 

which were closer to the timing of the pendulum moving away than the young group (TA: 

-278.63 ± 41.58 ms, RF: -268.86 ± 28.65 ms and RA: -84.71 ± 24.92). The difference was 

not statistically significant.

Comparisons between the C and R values in the older (white bars) and young groups (black 

bars) revealed different patterns (Fig. 3). Positive values indicate that there was an increase 

in the electrical activity of a muscle during the APA and CPA phases while negative values 

reflect an inhibition of the electrical activity. In the young group, C and R values calculated 

for the shank segment were significantly different (t = -4.859, p = 0.002) and the mean 

difference between C and R value (C – R) was -1.02, indicating that young participants used 

reciprocal activation of shank muscles in the APA phase. In the older group, smaller C value 

was only observed in the shank segment (C – R = -0.26); both thigh and trunk segments 

showed higher C value than R value (C – R = 1.23 and 0.26 for thigh and trunk, separately). 

Figure 3 illustrates that significantly larger C values than R values were seen in the shank (t 

= 2.790, p = 0.03), thigh (t = 3.067, p = 0.02), and trunk (t = 2.679, p = 0.03) muscles in the 

older group. Furthermore, the mean differences between the C and R values were 3.68 for 

the shank, 4.31 for the thigh, and 3.78 for the trunk segments. In the young group, the mean 

difference between the C and R values for the shank was -0.95 and significantly smaller C 

than R value were seen in the shank segment (t = -4.758, p < 0.01). The mean differences 

were -0.18 for the thigh (C > R) and 0.16 for the trunk (C < R), however, the difference was 

not statistically significant.

The timing of the onset of the COP displacement was -321.93 ± 21.78 ms in relation to T0 

in the younger group and -253.08 ± 21.51 ms in the older group; the difference between the 

groups was statistically significant (t = -3.476; p = 0.01). The COP displacement was always 

shifted backward during the APA phase and continuously shifted backward during the CPA 

phase. At the final stage of the pushing task, the COP displacement moved forward and 

returned to the original position. This pattern was observed in both of the older and young 

groups. Furthermore, the magnitudes of the COP displacement in the older group were 

larger than the young group during both phases but not significantly different between the 

two groups (Fig 4).

4. Discussion

The study was conducted to investigate the effect of age on the anticipatory and 

compensatory postural adjustments during the performance of a pushing task. The main 

result was that anticipatory activation of postural muscles was delayed in the older adults 

compared to the young adults. Moreover, in the APA phase, young subjects showed more 

reciprocal activation of shank muscles than co-contraction (R indexes were larger than C 

indexes). In the CPA phase, older adults showed more co-contraction of shank, thigh, and 

trunk segments muscles (C indexes were larger than R indexes); on the contrary, young 

subjects showed more reciprocal activation of shank muscles (R indexes were larger than C 
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indexes). Meanwhile, older participants, as compared to young subjects, showed delayed 

COP onset time in the APA and CPA phases. However, the maximal accelerations of the 

pushing in the current study were similar between older (14.05 m/s2) and young (14.64 

m/s2) groups. This outcome, taken together with the literature reporting that older adults 

could maintain arm velocities comparable to young adults during performance of tasks 

involving body perturbations (Woollacott and Manchester, 1993), suggests that the 

magnitudes of self-initiated perturbations were similar in both of the groups. Hence, the 

observed differences in the muscle activity and the COP displacements between the groups 

are attributed to the effects of age.

4.1. Muscle activation patterns

While subjects in both the groups activated muscles prior to the start of the pushing 

movement, as compared to young, older adults demonstrated delayed patterns of muscle 

activation. This study outcome supports our first hypothesis. The observed delayed 

activation of postural muscles in older adults is in line with previous literature describing 

age-related delays of muscle latency during performance of the arm raising tasks (Inglin and 

Woollacott, 1988, Rogers et al., 1992) and while being exposed to external perturbations 

(Kanekar and Aruin, 2014b). Large differences (about 200 ms) in the muscle activity onset 

time between older and young groups were observed in the dorsal muscles only. However, 

the differences in latencies of the ventral muscles between older and young groups were 

small (from 19 to 57 ms). This large variance indicated that analysis based on comparing 

timing of muscle activation might not be sensitive enough to distinguish differences between 

activation and inhibition of muscle activity as well as between patterns of co-activation or 

reciprocal activation of muscles. Hence, the results of C-R comparisons using the sum (C 

value) and difference (R value) between the activation of ventral and dorsal muscles of the 

shank, thigh, and trunk segments confirmed the importance of considering activity of the 

agonist and antagonist muscles at the joint level (Slijper and Latash, 2004, Staude and Wolf, 

1999).

In the APA phase, older participants showed muscle activation patterns that are not 

associated with either specific co-activation or reciprocal activation of muscles serving the 

shank, thigh, and trunk segments. On the contrary, young participants demonstrated 

reciprocal patterns of muscle activation in the shank segment. These results were partially in 

line with our second hypothesis that young adults use pattern of reciprocal activation of 

muscles during the APA phase. These results are also supported by the findings obtained 

from young adults dealing with perturbations in the anterior-posterior direction (Kanekar 

and Aruin, 2014b, Santos and Aruin, 2008). However, the observed comparable C and R 

values in older adults suggests that they most likely produced activation of the dorsal 

muscles that were not drastically different from the baseline activity. As such, it is quite 

possible that older adults use predominately ventral muscles during anticipatory postural 

adjustments associated with the pushing task. As such, one could suggest that one of the 

consequences of age is that older adults, compared to young adults, utilize inefficient 

postural adjustments when exposed to similar perturbations.
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Increases in muscle activation and significant co-activation of muscles in the shank, thigh, 

and trunk segments were seen in the CPA phase. Increased compensatory co-activation of 

the leg and trunk muscles was reported in older adults exposed to lateral perturbations 

(Claudino, dos Santos, 2013). Meanwhile, young participants utilized reciprocal activation 

of muscles in the shank segments (Fig 2). When task demands are relatively lenient, the 

CNS uses reciprocal activations of ventral and dorsal muscles for postural control and co-

activation of muscles for handling high demanding tasks (Santos and Aruin, 2008). Absence 

of muscle inhibition and subsequent increase in muscle co-activation indicates that older 

adults consider the pushing task as a challenging perturbation, and as such, they utilize 

additional muscle activities to maintain balance. This information taken together with the 

observed delayed initiation of anticipatory activation of muscles in older adults (Fig 1) 

suggests that the elderly may have problems when performing activities involving pushing 

an object (e.g. pushing a wheeled walker with a grocery bag attached to it) or while 

performing other high demanding daily activities. Future studies involve recording 

kinematics would provide body positions to investigate a potential role of differences 

between postural performances of older and young subjects during pushing.

4.2. COP displacements

Delayed anticipatory muscle activities in the older adults were also associated with the delay 

in the COP displacements. The onsets of the COP displacement in relation to the onset of the 

pushing movement in older and young adults were -253.08 ms and -321.93 ms respectively. 

Onsets of the COP displacement described in the literature associated with the unilateral arm 

rising were -148 ms in older and -256 ms in young adults (Bleuse, Cassim, 2006). The 

difference in the onsets of the COP displacement between older and young adults in the 

current study was around 70 ms and it was about 100 ms in the previous publications. Such 

a difference between the outcomes of the two studies could be due to using different 

experimental tasks (pushing vs. arm rising). Regardless of the experimental protocol used, 

older adults as compared to young adults demonstrated delayed onsets of COP displacement.

In the present study, the older group showed no significantly different COP displacement 

from the young group in the APA and CPA phases, which was contrary to the second 

hypothesis and the outcome of the previous study involving external perturbations (Kanekar 

and Aruin, 2014b). This discrepancy could be due to the dissimilarity of the experimental 

tasks: pushing used in the current study is a voluntary self-induced perturbation while 

externally-induced perturbations were used in the previous study. Relatively similar COP 

displacements between the older and young adults in the APA and CPA phases could 

potentially be associated with increased risk of losing balance during pushing in older 

adults. This suggestion is based on two factors. First, prior to the pushing movement, older 

participants demonstrated comparable with young participants COP displacements. Second, 

the increased COP displacement during the balance restoration phase after the pushing 

movement, combined with slow reaction time seen in older adults (Stelmach, Populin, 

1990), might predispose them to even larger instability making it more difficult to regain 

balance. It was also demonstrated that when young subjects push heavier objects, they show 

increased magnitudes of COP displacement and vertical torque (Lee and Aruin, 2015). As 

such, one could suggest that when older adults are required to push heavier objects, their 

Lee et al. Page 8

J Electromyogr Kinesiol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inability to control the COP magnitude and displacement might predispose them to losing 

their balance and potentially falling.

5. Conclusions

The outcome of the study demonstrates that young and older adults use different patterns of 

postural adjustments while performing the task of pushing a heavy object. Thus, older adults 

compared to young subjects use larger and delayed activation of muscles during the 

anticipatory phase of postural control and larger co-activation of muscles. Moreover, during 

the compensatory phase of postural control, older adults utilize larger co-activation of 

muscles while reciprocal activation of muscles was seen in the young group. The observed 

diminished efficiency of anticipatory postural adjustments and larger compensatory postural 

adjustments in older adults might predispose them to falls while performing daily activities 

involving pushing.
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Fig. 1. 
The schematic representation of the experimental setup. m- is the additional weight attached 

to the pendulum.
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Fig. 2. 
Onset times in the ventral (left panels) and dorsal (right panels) muscles. Data are presented 

from -400 ms to 200 ms in relation to the moment of the start of pushing (T0).
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Fig. 3. 
C and R indexes calculated for the shank, thigh and trunk segments during the APA (left 

panels) and CPA (right panels) phases of postural control.
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Fig. 4. 
Onset times show the moment when COP shifted away from the baseline prior to T0. 

Changes in the COP displacement at T0 and the peak value represent the APA and CPA 

phases, respectively.
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