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1. Introduction

Approximately 30% of older adults report balance impairments resulting in an increased fall 

risk that goes up with increasing age [1]. Balance impairment can result in dynamic 

instability while walking-i.e., diminished capacity to regulate the kinematics of the whole 

body center of mass (COM) with respect to the base of support (BOS) [2], which decreases 

older adults’ mobility, contributing to decreased community participation [3]. While reduced 

balance may relate with structural and functional declines in locomotor and balance control 

[4], other factors may also interact with the motor system and influence the observed 

decreased COM control [5]. For instance, psychosocial factors can acutely shape or modify 

how the motor system responds to static and dynamic tasks [6, 7]. Indeed, reduced balance 

confidence is associated with a deterioration in the performance of clinical tests of balance 

and mobility for elderly [8–10]. Thus, many factors can result in poor balance control and 

mobility limitations, which presents a critical concern for older adults [11] and 

understanding those factors can help to create targeted clinical interventions.

The control of the kinematics of the COM with respect to the BOS must be performed on a 

step-by-step basis [12, 13]. A measure of mechanical stability, the margin of stability 

(MOS), quantifies the distance from the extrapolated COM (i.e., the position and normalized 

velocity of the COM) to the boundary of the BOS [14, 15] on a step-by-step basis. Scaling 

speed can provide a challenge to controlling COM kinematics that is not observed at 

preferred walking speeds and can result in a decreased MOS [16]. As walking speed is 
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systematically increased, step kinematic variability increases in young adults in both the 

mediolateral and sagittal planes [17], and at faster than preferred walking speeds, the 

extrapolated COM goes beyond the BOS, resulting in a negative MOS [16]. With aging, 

greater caution may be observed when performing gait related tasks that increase an 

individual’s risk of becoming unstable [12, 13].

Clinical measures of balance, i.e., self-selected walking speed, Berg Balance Scale, or 

Timed Up & Go Test, have been related to an individual’s balance confidence [9, 10, 18] 

whereby better balance performance is observed with higher balance confidence. If balance 

confidence is related to dynamic stability, then, as the task of walking becomes more 

challenging, reduced balance confidence may affect the willingness of individuals to attempt 

faster speeds. These self-imposed restrictions may relate to an actual decrement in 

controlling the COM when performing a challenging task or may just be the individual’s 

perception that COM control is worse, in which case the mechanics of gait will be similar to 

individuals with higher balance confidence. Thus, investigating the link between laboratory-

based measures of dynamic stability while walking and balance confidence could inform 

different interventional approaches to improve balance and reduce fall risk.

Therefore, the purpose of this study is to investigate the relationship between dynamic 

stability and walking speed in a group of younger and older adults and the extent that 

dynamic stability measured in the lab setting is related to balance confidence. It was 

hypothesized that exposure to progressively faster speeds will result in decreased dynamic 

stability for older adults when compared to younger adults. We also hypothesized that 

balance confidence would relate to measures of stability while older adults attempted to 

walk at progressively faster speeds.

2. Materials and methods

2.1. Participants

Ten young adults (7 females) and 14 older adults (10 females) volunteered to participate in 

this study (Table 1). Participants were excluded from the study if they affirmed any 

neurological, musculoskeletal, or other injuries or disorders that would limit their functional 

mobility and if they required an assistive device to walk. Eligible participants provided 

written informed consent prior to participation. The study was approved by the Institutional 

Review Board at the University of Alabama at Birmingham, ethics approval number 

F160225004. Prior to testing, sociodemographic data, health-related information, 

comfortable and maximum walk speed and fall history (the number of falls in the past year) 

was collected.

2.2. Procedure

All participants completed the 16-item Activities Specific Balance Confidence Scale [19]. 

This measure captures the self-assessed balance confidence of individuals performing tasks 

of daily living by rating their level of confidence in performing tasks without “losing their 

balance or becoming unsteady”. Scoring ranges from no confidence (0%) to completely 
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confident (100%). Higher scores indicate greater balance confidence. The measure is reliable 

and valid and has been shown to predictive of fall status and incidence of future falls [20].

2.3. Experimental protocol

Individuals performed three 10-m overground walk trials timed with a stopwatch in each 

comfortable and maximum speeds to characterize our participant sample. For comfortable 

walking speed, individuals were instructed to “walk at a speed that feels the most 

comfortable” and for maximum speed individuals were instructed to “walk at the fastest 

speed you feel safe”. Prior to the start of the protocol, every participant was familiarized 

with walking on the treadmill by first walking at a very slow speed (0.4 m/s), and the speed 

was slowly increased once they confirmed they felt comfortable at that speed. The treadmill 

speed was increased until a walking speed of 1.0 m/s was achieved, and the participants 

affirmed they felt comfortable. In this study, we used a robotic system, the KineAssist 

(Figure 1), which is coupled with a split-belt instrumented treadmill. The device interfaces 

with individuals through a pelvic mechanism that allows 6-degrees of freedom of the pelvis 

to allow for relative transparency. This treadmill device was used for safety purposes to 

prevent individuals from falling to the treadmill surface if they lost their balance.

After participants were acclimated to walking on the treadmill, they were asked to walk at a 

range of speed from 0.4 m/s to 2.0 m/s in 0.2 m/s increments with short rests between each 

walking speed. The top limit of 2.0 m/s is around the reported walk to run transition speed 

[21]. Faster walking trials were attempted until the participant chose not to walk at a faster 

speed, OR all speeds were attempted. Short breaks, from 2-5 minutes, were provided 

throughout the data collection and individuals had the option to sit if they desired to.

2.4. Data analysis

The trajectories of 34 passive reflective markers were recorded by an eight-camera motion 

capture system recording at 100 Hz (Qualysis, Goteborg, Sweden) to create a 12-segment 

ridgid body model [22]. The three-dimensional marker positions were tracked using 

commercial software (Qualysis Track Manager) and filtered with a Butterworth 6 Hz zero-

lag low-pass filter. Maximum and minimum positions of heel and toe markers were used to 

identify heel strikes and toe offs, respectively, and estimates of COM position were 

quantified in Visual 3D (C motion Germantown, MD) and analyzed using custom Matlab 

software (MathWorks, Natick, MA).

For this investigation, we quantified dynamic stability on a step-by step basis using the 

margin of stability (MOS) [15]. The position and velocity of the COM were used to define 

the extrapolated COM (xCOM: Eq. 1). The velocity of the COM was normalized by the 

eigenfrequency, or natural frequency, of a non-inverted pendulum (ω0).

xCOM = COM + vCOM/ω0 (1)

The MOS considers the distance between the xCOM and the border of BOS (Eq. 2 and 3). 

The anterior and medial border of the BOS was estimated with markers placed on the 
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participants shoe over the middle phalangeal bone of the 1st toe and the proximal phalangeal 

of the 5th toe, respectively. This measure provides a spatial measure of stability whereby 

positive values of the MOS result from the xCOM being located within participants BOS. 

Negative MOS value represents the xCOM outsides an individual’s BOS and indicates an 

unstable step. MOSap (anterior-posterior) was quantified at heelstrike and MOSml (medial-

lateral) was the minimum MOS, which occurs after heelstrike. The equation for MOS was as 

follow:

MOSap = BOSap − xCOMap (2)

MOSml = BOSlat − xCOMml (3)

The MOSap were averaged for each speed and a regression relationship was created between 

MOSap and walking speed to assess the sensitivity of dynamic stability (i.e., the slope of the 

relationship). As individuals walk faster the MOSap decreases in value and will eventually 

cross zero [16]. We quantified the walking speed after MOSap crossed zero (i.e., zero 

crossing). As exploratory analysis we also quantified the COM position at footstrike defined 

as the location of the COM with respect to the BOS and related that to walking speed as well 

as the change in MOS variability with speed.

2.5. Statistical analyses

Descriptive statistics were computed for all variables and are reported with mean, standard 

deviation, 95% of confidence interval for mean and percentage to describe group 

proportions. For statistical analysis, data were analyzed with SPSS version 25 (IBM 

Corporation, Armonk, NY, United States). The distributions of the data were analyzed with a 

Shapiro Wilk test. Independent sample Student t test and the Mann-Whitney U test were 

performed to compare participant characteristics of both groups. The chi-square test was 

used to evaluate differences in falls between both groups. The Spearman rank correlation 

coefficient was used to examine the relationships between balance confidence and measures 

of stability while mixed linear regression analysis were used to assess the relationship of 

MOSap and walking speed. Two-tailed statistical significance was set to p<0.05.

3. Results

3.1. Age-related effects of speed

Age-related differences were detected in measures of gait and stability (Table 2). All 

younger adults attempted all possible speeds while some older adults chose to stop walking 

before 2.0 m/s. For older adults, 8 completed all speeds while 6 individuals stopped before 

2.0 m/s (range, 1.0-1.8 m/s). Thus, the fastest speed attempted by older adults, on average, 

was 1.82±0.35 m/s (U(1)=40.00, Z= −2.310, p=0.021). The MOS variability of older adults 

was larger compared to young adults at the fastest speed achieved in the sagittal 

(U(1)=28.00, Z=2.459, p=0.013) and frontal plane (t(22)= −3.0, p=0.007). Older adults 
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became unstable at a slower speed than younger adults. On average, younger adults MOS 

was negative at 1.60 ± 0.09 m/s whereas older adults MOS was negative at 1.23 ±0.27 m/s 

(U(1)=12.50, Z= −3.529, p<0.001), (Figure 2a). Older individuals walked with a reduced 

overground maximum walking speed (U(1)=24.00, Z=−2.695, p=0.007). There were no 

significant differences in the mean of MOS at fastest speed attempted and sensitivity of 

MOS between both groups (t(20.481)=1.208, p=0.241 and t(22)= −0.437, p=0.666, 

respectively) and overground comfortable walking speed (t(18.068)= −1.435, p=0.168).

The distance between the COM position and the BOS at footstrike was smaller in the older 

adults compared with the young adults (Figure 2b). Following the mixed linear regression 

model analysis, the COM position did not show a significant interaction between effect of 

age and walking speeds (F(175.752)=0.111, p=0.739), but increasing walking speeds 

increased the COM position (F(175.752)=596.087, p<0.001) while older adults COM 

position was less than younger adults (F(35.984)=13.372, p=0.001).

Compared to older adults who completed all speeds, older adults who stopped earlier 

increased the variability of their MOSap between their penultimate speed and last speed 

attempted (0.014±0.012 and 0.001±0.009 m; (t(12)= −2.229, p=0.046). No difference was 

detected in variability of the MOS in medial-lateral direction from the penultimate speed to 

last speed attempted (0.006±0.003 and 0.003±0.007 m; t(12)= −1.016, p=0.330, Figure 3).

3.3 Balance confidence and walking performance in older adults

Balance confidence was correlated with measures of lab-based performance in older adults 

(Table 3). The ABC score correlated strongly with the fastest speed attempted (rho=0.85, 

p<0.001). A relationship was observed between the ABC score with the MOSap at the fastest 

speed attempted (rho= −0.62, p=0.004). The ABC score showed positive relationships with 

overground comfortable (rho=0.62, p=0.018) and maximum walking speed (rho=0.69, 

p=0.007) in older adults. However, no significant relationship was found between ABC 

score and sensitivity (rho=−0.02, p=0.93) for older adults and the ABC score did not 

correlate with the zero crossing (rho=0.38, p=0.18). Finally, a moderate relationship was 

found between the zero crossing and the fastest speed attempted (rho=0.60, p=0.022).

4. Discussion

The purpose of this study was to investigate the relationship between dynamic stability and 

walking speed in a group of younger and older adults and the extent that dynamic stability 

measured in the lab setting is related to balance confidence. We hypothesized that exposure 

to progressively faster speeds would result in decreased dynamic stability for older adults 

when compared to younger adults. Our findings demonstrated decreased dynamic stability 

for both older adults and younger adults at faster walking speeds. Moreover, for older adults 

greater, MOS variability medio-laterally and anterior-posterior along with zero crossing 

occurring at a slower speed were found, explaining why some older adults chose to not 

attempt all speeds. However, we did not detect an age-related difference in the sensitivity of 

dynamic stability to increasing walking speed suggesting that increasing walking speed led 

to similar incremental decreases in dynamic stability. Thus, our hypothesis was mostly 

supported. Finally, we hypothesized that balance confidence would relate to measures of 
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stability while older adults attempted to walk at progressively faster speeds. We found 

significant relationships between older adults’ balance confidence and some measures of 

lab-based dynamic stability (i.e., the fastest speed attempted, the MOSap among older adults, 

however the zero crossing was not correlated. Consequently, the second hypothesis was 

partially supported.

4.1. Effects of age and speed on dynamic stability

Age is an important factor that affects dynamic stability while walking at progressively 

faster speeds. In the current study, all younger adults and only 60% of older adults attempted 

all possible speeds. For older adults, the speed they stopped at was related to the speed at 

which they became unstable anterior-posterior (i.e. zero crossing). On average, the zero-

crossing occurred at a much slower speed for older adults compared to younger adults. One 

possible explanation is a smaller established distance on a step-by-step basis between lead 

limb and the COM at foot strike (Figure 2) for older adults. The negative linear relationship 

between speed and MOSap we show has previously been described for younger adults 

walking at progressively faster speeds [16]. This may be a counterintuitive finding since a 

negative MOS is related to dynamic instability. The extrapolated COM represents the 

projected position of the COM, not the actual COM position, so as long as the foot is placed 

anterior to the COM the braking forces can be generated which allow a transition from one 

limb to the next (i.e., one inverted pendulum to the next). However, the more “unstable” the 

MOS (i.e., the more anterior the projection of the COM) the more challenging it would be to 

modify the walking pattern to avoid an undesirable step location or respond to an external 

disturbance. Indeed, older adults with faster walking speeds are at greater risk for falls in the 

community[23]. In the current investigation no loss of balance was reported during the 

walking trials, in part, because individuals could voluntarily not attempt a faster speed. 

While measures of average MOS at the fastest speed attempted in both anterior-posterior and 

medio-lateral directions failed to separate groups, increased step-to-step variability in MOS 

did. Differences in the variability of steady state gait variables have consistently showed an 

age-related difference [13, 24] and differentiated those at a higher fall risk [25]. In fact, it 

has been suggested that quantifying variability of stability may be more useful than mean 

MOS in assessing how individuals control walking stability [26].

4.2. Dynamic stability and balance confidence by older adults

Loss of balance confidence is common in community-dwelling older people and can affect 

up to 75% of older adults [27]. However in some cases, loss of balance confidence appears 

independent of experiencing falling [28] suggesting that this could relate to a perception of 

instability. In this investigation, older adults who reported lower balance confidence were 

less willing to attempt faster walking speeds, even though no falls occurred during the data 

collection. It’s possible that participants were responding to internal feedback about their 

gait control where they did not feel the could successfully complete a faster speed. In fact, 

most older adults who did not complete all walking speeds showed greater anterior-posterior 

MOS variability in the trial before choosing to stop the data collection (Figure 3). What 

cannot be determined however is whether the balance confidence affected stability (i.e., they 

could have walked faster but did not) or whether these individuals were physically unable to 

control their COM at faster speeds, and thus requires further study. The instrument used to 
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assess balance confidence was based on self-recall and was a static measure (i.e., did not 

assess balance confidence of performing the task). It may be helpful to develop a more 

dynamic measure of balance confidence to try to relate changes in dynamic stability. It has 

recently been suggested that anxiety is also important to consider when assessing the 

psychological influence on balance [29]. Greater anxiety has been shown to relate to a 

decline in balance confidence [30]. In order to determine the relationship between 

psychological influences on control of gait, observed relationships with measures of 

dynamic stability should be investigated.

4.3. Limitations

The present study has several limitations. Convenience sampling was used to select adults, 

65-84 years old, who lived in the community for this pilot study. Thus, these results may not 

be generalizable to the older population as a whole. However, the results showed clear trends 

whereby decreased balance confidence is related to dynamic stability measured while 

walking. This investigation employed a rehabilitation robotic device that interfaced with 

participants via a pelvic harness, which may have influenced the results of this study. 

However, our data shows a similar negative linear trend between MOSap and speed as a 

previous study[16] and our MOS variability measures were of similar magnitude of other 

published studies [26, 31]. Thus, while we cannot rule out that device did not affect our 

participant’s responses, we can say that our data was similar to the extant literature. Also, 

cognitive function was not assessed for older participants. A link between balance and 

cognitive function has been discussed in the literature. Further, we are unable to separate 

whether balance confidence or inability to walk faster informed the participant’s choice to 

not attempt faster speeds. Our measure of balance confidence did not reflect how the 

individuals’ perception was modified by the task, thus an objective measure of balance 

confidence might provide a more mechanistic explanation of our present results providing 

the impetus for further study. Finally, the ceiling for the walking speed was set to 2.0m/s. 

This may not have been the maximum speed that some individuals would have attempted, 

however it is close to the speed that people transition to a run [21], thus this speed ensured 

that individuals could walk for all trials.

5. Conclusions

In summary, the current pilot study documents that older adults became unstable on a step 

by step basis at slower walking speeds than younger adults. Walking performance of older 

adults was related to their balance confidence suggesting an observable link between more 

cautious behavior and dynamic stability while walking. The findings of this study will help 

guide further research on the interaction between psychological aspects and capacity of 

mobility of older adults.
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Highlights

• More variable stability step-by-step of older than younger adults at faster 

speeds

• Balance confidence related with margin of stability among older adults

• Lower balance confidence was indicative of slower treadmill walking speeds.
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Figure 1. 
The experimental setup used for this experiment. The KineAssist which allows for six 

degrees of freedom at the pelvic interface creating relative transparency, was used to guard 

against falls during the experimental protocol.
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Figure 2. 
The relationship between walking speed and (a) margin of stability and (b) COM position 

among younger and older adults.
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Figure 3. 
Variabilities of Margin of stability (MOS) among young adults (blue circles) and older 

adults who were not complete all walking speeds (a) in fore-aft direction (fa) (b) in medial-

lateral direction (ml) relative with older adults who completed all speeds (red circles).
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Table 1

Mean, standard deviation and 95% Confidence interval for mean of the young and older adults’ characteristics

Characteristics Young adults Older adults p-value

Age (years) 27±4.18
[24.11, 30.09]

69±3.57
[67.08, 71.20] <0.001*a

Height (m) 1.72±0.10
[1.65, 1.79]

1.70±0.09
[1.65, 1.75] 0.658

b

Weight (kg) 69.11±9.44
[62.35, 75.87]

76.62±14.31
[66.61, 82.50] 0.380

b

ABC score 99±1
[97.63, 99.77]

89±13
[81.19, 96.52] 0.006*b

5XStoS (sec) 6.80±2.20
[5.22, 8.37]

10.14±2.58
[8.65, 11.63] 0.003*a

CWS (m/s) 1.49±0.10
[1.42, 1.56]

1.38±0.25
[1.24, 1.53] 0.168

a

MWS (m/s) 2.46±0.65
[2.00, 2.93]

1.76±0.33
[1.57, 1.95] 0.007*b

Number of falls 0(0) 4(28.6%)
0.064

c

ABC = the Activities-specific Balance Confidence Scale, 5XStoS = the 5-Time Sit-to-Stand, CWS = the Comfortable Walking Speed, MWS = the 
Maximum Walking Speed, years = years old, m = meter, kg = kilogram, sec = second.

*
Statistically significant difference at p<0.05.

a
Comparison between groups by using the Independent t test.

b
Comparison between groups by using the Mann-Whitney U test.

c
Comparison between groups by using the Chi-square test
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Table 2

Mean, standard deviation and 95% Confidence interval for mean of the young and older adults’ gait 

parameters and measures of dynamic stability

Variables Young adults Older adults p-value

MOSfa at FSA (m) −0.14±0.04
[−0.17, −0.11]

−0.17±0.07
[−0.21, −0.13] 0.241

a

MOSfa variability at FSA (m) 0.02±0.01
[0.12, 0.03]

0.03±0.01
[0.02, 0.03] 0.014*b

MOSml at FSA (m) 0.12±0.02
[0.11, 0.13]

0.13±0.03
[0.11, 0.14] 0.598

b

MOSml variability at FSA (m) 0.01±0.01
[0.011, 0.017]

0.02±0.01
[0.017, 0.024] 0.007*a

Zero crossing fa (m) 1.45±0.11
[1.38, 1.53]

1.10±0.24
[0.96, 1.24] <0.001 *a

Sensitivity of MOS −0.22±0.03
[−0.24, −0.20]

−0.23±0.07
[−0.27, −0.19] 0.666

a

FSA (m/s) 2.00±0
[2.00, 2.00]

1.82±0.35
[1.56, 1.96] 0.021 *b

MOS = the Margin of Stability (fa = fore-aft direction and ml = medial-lateral direction), FSA = fast Speed Attempted, sec = second, and m/s = 
meter per second.

*
Statistically significant difference at p<0.05.

a
Comparison between groups by using the Independent t test.

b
Comparison between groups by using the Mann-Whitney U test.
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Table 3

The relationships between ABC score and walking speeds at over ground among young and older adults

ABC correlationa

Test Young adults Older adults

Sensitivity −0.204, p=0.572 −0.024, p=0.934

CWS (m/s) 0.355, p=0.314 0.619, p=0.018*

MWS (m/s) −0.711, p=0.021* 0.687, p=0.007*

ABC = the Activities-specific Balance Confidence Scale, CWS = the Comfortable Walking Speed, MWS = the Maximum Walking Speed, sec = 
second, and m/s = meter per second.

*
Statistically significant relationship at p<0.05.

a
Spearman rank correlation coefficients

Gait Posture. Author manuscript; available in PMC 2020 September 01.


	Introduction
	Materials and methods
	Participants
	Procedure
	Experimental protocol
	Data analysis
	Statistical analyses

	Results
	Age-related effects of speed
	Balance confidence and walking performance in older adults

	Discussion
	Effects of age and speed on dynamic stability
	Dynamic stability and balance confidence by older adults
	Limitations

	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1
	Table 2
	Table 3

