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Abstract

The purpose was to examine age differences and varying levels of step response inhibition on the 

performance of a voluntary lateral step initiation task. Seventy older adults (70 – 94 y) and twenty 

younger adults (21 – 58 y) performed visually-cued step initiation conditions based on direction 

and spatial location of arrows, ranging from a simple choice reaction time task to a perceptual 

inhibition task that included incongruous cues about which direction to step (e.g. a left pointing 

arrow appearing on the right side of a monitor). Evidence of postural adjustment errors and step 

latencies were recorded from vertical ground reaction forces exerted by the stepping leg. 

Compared with younger adults, older adults demonstrated greater variability in step behavior, 

generated more postural adjustment errors during conditions requiring inhibition, and had greater 

step initiation latencies that increased more than younger adults as the inhibition requirements of 

the condition became greater. Step task performance was related to clinical balance test 

performance more than executive function task performance.
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Introduction

Unintentional falls are associated with significant morbidity and mortality in individuals 

over the age of 65. Between 2006 and 2010, the hospitalization and fatality rate from 
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unintentional falls doubled for each 5-year interval over the age of 65 (CDC 2012). Falls 

have been linked to multiple factors including diminished sensory function (vision, 

proprioception, and vestibular), poor sensorimotor processing, reduced strength and 

impaired cognition (Panel on Prevention of Falls in Older Persons and American Geriatrics 

Society and British Geriatrics Society 2011). Weight shifting during gait initiation, 

responses to perturbations, and stepping are complex tasks that require a number of these 

factors in everyday life. Improper weight shifting can result in loss of balance and falls, as 

has been documented in the long term care setting (Robinovitch et al. 2013). Thus, weight 

shifting can be used to gain insight into the control of balance and gait in older adults, and 

perhaps be a marker of changes in the postural control system.

Step initiation may provide a useful model for investigating the biomechanics of postural 

responses in older adults. Increased time to step may be a determinant of fall risk as the 

ability to respond quickly is a critical factor in arresting a fall (van den Bogert et al. 2002). 

In addition to typical age-related delays in voluntary step initiation times in healthy older 

adults compared with younger adults, (Luchies et al. 2002; Rogers et al. 2003a; Melzer and 

Oddsson 2004) older adults with balance impairments and higher fall risk have greater 

voluntary step initiation times compared with older adults without balance impairments 

(Medell and Alexander 2000; Lord and Fitzpatrick 2001; St. George et al. 2007) Longer step 

execution times are also associated with greater fall events in both single and dual task 

conditions (Melzer et al. 2010). Furthermore, whereas younger adults generally display 

consistent postural reactions across subjects, the behavior of older adults is more variable. 

For example, in response to destabilizing lateral surface perturbations that required a step to 

maintain equilibrium, older adults were more likely to generate multiple steps, use arm 

reactions, and have inter-limb collisions than younger adults (Maki et al. 2000; Mille et al. 

2005; Mille et al. 2013).

Although posture and gait are seemingly effortless, automatic perceptual-motor processes, 

there are higher order processes (termed executive functions) that intervene in the presence 

of uncertainty or unexpected barriers. The influence of executive function processes on 

postural responses has been well-documented (Stelmach et al. 1989; Shumway-Cook et al. 

1997; Brown et al. 1999; Redfern et al. 2001). Executive function processes also influence 

step initiation. For instance, the time to make a step increases when there is uncertainty 

about the direction of the step, or when a cognitive task is simultaneously performed (Patla 

et al. 1993; Lord and Fitzpatrick 2001; Brauer et al. 2002; Luchies et al. 2002; Rogers et al. 

2003a; Melzer and Oddsson 2004; Melzer et al. 2007; St. George et al. 2007). In addition, 

several studies have detailed errors in the generation of initial postural responses when 

uncertainty about the appropriate postural response is created by presenting multiple 

stimulus-response options (Cohen et al. 2011; Sparto et al. 2013; Uemura et al. 2013a; 

Uemura et al. 2013b). However, the number of initial postural adjustment errors increase 

with age (Cohen et al. 2011). It has been suggested that deficits in inhibitory function (i.e. a 

component of executive function) underlie these errors (Cohen et al. 2011; Sparto et al. 

2013). Because of the relationship between aging and inhibition, investigating their 

interaction in relation to a postural control task may help to inform us about factors that may 

challenge balance maintenance in older adults (Hasher and Zacks 1988; Hasher et al. 1991; 

Lustig et al. 2007). The study of response inhibition is also important because failing to 
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suppress an inappropriate response may directly result in loss of balance, or indirectly by 

delaying the corrective response.

We have developed a voluntary step initiation task that requires stepping with increasing 

requirements for executive function, specifically inhibition (Sparto et al. 2013). In this task, 

subjects step laterally in response to a left or right pointing arrow that appears on the left or 

right side of a display monitor. One part is a simple reaction time (SRT) task that consists of 

one stimulus/response set (e.g. left arrow on left side of the monitor) with a response of 

stepping to the left. This simple test assesses age-related changes sensory and motor 

function. We also include a forced choice reaction time (CRT) task which consists of 2 

stimulus/response options (i.e. left step response to a left arrow on the left side of the 

monitor, or, right step response to a right arrow on the right side of the monitor, randomly 

presented) that add decision processing requirements (Sternberg 2013). Lastly, we 

incorporate inhibitory functioning into the step initiation process by introducing conflict 

between two competing stimulus/response dimensions: 1) the direction that the arrow 

pointed (left or right), or 2) the location where the arrow appeared (left or right side of the 

monitor). Before a given block of trials, subjects are instructed to step laterally based upon 

the target characteristics. Thus, if the target stimulus is the arrow direction, and the 

competing distractor is the location of the arrow, which is incongruent with its direction (e.g. 

a left arrow, ←, appearing on the right side of the monitor), the subject is required to inhibit 

a response toward the location of the arrow. The three tasks form a continuum of 

requirements for executive function from basic sensory/motor function (SRT), the 

integration of this with a choice decision (CRT), to the inhibition of a strong sensory-motor 

association during choice (interference task). The test parallels a manual reaction time test of 

perceptual inhibition (Nassauer and Halperin 2003; Germain and Collette 2008; Jennings et 

al. 2011). In contrast with balance experiments that use a secondary dual task to divide 

attention, this study design integrates response inhibition function into the planning and 

execution of the postural task.

Consequently, the purpose of the research was to examine age differences and varying levels 

of executive function/inhibitory requirements on the performance of this voluntary lateral 

step initiation task. In contrast to our previous work investigating inhibition during step 

initiation,(Sparto et al. 2013) the sample size was increased from 40 to 70 older adults in 

order to better define variability in performance in older adults. In addition, the performance 

of younger adults was added so that we could make stronger inferences about age-related 

changes in inhibition. Finally, we compared the stepping performance with functional 

balance and neurocognitive assessment to determine the clinically-relevant correlates of step 

performance. The primary hypothesis was that an interaction between age and level of 

inhibition requirements of the step task would result in a larger increase in postural 

adjustment errors, onset of first postural response and foot liftoff times in older adults as the 

task required greater inhibitory control.
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Methods

Subjects

After providing informed consent, two groups of community-dwelling, healthy adults 

participated in this study: an Older group (n=70, 41F, age 76 +/−5 y), and a Younger group 

(n=20, 10F, age 38 +/−11 y). Males and females did not differ in age within each group (p > 

0.66). The subjects constituted a larger older adult sample and included a sample of younger 

adults compared with a previous report that introduced the experimental design (Sparto et al. 

2013). After subjects provided informed consent, they underwent a comprehensive 

screening examination to exclude subjects with a history of neurological, cardiopulmonary, 

or orthopedic disease that would limit their mobility and balance function (e.g. stroke, 

Parkinson’s Disease, uncontrolled hypertension, significant peripheral neuropathy, 

significant vision loss, severe arthritis). In addition, subjects were excluded if they had 

impaired neurocognitive function as determined by a score more than 1.5 SDs below age-

adjusted means in the Repeatable Battery for the Assessment of Neuropsychological Status 

(Pearson Education, San Antonio TX (Randolph et al. 1998). Approval for the study was 

granted by the Institutional Review Board in accordance with the ethical standards 

established in the 1964 Declaration of Helsinki.

Step Initiation Test Procedures

The full experimental design appears in a previous publication (Sparto et al. 2013). Briefly, 

subjects stood with one foot on each of two independent, side-by-side force plates (Bertec 

Corp. BP5050, 50 × 50 cm) and stepped laterally in response to visual stimuli that appeared 

on a monitor. The visual stimuli were generated by E-Prime 1.1 (Psychology Software 

Tools, Pittsburgh, PA). Non-slip, 10 cm diameter color-coded circles were placed on the 

force plates designating the starting and target step locations. The initial starting location 

was consistent for all subjects, with a 25 cm separation distance of the feet. The lateral 

distance of the target locations from the starting position was 25% of the subject’s leg 

length, defined as the distance from the floor to the greater trochanter. Subjects wore their 

own comfortable shoes. Prior to each trial, equal weight distribution on both feet was 

required, as measured by the force plates. Trials occurred randomly during a 4–6 s interval. 

Subjects were given additional verbal feedback to equalize their weight distribution as 

needed.

Two blocks of the simple reaction time (SRT) trials were performed, each with a single 

visual cue paired with a single step direction (Table 1). In one of the blocks, a left step was 

performed when a left pointing arrow appeared on the left side of the monitor (DL:LL, 

Direction Left: Location Left) in 22 of the 24 trials. In the other block, a right pointing arrow 

appeared on the right side of the monitor (DR:LR, Direction Right: Location Right). Each 

SRT block also included two catch trials in which no arrow was displayed. The color of the 

directional arrows was black and the size of the arrows was 4° horizontal and 2° vertical. 

The duration of each SRT block was 3 minutes. Data from both of these SRT blocks were 

combined.
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One block of the choice reaction time (CRT) task was performed and consisted of 2 possible 

visual cues (DL:LL and DR:LR) that appeared in random order. The duration of the CRT 

block was 4 minutes, allowing 32 steps (16 in each step direction) to be performed. Subjects 

were instructed to step laterally in the direction that the arrow was pointing.

Two blocks of the perceptual inhibition-location (PIL) task were performed, consisting of 4 

possible visual cues presented in random order: DL:LL, DR:LR, DL:LR (Direction Left: 

Location Right), DR:LL (Direction Right: Location Left). Subjects were instructed to step 

laterally toward the side according to where the arrow was located (i.e. left or right side of 

the monitor), regardless of the arrow direction. Thus subjects had to inhibit a response based 

on the direction that the arrow was pointing. The duration of each block was 4 minutes, 

again allowing 32 steps to be performed in each block. Data from both PIL blocks were 

combined.

Two blocks of the perceptual inhibition-direction (PID) task were performed, consisting of 

the same four visual cues as the PIL task. However, the instructions were to step laterally in 

the direction where the arrow pointed, regardless of its location on the monitor. Thus 

subjects had to inhibit a response toward the location of the arrow. Data from both PID 

blocks were combined.

For the PIL and PID tasks, half of the stimuli were congruous (CON), i.e. the location of the 

arrow and the direction it was pointing conveyed the same meaning (e.g. DL:LL and 

DR:LR). The other half of the stimuli were incongruous (INC) because the location and 

direction provided conflicting cues for step direction (e.g. DL:LR and DR:LL). The number 

of CON and INC stimuli was equal because interference increases as the ratio of CON to 

INC trials nears 1:1 (Logan and Zbrodoff 1979; MacLeod 1991). Within each perceptual 

inhibition task, the CON and INC trials were processed separately as distinct conditions.

For the older adults, the order of blocks was fixed (SRT-left, SRT-right, CRT, PIL, PID, 

PIL, PID). In the younger adults, the perceptual inhibition blocks appeared after the SRT 

and CRT, but not in strict order since other blocks that were not relevant to this study were 

also performed.

Outcome measures

Ground reaction forces and moments were collected using the two force plates and a 

sampling frequency of 1000 Hz. Several critical events occur during the stepping process, 

and can be identified using the vertical ground reaction force data (VGRF) from the stepping 

leg (Figure 1) (Rogers et al. 2003a; Melzer and Oddsson 2004). For lateral steps, the VGRF 

time-history data assume one of two characteristic profiles.(Patla et al. 1993) Step Behavior 

1 (SB1) has a single postural adjustment, where the stepping-leg VGRF unloads 

monotonically from 50% body weight to 0% body weight. The onset of the first VGRF 

deflection from 50% body weight marks the first postural adjustment (PA1); the point when 

the VGRF falls to 0% marks the liftoff time (LO). Detection of PA1 is accomplished by 

selecting the point when the derivative of the vertical ground reaction force exceeds a 

threshold of 2% body weight per second. Step Behavior 2 (SB2) has two postural 

adjustments; the VGRF initially increases, representing a loading of the stance leg, and then 
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decreases by unloading the stepping-leg to permit step initiation. In SB2, following the 

initial PA1, the peak in the VGRF identifies the second postural adjustment (PA2). In some 

cases, additional loading and unloading deflections in the VGRF are observed before the 

subject eventually steps with the correct leg. As a result, each VGRF deflection point 

subsequent to PA1 is described as an additional postural adjustment (PA2, PA3, etc.).

PA1 measures reaction time, i.e. the instant when there is observable evidence of response to 

the stimulus. LO represents the functional outcome of the task; when the foot has completely 

lifted from the force platform, the subject has committed to taking a step in that direction. 

The median value of PA1 and LO were determined from all steps made in the correct 

direction, no matter how many postural adjustments were made, given the following 

restrictions. Left and right steps were combined, as side to side differences in PA1 were less 

than 10 ms. PA1 times quicker than 100 ms, which occurred in 0.1% of the trials, were 

considered to be false start errors and excluded. The median value was calculated only if 

there were 5 or more valid steps performed for that condition. If fewer than 5 valid steps 

were performed, the value was considered to be missing.

Based on previous work, each subject was classified according to his/her stepping behavior 

using the combined left and right SRT data (Sparto et al. 2014). Subjects who exhibited SB1 

in greater than 64% of steps were designated to the SB1 group. Likewise, subjects who 

displayed SB2 in greater than 64% of steps were assigned to the SB2 group. Some subjects 

did not demonstrate a statistically significant preference for either SB1 or SB2; these 

subjects were categorized into step behavior group 3 (SB3). The 64% threshold criterion 

was based on the binomial test (α=0.05) to evaluate the likelihood of a subject primarily 

using SB1 versus SB2. For subjects assigned to the SB1 and SB2 groups, we computed the 

proportion of steps made with their preferred behavior (i.e. for a subject in SB1 group, 

percentage of steps made with SB1 steps), and proportion of steps demonstrating non-

preferred behavior (i.e. steps with additional postural adjustments). The assumption in this 

article is that steps with additional postural adjustments constitute an error in stepping. It is 

considered to be an error because the subjects are changing their behavior or from the simple 

step condition, when they know which direction to step. For a subject who typically displays 

the SB1 direct unloading behavior, an error would be indicated by first loading the stepping 

leg and then unloading (i.e. 2 postural adjustments made). For a subject who normally 

displays the SB2 loading-unloading behavior, the subject would initially unload the stepping 

leg prior to executing the typical loading-unloading sequence, resulting in three postural 

adjustments.

Clinical Balance and Neurocognitive Assessment

In order to relate step test performance with commonly used balance and neurocognitive 

function measures, the older adult subjects performed the following tests: 4 m usual gait 

speed, Five Times Sit-To-Stand (5xSTS),(Csuka and McCarty 1985; Bohannon 1995) Four-

Square Step Test (FSST),(Dite and Temple 2002) Dynamic Gait Index (DGI),(Shumway-

Cook and Woollacott 1995), Digit Symbol Coding Test (DSCT) from the RBANS,

(Randolph et al. 1998) the Stroop Color-Word Interference Test,(Delis et al. ; MacLeod 

1991) and the Trail Making Test, Part B.(Delis et al.). The balance tests assessed walking 
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speed, functional lower extremity strength (5xSTS), weight transfers and motor planning 

(FSST) and walking adaptability (DGI). The neurocognitive tests assessed different aspects 

of executive function, including processing speed (DSCT), selective attention/interference 

control (Stroop) and set shifting (Trail Making Test, Part B).

Statistical analyses

We used chi-square, Fisher’s exact and analysis of variance (ANOVA) tests to compare 

participant characteristics between older participant step groups. We fit a series of linear 

mixed models with each of the outcomes (percent preferred steps, PA1, LO) as the 

dependent variable; age-step behavior group (Age-SB), step task condition (Condition) and 

their interaction as fixed effects of interest; and an unstructured working correlation 

structure to account for multiple observations from same participant. For the PA1 and LO 

variables we used all valid steps, no matter how many postural adjustments were made. We 

constructed appropriate means contrasts to estimate magnitude and statistical significance of 

between-condition differences of each participant group, and between-group differences 

under each task condition. We used Pearson correlation coefficients to examine associations 

between step performance, and clinical balance and neurocognitive measures under each 

condition.

While examination of all step trials provides information about a subject’s average 

performance, analysis of the temporal measures based on a subject’s step behavior provides 

additional insight about the influence of inhibition on step initiation. We examined 

differences in performance during the steps in which subjects demonstrated their preferred 

step behavior, compared with steps in which they made additional postural adjustments 

(SB1: 1 PA v. greater than 1 PA; SB2: 2 PAs v. greater than 2 PAs). This analysis was 

limited to the PID-INC condition because it was the only condition in which there were 

enough trials in order to obtain stable estimates of PA1 and LO for both preferred and non-

preferred step behaviors; and a similar linear mixed model was employed.

Results

Step behavior

When comparing older adults with younger adults, the preferred step behavior observed 

during the SRT condition was significantly associated with Age group (χ2 = 19.7, p < 

0.001). All 20 younger adult subjects displayed the SB1 behavior, whereas only 31/70 

(44%) of the older adults subjects clearly demonstrated the SB1 pattern. Twenty-six (37%) 

of the older subjects exhibited a preference for the SB2 pattern, and 13 (19%) did not have 

preferred step behavior during the SRT. Within the older subject group, the age of the SB1, 

SB2, and SB3 groups did not differ (F2,67 = 0.79, p = 0.46, Table 2). However, the older 

step behavior groups differed in the gender composition (χ2 = 6.4, p = 0.041). Whereas 32% 

of the females were classified in the SB1 group, 62% of the males had SB1 behavior.

Stepping behavior changes were associated with the stimulus Condition and Age-SB group 

(Figure 2). There were significant main effects of Age-SB group (F2,74 = 3.8, p = 0.026), 

Condition (F5,74 = 58.7, p < 0.001) and a significant Age-SB*Condition interaction (F10,74 = 
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2.8, p = 0.005). The proportions of preferred steps in all groups were reduced under all 

conditions compared with the SRT baseline. The congruent PI conditions were similar to the 

CRT condition. The incongruous conditions significantly reduced the percent of preferred 

steps in all groups because of a concomitant increase in steps with additional postural 

adjustments. For example, the younger and older adult subjects who almost always used one 

postural adjustment during the SRT task now more frequently used 2 postural adjustments, 

while the older-SB2 group increasingly used more than two postural adjustments during the 

incongruous tasks. Of particular note is the reduction in percent of preferred step behaviors 

in the PI Direction – incongruous (PID-INC) tasks, with all means below 60 %. Also note 

that the SB2 group fell below 40 %. Although the Older-SB3 subjects did not have a 

preferred stepping behavior during the SRT, and thus we were not able to compute a 

proportion of preferred steps across conditions, it was evident that this group had a greater 

percentage of trials with 3 or more postural adjustments as the difficulty of the task 

increased, ranging from less than 1% in the SRT condition to 24% in the PID-INC condition 

(F5,12 = 8.9, p = 0.001).

PA1 and LO – all steps

The initial postural reaction (PA1) was significantly affected by Age-SB group (F3,86 = 

11.5, p < 0.001) and Condition (F5,86 = 61.3, p < 0.001), but not the Age-SB*Condition 

interaction (F15,86 = 1.7, p = 0.07). (Figure 3) PA1 increased as the executive function 

requirements grew. All conditions were significantly different, except for the PID-CON and 

PIL-INC conditions. Across all conditions, older adults had a mean delay in PA1 of 47 ms 

compared with younger adults. Post-hoc testing revealed group Older-SB3 to have greater 

PA1 compared with all of the subject groups, and group Older-SB1 to have greater PA1 

compared with the Younger-SB1. However, Older-SB2 did not have significantly different 

PA1 compared with the younger adults. Although the difference in PA1 between the 

younger adults and older adult subgroups increased as the difficulty of the executive 

function task condition increased, this interaction effect did not reach the level of statistical 

significance.

The main effects of Age-SB group (F3,86 = 45.5, p < 0.001) and Condition (F5,86 = 186.8, p 

< 0.001) on LO were significant (Figure 4). Post-hoc testing of the Condition effect 

demonstrated a progressive increase in LO from the SRT (513 ms) to the PID-INC (648 ms) 

condition, with significant pairwise differences between all conditions except for CRT and 

PIL-CON (Figure 4). The LO times of all older adults differed by approximately 150 ms 

across all conditions compared with younger adults. The LO times of the Older-SB2 and 

Older-SB3 groups were significantly greater than the Younger and Older-SB1 groups in all 

conditions. Additionally, the LO times of the Older-SB1 were greater than the Younger-SB1 

only during the incongruous conditions of the perceptual inhibition tasks. A significant 

interaction between Age-SB*Condition also occurred (F15,86 = 3.4, p < 0.001), reflecting 

that the delay in LO in older adults compared with younger adults became progressively 

larger as the conditions became more difficult. The difference between Younger-SB1 and 

Older-SB1 increased from 29 ms in the SRT to 88 ms in the PID-INC conditions. The 

difference between Younger-SB1 and Older-SB3 ranged from 167 ms in the SRT to 233 ms 
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during PIL-INC. Finally, Younger-SB1 and Older-SB2 differed in LO latency by 215 ms in 

the SRT and 302 ms in the PID-INC conditions.

PA1 and LO – effect of step behavior

A pattern emerged during the PID-INC condition in which steps made with the non-

preferred behavior occurred with an earlier PA1 latency, and a delayed LO compared with a 

subject’s preferred step behavior (Figure 5). The number of subjects who had to be excluded 

from the analysis because of not having sufficient data to compute a median value was 5/31 

of the subjects in the Older-SB1 group, 4/26 of the subjects in the Older-SB2 group, and 

1/20 of the subjects in the Younger-SB1 group. The linear mixed model showed significant 

Age-SB group (F2,74.8 = 9.9, p < 0.001) and Step Behavior main effects (F1,67.8 = 243.8, p < 

0.001) on PA1. A significant interaction (F2,67.9 = 4.7, p = 0.013) indicated that the 

reduction in PA1 during the non-preferred steps was greater in the Older-SB2 group (−101 

ms) compared with the Younger-SB1 group (−60 ms). The reduction for Older-SB1 was −86 

ms. Because the non-preferred steps had additional postural adjustments, those steps resulted 

in greater LO times. While there were significant main effects of Age-SB group (F2,74.6 = 

51.8, p < 0.001) and Step Behavior (F1,67.5 = 107.7, p < 0.001), the interaction was not 

significant (F2,67.6 = 0.5, p = 0.60), indicating that the increase in LO was similar across 

subjects groups (+72 to 86 ms). Although the data of Older-SB3 could not be used in the 

statistical analysis, we found an approximate 100 ms reduction in PA1 during the steps with 

multiple postural adjustments, compared with one PA.

Because the more difficult conditions contained more trials with postural adjustment errors 

that had an earlier PA1 latency, it must be noted that performance differences between older 

and younger adults as the difficulty of the task increased may have been muted somewhat 

when we performed the original analysis of all steps. Analysis of preferred step responses 

only (i.e. when the subjects made no errors) resulted in a significant interaction between 

Age-SB and Condition (F10,79.1 = 4.2, p < 0.001). The delays in PA1 between Younger-SB1 

and Older-SB1 increased from 29 ms in the SRT to 81 ms in the PID-INC conditions. 

Likewise, the PA1 difference between Younger-SB1 and Older-SB2 ranged from 11 ms in 

the SRT to 79 ms in the PID-INC condition.

Association between step performance, clinical balance and neurocognitive measures

The step behavior group was associated to a greater extent with clinical balance measures 

than with the neurocognitive measures (Table 2). In particular, during the 5xSTS and the 

FSST, Older-SB2 subjects were significantly slower than Older-SB1 subjects. Older-SB3 

subjects had values between the other groups. The clinical balance measures were 

significantly correlated with the LO times of all the conditions (0.28 < r < 0.44, p < 0.02), 

such that worse performance on the clinical balance measures was related to longer LO 

(Figure 6). Of the clinical balance measures, the 5xSTS test generally had the highest 

correlation with LO. The only significant relationship found between the clinical balance 

measures and PA1 was between gait speed and PA1-SRT (r = −0.25; p = 0.039). 

Neurocognitive measures were not associated with step performance for the most part. The 

DSCT results had a significant correlation with LO-SRT and LO-PID-INC times (r = 0.25, p 

= 0.035), indicating that worse performance on the DSCT was related to longer liftoff times. 
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Tests of inhibition (Stroop) and set-shifting were not significantly associated with PA1 and 

LO.

Discussion

Main findings

The results demonstrated that, unlike Younger adults who consistently use a SB1 stepping 

behavior during simple reaction time step tasks, Older adults do not form a homogeneous 

group with regard to step behavior strategies during SRT tasks. Changes in step behavior 

(i.e. the proportion of preferred steps) occurred depending upon the demands of the 

stimulus-response condition. Incongruous stimulus-response conditions (directional arrows 

and screen locations being incongruous) increased the number of postural adjustments 

during steps, presumably due to an initial erroneous movement that is then corrected in 

subsequent adjustments. The Older-SB2 group was particularly affected by the incongruous 

arrow direction condition (PID-INC), which required inhibition of a response toward an 

irrelevant stimulus location, with postural adjustment errors during 60 % of the trials. In 

steps without postural adjustment errors, all three older adult groups experienced greater 

delays relative to the younger adults in the initial postural adjustment and foot liftoff as the 

executive function requirements of the task increased, in particular during the PID-INC 

condition, which had the greatest inhibition challenge. Step performance was more related 

with clinical balance test performance than standard tests of executive function.

Step behavior

The greater variability in stepping behaviors demonstrated by older adults (i.e. SB1, SB2, 

and SB3 subgroups in Older adults compared with SB1 group only in Younger adults) 

indicated that a simple comparison of older and younger adults may not be sufficient for 

understanding the complexity of balance control in older adults. Often, studies will create 

sub groupings of older adults based on presence of fall risk factors or clinical disease 

groupings (Maki et al. 1994; Brauer et al. 2002; St. George et al. 2007; Hass et al. 2008). 

However, in this study and a previous report,(Sparto et al. 2014) we found meaningful 

groupings based on a simple analysis of postural adjustments in healthy community 

dwelling adults.

Older adults clearly differed in step behavior strategies during the SRT condition. Some had 

one postural adjustment, similar to younger adults. Other older adults had two postural 

adjustments, which included a loading of the stepping leg prior to the step. A third smaller 

group was inconsistent in their stepping behavior. These behaviors did not appear to be 

directly related to chronological age, indicated by the relatively equal mean age across 

groups (approximately 76 years). On the other hand, there was a significant gender effect, 

resulting from a greater proportion of females demonstrating SB2 and SB3 responses 

compared with males. It is not likely that females had a fundamentally different step 

behavior than males, since in younger adults, all of the females had the SB1 behavior. 

However, in older adults, gender may reflect a proxy measure of some other variable that 

influenced step behavior. For example, differences in step behavior may reflect differences 

in lower extremity strength and power (Mille et al. 2005). Individuals with reduced strength 
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and power may not be able to quickly abduct the stepping leg when stepping laterally, and 

thus may need to load the stepping leg to shift the center of mass toward the stance leg in a 

more stable position. In fact, a balance measure considered to represent functional lower 

extremity strength, the 5xSTS test,(Guralnik et al. 1994; Brown et al. 1995; Lord et al. 2002) 

was found to vary significantly amongst the groups (F2,67 = 9.8, p < 0.001). In particular, the 

time to complete the task was significantly worse in the SB2 group compared with the SB1 

group (12.2 v. 9.8 s, p < 0.001). The SB3 group had intermediate times (10.8 s). Thus, 

reduced strength may be one factor contributing to the differences in step behavior. The 

Older-SB2 subjects also performed the FSST more slowly than the Older-SB1 group. The 

FSST involves elements of motor planning and quickly transferring weight, both of which 

play critical roles in determining step behavior. Furthermore, both the 5xSTS and FSST 

have been shown to identify individuals who have fallen multiple times,(Dite and Temple 

2002; Tiedemann et al. 2008) and preliminary evidence suggests that step behavior type 

during the SRT condition may identify fallers as well (Sparto et al. 2014). Others have 

shown that increased step execution time is related to increased falls, and increased injurious 

falls (Melzer et al. 2009; Melzer et al. 2010).

A change in a subject’s step behavior during conditions that required increased decision 

processing and inhibition suggests that these cognitive functions are involved in stimulus-

response stepping. Increasing the decision requirements (such as in the CRT and congruous 

tasks) caused a similar increase in number of postural adjustments in both younger and older 

adults, suggesting that the relatively simple process of a forced choice decision (having 2 

possible outcomes) is preserved in older adults. When incongruous tasks were introduced, 

an additional increase in postural adjustments was also seen in both groups. In particular, the 

PID-INC condition produced 40–65% postural adjustment errors, which was a significantly 

greater amount compared with the PIL-INC condition. Not only was it more difficult for all 

subjects to inhibit responses toward irrelevant stimulus location cues (compared with 

irrelevant direction cues), Older-SB2 subjects had particular difficulty with this, as there was 

a marked difference in the error rates of Older-SB2 subjects (65%), compared with the 

Older-SB1 (40%) and Younger-SB1 subjects (44%).

The relative increase in postural adjustments between age and stepping groups for the tasks 

inducing interference (PIL and PID incongruous) seems best understood as the consequence 

of task demands for inhibitory executive function and aging decrements in this function. The 

examination of individual differences in executive function has established first that 

executive functions are only required when well-learned responses no longer meet task 

requirements and second that multiple executive functions exist and are only modestly—

correlated even within those broadly labeled as inhibition (Miyake et al. 2000; Miyake and 

Friedman 2012). Relative to our design the successful execution of a CRT task was 

relatively well-learned and seemed likely not to have required intervention of an executive 

function. In contrast, the incongruous task presentations directly called for incorrect 

responses to be inhibited. Performance specifically on these tasks showed greater age/

stepping group differentials; aligning with the literature showing aging deficits in inhibitory 

function (Hasher et al. 1991; Lustig et al. 2007). Thus, this stepping task may be a good 

measure of inhibitory functional changes that have influence on locomotion and postural 

control. Another benefit of this task is that despite making errors in postural adjustments, 
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subjects completed the task of stepping in the correct direction without knowledge of the 

making the postural adjustments errors in most cases. As a result, assessment of inhibition 

could proceed with subjects using feedback to improve performance.

The increase in postural adjustments during the non-SRT trials are believed to be due to 

errors in response inhibition. Similar postural adjustment errors have been observed 

previously during forward stepping when subjects were unsure about which limb to step 

with during choice reaction time step tasks (Patla et al. 1993; Jacobs and Horak 2007; Cohen 

et al. 2011). The error rates for the Younger-SB1 and Older-SB1 groups are consistent with 

error rates produced in younger adults during performance of forward stepping, where the 

direction of forward step was cued by directional arrows embedded in congruous and 

incongruous flankers (Uemura et al. 2013a; Uemura et al. 2013b). Specifically, the error rate 

when incongruous flankers were displayed was approximately 30% greater than the error 

rate when congruous flankers were shown. What could explain the presence of additional 

postural adjustments? A likely possibility is that the subject made an error in the initial 

direction to step, which would result in one additional postural adjustment (i.e. a loading of 

the stepping leg for the SB1 group, and an initial unloading of the stepping leg for the SB2 

group). More concretely, a relatively automatic, fast response to an incongruous spatial 

position when the arrow indicated the correct response would result in step initiation aimed 

in the wrong direction and hence requiring inhibition. The observation that older subjects 

made 2 or more additional postural adjustments more frequently during the incongruous 

conditions provides additional evidence of the complex interactions between executive 

function and postural control. The 13 Older-SB3 subjects also were susceptible to the 

incongruous conditions in that their frequency of steps with three or more postural 

adjustments, which undeniably indicated errors in step performance, increased. However, 

their mixture of step behaviors makes it difficult to specifically place their performance on a 

single continuum with SB1 and SB2.

PA1 and LO – all steps

The analysis of PA1 of all steps made in the correct direction, including steps made with an 

error in postural adjustments, revealed typical age-related delays between the younger adults 

and the full sample of older adults. The smallest difference between Younger and all Older 

subjects, at 34 ms, occurred during the SRT condition. This delay is consistent with several 

other studies that have measured age-related differences in step initiation, which were 

approximately 30 ms for comparable tasks.(Rogers et al. 2001; Tseng et al. 2009) The delay 

in older adults during SRT reflected age-related changes in sensorimotor speed and central 

processing, although the contributions of each could not be resolved. In addition, we found 

progressive delays in PA1 that were dependent on the task condition. These delays followed 

expected patterns based on the choice and inhibition requirements of the task. For instance, 

the CRT task, which had an additional stimulus/response option compared with the SRT 

task, generated PA1 delays of about 20 ms in both younger and older adults, respectively. 

The lack of an age effect on PA1 times between the SRT and CRT conditions supports the 

finding of no age-related change in error rate for these conditions, again suggesting that the 

executive function component that is engaged in this two forced choice paradigm is 

preserved in this group of older adults. The congruous trials of the perceptual inhibition 
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location and direction tasks produced even greater PA1 compared with the CRT that can be 

explained by the presence of two additional visual stimuli during the tasks and the mixture 

of incongruous trials.

The increase in PA1 in the incongruous trials of the PIL and PID tasks, compared with the 

congruous trials of the very same tasks reflected the influence of inhibition on the generation 

of the step initiation responses. It was during the incongruous conditions that the age-related 

influence of inhibition on step responses was most evident. Whereas the delay in PA1 

between older and younger adults was 34 ms during the SRT condition, the delay during the 

PID-INC condition increased to about 80 ms for the steps without postural adjustment 

errors, indicating substantially greater central nervous system processing time in selecting 

the correct response in older adults. Furthermore, we observed greater evidence of 

impairment in inhibition of older adults, specifically those in group Older-SB2, reflected by 

a faster response in PA1 during steps with postural adjustment errors, compared with other 

groups.

The PID-INC condition appeared to impose a greater load on inhibitory function than the 

PIL-INC condition, based on a reduction in the number of preferred steps and delay of the 

PA1 onset. In a similar manner to the way that one must inhibit a pre-potent reading 

response to name colors during the Stroop test, stepping in the direction of the spatial 

location of the arrow stimulus appears to take precedence over responding to the direction of 

the arrow. Thus inhibition of this more potent response toward the spatial location is more 

difficult in the PID-INC condition. This finding may be related to the Simon effect, which is 

the tendency to respond more quickly toward the spatial source of a stimulus.(Simon 1969)

When considering older adults as a whole group, the pattern of findings observed relative to 

the interaction between age and executive function on PA1 was also seen for LO; the 

significant difference in LO between younger adults and older adults that existed during the 

SRT became larger as the executive function requirements became larger. The explanation 

for this finding is simple. Because older adults generated more errors than younger adults as 

the executive function task difficulty increased, and because additional postural adjustments 

add to the LO, the result was an increasing rise in older adult LO compared with younger 

adults from the SRT to the PID-INC. However, examination of the LO values in the distinct 

older subject groups provides a stark contrast to the PA1 results. Although the Older-SB2 

group had shorter PA1 compared with the Older-SB1 group (albeit not statistically 

significant), their LO times were significantly greater than the Older-SB1 group, averaging 

about 184 ms across all conditions. Thus, the step behavior of the Older-SB2 group dictated 

longer functional step outcomes. Meanwhile, even though group Older-SB3 had longer PA1 

compared with both of the other older adult groups, their LO times were intermediate 

between the other older adults, because they had more steps with single postural adjustments 

compared with the Older-SB2 group.

As mentioned previously, increased error rates observed in the Older-SB2 group during the 

PID-INC conditions appear to have resulted from faster PA1 during these steps,(Uemura et 

al. 2013b) and suggests impairment in inhibitory function (Cohen et al. 2011). A negative 

outcome of this deficiency is that it delays the liftoff even more. Referring to Figure 5, a 
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reduction in PA1 during the postural adjustment error trials of 100 ms resulted in an increase 

in liftoff of 72 ms.

The investigation of inhibition responses during postural tasks is clinically important. In a 

study by Schoene et al. (2014) that examined response inhibition in the context of stepping, 

subjects who produced more errors and delays in stepping had a greater risk of falls. 

(Schoene et al. 2014) Potential mechanisms for this relationship can be hypothesized. If 

older adults select the wrong postural responses, i.e., produce a PA error, or take longer to 

step, i.e., have a longer step time, the increased fall risk becomes evident. In the current 

study, a retrospective history of falls in the past year was not significantly related to the 

stepping parameters during the conditions requiring more inhibitory function even though 

the older adults who reported a fall in the previous year had a 73 ms delay in liftoff 

compared with those who did not. This lack of significance may be explained by the low 

rate of falls in our older population and thus inadequate power to detect differences.

Association between step performance, clinical balance and neurocognitive measures

Assessment of clinical balance and neurocognitive performance revealed that the step 

performance was more related to the clinical balance performance measures than isolated 

measures of executive function. It is possible that the contributions of the motor and balance 

control systems to step performance, which are also needed for high performance of the 

clinical balance measures, outweigh the cognitive/inhibition contributions to step 

performance. In particular, the 5xSTS test had the greatest correlations with the LO times, 

suggesting that lower extremity strength and power may be important determinants of the 

ability to step quickly as has been previously suggested.(Mille et al. 2005) Nonetheless, the 

contribution of inhibitory function to step performance was revealed by the variation in 

performance across the different conditions.

The lack of a relationship between step performance and neurocognitive performance is in 

contrast to previous large scale studies that have found relationships between impaired 

executive function and mobility measures such as reduced gait speed and greater fall risk 

(Rapport et al. 1998; Rosano et al. 2005; Atkinson et al. 2007; Persad et al. 2008; Anstey et 

al. 2009; Herman et al. 2010; Mirelman et al. 2012). One reason for the lack of correlation 

of the executive function measures and the step performance was that the subject groups, 

which differed in step performance, did not differ in the performance of the neurocognitive 

tests. Of the neurocognitive tests that were measured, the Stroop test would have been 

expected to have the greatest relationship with the step performance because it is a test of 

inhibition, but this relationship was not observed. In contrast, Cohen et al. (2011) found a 

significant relationship between a greater number of postural adjustment errors and worse 

Stroop interference, in part because of the significant difference in Stroop test performance 

between the young and older adults.(Cohen et al. 2011)

Conclusions

When inhibition requirements were included in the task, a significant number of responses 

included postural adjustment errors. This was particularly true when the location of the 

stimulus on the screen was incongruous and a response needed to be inhibited (PID-INC). 
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The Older-SB1 group was most like the younger adults in terms of stepping behavior. In 

addition, when they made errors, the reduction in PA1 that occurred with erroneous postural 

adjustments was not significantly different than the reduction observed in younger adults. 

These findings indicate that the Older-SB1 group had relatively preserved inhibitory 

function, despite having typical age-related slowing of PA1 and LO.

The Older-SB2 group had a preferred method for lateral stepping that included an initial 

loading of the stepping leg before moving towards the intended step. This group was 

impacted by the PID-INC condition to a greater extent that the Younger or Older-SB1 

group, resulting in a greater number of errors in the initial postural adjustment. This result 

may indicate more failures of inhibition of the location cue, highlighted by a greater error 

rate during the PID-INC condition, as well as greater discrepancy in PA1 between the 

preferred steps and steps with postural adjustment errors. This group did not have a timing 

delay in PA1 compared with the Younger-SB1, reinforcing the interpretation that the SB2 

group changes were related to inhibitory functional limitations. Group SB3 did not have a 

clear step behavior. It is possible that they are in a period of transition from SB1 to SB2. 

Thus, aging does not appear to affect stepping responses uniformly. Older adults’ stepping 

behavior can be categorized into subgroups based upon stepping behaviors, and this 

categorization may be indicative of changes in cognitive function that interacts with motoric 

function. In the future, clinical tests may be developed that could identify subjects belonging 

to the SB2 group, who may benefit from step-based exercise programs.(Rogers et al. 2003b; 

Schoene et al. 2013)
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Figure 1. 
Classification of step behavior types based on vertical ground reaction force, relative to 

body weight, BW. Stimulus onset occurs at 0.0 s. The initial postural adjustment (PA1) and 

liftoff time (LO) are shown. Type SB1 is a step behavior characterized by a monotonic 

unloading from PA1 to LO. Type SB2 first loads the step limb before unloading.
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Figure 2. 
Percentage of step trials in which subject groups (Young-SB1, Older-SB1, and Older-SB2) 

displayed their preferred step behavior as a function of the task condition. Preferred step 

behavior was determined from the Simple Reaction Time task condition. Letters above 

graph indicate task conditions that are statistically different from the others. SRT: Simple 

Reaction Time, CRT: Choice Reaction Time, PIL: Perceptual Inhibition-Location, PID: 

Perceptual Inhibition-Direction, CON: Congruous trials, INC: Incongruous trials. Error bars 

represent standard error of the mean.
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Figure 3. 
Median initial postural adjustment (PA1) for all steps, as a function of subject group 

(Young-SB1, Older-SB1, Older-SB2, and Older-SB3) and task condition. Letters above 

graph indicate task conditions that are statistically different from the others. SRT: Simple 

Reaction Time, CRT: Choice Reaction Time, PIL: Perceptual Inhibition-Location, PID: 

Perceptual Inhibition-Direction, CON: Congruous trials, INC: Incongruous trials. Error bars 

represent standard error of the mean.
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Figure 4. 
Median liftoff (LO) latency for all steps, as a function of subject group (Young-SB1, Older-

SB1, Older-SB2, and Older-SB3) and task condition. Letters above graph indicate task 

conditions that are statistically different from the others. SRT: Simple Reaction Time, CRT: 

Choice Reaction Time, PIL: Perceptual Inhibition-Location, PID: Perceptual Inhibition-

Direction, CON: Congruous trials, INC: Incongruous trials. Error bars represent standard 

error of the mean.
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Figure 5. 
Differences in the initial postural adjustment (PA1, top) and liftoff (LO, bottom) for trials in 

which subject groups (Young-SB1, Older-SB1, and Older-SB2) made a correct initial 

postural adjustment (Preferred), and trials in which subjects made a postural adjustment 

error (Non-Preferred), during the Perceptual Inhibition-Direction incongruous condition. 

Error bars represent standard error of the mean.
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Figure 6. 
Association between liftoff latency during performance of the Choice Reaction Time (CRT) 

step task, and clinical balance performance measured by the Five Times Sit to Stand test. 

Pearson r = 0.40, p = 0.001.
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Table 1

Description of executive function task conditions, with mapping between stimulus and response.

Condition Stimuli per block Display Response

Simple Reaction Time (SRT)
Blocks 1 and 2

1

Block 1: Left arrow on left side Step Left

Block 2: Right arrow on right side Step Right

Choice Reaction Time (CRT)
Block 3

2

Left arrow on left side Step Left

Right arrow on right side Step Right

Perceptual Inhibition-Location (PIL)
Blocks 4, 6

4

CON: Left arrow on left side Step Left

CON: Right arrow on right side Step Right

INC: Left arrow on right side Step Right

INC: Right arrow on left side Step Left

Perceptual Inhibition-Direction (PID)
Blocks 5, 7

4

CON: Left arrow on left side Step Left

CON: Right arrow on right side Step Right

INC: Left arrow on right side Step Left

INC: Right arrow on left side Step Right

CON: Congruous Location and Direction of arrow. INC: Incongruous Location and Direction of arrow.

Exp Brain Res. Author manuscript; available in PMC 2015 December 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Sparto et al. Page 26

Table 2

Demographics, Clinical balance, Neurocognitive, and Manual Motor and Perceptual Inhibition Test 

Performance in the three older subject groups, classified by age-step behavior group (SB).

Measure Older-SB1 Older-SB2 Older-SB3 p-value

 N 31 26 13 -

 Gender 18 M, 13 F 7 M, 19 F 4 M, 9 F 0.04

 Age1 75.5 (3.8) 77.1 (6.0) 76.3 (5.3) 0.46

Clinical Balance

 Gait Speed1 1.30 (0.17) 1.20 (0.21) 1.18 (0.21) 0.06

 Five Times Sit to Stand1 9.8 (1.7) 12.2 (2.4) 10.8 (2.3) < 0.001

 Four-Square Step Test1 8.4 (1.3) 10.1 (2.2) 9.2 (1.4) 0.002

 Dynamic Gait Index2 23 (20–24) 23 (18–24) 23 (21–24) 0.57

Neurocognitive

 Digit Symbol Coding1 48 (9) 44 (10) 44 (10) 0.25

 Stroop Color-Word Test2 55 (35 – 98) 57 (40–105) 59 (50 – 123) 0.41

 Trail Making Test, Part B2 74 (41 – 207) 77 (36 – 240) 92 (54 – 134) 0.09

1
Values represent Mean (SD), and p-value determined from one-way ANOVA.

2
Values represent Median (Range), and p-value determined from Kruskal-Wallis Test.

Exp Brain Res. Author manuscript; available in PMC 2015 December 01.


