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Background. This study asked whether older adults were more likely than younger adults to err in the initial direction
of their anticipatory postural adjustment (APA) prior to a step (indicating a motor program error), whether initial motor
program errors accounted for reaction time differences for step initiation, and whether initial motor program errors were
linked to inhibitory failure.

Methods. In a stepping task with choice reaction time and simple reaction time conditions, we measured forces under
the feet to quantify APA onset and step latency and we used body kinematics to quantify forward movement of center of
mass and length of first step.

Results. Trials with APA errors were almost three times as common for older adults as for younger adults, and they
were nine times more likely in choice reaction time trials than in simple reaction time trials. In trials with APA errors, step
latency was delayed, correlation between APA onset and step latency was diminished, and forward motion of the center
of mass prior to the step was increased. Participants with more APA errors tended to have worse Stroop interference
scores, regardless of age.

Conclusions. The results support the hypothesis that findings of slow choice reaction time step initiation in older
adults are attributable to inclusion of trials with incorrect initial motor preparation and that these errors are caused by
deficits in response inhibition. By extension, the results also suggest that mixing of trials with correct and incorrect initial

motor preparation might explain apparent choice reaction time slowing with age in upper limb tasks.
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GING 1is accompanied by increased reaction time

(RT), particularly for choice reaction time (CRT) tasks,
in which the central nervous system must inhibit incorrect
responses while activating the correct response for a par-
ticular stimulus. Age-related slowing of CRT occurs across
a variety of response modalities, including verbal, button
pressing, arm raising, and stepping (1-3). Evidence for
slowing of CRTs can also be seen in the brain with slowed
readiness potentials (4,5). Age-related RT deficits increase
as tasks become more complex (6). For instance, some stud-
ies have found age-related RT deficits only in dual-task sit-
uations (7). Other studies have found age-related differences
in CRT tasks but not in simple reaction time (SRT) tasks (5).
Still others have found that CRT performance deficits begin
at a younger age than SRT deficits (8,9). The cognitive defi-
cit responsible for greater slowing in CRT tasks than in SRT
tasks in older adults is unclear.

Age-related slowing may be connected to the well-known
decline that aging brings in inhibitory control (2). CRT tasks
require the inhibition of the non-selected response along with
the activation of the selected response (10—12). It is possible

that findings of age-related slowing are due to mixing of tri-
als in which the correct initial movement is programmed and
trials in which the non-selected response is not inhibited, and
therefore, the incorrect initial movement is programmed.
Thus, age-related impairments of motor inhibition may under-
lie findings of slow CRT performance in elderly populations.
To evaluate the hypothesis that increased CRT in older
adults is due to impaired inhibition of incorrect preparatory
responses, we needed a task in which the preparatory con-
trol is specific to the forthcoming focal movement, so that
an incorrect initial program will lead to an incorrect prepa-
ratory movement, which must be corrected before the pri-
mary movement can be executed. One example of this sort
of preparatory movement is the ‘“anticipatory postural
adjustment” (APA). APAs are defined as changes in postural
control associated with voluntary movements; they occur
prior to the onset of the disturbance of posture and equilib-
rium resulting from the movement (13). Although, in a well-
coordinated movement, the APA and the primary movement
combine seamlessly, neurophysiological evidence suggests
that they have separate neural origins (14). One activity
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known to reliably produce an APA is the initiation of step-
ping (15-18). To prepare for a step, body weight is shifted
laterally, onto the stepping foot, in preparation for shifting
weight onto the support leg (19). If the weight is shifted in
the wrong direction, it must be corrected before the step can
safely take place. APAs associated with step initiation have
durations of several hundred milliseconds and are easily
measured with force plates under the feet (17,20,21).

In the experiment that follows, we tested the hypothesis
that overall CRT differences between younger and older
adults are due to individual trials with errors in direction of
initial postural preparation. Participants stepped as soon as
possible after the presentation of a light cue, with the foot
that was on the same side as the cue. In one block (the SRT
condition), participants knew in advance that the light
would always be on the same side as their dominant foot. In
the other block (CRT condition), the light was equally likely
to be on either the right or left side. If age-related differ-
ences in CRT performance are due to occasional errors in
the initial APA direction, then age-related speed differences
between older and younger adults should depend on the tri-
als with incorrect initial APAs. Also, if impaired motor inhi-
bition is responsible for slowed CRT in older adults, the
latency of CRT should be related to response inhibition im-
pairment, as measured by the Stroop color-word task (22).

METHODS

Participants

Two groups of participants participated in the study: 12
young healthy participants (ages 26-30, M 28) and 12
healthy older participants (ages 50-78, M 67). None of the
participants had orthopedic problems, balance trouble, neu-
rological disorders, or history of stroke. All participants
gave informed consent and were paid for their participation.
The study was approved by the Institutional Review Board
of Oregon Health & Science University.

Task and Design

The task was to initiate walking as quickly as possible in
response to a light cue, stepping off with the foot that was
on the same side as the light and taking three steps before
stopping. In the SRT condition, participants were informed
that the light would always appear on the same side as their
dominant stepping foot. In the CRT condition, participants
were informed that the light was equally likely to be on the
left or right side. The two conditions were blocked and
counterbalanced, with every participant completing 20 tri-
als in each condition. Between blocks, participants were
invited to sit and rest for about 5 minutes.

Setup and Protocol
Participants stood with their feet on separate force plat-
forms, at a self-determined comfortable stance width for
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Figure 1. Postural preparation prior to stepping. Vertical force as a percent-
age of body weight, for two example trials. Heavy line: trial with initial antici-
patory postural adjustment (APA) error. Thin line: trial with correct initial APA.

walking. Experimenters marked participants’ foot place-
ment with tape so that every trial would begin from the
same position. Two green laser pointers were mounted on
the ceiling and pointed at a low wall approximately 3 m in
front of the participants, in front of the right and left foot. A
line of tape was placed vertically on the wall halfway be-
tween the locations of the target lights to enhance partici-
pants’ ability to distinguish which side the light was on. An
eight-camera system (Motion Analysis System, Santa Rosa,
CA) gathered position data from 24 passive reflective mark-
ers on each participant’s trunk, head, and limbs, sampled at
60 Hz. Before each trial, participants were instructed to
stand with their weight evenly balanced and to look straight
ahead. The experimenter monitored the force on each force
plate on a computer screen and, when necessary, instructed
the participant to shift to the left or right to achieve approx-
imately balanced weight (with no more than 51% of weight
on either foot) before starting the trial. The light cue ap-
peared 2,200 ms after the start of the trial and remained on
for 600 ms. Data collection lasted 4,000 ms.

Figure 1 shows the vertical force under the stepping foot
(as a percentage of body weight) for two trials with correct
and incorrect initial APAs. The thin line represents a trial in
which the initial APA was in the correct direction (ie, in-
creased force under the foot to be lifted). The thick line rep-
resents a trial in which the initial APA was in the wrong
direction (ie, increased force under the initial stance leg),
and this delayed the step.

To determine whole body center of mass (COM), we
computed the weighted sum of the COM position of each
body segment (23) based on measurements of the length,
width, and circumference of 26 body segments (including
the head, limbs, and trunk) and self-reported heights and
weights for each participant (24).

Definitions

Step latency: the time between the appearance of the light
cue and the first moment when vertical force under either
foot decreased to zero. Step errors: trials in which the first
step was not with the foot on the same side as the light. APA
onset: the first time when the difference in vertical force
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under the two feet increased by 5% of body weight. APA
errors: trials in which participants executed an APA in the
direction associated with a step error, then corrected that
APA, and stepped with the correct foot. APA amplitude: the
amount of force under the more-heavily—weighted foot at
the peak of the APA, expressed as a percent of body weight.
Step length: the forward distance traveled by the marker on
the stepping foot from when it began moving to when it
came to rest on the floor. COM displacement: forward dis-
tance traveled by the COM during the time corresponding
to the step latency.

Stroop Task

For additional insight into the relation between inhibitory
control and CRT stepping, we asked participants to perform
a Stroop color-word task (22). The Stroop task, which mea-
sures how well participants can inhibit a habitual response
to a stimulus in order to respond to a less salient aspect of
the stimulus, includes three conditions: reading, color nam-
ing, and conflict. For each condition, participants were
given a page with 100 stimuli on it (four columns of 25
stimuli each). Words were written in 20-point font, and the
page was placed on a table in front of the participant at a
comfortable reading distance. The experimenter asked the
participants to respond verbally to all items in order as
quickly as possible, pointing to each item as they went, so
the experimenter could monitor performance for errors.
Stimuli for the reading condition comprised the words
(black, red, green, purple, blue) written in black ink and ar-
ranged in random order. The instructions were to read the
words. The stimuli for the color naming condition com-
prised color blocks from the set (black, red, green, purple,
blue) arranged in random order. The instructions were to
name the ink colors. The stimuli for the conflict condition
comprised the same words as those on the first page, written
in the same colors as those on the second page. Both the
word order and the color order were randomized and differ-
ent from the other two conditions. The instructions were to
ignore the words and name the ink colors. Before every con-
dition, participants performed a few practice trials to dem-
onstrate that they understood the task and were able to
correctly read the words and identify the colors.

Statistical Analysis
Before analyzing the data, we removed trials in which

participants (a) drifted laterally so that one side had more
than 52.5% of the weight during the baseline period, (b)
initiated an APA sooner than 100 ms after the light cue, (c)
failed to step within 2 seconds after the light cue, and (d)
stepped with the wrong foot. This left 962 trials (an average
of 37 trials per participant). Because many of our analyses
depended on dividing trials according to the presence or ab-
sence of an APA error, we had different numbers of trials in

each cell. We therefore used a linear mixed model approach
to determine the effects of age group, condition, and pres-
ence or absence of APA error on step characteristics. By
entering data from each trial individually into each model
and using participant as a random effect, we built a model
that could account for the different numbers of trials in dif-
ferent cells. Signal processing was performed Matlab (The
Mathworks, Inc., Natick, MA). and statistics were com-
puted with R (A language and environment for statistical
computing; R Development Core Team, R Foundation for
Statistical Computing; Vienna, Austria). Alpha was set at
.05 for all tests.

The primary analysis, to determine the effects of age and
condition on step latency, APA onset, and APA errors, used
a linear mixed model, with age group (younger vs older)
and condition (SRT vs CRT) as fixed factors and participant
as a random factor. APA errors occurred in 83 trials (24
among 12 of the 13 young participants and 59 among 12 of
the 13 older participant) for the combined CRT and SRT
conditions.

The secondary analysis determined how errors in APA
selection affected APA onset, step latency, step length, and
COM displacement, also using a linear mixed model with
age group and APA error (present or absent) as fixed factors
and participant as random factor.

We did not include condition in these secondary models
because there were only eight trials with APA errors in the
SRT condition. To determine the effect of APA errors on
APA amplitude, we applied a linear mixed model analysis
with age group and APA error as fixed factors and partici-
pant as a random factor. We used this approach to compare
amplitudes of APAs in trials with no error to amplitudes of
first (erroneous) and last (correct) APAs in trials with APA
errors.

To determine the effect of mixing trials with and without
APA errors on the apparent coupling between the APA and
the step, we computed within-subject correlations between
APA onset and step latency as our dependent variable for all
data, and we computed it again for data without APA errors.

RESULTS

Influence of Group and RT Condition on Response
Times and Errors

There were 20 trials for which no step was recorded dur-
ing the four-second recording period, and 10 trials in which
participants stepped with the wrong foot. These trials were
not analyzed. There were also 48 trials with weight shifting
greater than 5% of body weight during the baseline period.
Because an early weight shift (possibly indicating that par-
ticipants anticipated the cue) could affect the size of the
APA, these trials were removed before proceeding with data
processing, leaving 962 trials for most of the analyses.
Markers going out of sight of the camera led to the loss of

TTOZ ‘ST |udy uo 1sanb Aq 610°speusnolpiojxo ABojoiuoiabpawolq wolj papeojumoq


http://biomedgerontology.oxfordjournals.org/

4 COHEN ET AL.

& 900

£

&

© soof

9

©

§-7oo-

@ Young --(9-
600} Older 5

»

£ 500t

©

(]

c

o 400t

< | A==

5 —
300 —5RT CRT

Condition

30}

25+

151

10F

Trials with APA error (percent)

SRT CRT
Condition

Figure 2. Effect of trial condition and group on step preparation. Circles connected with dashed lines: mean values from 13 young adults. Squares connected with
solid lines: mean values from 13 older adults. (A) Step latency (upper lines) and anticipatory postural adjustment (APA) onset (lower lines). (B) Trials with initial

APA errors. Error bars represent standard errors across participant means.

eight additional trials from the COM data and an additional
65 trials from the step length data.

Figure 2 shows the mean step latency, APA onset, and
APA errors, for younger and older participants in SRT and
CRT conditions. Inferential statistics are reported in Table 1.
As can be seen in Figure 2A, response times were shorter
in the SRT condition than in the CRT condition for both step
latency, F(1,934) =45.5, p <.0001, and APA onset, F(1,934)
=27.2,p <.0001. Age group had no effect on either of these
variables nor did it interact with condition. APA errors
(initial weight shifts in the wrong direction) are shown in
Figure 2B. There were almost no APA errors in the SRT
condition in either age group, but in the CRT condition,
older adults made almost three times as many APA errors
(23%) as did younger adults (8%). The effect of age group
was significant, F(1,24) = 21.9, p < .001, as was the effect
of condition, F(1,934) = 66.7, p < .001, and the interaction,
F(1,934)=17.1, p < .0001.

Influence of APA Errors on Step Latency

We next considered the influence of APA errors on the
timing of stepping. In Table 2 and Figure 3, trials are di-
vided according to whether an APA error occurred or not. In
each group, 12 of the 13 participants had at least one trial

with an APA error. Figure 3A shows the timing of APA on-
set and step latency. Neither group nor APA error had a sig-
nificant effect on the APA onset. However, step latency was
delayed in trials with APA errors relative to trials with cor-
rect initial APAs, F(1,934) = 125.3, p <.0001.

The within-subject correlation between APA onset and
step latency is a measure of the consistency of the APA—step
coupling. Figure 3B shows the influence of APA errors on
these correlations. When all trials were included, the aver-
age correlation between APA onset and step latency was .82
for the younger adults but only.73 for older adults. How-
ever, when only trials with correct initial APAs were in-
cluded in the analysis, the correlations were greater and
more similar (means of .85 and .86, respectively). The
effect of including or excluding trials with multiple APAs in
the correlation was significant, F(1,22) = 16.4, p < .001.
There was no main effect of age, but there was an interac-
tion, such that the inclusion of trials with APA errors made
a larger difference for the older adults than for the younger
adults, F(1,22) =7.3, p=.01.

Influence of APA Errors on Movement
Figure 4 illustrates the effect of age and initial APAs on
step length and COM movement. Figure 4A shows the step

Table 1. Effects of Condition and Age Group

Condition Age Group Interaction
daf F )4 a F I a F )4
Step latency 1,934 455 <.0001%#* 1,24 <0.1 .88 1,934 0.7 .39
APA onset 1,934 27.2 <.0001%* 1,24 0.2 .67 1,934 33 .07
APA errors 1,934 66.7 <.0001%#* 1,24 219 <.001%* 1,934 17.1 <.0001%*

Notes: Degrees of freedom, F statistic, and p value for step latency, APA onset, and APA errors, respectively, as a function of condition (simple reaction time or
choice reaction time) and age group (young vs older). A linear mixed model was applied, with condition and age group as fixed factors and participant as random
factor. Thirteen participants in each group were included. APA = anticipatory postural adjustment.

**Indicates p < .001.
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Table 2. Effects of APA Errors and Age Group

APA Errors Age Group Interaction

df F p df F p df F p
Step latency 1,934 125.3 <.0001%* 1,24 <0.1 .87 1,934 0.1 .90
APA onset 1,934 0.2 5 1,24 0.2 .66 1,934 2.3 13
APA-step correlation 1,22 16.4 <.0071%#* 1,24 0.6 45 1,22 7.3 .01 *
Step length 1, 861 0.3 .60 1,24 5.1 .03%* 1, 861 <0.1 95
ACOM/height 1,926 73.0 <.0001#* 1,24 9.0 .006* 1,926 <0.1 .85
ACOM/step length 1, 861 85.8 <.0001%* 1,24 <0.1 0.9 1,858 1.6 21

Notes: Degrees of freedom, F statistic, and p value for step latency, APA onset, APA-step correlation, step length, and center of mass displacement, respectively,
as a function of APA error (present or absent) and age group (young vs older). A linear mixed model was applied, with APA error and age group as fixed factors and
participant as random factor. Thirteen participants in each group were included, with 12 participants in each group contributing trials with APA errors. APA = antici-

patory postural adjustment; COM = center of mass.
*Indicates statistical significance (p < .05).
**Indicates p < .005.

length, as a percentage of participant height. Younger adults
took larger initial steps than older adults did, F(1,24) = 5.1,
p = .03. Initial APA errors did not affect step length.

Figure 4B shows the forward distance traveled by the
COM between the go cue and the step latency, as a percent-
age of participant height. Young adults leaned forward far-
ther than older adults, F(1,24) = 9.0, p = .006. All
participants leaned forward farther during trials with APA
errors than in trials with correct initial APA, F(1,926) =
72.9, p <.0001.

Figure 4C shows the forward distance traveled by the
COM between the go cue and the step latency, normalized
by the length of the resulting step. The COM traveled far-
ther forward before the step in trials with APA errors than in
trials with correct initial APAs, F(1,861) = 85.8, p <.0001.

Figure 5 shows the effect of APA errors on APA ampli-
tude. The leftmost pair of bars shows the peak vertical force
under the stepping foot in trials with a correct APA. The
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middle pair shows the force generated in the first APA when
it would later be corrected, and the rightmost pair shows the
force generated in the final APA after a correction. In trials
with an initial APA error, the first APA was about 50%
smaller than in single-APA trials, F(1,934) = 861.9, p <
.0001, and the last weight shift was slightly larger than in
single-APA trials, F(1,934) = 117.2, p < .0001. There was
no APA amplitude difference between older and younger

adults. There was, however, an interaction, indicating that
the first APA in trials with APA errors (i.e., the APA in the
wrong direction) was smaller in young adults than in older
adults, F(1,934) = 12.5, p < .001.

Relation Between Cognition and Stepping

Figure 6 and Table 3 quantify the relations between per-
formance on the Stroop task and our stepping measures.
Figure 6A shows the mean scores for the three components
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Figure 3. Effect of anticipatory postural adjustment (APA) errors on timing of step initiation. (A) Step latency (upper lines) and APA onset (lower lines). Circles
connected with dashed lines: mean values from 13 young adults’ trials with correct APAs and 12 of the same 13 adults’ trials with APA errors. Squares connected
with solid lines: mean values from 13 older adults’ trials with correct APAs and 12 of the same 13 adults’ trials with APA errors. (B) Within-subject correlations
between APA onset and step latency. Error bars represent standard errors across participant means.

TT02Z ‘ST |Mdy uo 1sanb Aq Bio°sjeuinolpiojxo ABojojuoiabpawolq Woiy papeojumoq


http://biomedgerontology.oxfordjournals.org/

6 COHEN ET AL.

A B c |C

38¢ = [=)]
. | S 5| Young [ &15 L
£ 6] © | Oder W o
=4 S o)
@ o~ 4 [T ]
L 34{ — e T
o = =)
2 5 =l
- 32 £ 3 ot
s @ [}
2 8 &
£ 30§ 4 2 o
a @ & 5|
@ - a
&5 28 2
2] g 1 k=]

26 O g

0 S
Correct Incorrect Correct Incorrect Correct Incorrect
Initial APA Initial APA Initial APA

Figure 4. Effect of anticipatory postural adjustment (APA) error on step leng

th and forward displacement of center of mass (COM) prior to step. (A) Step length,

normalized by participant height. (B) COM displacement, normalized by participant height. (C) COM displacement, normalized by step length. Data plotted are
mean values from trials with correct APAs from 13 participants in each group and mean values from trials with APA errors from 12 of the same 13 participants in

each group. Error bars represent standard errors across participant means.

of the Stroop task. There were no differences between
young and older adults in reading time. However, older
adults were 18% slower than young adults in color naming,
1(22) = 2.6, p = .01, and—of greatest interest for our hy-
pothesis—33% slower in the conflict task, #22)=4.7, p =
.0001. On average, participants made 1.5 errors. Numeri-
cally, older adults made more errors than young adults, but
this difference was not significant, #(22) = 1.7; p = .11.

The measure that correlated most strongly with Stroop
interference score (time + errors in conflict condition — time
in reading condition) was number of APA errors (p = .50;
first row of Table 3). Figure 6B shows individual values for
this relation. In addition, there was a strong correlation be-
tween Stroop interference and age (p = .77). Therefore, we
recalculated the correlations between Stroop interference
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Figure 5. Effect of anticipatory postural adjustment (APA) error on APA
amplitude. First two bars: peak vertical force associated with a correct initial
APA. Middle two bars: peak vertical force associated with an APA error. Last
two bars: peak vertical force associated with a correction to an APA error. Data
plotted are mean values from trials with correct APAs from 13 participants in
each group and mean values from trials with APA errors from 12 of the same 13
participants in each group. Error bars represent standard errors across partici-
pant means.

and step preparation, controlling for the effect of age (sec-
ond row of Table 3). When age was controlled, a significant
relation remained between Stroop interference and APA er-
rors (p = .45, p = .02). In addition, the (negative) relation
between Stroop interference and APA onset approached sig-
nificance (p = —.34, p = .00), suggesting that people who
were better at inhibiting a habitual verbal response (read-
ing) were also better at inhibiting step preparation until they
had processed the directional information.

DiscussioN

Initiation of the Wrong Motor Program Delays CRT
Stepping

This study tested the hypothesis that age differences in
CRT stepping are the result of occasional errors in initial
movement program. We tested young and older adults in SRT
and CRT stepping conditions, and we predicted that perfor-
mance deficits in older adults would depend significantly on
the inclusion of trials with errors in the initial movement pro-
gram, as manifested by errors in the initial APA. This hypoth-
esis was supported. In the CRT condition, older adults made
almost three times as many APA errors as younger adults, and
step latencies were much slower in trials with APA errors
than in trials without APA errors. Overall, step latencies were
slower in this experiment than in previously published work
(9,25-27). We propose two explanations for this difference.
First, It is well known that the strength of a stimulus is related
to the speed of response (28). The light cue used here was
small (less than 1 cm) and distant (3 m from the participant).
Second, unpublished data from our laboratory suggest that
pre-leaning can have a large effect on RT. Because we wanted
to be able to detect even small APA errors, our threshold for
eliminating trials with pre-leaning was very strict.

Data from previous studies are also consistent with our
hypothesis. In a study in which participants pointed rapidly
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Figure 6. Stroop task performance and relation to anticipatory postural adjustment (APA) errors. (A) Raw scores on each of the three component tests. Error bars
represent standard errors across participant means. (B) Relation of APA errors to interference score. Circles: younger adults. Squares: older adults.

to the left or right in response to a cue, researchers found
that long times between APA onset and arm movement were
associated with invalid precues (29). The authors of this
study suggested that APA errors might account for their re-
sults, but they did not measure or report APA errors. Sup-
portive evidence also comes from two studies in which
participants were required to rapidly push or pull on a han-
dle in response to a cue; in both these studies, the average
time between the APA onset and the arm movement was
longer for older adults than for young adults (1,30). Al-
though neither of these studies reported APA errors, the re-
sults are consistent with the hypothesis that APA errors
caused the delay, and one of the studies mentions this pos-
sibility (30). Similar results have been seen in stepping
tasks. One study showed that the average time between the
APA onset and the step was longer for older adults than for
young adults, whereas the APA onset was not affected by
age (16). Another study demonstrated that in a CRT step-
ping task, older adults stepped over obstacles more slowly
than young adults, and the age difference was exacerbated
by the inclusion of trials in which participants first picked
up the wrong foot and then put it down and picked up the
correct foot. (17). Thus, a plausible explanation for slower
CRT stepping in older adults is that they more often initially

Table 3. Correlations Between Stroop Score and APA/Step

Measurements
APA APA Step Step
Age Error Onset Latency Length
Stroop (raw) 7 .50% -.07 17 —-.38%
Stroop (age corrected) — 45% -34 .09 -.18

Notes: Spearman’s rank order correlations (rtho) between Stroop conflict
score and APA and step measurements, without and with age adjustment. APA =
anticipatory postural adjustment.

*Indicates statistical significance (p < .05).

program the wrong movement and correct it only after a
weight shift in the wrong direction has been launched.

Inhibitory Deficits Are Associated With Motor Program
Selection Errors

We propose that motor program errors were more com-
mon in older adults than in younger adults because older
adults had more failures in response inhibition. A large
body of literature indicates that older adults have deficits in
inhibitory control (31,32). Evidence in our study connect-
ing inhibition failures with motor program errors comes
from the age-adjusted correlation between APA errors and
Stroop interference. This suggests that processes required
for successful performance on the Stroop task overlap with
processes required for initiation of the correct APA for step-
ping. The Stroop task involves multiple executive functions,
including conflict resolution, perceptual inhibition, and task
set maintenance as well as response inhibition. To confirm
that response inhibition failure is the executive function re-
sponsible for APA errors, future studies should include tests
such as the flankers task (33) or the stop-signal task (34,35)
that isolate more specific executive functions.

The idea that selection of desired responses is dependent
on inhibition of undesired responses is supported by ample
behavioral and physiological evidence (36). In one recent
study, researchers recording from neurons in the supple-
mentary motor area of monkeys performing a go/no-go task
discovered that neurons associated with the “go” cue and
neurons associated with the “no-go” cue were intermingled
(11). It appears that when a stimulus is first detected, “go”
neurons for all possible conditions become active, along
with “no-go” neurons for the undesired conditions. Because
the “no-go” neurons normally become active first, the
correct alternative is usually selected. Thus, these authors
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conclude that abnormal circuitry in the pre-SMA leads to
inhibitory deficits, which cause errors in CRT tasks (11,12).
The scenario just described is similar in spirit to the inde-
pendent horse race model proposed to predict outcomes of
the stop-signal paradigm (34). The stop-signal task is an RT
experiment in which a stop cue is occasionally presented. If
the stop cue is presented with or soon after the go cue, stop-
ping is easy. If the stop cue is presented very late, stopping
is impossible. Stop-signal performance is often described as
a race between a go process and a stop process, each trig-
gered by their respective cues. An important implication of
race models is that there is no early decision process that
selects one course of action and deselects another, leaving
the motor system with a single clear course of action, as
other researchers have proposed (37,38). Instead, race mod-
els propose that activation and inhibition are in a race all the
way to the end. Support for the race model comes from
electromyographic evidence of partial responses in focal
muscles prior to successful inhibition of errors in a stop-
signal task (39). The data presented here represent the first
use of postural activity as a measure of partial responses.

APA Errors Could Increase Fall Risk

The APA errors reported here could have important func-
tional significance for aging and fall risk. In trials with APA
errors, the COM traveled about 50% further forward (rela-
tive to step length) than in trials with correct initial APAs,
for both older and younger adults. This could destabilize
gait and contribute to falls. Cognitive decline and slow per-
formance in CRT stepping are strong predictors of falls in
elderly populations (40,41). The results of this study sug-
gest that the initiation of an incorrect motor program along
with forward motion of the COM may increase the likeli-
hood of falling in the elderly. Thus, cognitive training that
specifically targets response inhibition could be investi-
gated as an intervention for fall reduction.

Coupling Between APA and Step Can Be Intermittently
Disrupted

Prior evidence suggests that the APA and the step are pro-
grammed separately and then joined together (with a greater
or lesser degree of success) into one motor plan (13,42,43).
Successful coupling between the APA and the step should
lead to strong within-subject correlations between APA on-
set and step latency. When, in the present study, all trials
were included in this analysis, correlations were stronger
for young adults than for older adults, suggesting that the
APA/step coupling is tighter for young adults than for older
adults. However, when only trials with correct initial APAs
were included, this difference vanished. Thus, older adults
do not have a general deficit in coupling between APA and
step. Instead, APA/step coupling is occasionally disrupted
by the initiation of the wrong motor program, which subse-
quently needs to be corrected before the step can proceed.

This disruption occurs more often in older adults than in
young adults and more often in CRT tasks than in SRT
tasks, suggesting that there is a cognitive element to the pro-
cess (44). Preliminary evidence suggests that this disruption
occurs even more frequently in patients with Parkinson’s
disease and may contribute to freezing of gait (45).

CONCLUSIONS

Errors in the direction of the initial APA account for the
difference in performance between young and older adults
in CRT stepping. This suggests that slower CRT stepping in
older adults is caused by mixing of trials in which the cor-
rect response is originally programmed and trials in which
the incorrect response is programmed first and then cor-
rected before the step can occur. The correlation between
APA errors and performance on the Stroop task suggests
that APA errors may be caused by a failure to inhibit the
lateral weight shift until the directional information was
processed. Thus, failures of response inhibition could cause
APA errors, which in turn lead to response delays. It is pos-
sible that the slower CRT performance demonstrated by
older adults in upper limb tasks might also rely on a mixing
of trials with correct and incorrect initial impulses and that
electromyographic of postural muscles activated before arm
movement would reveal a pattern analogous to the one seen
here. These results suggest that deficits in response inhibi-
tion, rather than general slower processing time, might ac-
count for findings of slowed CRT in older adults.
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