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 Aging is associated with reduced abilities to selectively allocate attention across multiple domains. This may be

particularly problematic during everyday multitasking situations when cognitively demanding tasks are per-
formed while walking. Due to previous limitations in neuroimaging technology, much remains unknown
about the cortical mechanisms underlying resource allocation during locomotion. Here, we utilized an EEG-
based mobile brain/body imaging (MoBI) technique that integrates high-density event-related potential (ERP)
recordings with simultaneously acquired foot-force sensor data to monitor gait patterns and brain activity
concurrently. To assess effects of motor load on cognition we evaluated young (N = 17; mean age = 27.2)
and older adults (N = 16; mean age = 63.9) and compared behavioral and ERP measures associated with
performing a Go/No-Go response inhibition task as participants sat stationary or walked on a treadmill. Stride
time and variability were also measured during task performance and compared to stride parameters obtained
without task performance, thereby assessing effects of cognitive load on gait. Results showed that older, but
not young adults' accuracy dropped significantly when performing the inhibitory task while walking. Young
adults revealed ERPmodulations at relatively early (N2 amplitude reduction) and later (earlier P3 latency) stages
within the processing stream as motor load increased while walking. In contrast, older adults' ERP modulations
were limited to later processing stages (increased P3 amplitude) of the inhibitory network. The relative delay
and attenuation of ERP modulations accompanied by behavioral costs in older participants might indicate an age-
associated loss in flexible resource allocation across multiple tasks. Better understanding of the neural underpin-
nings of these age-related changesmay lead to improved strategies to reduce fall risk and enhancemobility in aging.

© 2015 Published by Elsevier Inc.
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Walking, traditionally assumed to be a largely automatic motor
function regulatedprimarily by subcortical processes, is now considered
a behavior with significant cognitive involvement (Hausdorff et al.,
2005; Woollacott and Shumway-Cook, 2002). Walking in the real
world depends on the ability to effectively pursue internally generated
goals and negotiate competing demands from the environment while
simultaneously maintaining gait stability. When individuals are en-
gaged in an attention-demanding task while walking (e.g., talking or
67
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texting) cortical resources required for safe locomotion can become
overburdened, resulting in deficits to either the cognitive task, gait
stability, or both. The issue of limited resources is of particular concern
in the elderly population since cognitive impairment has been linked
to reduced mobility and increased risk of falling (Beurskens and Bock,
2012; Mirelman et al., 2012).

The relationship between cognition, gait and aging has been
explored in the laboratory by way of dual-task walking paradigms
(Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al., 2008).
Resulting behavioral costs to either the cognitive or motor task have
been cited as evidence of cognitive–motor interference (CMI), suggesting
at least a partial reliance upon common cortical processes (Holtzer et al.,
2006; Killane et al., 2014), albeit indirectly. Yet, the neurophysiological
mechanisms associated with dual-task walking remain largely unex-
plored. Only recently have technological advancements (Gramann et al.,
2014a; Reis et al., 2014) enabled the acquisition of high-density electro-
cortical activity during locomotion, termed mobile brain/body imaging
exible reallocation of cognitive resources during dual-task walking: A
/10.1016/j.neuroimage.2015.05.028
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(MoBI) (Gramann et al., 2011, 2014b;Makeig et al., 2009). Previously, we
employed this method with a group of young adults and found that
although our participants demonstrated a lack of behavioral costs while
performing an inhibitory control task when walking (dual-task load)
compared to sitting (single-task load), they exhibited substantial task
load modulations in the electrophysiological components associated
with inhibitory network activity (De Sanctis et al., 2014). Thus, MoBI
offers significant potential in attempting to characterize the neural corre-
lates of dual-taskwalking. Furthermore, thedeployment of this technique
in an older populationwill allow for the assessment of age-related differ-
ences in the cortical underpinnings of CMI. The classification of such age-
linked modulations may serve to identify possible biomarkers of
increased fall risk (Verghese et al., 2014; Verghese et al., 2013).

Normal aging is associated with functional declines in gait cycle
stability, including reduced speed and stride length, and an increased
double support phase — i.e., longer periods where both feet are in
contact with the ground (Winter et al., 1990). Previous studies have
also observed increased variability across several spatiotemporal gait
parameters including swing and double-support times, step length
and width (Callisaya et al., 2010; Hausdorff, 2007). However, these im-
pairments may be further exacerbated under dual-task load (Hausdorff
et al., 2005; Lindenberger et al., 2000; Plummer-D'Amato et al., 2011),
indicating an increased susceptibility to CMI with aging (Beurskens
and Bock, 2012). It should be noted though that whether or not older
adults exhibit additional motor costs, or any costs at all in comparison
to young adults, may largely depend upon the relative difficulty of
current task demands (Bock, 2008; Springer et al., 2006).

In the cognitive domain, age-related declines have been well-
documented for executive function (EF) processes, particularly involv-
ing the ability to selectively attend to relevant information andmonitor
responses (Kramer et al., 1994; Prakash et al., 2009; Royall et al., 2005).
Consequently, common findings from dual-task walking paradigms
have shown older adults to exhibit greater performance deficits on sec-
ondary tasks recruiting EF compared to young adults, while walking
compared to sitting (Al-Yahya et al., 2011; Lovden et al., 2008; Srygley
et al., 2009). Secondary tasks requiring other cognitive processes such
as memory, verbal IQ or visuospatial skills appear to be less susceptible
to motor interference (Hausdorff et al., 2005; Herman et al., 2010;
Holtzer et al., 2006, although see Theill et al., 2011).

While the above-mentioned studies provide indirect evidence of
shared cognitive–motor resources and CMI, it has only recently become
possible to directly assess cortical involvement in walking. Experiments
employing functional near-infrared spectroscopy (fNIRS) and electro-
physiological measures have been conducted with (Beurskens et al.,
2014; Doi et al., 2012; Holtzer et al., 2011; Uehara et al., 2011) andwith-
out (Gramann et al., 2011; Gwin et al., 2011; Harada et al., 2009; Kurz
et al., 2012; Miyai et al., 2001; Suzuki et al., 2008) engagement in a
secondary task. Results from fNIRS studies have shown reduced oxygen-
ation levels in older adults over prefrontal cortex while walking alone
and under increased load (while talking) (Holtzer et al., 2011). Similar
fNIRS findings were described by Beurskens et al. (2014), who revealed
decreased prefrontal activation associatedwith dual-task load in old but
not in young participants (Beurskens et al., 2014).

However, in contrast to hemodynamic measures, electroencepha-
lography (EEG) affords considerably more precise temporal resolution
in order to evaluate neurophysiological mechanisms of cortical involve-
ment during dual-task walking (Makeig et al., 2009). Our group (De
Sanctis et al., 2012, 2014; Nolan et al., 2009, 2012) and others
(Castermans and Duvinage, 2013; Castermans et al., 2014; De Vos
et al., 2014; Debener et al., 2012; Duvinage et al., 2012; Gramann
et al., 2010, 2014a; Hoellinger et al., 2013; Reis et al., 2014) have
shown that it is entirely feasible to record robust event-related poten-
tials (ERPs) from a cognitive task while participants are in motion,
without a significant difference in signal-to-noise ratio compared to
stationary conditions. The MoBI approach integrates high-density
electro-cortical activity with simultaneously acquired body tracking
Please cite this article as: Malcolm, B.R., et al., The aging brain shows less fl
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data to investigate brain activity and gait pattern as participants walk
on a treadmill while also performing a cognitive task. For our previous
study, we employed the MoBI system in young adult participants and
assessed the neural correlates of an attentionally-demanding visual
Go/No-Go task under different motor load conditions, ranging from sit-
ting (single-task) to walking (both deliberately and briskly) (De Sanctis
et al., 2014). Temporal parameters of the gait cycle were recorded from
foot force sensors to assess the effect of increased cognitive load on
stride time and stride time variability. We found that participants
took longer strides under dual-task load, a result that has been re-
ported previously and interpreted as an adaptation to lessen inter-
task interference (Li et al., 2012; Lovden et al., 2008). Furthermore,
the young adults exhibited no dual-task behavioral costs performing
the Go/No-Go task while walking compared to sitting (i.e., no differences
in reaction time or accuracy). However, under increased task load,we ob-
served a substantial reduction in the amplitude of the N2 component, a
negative-going ERP component time-locked to the No-Go-stimulus pre-
sentation, representing automatic inhibitory (Eimer, 1993; O'Connell
et al., 2009a) and conflict detection processes (Dockree et al., 2005;
Morie et al., 2014). Additionally, we reported that the P3, a later positivity
also evoked by successful response inhibition, occurred earlier and
exhibited a more frontal distribution when participants changed from
single-task to dual-task performance mode. We have interpreted the re-
duction of theN2 and earlier initiation of the P3 as an adaptive processing
strategy, permitting the redeployment of motor–cognitive processes to
optimize performance under increased task load.

To our knowledge, previous MoBI studies have so far only been
conducted in young adult populations. Therefore, the objective of
the present study was to investigate age-related differences in the re-
cruitment of cortical mechanisms underlying CMI during a dual-task
walking scenario. We utilized the same Go/No-Go task to measure
inhibitory response control (De Sanctis et al., 2014) and recorded
high-density EEG while young and old participants walked on a tread-
mill. Foot force sensors were again employed to evaluate age and task
load effects on temporal indices of the gait cycle. Based on previous
work demonstrating increased susceptibility to CMI, we predicted that
older adults would exhibit a less flexible performance strategy during
dual-task load compared to younger adults. Specifically, we hypothe-
sized that older participants would show increased behavioral costs in
both cognitive and motor domains while dual-tasking, i.e., slower
responses, decreased inhibitory response control and increased stride-
to-stride variability. Moreover, we speculated that along with these
behavioral costs, older participants would show a differential pattern
of inhibitory network activity associated with the Go/No-Go task,
reflecting a diminished flexibility in the re-deployment of processing
resources as task load increased.

Methods

Participants

18 young adults and 18 older adults were recruited from the com-
munity and from the lab's existing database. All volunteers underwent
an initial phone screening to assess general health and mobility. Study
inclusion was limited to individuals with normal or corrected-to-
normal vision, free fromany neurological or psychiatric deficits or disor-
ders likely to affect gait (e.g., vestibular, orthopedic or neurological
diseases) and able towalk comfortably on a treadmill for approximately
1 h of total recording time. In addition, older individuals were screened
with theMini-Mental State Examination (MMSE) using a cutoff score of
24 to exclude participants with signs of cognitive impairment (Folstein
et al., 1975). Data from one older participant were excluded due to the
presence of walking-related artifacts. Additionally, we chose to exclude
the data from two other participants (one young adult and one older
adult) because their behavioral performance was more than two
standard deviations from their respective group means. Thus, results
exible reallocation of cognitive resources during dual-task walking: A
/10.1016/j.neuroimage.2015.05.028
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reported here consist of data from 17 young adults (8 female) and 16
older adults (9 female). The age range was 21.8 to 36.1 years for the
young group (mean = 27.2; SD = 4.6) and 57.7 to 71.0 years for the
old group (mean = 63.9; SD = 4.0). The Institutional Review Board
of the Albert Einstein College of Medicine approved the experimen-
tal procedures and all participants provided their written informed
consent. Participants were modestly compensated at a rate of $12
per hour. All procedures were compliant with the principles laid
out in the Declaration of Helsinki for the responsible conduct of
research.
T

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327
U
N
C
O

R
R
E
C

Stimuli and task

Participants performed a speeded visual Go/No-Go paradigm
consisting of 168 images from the International Affective Picture System
(IAPS), a database of photographs with normative ratings of emotional
status (Lang et al., 2008). Only those photographs that were classified
as affectively neutral or positive were included. Images were presented
centrally for 600 ms with a random stimulus-onset-asynchrony (SOA)
ranging from 800 to 1000 ms. Stimuli were presented using Presenta-
tion software version 14.4 (Neurobehavioral Systems, Albany, CA,
USA) and projected (InFocus XS1 DLP, 1024 × 768 pixels) onto a
black wall. On average, images subtended 28° horizontally by 28° verti-
cally. Participants were instructed to quickly and accurately perform the
response inhibition task by clicking a wireless computer mouse button
in response to the presentation of each image,whilewithholding button
presses to the second instance of any picture repeated twice in a row.
The probability of Go and No-Go trials was 0.85 and 0.15, respectively.
The task was presented in blocks, each lasting approximately 4 min.
All participants took part in a practice block before undertaking
the main experiment. Walking blocks were performed on a treadmill
(LifeFitness TR-9000) positioned approximately 1.5 m from the wall
onto which stimulus images were displayed. No specific task prioritiza-
tion instructions (i.e., walking versus cognitive task) were given. To
guard against falls, a custom-designed safety harness was worn while
walking and all participants rested for a minimum of two minutes
between blocks to prevent fatigue.

Our previous studywas designed to assess the effects of progressive-
ly increased walking demands on cognitive performance (De Sanctis
et al., 2014). Consequently, young adult participants performed the
walking blocks (including dual-task and walking only blocks) at two
different speeds (2.4 km/h and 5 km/h). However, the majority of age-
related dual-task investigations have utilized individual self-selected
walking speeds during both over-ground (Lindenberger et al., 2000;
Springer et al., 2006) and treadmill walking (Li et al., 2012; Lovden
et al., 2008). Therefore, to be consistent with previous literature and
to provide a relatively demanding walking task for each group, the
older adult participants chose a comfortablewalking speed at the begin-
ning of the experimental session and maintained this preferred speed
for its duration. Average walking speed for this group was 3.5 km/h
(range: 2.4 to 4.8 km/h). For the current investigation, we chose to
compare the older adults' walking performance with that of the young
adults walking at 5 km/h. This decision was based on findings from
several large-scale field studies (n N 3000) indicating that 5 km/h is a
close approximation to the average walking speed (5.3 km/h) of
young adults (Knoblauch RL and Nitzburg, 1996; Silva et al., 2014).
Consequently, the complete experimental protocol involved several
different task conditions presented to participants in a pseudorandom
order. Each older adult performed five blocks of the response inhibition
task while sitting, 9 or 10 blocks while walking and an additional two
blocks only walking (i.e., without performing the task). Young partici-
pants completed either three or four blocks sitting, a minimum of four
blocks walking slowly (range: 4–8 blocks), at least four blocks walking
quickly (range: 4–8 blocks) and two blocks of each speed walking
without the task.
Please cite this article as: Malcolm, B.R., et al., The aging brain shows less fl
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Gait cycle recording and analysis

Foot force sensors recorded temporal parameters of the gait cycle
while participants walked on the treadmill during either uninterrupted
walking or while concurrently engaged in the Go/No-Go task. Three
sensors (Tekscan FlexiForce A201 transducers) were positioned on the
sole of each foot: at the center of the back of the heel, the big toe ball
and midway along the outer longitudinal arch. These positions enabled
the detection of changes in plantar pressure during various stance
phases including initial contact, loading response, mid-stance, terminal
stance and pre-swing. Force signals were sampled at 512 Hz using an
Analog Input Box (BioSemi) connected and integrated via optical
fiber with the BioSemi ActiveTwo EEG system. Continuous data were
butterworth low-pass filtered at 7 Hz, epoched into 10 s intervals, and
normalized against the standard deviation. To assess stride time we
measured peak-to-peak intervals using the force signal derived from a
heel sensor (e.g., time of a complete gait cycle is heel contact to next
heel contact of that same foot). Automatic peak detection software
(MATLAB custom scripts) with one standard deviation as threshold
was used to determine if each peak was significantly larger than the
data around it. Peak-to-peak intervalswere included for further analysis
only if the duration to complete a cycle was N500 ms and b1500 ms.
Foot sensors were not recorded from one young participant; therefore
the effects of age and cognitive load on the gait cycle are reported
from 16 young and 16 older participants.

Event related potential recording and analysis

Scalp recordings were conducted with a 72-channel EEG system
(BioSemi ActiveTwo, Amsterdam, The Netherlands), digitized at 512 Hz
and bandpass filtered from 0.05 to 100 Hz (24 dB/octave). Offline, data
were processed using custom MATLAB scripts (MathWorks, Natick,
MA), EEGLAB (Delorme and Makeig, 2004) and the FieldTrip toolbox
(Oostenveld et al., 2011). EEG was bandpass filtered from 1 to 30 Hz to
remove low frequency drift and high frequency noise. An artifact rejec-
tion criterion of ±75 μV was applied to all electrode sites to reject trials
with excessive eye movements, EMG or other noise. Trials with more
than 6 bad channels were excluded from further analysis. Electrode
data were interpolated using a nearest neighbor spline correction for tri-
als inwhich therewere 6 or fewer bad channels (Perrin et al., 1987). Data
were then re-referenced to an average reference. Epochs time-locked to
stimulus presentation with a 800 ms post-stimulus period and a 50 ms
pre-stimulus baseline were computed for Go trials during which the par-
ticipant successfully responded (hit trials) and No-Go trials duringwhich
the participant successfully withheld a response (Correct Rejection trials
[CRs]). Incorrect trials were excluded from the analysis. The average
number of accepted trials for young participants was 485 (Go) and 71
(No-Go) while sitting and 749 (Go) and 103 (No-Go) during walking.
The average number accepted for the older group was 748 (Go) and
103 (No-Go) while sitting and 1326 (Go) and 180 (No-Go) during walk-
ing. A comprehensive description and analysis of rejection rates across
conditions are provided in the Supplementary Materials section for the
interested reader, since theperformance of these systemsduringmobility
sessions will be of interest to those researchers considering the use of
MoBI technology. Please see the Supplementary Materials document
and Supplementary Figs. 1 and 2, for information on trial acceptance
rates as well as the number and location of interpolated electrode
channels, respectively.

Signal-to-noise statistics
To assess the signal-to-noise ratio (SNR) for each group for both ex-

perimental conditions (sitting vs. walking), we computed the global
field power (GFP) for hits and CR trials. The background noise was esti-
mated from the pre-stimulus period (−100 to−50 ms) and the signal
was estimated from the first post-stimulus positive peak (150 to
210 ms). The squared signal was divided by the squared noise and
exible reallocation of cognitive resources during dual-task walking: A
/10.1016/j.neuroimage.2015.05.028
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converted to decibels in order to be scale-invariant. The resulting
SNRs were subjected to a 2 (condition: sitting, walking) × 2 (trial
type: hits, CRs) × 2 (group: young, old) mixed repeated measures
ANOVA. The reason for using a relatively narrow early time window
is based on the assumption that early evoked potentials (150 to
210 ms, e.g., N1) are to a lesser degree modulated by endogenous
higher-order cognitive processes compared to later ones (e.g., N2/P3).
ERP modulations driven by endogenous processes such as the realloca-
tion of cognitive resources under increased task load could mimic
differences in SNR. This would raise the ambiguity and hinder the inter-
pretation of SNR as a measure to compare EEG signal quality between
the sitting and walking conditions. In addition, to test for muscle and
eye movement-related contamination of the broadband evoked re-
sponse, artifacts most prominent in frequencies of 8 Hz or higher, we
performed a Fast Fourier Transform on the epoched Go trials for each
participant and computed the correlation coefficient matrix between
conditions (Nolan et al., 2009).
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N2/P3 amplitude and latency
The N2 and P3 ERP components associated with successful response

inhibition in a Go/No-Go paradigm have beenwell characterized in pre-
vious studies (Bokura et al., 2001; Donkers and van Boxtel, 2004; Eimer,
1993; Falkenstein et al., 2002; Garavan et al., 2002; Katz et al., 2010;
Morie et al., 2014) and have been shown to produce maximal ampli-
tudes over fronto-central scalp sites. Thus, the three midline sites of
FCz, Cz and CPz were chosen to represent the task-evoked N2/P3
components. For each age group and task load condition, we used the
average peak amplitude across the three electrode sites of interest to
encapsulate a 100 ms time window for the N2 and a 200 ms time
window for the P3 (see Table 1), which were then used to compute
mean amplitude and detect peak latency across the respective time pe-
riods. ERP amplitude may either be quantified by the mean amplitude
across the corresponding time period of interest, or by the amplitude
of thehighest peak. In this casewe chose to use the former, as thismeth-
od is better able to provide a more comprehensive account of the
componentry across the entire time window (Luck, 2004). The latency
on hit/CR trials and differencewaves was quantified using an automatic
peak-picking procedure (MATLAB custom scripts) which identifies the
maximal deflection within the given time window. A peak was identi-
fied such that an ascending and descending difference of 0.2 μV had to
be reached between consecutive sample points. Results were verified
by manual visual inspection. Walking and age-related differences in
N2 and P3 mean amplitude and peak latency for hit, CRs and difference
waves (CRsminus hits) were statistically assessed by three-way repeat-
ed measures ANOVA with factors of group (young, old), task load
(cognitive task performed while sitting vs. walking) and Electrode site
(FCz, Cz, CPz). Greenhouse–Geisser corrections were applied when
appropriate.
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Table 1
Timewindows used for the statistical analysis of N2 and P3 component latency and ampli-
tude on correction rejection (CR) trials, hit trials and difference waves (CRs minus hits),
computed separately for each age group and task-load condition.

Young Old

N2 window
(ms)

P3 window
(ms)

N2 window
(ms)

P3 window
(ms)

CRs Sitting 221–321 371–571 250–350 394–594
Walking 213–313 300–500 249–349 391–591

Hits Sitting 207–307 371–571a 256–356 394–594
Walking 206–306 300–500 265–365 391–591

Difference
waves

Sitting 238–338 347–547 253–353 363–563
Walking 221–321 315–515 233–333 377–577

a For both age groups, ERPs for hit trials produced no apparent P3 component (as P3 is
often associatedwith rare events) thuswe used the timewindowencompassing the P3 for
CRs to compute the amplitude and latency statistics for hits.
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Topographical voltage maps
Topographic maps display interpolated voltage distributions, de-

rived from 64 scalp electrodemeasurements. These interpolated poten-
tial maps are displayed on a 2D reconstruction of a rendered scalp
surface as implemented in FieldTrip analysis software (Oostenveld
et al., 2011). Maps were computed over the time periods of 240–
340 ms and 400–550 ms for the N2 and P3 components, respectively,
in order to convey maximal ERP differences between task-load condi-
tions for each age group.

Results

Behavioral results

Fig. 1 shows mean reaction times (RTs) and accuracy rates on Go
trials (hits) in addition to rates of correct rejections (CRs) on No-Go
trials, during both sitting (black) and walking (red) conditions. Two-
way repeatedmeasures analyses of variance (ANOVA)were used to sta-
tistically assess each dependent measure with within-subjects factor of
task load (cognitive task performed while sitting vs. walking) and
between-subjects factor of group (young vs. old). RTs yielded amain ef-
fect of group (F1,31 = 22.50, p b .001) indicating that older participants
(RTsitting = 474 ms; RTwalking = 466 ms) were overall slower than
young participants (RTsitting = 389 ms; RTwalking = 403 ms) to respond
to image presentation. Hit rates did not differ between groups (p= .86)
nor as a function of task load (p = .89), demonstrating that both
age groups achieved highly accurate response performance (mean hit
rates above 98%) to Go trials for both sitting and walking conditions.

The ANOVA assessing age and task load-related effects on the rate of
correct rejections (CRs) revealed no main effects of Group (p = .21) or
Task Load (p = .24) however there was a significant interaction be-
tween these factors (F1,31 = 5.33, p b .05). A within-group post-hoc
comparison revealed that this interaction was driven by the fact that
the older adults showed a drop in their CR rate of about 4% while walk-
ing (mean= 70.78%; SD= 8.93) compared to sitting (mean= 74.56%;
SD = 9.48), indicating a trend (p = .065) towards increased dual-task
costs for only the older group,while young adults demonstrated compa-
rable CR performance between sitting (mean=68.34%; SD=9.12) and
walking (mean=69.55%; SD=8.08). To summarize, young adults per-
formed the cognitive task equally well under single and dual-task load.
In contrast, older adults exhibited a general slowing in their response
times in addition to a dual-task cost, performing the cognitive task
less accurately while walking compared to sitting. Interestingly, older
adults performed more accurately overall, but this age-related differ-
encewas not found to be significant (p= .21). Note: In order to account
for both response speed and accuracy in one measure, we performed a
supplementary analysis of the behavioral results in terms of inverse
efficiency (IE), computed as RTs divided by the proportion of correct
responses (Townsend and Ashby, 1983). IE was calculated for two
separate indices of task performance — the proportion of CRs and d′, a
measure of response sensitivity (Green and Swets, 1966). For IE based
on the proportion of CRs there was a main effect of group (F1,31 =
5.61, p = .024) which may be attributed to the much slowed RTs of
the older participants, while no significant effects resulted from the IE
calculated from d′ (see Supplementary Fig. 3).

Gait cycle results

Fig. 2 presents the effects of task load onmean stride time and stride
time variability for the young adult group (top row) and old adult group
(bottom row). The walking-only condition (single-task load) is shown
in black and the dual-task walking condition is shown in red.

A two-way repeatedmeasures ANOVAwith between-subjects factor
of Group (young vs. old) and within-subjects factor of task load (walk-
ing with vs. without cognitive task) revealed a main effect of Task Load
(F1,30 = 6.27, p b .02), indicating a relative increase in average stride
exible reallocation of cognitive resources during dual-task walking: A
/10.1016/j.neuroimage.2015.05.028
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Fig. 1.Behavioral performance on the Go/No-Go task for young (top row) and older participants (bottom row). Reaction times onGo trials, percentage of correct responses onGo trials (hit
rate) and percentage of correct rejections (CR rate) on No-Go trials are shown in black for sitting (single-task load) and red for walking (dual-task load) conditions.
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time under dual-task load. Furthermore, a significant interaction be-
tween task load and group (F1,30 = 5.00, p b .05) was found. Post-hoc
comparisons revealed that this interaction was driven by a significant
dual-task related increase of 82.4 ms in average stride duration for the
young adult group (t15 = 2.48, p b .05) while the older participants
showed a minimal dual-task related increase of less than 5 ms (p =
.66). There was no main effect of age on average stride time (p = .22).
Analysis of stride time variability revealed no significant effects of
dual-task load or age. In sum, the young adult group appeared tomodify
their walking behavior while also performing the inhibitory task by tak-
ing longer strides,whereas the older participantsmaintained an entirely
similar walking pattern across task load conditions.
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Fig. 2.Average stride time (left column) and stride time variability (right column) are displayed
blocks (black) and walking while performing the cognitive task (red).
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Feasibility of recording
To demonstrate that the signal-to-noise ratio (SNR) of ERPs recorded

while participants walked on the treadmill was comparable to ERPs re-
corded while stationary, we computed the SNR for hits and CR trials for
each group for both task load conditions. Three-way repeatedmeasures
ANOVA with within-subjects factors of task load (sitting vs. walking)
and trial type (hits vs. CRs) and between-subjects factor of group
(young vs. old) yielded a main effect of trial type (F1,31 = 11.16,
p b .005). This effect may be attributed to the difference in probability
between Go and No-Go trials. No other effects reached significance.
inmilliseconds for young (top row) and older (bottom row) participants, forwalking-only

exible reallocation of cognitive resources during dual-task walking: A
/10.1016/j.neuroimage.2015.05.028
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Fig. 3. Grandmean and standard deviation (shading) of frequency spectra averaged across hit trials over central scalp regions (left panel). Sitting condition is presented in black, walking
red. The right panel depicts box plots of Pearson's correlation coefficients of the spectra between sitting vs. walking conditions.
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cy spectra of the ERP response on hit trials during the sitting and walk-
ing conditions computed using a Fast Fourier Transform. Each group
exhibits largely overlapping spectra between conditions, indicating
that the ERP frequency spectra for sitting and walking conditions do
not significantly differ, and providing further evidence that differences
in motor behavior do not compromise the quality of ERP recordings.
Correlation coefficient values between conditions for each age group
were all found to have an r N 0.95. Finally, to explore the potential for
a greater influence of eyemovements on ERPs produced duringwalking
blocks, we have included Supplementary Fig. 4, showing grand mean
ERPs recorded over frontal electrode channel Fp1. Activity closely
resembles evoked potentials recorded at FCz, Cz, and CPz with no indi-
cation of greater impact of eye movement on the ERP during walking
compared to sitting conditions.

ERP results

Fig. 4 shows the averaged Go/No-Go ERP waveforms plotted over
three midline electrode locations (FCz, Cz and CPz) designating hits
(thin lines, left column), CRs (thick lines, center column) and difference
waves (CRsminus hits, right column). Waveforms are presented for the
sitting (black lines) and walking (red lines) conditions, separately
for the young (top rows) and old (bottom rows) groups. Highlighted
Fig. 4. Grandmean ERPs for young (n= 17) and older (n= 16) participants for hits (left colum
waveforms) and walking (red waveforms) conditions. Difference waves (CRsminus hits) for si
displayed at three midline electrode sites over fronto-central, central and centro-parietal scalp
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regions represent time periods used for the statistical analysis of N2
and P3 components. As described previously (De Sanctis et al., 2014),
young adults showed a robust N2 component (for both CRs and differ-
ence waves) over all three electrode sites, with a clear amplitude reduc-
tion for dual-task load conditions (walking), compared to performing
the inhibitory control task while seated. In contrast, the older group ex-
hibited a substantially reduced N2, particularly over frontal scalp sites,
with minimal task-induced amplitude variation for CRs and amplitude
of differential activation appearing to be largely independent of task
load. Additionally, the young N2 peak showed earlier onset latency
compared to the older group (computed within each group's respective
timewindow)with the greatest difference apparent over the posterior-
most recording site. With regards to the later P3 component, a visual
inspection of thewaveforms confirmed a correspondencewith previous
results in that, primarily for CRsmeasured over centro-parietal scalp re-
gions, young adults exhibited clear effects of task load on P3 onset and
peak latency. The walking-evoked P3 onset early then quickly declined,
peaking approximately 90 ms before the more sustained sitting-
generated P3. In contrast, the older group showed no modulation in
P3 latency as a function of task load, for either CRs or difference
waves. However, the older group did exhibit a walking-related en-
hancement in P3 amplitude, prominent over anterior recording sites.
Below,we discuss the results of the statistical evaluation of N2/P3 laten-
cies and amplitudes in detail.
n) and correct rejections (CRs, middle column) to the Go/No-Go task during sitting (black
tting and walking conditions are plotted in the right column. ERPs (average reference) are
regions.

exible reallocation of cognitive resources during dual-task walking: A
/10.1016/j.neuroimage.2015.05.028
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N2 latency for hits
A three-way repeatedmeasures ANOVA ofwithin-subjects factors of

task load (sitting vs. walking) and electrode site (FCz, Cz, CPz) and
between-subjects factor of group (young vs. old) on mean N2 latency
revealed a significant main effect of group (F1,31 = 44.61, p b .001), in-
dicating an earlier onset of the N2 for the young (253 ms) compared
to the old (278 ms) group. Also, a robust effect of task load (F1,31 =
6.75, p b .05), and a task load × group interaction (F1,62 = 5.36,
p b .05) was found. The interaction appears to be driven mostly by a
delay of N2 peak latency in older adults performing under dual-task
load.

N2 amplitude for hits
The three-way ANOVA evaluating the effect of age group, task load

and electrode site showed a main effect of task load (F1,31 = 17.30,
p b .001) and group (F1,31 = 8.62, p b .05). The N2 modulation by task
load reflects an amplitude reduction under increased task load, while
the main effect of group indicates an N2 reduction for older adults.

N2 scalp topography for correct rejections
Group averaged voltage maps for correct rejection trials during the

N2 time period (240–340 ms) are illustrated in Fig. 5 for young (top
panel) and older participants (bottom panel) as they performed the
cognitive task while sitting and while walking. An age-related topo-
graphical shift is evident via a fronto-central distribution for young
adults while older adults exhibit maximal enhancement over more
posterior scalp regions. This shift is supported by our ANOVA findings,
revealing a significant electrode × group interaction (see below). This
effect has been reported previously and considered to reflect age-
related decline of frontal-mediated inhibitory processes, which in turn
necessitates the recruitment of additional posterior regions (Lucci
et al., 2013;Wascher et al., 2011;Willemssen et al., 2011). Interestingly,
both groups showed largely load-independent topographical distribu-
tions. Additionally, the scalp maps clearly illustrate the robust load-
dependent N2 amplitude modulation in the young participants.
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Fig. 5. The topographical distribution of ERP voltage activity across the scalp for correct respons
panel) and older adults (bottom panel). Maps are depicted for sitting (single-task) and walkin
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N2 latency for correct rejections
A task load × electrode × group ANOVA with within-subjects fac-

tors of task load (sitting vs. walking) and electrode (FCz, Cz, CPz) and
between-subjects factor of group (young vs. old) revealed a significant
main effect of Group (F1,31 = 15.50, p b .001), indicating an earlier
onset of the N2 for the young (253 ms) compared to the old (261 ms)
group. Additionally, an electrode × group interaction (F2,62 = 3.77,
p b .05) showed that, averaged over task load conditions, the largest dif-
ference in peak latency between the groups occurred at electrode CPz.

N2 amplitude for correct rejections
The effect of age group, task load and electrode site onmean N2 am-

plitude revealed significant main effects of task load (F1,31 = 28.87,
p b .001) and group (F1,31 = 5.82, p b .05) and a significant task
load × group interaction (F1,31 = 7.06, p b .02). The interaction indi-
cates that as task load increased young participants' N2 response exhib-
ited a prominent reduction over a widespread scalp area, while the N2
in older adults showed a relatively smaller reduction confined to central
scalp, with increased task-load. Follow-up t-tests comparing task-load
conditions averaged across the three electrode sites confirmed an N2
reduction for the dual-task compared to the single-task condition in
young (t16 = 4.62, p b .001) and older adults (t15 = 2.98, p b .005).
Furthermore, a significant Electrode x Group interaction (F2,62 =
5.81, p b .005) was found. Follow-up t-tests showed significant age dif-
ferences between anterior sites (FCz: p = .002, Cz: p = .002), but not
over the more posterior channel (CPz: p = .15).

N2 latency for difference waves
The peak latency for N2 difference waves was modulated by task

load (F1,31 = 19.80, p b .001), indicating an earlier onset of the N2
under high (252 ms) compared to low task load (261 ms), and by an
interaction between electrode and group (F2,62 = 6.81, p b .003).

N2 amplitude for difference waves
ANOVA showed amain effect of task load (F1,31=9.63, p b .005) and

a significant task load × group interaction (F1,31 = 6.05, p b .05). The
e inhibition trials, encompassing the N2 timewindow (240–340ms) for young adults (top
g (dual-task) conditions averaged across 20 ms time intervals.

exible reallocation of cognitive resources during dual-task walking: A
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interaction appears to be driven mostly by task load differences for only
the young group, exhibited by a prominent N2 reduction under increased
task load, while the older group displayed minimal modulation across
task load conditions. Post-hoc comparisons for data averaged over all
three electrode sites confirmed that N2 amplitude was significantly re-
duced under increased task load in the young (t16 = 3.19, p b .01) but
not in the older group (p = .49). Interestingly, the older group demon-
strated an almost complete lack of negative-going waveforms during
the N2 time window over frontal scalp regions.

P3 latency for hits
Due to a virtual lack of P3-like activity we refrained from statistically

analyzing this time period.

P3 amplitude for hits
The three-way ANOVA revealed a task load × group interaction

(F1,31 = 11.24, p b .005), driven by a somewhat reduced amplitude
under high task load in young adults, while the reverse pattern was
seen in older adults. Also, a significant main effect of Group (F1,31 =
18.05, p b .001) indicated a relative reduction of P3 in young adults.
It should be noted however that hit trials evoked only minimal to no
P3-like activation for both age groups.

P3 scalp topography for correct rejections
Fig. 6 shows averaged scalp topographies for CR trials during the P3

time period in young (top panel) and older participants (bottom panel)
as they performed the task while sitting and walking. The most evident
differences appear to be age-related. Young adults reveal a broad distri-
bution of enhanced positivity over centro-parietal scalp while older
adults display a more focused distribution over fronto-central regions.
This age-related pattern appears to be largely independent of task
load with a more frontally-distributed P3 in older adults apparent
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Fig. 6. Topographical distribution of ERP voltage activity across the scalp encompassing the P3 t
panel) and old adults (bottom panel). Sitting (single-task) and walking (dual-task) conditions
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during both sitting and walking conditions. Topographic maps also
reveal, as reported in relation to the waveforms above, that the P3 in
young adults is more sustained across the entire 150 ms time period
for the sitting condition, while the walking P3 attains maximal ampli-
tude at the beginning of the time window (~400 ms) and then quickly
diminishes.

P3 latency for correct rejections
The effects of age, task load and electrode position on P3 peak laten-

cywere assessed by a three-wayANOVA. A large effect of groupwas ob-
served (F1,31 = 22.06, p b .001) reflecting the fact that the P3 peaked
earlier for the young than for the older group. This suggests that older
adults were generally slower to engage inhibitory processes. Addition-
ally, a significant task load × group interaction was observed (F1,31 =
23.32, p b .001) aswell as a three-way task load × electrode × group in-
teraction (F2,62 = 3.28, p b .05). Post-hoc paired comparisons between
task load conditions at each electrode site revealed that P3 latency for
the young differed between sitting and walking at all electrode sites
(FCz: t16 = 3.73, p b .005; Cz: t16 = 4.61, p b .001; CPz: t16 = 5.21,
p b .001). There were no P3 latency differences between task load
conditions at any of the three electrode sites for the older group (all
comparisons: p N .09). Fig. 4 illustrates this effect in the waveforms of
the young group whose walking P3 occurs approximately 90 ms prior
to the sitting P3; while the older group exhibits no latency differences
between task load conditions. The interactions of electrode × group
(p=.11) and task load × electrode (p= .14) did not reach significance.

P3 amplitude for correct rejections
The three-way ANOVA revealed a significant task load × group in-

teraction (F1,31=7.35, p b .02), reflecting a load-dependentmodulation
in P3 amplitude. Within-group follow-up comparisons, averaged over
electrode sites, showed that the young group displayed a significant
ime window (400–550ms) during correct response inhibition trials for young adults (top
are each depicted averaged across 25 ms time intervals.

exible reallocation of cognitive resources during dual-task walking: A
/10.1016/j.neuroimage.2015.05.028
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decrease in P3 amplitude for walking, compared to sitting (t16 = 2.19,
p b .05). In contrast, while older adults exhibited a slightly enhanced
P3 over frontal scalp sites under dual-task conditions, this task-load
effect was not consistent across all channels (p = .12). There was an
additional interaction between task load and electrode (F2,62 =
4.01, p b .05). Post-hoc comparisons (across age groups) revealed a
task load difference, with significantly smaller P3 amplitude for walking
compared to sitting, only over electrode CPz (t32 = 2.52, p b .05). Fur-
thermore, there was a trend towards an electrode × group interaction
(F2,62 = 2.74, p = .072). Finally, main effects of task load (p = .55),
group (p = .58) and the task load × group × electrode interaction
(p = .29) did not reach significance.

P3 latency for difference waves
The three-way ANOVA assessing peak latency for difference waves

(CRs minus hits) revealed a significant effect of group on P3 latency
(F1,31 = 22.62, p b .001) and a significant task load × group interaction
(F1,31 = 5.03, p b .05). Similar to the CR condition reported above, this
result reflects an earlier-occurring P3 peak during walking compared
to sitting for young, but not for older adults. No other main or interac-
tion effects were observed.

P3 amplitude for difference waves
Compared to the P3 amplitude for CR waveforms, we found only

significant effects of group (F1,31 = 6.54, p b .02) and electrode
(F1.23,38.271 = 14.69, p b .001) for P3 amplitude of the difference
waves. This finding reflects the fact that the young group exhibited
greater P3 amplitude overall compared to the older group, and that
the more anterior electrode sites, FCz and Cz, also showed greater P3
amplitude, regardless of group and task load condition.

Discussion

The current study examined the neural underpinnings of attentional
resource allocation during dual-task walking in young and older adults.
The effects of cognitive–motor interference (CMI) were assessed using
mobile brain/body imaging techniques that enabled simultaneous re-
cording of stride time and variability measures in addition to behavioral
performance and cortically-generated markers of inhibitory response
control. To our knowledge, this was the first application of MoBI in an
aging population.

The young adult group maintained their behavioral performance
under increased task load (i.e., walking while performing a Go/No-Go
response inhibition task), suffering no costs in terms of reaction times
or accuracy. The older participants were significantly slower to perform
the task bothwhile sitting andwalking, although somewhat surprising-
ly, their rates of successful response inhibition across both task-load
conditions were numerically better than those of the younger group,
although thiswas not a statistically robust difference. Importantly, how-
ever, only the older group exhibited a significant task-load related cost
in the form of an average drop in accuracy of approximately 4% during
walking compared to sitting. With regard to gait pattern, we found an
increase in average stride time of 82.4 ms, or 8.4% for young adults
under dual-task relative to single-task load. In contrast, older adults
showed no changes in stride time between single and dual-task load.
One possible explanation as to why increased load affected cognitive
performance in older adults but gait performance in young adults may
be that older individuals adopted a postural prioritization strategy —

the tendency to prioritize the maintenance of stable gait and posture
over performance on the secondary task to ensure safe walking (Li
et al., 2012; Lovden et al., 2008; Yogev-Seligmann et al., 2012). Also in
line with prioritizing gait is the finding that older adults' stride time
variability did not increase under dual-task load. Unstable gait in the
753

7541 Adjusted df as assumption of sphericity is violated.

Please cite this article as: Malcolm, B.R., et al., The aging brain shows less fl
mobile brain/body imaging (MoB..., NeuroImage (2015), http://dx.doi.org
E
D
 P

R
O

O
F

form of greater stride-to-stride fluctuations under increased load
have been frequently reported, particularly in older adults less able to
flexibly accommodate multiple task demands, such as individuals with
mild cognitive impairment or a history of falls (Hausdorff, 2007;
Montero-Odasso et al., 2012; Springer et al., 2006). However, it is not
clear whether prioritization of walking was a voluntary strategy or an
impairment of the older group as no explicit task prioritization instruc-
tions were given to participants. Therefore, age-associated mobility de-
cline might in fact be reason for prioritizing the walking subtask. Going
forward, more explicit instructions to prioritize both tasks equally are
advised (Verghese et al., 2007a).

While the drop in the older adults' Go/No-Go performance supports
the notion of dual-task costs, the young adults' increase in stride time
while executing two tasks simultaneously is not easily explained in
terms of dual-task costs. As walking pace was kept constant by the
speed of the treadmill, it follows that an increase in stride time under
dual-task load amounts to younger adults making longer and therefore
fewer steps. Maintaining balance while taking longer steps is consid-
ered to be more challenging because a person's center of gravity is
more often further from one's base of support (Bhatt et al., 2005), and
longer steps have been linked to higher probability of slips (Moyer
et al., 2006). Assuming that participants operate under limited re-
sources shared across walking and cognitive demands, making longer
steps might therefore appear to be a less effective strategy. However,
there is reason to contend that making longer steps could actually be
an adaptive walking strategy to reduce interference with a cognitive
task (CMI). Here, and in our previous report (De Sanctis et al., 2014),
we argue that by increasing stride length, a direct outcome is that one
executes thewalking task less often (i.e., takes fewer steps) and thereby
reduces instances of inter-task competition under dual-task load
(Li et al., 2012; Lovden et al., 2008). It could be argued that making
longer steps may be easier when walking at a relatively faster speed,
putting older adults at a disadvantage to implement such a strategy.
However, our previous findings on dual-task walking at fast and slow
speeds in young participants would indicate otherwise (De Sanctis
et al., 2014). We found that young participants increased stride time
under both walking speeds, possibly as a strategy to accommodate
increased cognitive task load. In the slow-walking condition, young par-
ticipants walked at a fixed speed of 2.4 km/h, which is in fact slower
than the average walking speed of the older adults at 3.5 km/h (range:
2.4 to 4.8 km/h) in the current study. Ultimately, this indicates that
such a strategy may also be applied while walking at slower speeds.
Overall, behavioral results support a loss in the flexible allocation of
processing resources across tasks in aging, indicative of an increased sus-
ceptibility to CMI and in line with the extant aging literature on dual-
tasking (Hausdorff et al., 2008; Holtzer et al., 2012; Montero-Odasso
et al., 2012; Yogev-Seligmann et al., 2008).

We turn now to the neuralmeasures of response inhibition and cog-
nitive control. Our previous work using MoBI in young adults provided
evidence for the implementation of substantial dual-task modifications
in both walking behavior and concurrent brain measures of response
inhibition processes, including increased stride time, decreased N2 am-
plitude and an earlier and more frontally distributed P3 (De Sanctis
et al., 2014). These outcomes were interpreted to reflect a flexible rede-
ployment of cognitive–motor processes and set the stage for the current
work in which we predicted that older adults would show a reduced
ability to engage these adaptive processes. More specifically, as motor
load increased, we predicted a drop in performance accuracy and a
delay and attenuation of ERPs underlying successful response inhibi-
tion. These predictions, however, were only partially supported by the
data. While ERP patterns in young adults showed substantial changes
between the sitting and walking conditions, the same comparison in
older adults yielded minimal variation. Thus, to a first approximation,
young adults showed clear evidence for neural reconfiguration in
response to increasing dual-task demands, whereas older adults
showed, for the most part, a distinct lack of such flexibility. More
exible reallocation of cognitive resources during dual-task walking: A
/10.1016/j.neuroimage.2015.05.028
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precisely, in young adults, the enhanced N2 component following
correctly withheld responses was strongly reduced in amplitude when
load increased under dual-task walking conditions. Older adults, in
contrast, displayed a markedly different pattern. An age-related topo-
graphical shift was seen, with a more posterior distribution for the N2
under both single and dual-task conditions, but in contrast to the find-
ings in young adults, this N2 showed minimal amplitude modulation
as a function of task load. Contrary toCRs, theN2evokedduringhit trials
revealed far fewer distinctions between age groups. Here, a load-related
N2 reduction in amplitudewas evident in both groups. Furthermore, the
N2 for both CRs as well as hit trials was substantially delayed for the
older adults compared to the young. This may be indicative of a general
delay in cognitive processingmechanismswith increasing age, a finding
that is in agreement with previous literature (Salthouse, 2005). Finally,
the difference waves (see Fig. 4) most clearly highlight the distinction
between the dynamic processing mechanisms recruited by the young,
in contrast to the relatively static processing mode employed by the
older group. The young show a robust N2 amplitude reduction while
walking, particularly over centro-parietal sites, while the older adult
waveforms show a remarkable lack of load-dependent modulation.
The largely overlapping time course of the difference waves for the
older group, throughout early and later processing stages, most clearly
indicates a less flexible reallocation of cognitive resources during dual-
task walking in aging.

Subsequently, correctly withheld responses produced a P3 compo-
nent showing a distinct latency shift over a widespread scalp area in
young adults, peaking approximately 90 ms earlier under increased
task load. In contrast, no latency differences were found for the older
group, although a very modest increase in P3 amplitude over frontal
scalp areas was observed for this group while walking. Finally, while
hit trials evoked negligible P3-like activity, overall amplitudewas small-
er in young and larger in older adults under increased task load. Results
indicate more pronounced age-related differences during CR trials,
possibly due to a relatively higher processing load required in order to
inhibit rather than execute a prepotent motor response.

Takingboth theperformance data and neuralmeasures into account,
what can we conclude from the current results? It is clear that in re-
sponse to the increased demands of performing the Go/No-Go task
under walking conditions, young adults made online adjustments to
both their physical behavior by increasing stride length and to the
way in which response inhibition processes were deployed in the
brain. These adjustmentswere associatedwith essentially perfectmain-
tenance of performance levels on the cognitive control task. In contrast,
older adults showed no changes in their physical behavior and what
differences were observed in the deployment of response inhibition
processes were extremely modest and only emerged during later
P3-related stages of processing. This lack of flexibility, in turn, was ac-
companied by a significant, albeit modest, decrement in performance
of the cognitive task.

Only a small number of previous studies have evaluated task-evoked
ERPs in the context ofmotor-related dual-task load. In one investigation,
Hahn and colleagues instructed participants to prioritize a driving-like
tracking task and investigated the effects of age and P3-related activity
on a secondary visual attention task. Older adults showed a greater
degree of dual-task motor interference compared to young. They also
failed to exhibit the pattern shown in young adults of increased P3 am-
plitude for target compared to non-target stimuli, possibly indicating
that when cognitive resources were taxed under increased load, older
adults dedicated comparable attentional resources to all stimulus types
regardless of relevance (Hahn et al., 2011). However, since only dual-
task conditions were considered in this experiment, it is unclear if the
age-related differences in P3 can be fully attributed to increased load.
Other investigations have reported effects of increased task load on the
timing of ERPs, specifically delays in P3-related processes (Bomba and
Singhal, 2010; Fujiyama et al., 2010; Matthews et al., 2006). Matthews
et al. (2006) combined a bimanual motor with a visual task, requiring
Please cite this article as: Malcolm, B.R., et al., The aging brain shows less fl
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foot responses to infrequently presented visual target stimuli. They
observed increased P3 latency for visual targets when the motor task
was prioritized compared to when the visual task was prioritized
(Matthews et al., 2006). In a similar design, Fujiyama and colleagues
compared the performance of young and older adults on an interlimb
coordination task combined with visual oddball discrimination. The P3
evoked by the visual taskwas reduced in amplitude and longer latencies
were observed during dual-task conditions for both groups, while P3
latencies in older adults were further delayed compared to those of
the young (Fujiyama et al., 2010).

It is noteworthy that no previous study has reported a reduction in
P3 latency under increased task load, in contrast to the current results
where a distinct shortening of the P3 latency was observed for younger
adults. Of course, this P3 latency reduction cannot be considered in
isolation but must be construed in the context of the large reduction
in N2 amplitude that accompanies it. In our prior work, we interpreted
this as a shift in processing strategy from a mostly automatic mode of
operation represented by the strong No-Go N2 during single-task load,
to a more conscious evaluative, and presumably more effortful, process
represented by the earlier P3 under dual-task load. On the other hand,
our older participants appeared to deploy essentially the same process-
ing strategies under all task load conditions.

In addition, a trend towards a more frontally distributed P3 topogra-
phy was observed in older adults, which was largely load-independent
(i.e., evident during both sitting and walking conditions). Anteriorization
of P3 in aging has been regularly reported in the literature (Anderer et al.,
1996; De Sanctis et al., 2009; Fabiani and Friedman, 1995; Friedman et al.,
1993; Friedman and Simpson, 1994) to implicate the engagement of ad-
ditional prefrontal cortical resources in compensation for age-related
cognitive decline. Our age-associated findings during the P3 timeframe
might therefore suggest that older adults' recruitment of additional
frontal control regions is required to reduce and prevent even higher
costs resulting from increased cognitive motor interference.

In conclusion, the MoBI approach provides an excellent methodolo-
gy by which neuroscientists can interrogate the underlying neurophys-
iology of cognitive control processes in the context of real-time
measures of gait, posture and other physical parameters. In this way,
we can move beyond the somewhat artificial constraints of traditional
EEG and ERPwork, providing a considerably higher degree of ecological
validity to the work we conduct. This is especially useful in the case of
aging where the relationship between decline in cognitive flexibility
and measures of gait and posture disturbances are well-established
(Verghese et al., 2007b). MoBI allows for an integrated assessment of
these two domains and we anticipate that it will have significant utility
in the early identification of older individuals who are at risk for injuri-
ous falls, a leading cause ofmorbidity in this population (Stevens, 2005).
The present results indicate a clear lack of flexibility, both in terms of
adjusting physical behavior and in reconfiguring cognitive control
mechanisms at the neural level, in a cohort of healthy older individuals.
It will be of significant interest to contrast these processes in elderly in-
dividualswith andwithout a history of falls in futurework to see if these
measures can distinguish between these groups. It will also be of inter-
est to assess other domains of cognitive control, such as task-set
reconfigurations (Foxe et al., 2014; Wylie et al., 2003) or the mainte-
nance of attentional focus (O'Connell et al., 2009b), since these control
processes may require greater metacognitive resources and may well
lead to greater CMI effects.
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