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Background: Previous studies suggest that the human gait is under control of higher-order cognitive processes,
located in the frontal lobes, such that an age-related degradation of cognitive capabilities has a negative impact
on gait.
Methods: Using functional Near-Infrared-Spectroscopy (fNIRS) we investigate the frontocortical hemodynamic
correlates of dual-task walking in two conditions. 15 young and 10 older individuals walked on a treadmill
while completing concurrent tasks that had either visual (checking) or verbal-memory (alphabet recall) de-
mands. We compared subjects' motor performance, as well as their prefrontal activity in single- and dual-task
walking.
Results: Our behavioral data partly confirm previous accounts on higher dual-task costs in stepping parameters
(i.e., decreased step duration) in old age, particularlywith a visual task and negative dual-task cost (i.e., improved
performance) during the verbal task in young adults. Functional imaging data revealed little change of prefrontal
activation from single- to dual-task walking in young individuals. In the elderly, however, prefrontal activation

substantially decreased during dual-task walking with a complex visual task.
Conclusion:We interpret these findings as evidence for a shift of processing resources from the prefrontal cortex
to other brain regionswhen seniors face the challenge of walking and concurrently executing a visually demand-
ing task.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The gait pattern changes in old age. For instance swing time, swing
time variability, stride-time variability and walking speed decrease,
while cadence, step length and stride time increase (Mills and Barrett,
2001; Schrager et al., 2008). These changes are associated with an
increased risk of falling and a decreased quality of life (Newman et al.,
2006). Age-related gait changes are more pronounced when walking
is combined with another, concurrent task, which suggests that cogni-
tion plays a role as a mediating factor (Li et al., 2001; Lindenberger
et al., 2000; Al-Yahya et al., 2011; Beurskens and Bock, 2011;
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Verhaeghen et al., 2003). Specifically, age-related decrements of dual-
task walking depend on the visually specified constraints on walking
(Beurskens and Bock, 2012) and are particularly pronounced when
the non-walking task is visually demanding (Beurskens and Bock,
2011, 2012, 2013; Bock, 2008), possibly because it is difficult for the
brain's executive system to coordinate navigation through visually de-
fined space with another visual task.

The above interpretation calls for an experimental verification by
studies that relate deficits of dual-task walking to measures of brain ac-
tivation. However, it is difficult to use technologies such as functional
magnetic resonance imaging (fMRI) or electroencephalography (EEG)
during locomotion, since especially fMRI requires still and stabilized
subjects and is not applicable during locomotion. To overcome this
problem, some researchers substituted actual movements bymotor im-
agery (la Fougere et al., 2010; Zwergal et al., 2012; Personnier et al.,
2010). Brain activation is similar during real and imagined locomotion
in young (la Fougere et al., 2010) and older adults (Zwergal et al.,
2012), but motor imagery performance was not (Personnier et al.,
2010), such that substitution of gait by imagery may confound deficits
of locomotion with those of imagery. The present study therefore uses
an alternative approach for measuring brain activation.We utilize func-
tional near-infrared spectroscopy (fNIRS), which has already been ap-
plied with success during active movements (Leff et al., 2011; Miyai
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et al., 2001). Converging evidence with this technique suggests that
single-task walking draws on higher-order cognitive resources
(Verghese et al., 2007) and engages the prefrontal, premotor, and pri-
mary sensorimotor cortex differently in healthy young (Miyai et al.,
2001; Suzuki et al., 2008) and older adults (Harada et al., 2009). Further
work has shown that prefrontal activation increases during mental
preparation for a subsequent walking task (Suzuki et al., 2008) and
that in elderly subjects, prefrontal activation increases substantially
when walking at 70% rather than 30% or 50% of the individuals' maxi-
mum walking speed (Harada et al., 2009).

To our knowledge, only one study used fNIRS to compare prefrontal
activation during single- and dual-task walking (Holtzer et al., 2011).
The dual-task condition was “walking while talking” (WWT) where lo-
comotion was combined with verbal alphabet recall. The study found a
higher prefrontal activation in dual- compared to single-task walking,
and this increase was slightly more pronounced in young than in
older subjects. This outcome stands in contrast to cognitive resource
theories of aging which posit that the increase of brain activity with in-
creasing task demands is more rather than less pronounced in old age
(Steffener and Stern, 2012) or thatwith advancing age and task demand
older adults utilize additional contralateral brain areas. For example, the
HAROLD model (Cabeza, 2002) posits that elderly recruit additional
brain areas, not used by young subjects, to maintain performance at
an acceptable, albeit reduced level (Reuter-Lorenz, 2002). This model
primarily affects the lateralization of prefrontal activity during cognitive
performances, i.e. an activation shift from one hemisphere to another.
Neural activity tends to be less lateralized in older adults compared to
young adults. However, other recent theories agree with the findings
of Holtzer et al. (2011). In cognitive reserve theory, Stern (2009)
introduced the mechanism of neural compensation. The primarily
used network can no longer support the performance needed to accom-
plish the task and an alternative network, which is normally not used, is
recruited. This secondary network is not as optimal as the primary one
to sustain performance and a performance decrease emerges. The
CRUNCH model (Reuter-Lorenz and Cappell, 2008) agrees with this
view, and additionally states that older adults reach a resource ceiling
as task demand increases, which results in under-activation relative to
young adults (Reuter-Lorenz and Lustig, 2005).

The present study was designed to replicate and validate the avail-
able fNIRS study (Holtzer et al., 2011) and compare the previously
used WWT with a visual checking task that has been shown to be
even more effective to increase dual-task decrements in older adults.
We have shown before that tasks with visual requirements produce
larger deficits of dual-task walking in old age than tasks without such
requirements (Beurskens and Bock, 2011, 2012, 2013; Bock and
Beurskens, 2010), and therefore expected that age differences in pre-
frontal activation will be even more pronounced with the checking
task than with the WWT task. Specifically, we expected according to
the above experimental and theoretical findings that (a) young partici-
pants will show increased prefrontal lobe activation during dual-task
walking with WWT as well as with checking, (b) older participants
will show a slightly less increase with WWT (based on the aforemen-
tioned study by Holtzer et al. (2011)), but a distinctly less increase
with checking (based on neural compensation processes, i.e. cognitive
reserve and CRUNCH theories), and c) there will be a substantial rela-
tionship between neural activation pattern and behavioral outcome.

2. Methods

2.1. Subjects

Fifteen young (age: 24.5 ± 3.3 years, height: 173.3 ± 5.9 cm, mass:
68.6 ± 11.8 kg) and ten older subjects (age: 71.0 ± 3.8 years, height:
175.9±9.8 cm,mass: 84.3±11.1 kg) participated in this study. All sub-
jects were independently community-dwelling and had not participat-
ed in research on dual-task locomotion, neural activity or cognition
within the preceding 12 months. All reported to be free of muscular or
orthopedic impairment and had normal or corrected-to-normal eye-
sight. All arrived without help at the agreed-upon time in the agreed-
upon place, properly followed our instructions and adequately complet-
ed a questionnaire regarding their personal circumstances (e.g., address,
date of birth, medication). Thus, we deemed them to be free of gross
cognitive impairment because the cognitive demands of these question-
naires are similar to the mini mental state examination that is widely
used in literature (U'Ren et al., 1990). Before participating, all subjects
signed an informed consent statement preapproved by the authors'
institutional Ethics Committee.

2.2. Behavioral tasks

Participants were asked to walk on amotor-driven treadmill (Zebris
FDM-T treadmill system, Isny, Germany). Prior to the actual data collec-
tion, theywalked on the treadmill for approximately 5–10min to famil-
iarize with the instrument and to select the preferred individual
walking speeds in each walking condition. These speeds were main-
tained throughout the subsequent experiment. The following tasks
were administered twice to each subject for 30 s, in a counterbalanced
order:

• walk: subjects walked on the treadmill
• check: seated subjects held with their non-dominant hand a sheet of
paper (21.0 × 29.5 cm), on which 65 squares (1.0 × 0.8 cm) were
drawn in 5 columns of 13 rows. They were instructed to check each
box as quickly as possible by an “X”, using a pen in their dominant
hand; they were to start with the top left box, and proceed from top
to bottom, column by column, until 30 s expired (Bock and
Beurskens, 2011),

• talk: seated subjects were asked to call out loud every second letter of
the alphabet as fast as possible, starting from “A” in thefirst round and
from “B” in the second (Holtzer et al., 2011), until 30 s expired,

• walk & check: concurrent walk and check,
• walk & talk: concurrent walk and talk, and
• rest: subjects were sitting on a chair.

Participants' walking performance was measured by a capacitive
pressure sensor matrix (94.6 × 40.6 cm) underneath the treadmill's
walking surface (150 x 50 cm). The measuring range was 1–120 N/cm2

with an accuracy of ± 5% and a threshold of 1 N/cm2; the sampling fre-
quency was set to 100 Hz. The pressure data was used to determine the
following gait measures:

• step duration: time between two consecutive heel strikes of the right
foot,

• step length: distance between heel strike of one side and heel strike of
the contra-lateral side in the same step cycle, and

• number of steps: step cycles within 30 s.

We then calculated the mean of each gait measure for each subject
and task, discarding the first and last cycles to exclude transients. For
each subject and task, we also determined:

• checking-speed: number of checked boxes per second and
• talking-speed: number of correctly recited letters per second

To quantify subjects' ability to execute both, the walking and the
additional cognitive task concurrently, we calculated the difference be-
tween single- and dual-task performances (DTC) for each parameter,
subject and task separately, and normalized the outcome by dividing
it by the mean standard deviation of the pertinent single task and age
group. We thus yielded dimensionless scores which can be averaged
across walking and non-walking measures to yield the mean dual-task
costs (mDTC) across both concurrent task (Beurskens and Bock,
2013); this composite value deconfounds dual-task costs from task pri-
ority assignments (Bock, 2008; McDowd, 1986).



Table 1
Talairach coordinates (x,y,z) of fNIRS channels, according brain regions and Brodmann
areas (BA).

ch. # Hemisphere Brain region BA x y z

1 Left Middle frontal gyrus 10 −28 67 10
2 Middle frontal gyrus 10 −34 65 1
3 Superior frontal gyrus 10 −31 65 −10
4 Superior frontal gyrus 11 −14 70 −11
5 Superior frontal gyrus 10 −16 72 13
6 Superior frontal gyrus 10 −8 72 12
7 Superior frontal gyrus 11 −7 71 11
8 Right Superior frontal gyrus 11 10 70 −16
9 Superior frontal gyrus 10 12 73 12
10 Superior frontal gyrus 10 22 72 11
11 Superior frontal gyrus 10 21 69 −14
12 Superior frontal gyrus 10 32 65 −15
13 Middle frontal gyrus 10 38 65 1
14 Middle frontal gyrus 10 32 67 9
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2.3. fNIRS measurement

Changes of cerebral oxygenation levels were recorded by a near-
infrared optical tomographic imaging device (DYNOT Imaging System,
NIRx MEDICAL TECHNOLOGIES, LLC. Wavelengths 760 nm, 830 nm,
Samplingrate 1.81 Hz). NIRS is a technique to detect changes in cerebral
oxygenation in response to functional stimulation (Obrig and Villringer,
2003). Sixteen optodes, stabilized by a custom-made plastic hard shell,
were placed between 2.2 cm (optodes 1–6) and 2.5 cm (optodes 7–16)
apart above the subjects' frontal lobes (Fig. 1).

Optode position was set according to the international 10–20-
system (Klem et al., 1999) with FPz located between optodes 8 and 9
(cf. Fig. 1). Channels were calculated as midpoints between each
emitter-detector combination. We thus yielded 14 channels of mea-
surement. The channel positions of each participant were transformed
into the standard brain from the Montreal Neurological Institute (MNI
space) according to Singh et al. (2005), using a 3D digitizing system
(Zebris 3DMeasuring Systems, ZebrisMedical GmbH). Talairach coordi-
nates (Talairach and Tournoux, 1988), brain sub-regions and according
Brodmann areas are displayed in Table 1. Channels covered correspond-
ing brain regions above both hemispheres, covering the middle and
superior frontal gyrus. All tasks were conducted in a quiet, dimly illumi-
nated room.

Oxygenated (HbO2) and de-oxygenated (HbR) blood levels (cf. Cope
et al., 1988) were determined using NIRS-SPM (Jang et al., 2009; Tak
et al., 2010; Ye et al., 2009), a software based on Statistical Parametric
Mapping (Ye et al., 2009) and Matlab (Matlab 7.10 (R2010a), The
Mathworks, Inc. Natick, MA, USA). Calculations followed established
procedures (Cope et al., 1988). Each channel of individual participants
was visually inspected and movement artifacts were corrected using a
technique developed by Scholkmann et al. (2010), which is based on
moving standard deviation and spline interpolation. In a first step, the
moving standard deviation of the data series was calculated and
secondly, individual thresholds were specified to allow artifact detec-
tion. In a last step, sections containing movement artifacts were spline
interpolated and the data series was reconstructed (Scholkmann et al.,
2010). Each fNIRS data set for walking conditions (walk, walk & check
and walk & talk) was baseline-corrected by subtracting each walking
condition individually from our rest condition. Hence, the changes in
HbO2 and HbR for walk, walk & check and walk & talk were normalized
to the same level of the baseline condition. The data were subsequently
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Fig. 1. Simplified schematic drawing of optode positions and the appropriate channel po-
sitions on subjects' prefrontal cortex. Light green optodes represent light-emitting sources
and light blue optodes represent light-absorbing detectors. Channels and their numbers
are presented as yellow boxes between the optodes.
filtered using the pre-coloring method (Worsley and Friston, 1995),
which corrects for temporal correlations that might otherwise inflate
the calculated significance levels. This method essentially represents a
Gaussian or a HRF (hemodynamic response function) lowpass filter
(Jang et al., 2009; Ye et al., 2009); the present work uses the HRF filter,
which is the preferred choice for NIRS data since it is based on frequen-
cies of modeled neuronal signals, which represent the best fit for hemo-
dynamic NIRS data (Jang et al., 2009; Ye et al., 2009). Possible global
trends due to breathing, heartbeat, vasoconstriction or other experi-
mental influences were removed by the wavelet-minimum description
length (MDL) de-trending algorithm (Jang et al., 2009). To decompose
the NIRS data series into bias, hemodynamic signal, and noise compo-
nents in distinct scales, a wavelet transform is applied to the time series.
The hemodynamic response was modeled using a boxcar function con-
volved with a canonical hemodynamic response function (Ye et al.,
2009). Datawere then analyzed using a general linearmodel estimation
to obtain concentration changes of HbO2 and HbR for each of the walk-
ing conditions (walk,walk & check,walk & talk). To rule out that effects
found in our fNIRS measurements are attributed to walking demands
only, we contrasted dual-taskwalking to single-task walking. Compara-
ble to the fMRI BOLD signal, high synaptic activity leads to an increase in
blood flow, which is indicated by a higher level of oxygenated blood in
fNIRS. The highest relationship has indeed been found in correlation
analyses between BOLD signals and cerebral blood flow measured by
fNIRS (Strangman et al., 2002). According to this, an increase of oxygen-
ated blood flow and a reduced deoxygenated blood flow are both seen
as signs of increased cerebral activity (Villringer et al., 1993).
2.4. Data analyses

The mDTC of each walking measure were submitted to analyses of
variance (ANOVAs) with the between-factor Age (old, young) and the
within-factor Condition (walk & check, walk & talk). Statistical signifi-
cance of the intra-condition differences of HbO2 and HbR was analyzed
using two- sided, one-sample t-tests. To restrict alpha inflation due to
multiple statistical comparisons, only significant results that exceed a
threshold of p b 0.05 are reported and Sun's tube formula, implemented
in NIRS-SPM (Ye et al., 2009), was used for p-value correction (Loader
and Sun, 1997). NIRS measures of HbO2 and HbR were then submitted
to separate ANOVAs with the between-factor Age (old, young) and the
within-factors Condition (walk & check, walk & talk), Lateralization
(left, right) and Channel (1–14). To analyze the associations between
brain activation levels (HbO2/HbR) and locomotion (step duration,
step length and number of steps), we conducted regression analyses.
Multiple correlations were corrected using Bonferroni corrections. All
statistical analyses were done using STATISTICA 10 (StatSoft, Inc.,
Tulsa, OK, USA).



Table 2
ANOVA outcomes: walking measures.

Age Condition Age × condition

Step duration F(1,22) = 7.95** F(1,22) = 23.63*** F(1,22) = 1.09 n.s.
Step length F(1,22) = 7.62* F(1,22) = 21.90*** F(1,22) = 4.32*
Number of steps F(1,22) = 10.53** F(1,22) = 29.06*** F(1,22) = 6.62*

n.s., *, ** and *** indicate p N 0.05, p b 0.05, p b 0.01 and p b 0.001 respectively.
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3. Results

Fig. 2 displays our three measures of dual-task walking separately
for each age group and task combination (unprocessed walking data
from conditions walk, walk & check and walk & talk and secondary
task data for talking and checking can be obtained from Suppl. #01
A–E, online). Table 2 summarizes the pertinent ANOVA results. Both
presentations show that mDTC were larger in old age and that they
were larger inwalk & check compared towalk & talk. Post-hoc compar-
isons indicated significantly lower mDTC during walk & talk in young
compared to older adults (p b 0.05, p b 0.05 and p b 0.01 for step dura-
tion, step length and number of steps respectively), significantly lower
mDTC during walk & talk compared to walk & check in young adults
(all p b 0.001), significantly higher mDTC in walk & check compared
towalk & talk in older adults' step duration (p b 0.05), and no group dif-
ference for walk & check (p= 0.11, p = 0.20 and p= 0.16 for step du-
ration, step length and number of steps respectively). Thus, the
significant age × condition effect is mainly based on increasing mDTC
from walk & talk to walk & check in young adults (i.e., performance im-
provement in walk & talk and slight performance deterioration in walk
& check), while older adults have generally higher mDTC than young
adults but statistically similar mDTC in both conditions, although there
is a tendency towards an increase during walk & check.

Fig. 3 shows individual raw data from one older and one young
participant and for one exemplarily chosen channel of the fNIRS mea-
surement, representative for each age-group. Data displayed is prior to
any processing and de-trending. It can be seen thatHbO2 did not change
with increasing task demands (i.e., walk, walk & check, walk & talk) in
young subject, while older subjects' neural activation decreased in
conditionwalk& check (Fig. 3, dashed line) but not in the other two con-
ditions (Fig. 3, solid and dotted lines).

Fig. 4 displays the contrasts of cortical activation duringwalk & check
orwalk & talk on the one hand, andwalk on the other hand for each age
group and for each NIRS channel separately. The pertinent ANOVA out-
comes are summarized in Table 3.

To rule out effects of different activation levels during single-task
walking, we compared subjects' hemodynamic responses during condi-
tionwalk. Mean neural activations across all channels did not differ be-
tween young and older adults for HbO2 (t(22)=−0,39; p= 0.71) and
for HbR (t(22)=−0,98; p= 0.34). According to the ANOVAoutcomes,
the hemodynamic response during dual-task walking differed little
from that during single-task walking in young subjects under both
dual-task conditions and in older subjects during condition walk &
talk. However, a distinct difference emerged for older subjects in condi-
tionwalk & check (i.e., significance of Age x Condition for both parame-
ters, cf. Table 3). Specifically, older subjects showed lower levels of
oxygenated and higher levels of de-oxygenated blood in walk & check
than in walk. This was the case for 12 of the 14 registered channels,
only channel 02 and channel 11 showed increased HbO2 and decreased
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HbR (cf. Fig. 4). Since a decrease of HbO2 and an increase of HbR are both
taken as signs of reduced brain activity (Villringer et al., 1993), we thus
found evidence that in condition walk & check, seniors' brain activity
was reduced throughout a broad region in both prefrontal hemispheres.
This finding is supported by the fact that we did not find significant
effects of Lateralization in our ANOVAs (F(1,22) = 0.39; p = 0.54 for
HbO2 and F(1,22) = 1.09; p = 0.31 for HbR). Both hemispheres seem
to be affected in a similar way during walk & check.

To determine whether our fNIRS data show valid associations
between neural activation and dual-task walking, we correlated the de-
crease in HbO2 that we found duringwalk & check in older subjects with
their pertinent mDTC. The correlations ranged between r = 0.08 and
r = 0.85, but only the decrease in HbO2 for channel #06 was signifi-
cantly correlated to mDTC for step duration and number of steps. How-
ever, after correcting for multiple comparisons, the only significant
association remained between channel #06 and the number of steps
(r = −0.85, p = 0.04). Lower neural activity is associated with in-
creased dual-task costs during our complex task conditionwalk & check.

4. Discussion

Thepresent study used fNIRS to investigate the hemodynamic corre-
lates of dual-task walking in young and older individuals.We combined
walking with a concurrent visual (checking) or verbal (alphabet recall)
task, and compared subjects' motor performance as well as their pre-
frontal activity to those in single-task walking. According to established
literature, we expected that motor performance will be poorer and pre-
frontal activity higher under dual- than under single-task conditions.
Also, the effect on motor performance will be more pronounced and
the effect on prefrontal activity will be less pronounced in old age.
This age-dependencywill be higher with the visual thanwith the verbal
task.

Our behavioral data partly support the above expectations. Dual-
task decrements were present and were higher in older than in young
subjects, but only young adults showed significantly increased costs
during our complex check condition. Though, a non-significant tenden-
cy to higher dual-task costs during the more complex task compared to
the less complex task could be seen in older adults too. During dual-task
walking, elderly subjects' step duration and step length decreased, their
secondary task performance decreased and their number of steps
walk & talk
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increased. These changes result in generally higher dual-task costs in
the older group. To some extent, our findings confirm earlier studies,
which unanimously observed that age-related deficits of dual-task
walking are most dramatic with a visual secondary task (Li et al.,
2001; Beurskens and Bock, 2011; Bock, 2008; Bock and Beurskens,
2011). Dual-task costs in the more complex task tend to be higher in
older adults compared to young adults and compared to the less
complex spelling task. Admittedly, post-hoc tests did not reach signifi-
cance. In fact, young subjects had negative mDTC in condition walk &
talk, which suggests that they actually improved performance during
dual-task walking. This finding is typically attributed to synergy effects
between two concurrent tasks (Hockey and Sauer, 1996). Similar find-
ings have been found in postural stability tasks, were postural sway de-
creased and stability increased in dual-task situations (Stoffregen et al.,
2000). Synergy effects are attributable to specific cognitive interference
tasks that add benefit to both concurrently performed tasks. For exam-
ple, during the simultaneous performance of a posture task and an addi-
tional observation task, postural sway was reduced, indicating that a
stable posture is necessary to manage the secondary task (Stoffregen
et al., 2000). In our study, young subjects might benefit from a joint
rhythm during walk & talk, matching verbal answers and steps. Note,
that the verbal WWT task more closely resembles the gait rhythm of
young subjects in a way that one step includes two verbal answers
(i.e., steps/s. = 1.65; letters/s. = 0.82; steps/letters ratio: 2.01). This
joint rhythmwas not feasible duringwalk & check because the checking
task adds a visual and a motor component and addresses the same cog-
nitive resources thanwalking. Although participants walked on a tread-
mill, compared to walking overground in previous studies, there is a
tendency of increased dual-task costs during visually demanding dual-
task situations, but the decrements are less pronounced when walking
on a treadmill compared to walking on overground surfaces.

Our fNIRS findings clearly violate our expectations. We observed
little change of prefrontal activation when contrasting dual- and
single-task walking in young individuals for both, verbally and visually
demanding dual-tasks. This indicates that, on behavioral level, our find-
ings of negative mDTC in young adults do not seem to be associated
with a change in neural activation patterns in their prefrontal brain
area. Contrasts in older subjects yielded a change only for one of the
two dual-task conditions and the change was contrary to our expecta-
tion, i.e., a decrease rather than an increase of activity under dual-task
conditions. Dual-task costs in temporal gait measures (i.e., step
duration) increased with increasing task complexity, but correlation
analyses only revealed weak associations between increased costs and
decreased neural activity. Our fNIRS results show a higher activation
level in the younger group compared to older subjects, but only during
visually demanding dual-task walking. Comparable to Holtzers' work,
our elderly subjects maintained their prefrontal activity during the
less complex walk & talk condition, and decreased their activity during
the more complexwalk & talk condition compared to single-task walk-
ing. While a lack of change could be attributed to low sensitivity of our
fNIRS data, the decrease observed forwalk & check argues against such a
methodological flaw, and rather suggests that fNIRS is well suited to
capture the waxing and waning of brain activity.

Our observation, that the most demanding experimental situation –

walk & check –was accompanied by the lowest brain activity in seniors,
fits commonly accepted models on cognitive information processing.
Previous studies were able to show an age-related reduction in blood
flow and a decrease in activation levels in prefrontal brain regions
when the cognitive load was increased (Gur et al., 1987; Hazlett et al.,
1998). Furthermore, several studies found these patterns of neural de-
activation in memory and executive processing tasks (Nyberg et al.,
2003; Johnson et al., 2004). Similar observations have been found in
an imaging study by Zwergal et al. (2012), who showed reduced
activation inmotion-sensitive neural networks (e.g., visual and vestibu-
lar cortices) duringmore complex locomotion tasks. Activation in older
adults decreased from standing to walking to running. In our study,
older adults declined their neural activity with increasing task demand.
The aforementioned CRUNCH-model by Reuter-Lorenz is well-suited to
predict this phenomenon (Reuter-Lorenz and Cappell, 2008): with in-
creasing task demand, older adults might reach a resource ceiling and
therefore shift processing partly from the primary to an alternative
brain network, thus effectively under-activating the former (Reuter-
Lorenz and Lustig, 2005) and activating the latter networks (Stern,
2002). According to Stern's cognitive reserve theory (Stern, 2009),
older adults might use a completely different set of brain networks
than younger adults. Alternatively, they might continue using the
same network with lower intensity and additionally recruit new net-
works not used by younger adults. Due to our optode array placement,
we only observed the de-activation of prefrontal areas but were unable
to detect the postulated activation of other areas. Additional substance
for our findings can be gathered from a recent study on older adults'
individual motor performance capacities. Older adults accomplish
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cantly reduced HbO2 in young and older adults and for each condition (⁎ = p b 0.05 and ⁎⁎ = p b 0.01).
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activities of daily living near their maximum capacity, indicating that
relatively easy tasks require high efforts (Hortobagyi et al., 2003). This
aspect might be a reference point for our study. Walking per se and
especially walking while talking already puts older adults near their
respective maximum capacity and a further increase in task demand
(i.e., walk & check) causes them to shift their neural activation without
increasing it in the first place. Compared to walk & talk, which is a less
complex dual-task situation, the visually demanding andmore complex
walk & check condition puts higher demands to older adults processing
capacities (Lindenberger et al., 2000; Bock, 2008). Walking is a visually
demanding experience as we navigate through a visually defined space.
Table 3
Selected ANOVA outcomes: fNIRS measures.

Oxygenated De-oxygenated

Age F(1,22) = 0.83 n.s. F(1,22) = 0.02 n.s.
Condition F(1,22) = 0.04 n.s. F(1,22) = 2.86 n.s.
Age × condition F(1,22) = 5.57* F(1,22) = 4.54*
Channel F(13,286) = 1.03 n.s. F(13,286) = 0.54 n.s.
Age × Channel F(13,286) = 0.58 n.s. F(13,286) = 1.66 n.s.

n.s. and * indicate p N 0.05 and p b 0.05 respectively.
Thus, simultaneously performed visual tasks overstrain the older brain's
executive system to coordinate navigation through this visually defined
space and additional resources need to be recruited.

It still remains to be determined why young subjects in Holtzers'
study (Holtzer et al., 2011) increased their prefrontal activation during
walk & talk while our subjects did not change their neural activations.
We attribute this to methodological differences in the study designs.
The sampling duration was much shorter for Holtzers' registration,
which makes direct comparison very difficult, particularly as activation
during continuous tasks can be quite transient. In addition, subjects in
our study walked on a treadmill while subjects in the study by Holtzer
and colleagues walked on a pressure-sensitive floor on level ground.
Hence, treadmill effects on walking performance of younger subjects
could be observed (i.e., decreased dual-task walking speeds in Holtzers'
study; better dual-task performance in our study), but further research
is needed to better understand the contribution of treadmill vs. over-
ground walking for different aspects of dual-task performance.

Correlations between prefrontal activation and locomotor perfor-
mance on a subject-to-subject basis were poor in our study, except for
one out of the 14 registered channels. It is interesting to note that this
channel was located over the left Brodmann area 10 (i.e., the left
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Superior Frontal Gyrus), a region associated with self-awareness and
the processing of sensory feedback for the control of actions (Goldberg
et al., 2006).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijpsycho.2014.03.005.
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