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The aged brain may not make good use of central resources, souhl task performance
may be degraded. From the brain connectome perspective, tlsi study investigated
dual task de cits of older adults that lead to task failure ofa suprapostural motor
task with increasing postural destabilization. Twelve yoger (mean age: 25.3 years)
and 12 older (mean age: 65.8 years) adults executed a desigmed force-matching

task from a level-surface or a stabilometer board. Force-rmahing error, stance sway,
and event-related potential (ERP) in the preparatory pedovere measured. The force-
matching accuracy and the size of postural sway of the older dults tended to be

more vulnerable to stance con guration than that of the youg adults, although both

groups consistently showed greater attentional investmenon the postural task as

sway regularity increased in the stabilometer conditionnlterms of the synchronization
likelihood (SL) of the ERP, both younger and older adults hadet increases in the
strengths of the functional connectivity in the whole braiand in the fronto-sensorimotor
network in the stabilometer condition. Also, the SL in the émto-sensorimotor network

of the older adults was greater than that of the young adultsdr both stance conditions.

However, unlike the young adults, the older adults did not exibit concurrent deactivation
of the functional connectivity of the left temporal-parietl-occipital network for postural-
suprapostural task with increasing postural load. In addibn, the older adults potentiated
functional connectivity of the right prefrontal area to cop with concurrent force-matching

with increasing postural load. In conclusion, despite a umersal negative effect on brain
volume conduction, our preliminary results showed that thelder adults were still capable
of increasing allocation of neural sources, particularlyia&z compensatory recruitment of
the right prefrontal loop, for concurrent force-matching ander the challenging postural
condition. Nevertheless, dual-task performance of the oler adults tended to be more

vulnerable to postural load than that of the younger adultsin relation to inferior neural
economy or a slow adaptation process to stance destabilizabn for scant dissociation of
control hubs in the temporal-parietal-occipital cortex.
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INTRODUCTION 2019, especially when the dual task places high demands on
those resources. Behavioral studies have shown that postural
Maintenance of postural balance requires attentional resesl destabilization can multiply the dual task cost for the elderly
corresponding to the degree of postural threBtz(naud et al., of a postural-suprapostural task. Past researches employing a
2019. Postural response requires complexity and numeroughoice reaction time tasishumway-Cook and Woollacott, 2000
micro-adjustments, and stable bilateral stance is pringpalland digit 2-back taskRapp et al., 2006; Doumas et al., 2008
regulated by an automatic process using brainstem synergyghlighted age-related di erences in suprapostural perforeen
(Honeycutt et al., 2009 Increasing postural destabilization py increasing stance instability rather than degradinguais
shifts postural control to a more controlled process involyin stimulation of the suprapostural task. In e ect, the brain's
the frontal and cortical-basal ganglia loopaCobs and Horak, residual capacity wanes with aging, which causes negative
2007; Boisgontier et al., 201Bue to the additional attentional postural penetrability to suprapostural processing. Hence,rolde
investment, postural response becomes more regular in thedults often adopt a postural prioritization strategy to keep
controlled process [fonker et al., 2007; Stins et al., 2009 attentional resources on the postural taska¢our et al., 2008;
Central resource allocation of a postural-suprapostural duall jston et al., 201 However, behavioral data that elucidate the
task is an elaborate trade-o, exibly depending on responseheural correlates of resource allocation in older adultsimtyia
compatibility of the two subtasks. Addition of a secondargkta postural-suprapostural task are very limited. Although, reur
(or suprapostural taskilitra and Fraizer, 2004to a postural  evidence of age-related de cits has been extensively soisgiy
task does not necessarily result in dual-task degradatio® d classic dual tasks, the ndings up to date cannot be directly
to resource competitionhen and Sto regen, 2012; Sto regen, applied to postural-suprapostural dual tasks on account of issues
2019; instead, postural response can be integrated witlyfresponse compatibilitySalo et al., 20)5For instance, the task
suprapostural activity to facilitate suprapostural performanc quality of a suprapostural motor task such as juggling or tray-
(Storegen et al, 1999; Prado et al, 2J0DOn the other carrying takes advantage of stance stabilityl@subramaniam
hand, although a great number of the studies conducte@t al., 2000; Wulf et al., 2004; McNevin et al., d0Whereas
on dual tasks have employed two cognitive tasks, very feparallel loading of two cognitive tasks always causes mutual
neuroimaging studies have focused on postural-supraposturgiterference. To our knowledge, no studies have invesiijat
dual tasks because of methodological constraints. Witlettemt-  alterations in information transfer for a postural-suprapostlr
related potential (ERP) of scalp electroencephalogram (EEGhsk performed by older adults, despite the degeneration of
Huang and Hwang (2013jeported that the amplitudes of the the white matter integrity of the brain with aging=(rst and
N1 and P2 waves in the preparation period prior to executing-eligiebel, 2011; de Groot et al., 2)1dence, it is worthwhile
a secondary motor task varied with task loads of the posturab characterize the di erences in the functional connedivof
and suprapostural tasks, respectively. The N1 amplitude redectehe frontal/prefrontal areas to other cortical regions [sus the
anticipatory arousal and postural response preceding the forcarietal Gontier et al., 2007and premotor areas\arois et al.,
matching @dkin et al., 2008; Mochizuki et al., 2008; Sibley et al.2006] of young and older adults during a postural-suprapostural
2010; Huang et al., 20).4An increasing N1 amplitude in the 55k,
sensorimotor and parietal areas implies more attentive aintr A challenging postural set-up is a sensitive way to highlight
required for postural destabilizatiorH{iang and Hwang, 2013; age-related dierences in a postural-suprapostural task. To
Little and Woollacott, 201)5 On the other haﬂd, P2 amplitude exp|0re the under]ying neural mechanisms of dual-task
related to neural resource for visuomotor prOCGSSing of th%terference of a postura|_suprapostura| task, we inveskigate
Subsequent force-matChing event, with a greater P2 amplitud@e eect on ERP dynamics for force-matching from the
associated with a less task load of force-matchifigaig and |evel-surface to stabilometer stances during the prepayator
Hwang, 2013; Hwang and Huang, 2016 period of the particular dual task. De ned as the time window
In older adults, the shrinkage of a wide range of corticabare petween the execution beep and onset of the force-matching
causes eVOlVing dySfUnCtiOﬂ of adual talékr(nandes etal., 2006; act, the preparatory period consists of posture-dependent
Hartley etal., ZOJ)lDegeneration ofthe frontal-parietal network N1 and Suprapos’[ure_dependent P2 waves that encrypt
speci cally impairs executive processes keyed to dual taskingognitive processing of pre-movement stance regulatiork tas
such as response inhibition, task switchingofe et al., 2013  switching from the posture subtask to supraposture subtask,
and selective attention to relevant informatioi¢zolic et al., and p|anning of the Subsequent force-matching aﬂméng and
201). Age-related dual task de cits also manifest with a reseur Hwang, 2013; Huang et al., 2014; Hwang and Huang, 016
ceiling Geerligs et al., 20)4nd compensatory recruitment of For the young healthy adults, a postural-suprapostural task
additional brain reSOUrceg'(ar“ey etal., 2011; Boisgontier et a|.,With increasing postura| |nstab|||ty caused reorganimtiof
functional connectivity in the preparatory period with anteri
shift of processing resources and dissociation of contrdbshu
Abbreviations: NFE, normalized force error; RT, reaction time; SampEn, sampldn the parietal-occipital cortexHuang et al., 20106 Within

entropy; AMF_RMS, root mean square value of ankle uctuation movesient tha brain connectome context. this study aimed to extend
AMF_SampEn, sample entropy of ankle uctuation movements; GF, globalon revious work by explorin ,di erences in the component
frontal; SM, sensorimotor; PO, parietal-occipital; SL, synchrorondikelihood; p y P g P

NBS, network-based statistics; FSM, fronto-sensorimotor; T&@poral-parietal- amplitudes (N1 and P2) and functional connectivity of the
occipital. ERP in young and older adults during the performance of a
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suprapostural motor task with increasing postural challengesignals was placed 60 cm in front of the subject at eye-
This study hypothesized that, with increasing postural loadlevel. The subject conducted a thumb-index precision grip to
young adults would exhibit smaller changes than older adinit couple a target line of 50% MVC force (pre-determined in the
the component amplitudes of ERP (N1 and P2) and functionaéxperiment) and concurrently maintained a stable uprighhst
connectivity, especially those for the fronto-parietal netivin ~ with minimal ankle movement on a wooden level surface or
the preparatory period. We also hypothesized that topologica tilted stabilometer. Participants were not told to priozii
reorganization of functional connectivity due to increagi either task, and they were instructed to perform both postural
postural load would di er in the two populations. and force-matching tasks as well as possible. The stabilomete
produced less postural disturbance than was used in our previous
studies Hwang and Huang, 20)thecause the balance capacity
MATERIALS AND METHODS of the elderly participants was poorer than that of the young
Subjects adults. The postural task in the level-surface and stabilemet

. nditions required the participants to couple the ankle joint
Twelve young healthy adults (5 female and 7 male, age: 25'%gle derived from the readings of the electrogoniometetht®

ferﬁ;azlg Zﬁzr? éa;;gea21e—.3635yge§rg)lar;dar182 ?;?]e;hgil_t% ai:'::tal(irget line, based on visual feedback. The target linesHer t
» 8g€: 50.03L.UL Y > range- Y )postural task in the level-surface and stabilometer coodgi

part|C|pat_ed in this s_,tudy_. Subjects were volunteers fromidal were set at the horizontal surface and 50% of the maximal
community and university campus who responded to a poster

! e . “anterior tilt, respectively Kigure 1A). The postural tasks are
or a network advertisement. All of the participants were right ' P y Rig . ) P
- . nown as postural tasks of visual internal foclitung et al.,
handed and had no history of neurological or musculoskelet . . e .
. . . 0149, with which the participants should control upright
diagnoses. The older adults in this study, who had regular . . .
. . . . . stance with ankle angular displacement (or an internal aspect

exercise habits, had experienced no falls in the previous Gimson e .

- . . of body movement). Utilization of an internal focus for a
They participated in the postural-suprapostural experiment

_— EHostural task will interfere with postural automatic processes,
after signing personal consent forms approved by the loc

ethics committee (University Hospital, National Cheng Kungespemally_\_/vhen di culty is addeq _to stance control in a dual
. : . task condition for the elderly Ghiviacowsky et al., 20).0To
University, Taiwan).

minimize the potential visual load during the concurrenthas,
the target signals for posture and force-matching were cdlyef
Procedures scaled at the same vertical position of the monitor for each
Before the main experiment, each participant was instructegarticipant Figure 1A). We fully understood that the relative
to stand on a stabilometer in a shoulder-width stance withtask di culty of the postural and suprapostural tasks was a
their arms hanging by their sides. The stabilometer was aritical determinant of the reciprocal e ect of the postural-
wooden platform (50 69 cm) with a curved base (height: suprapostural task. An earlier pilot experiment had shown that
18.5 cm). When the platform of the stabilometer was in thethe present dual task setup would not signi cantly degrade the
horizontal position, the midline of the platform (34.5 cm from force-matching accuracy of the young adults between thelHev
the front/rear edge) passed through the anterior aspect of thsurface and stabilometer conditionsli{ng et al., 201 In this
participant's bilateral lateral malleolus. The positions b&t particular dual task design, stance destabilization wasatege
participant's feet were used in the following experiment. Therto produce a decline in force-matching performance due to
the maximal angle of anterior tilt was determined from theincreasing postural threat (stabilometer vs. level-sujfat¢éhe
readings of an electrogoniometer (Model SG110, Biometricslder participants Boisgontier et al., 20)3With this design,
Ltd., UK; output accuracy: 1 mid 0.09 degrees) on the ankle we were able to examine the age e ect on the compensatory
joint as the participants tilted the stabilometer with maximu mechanisms underlying perseverance of quality of the seaxgnd
plantar exion of the ankle joint. In addition, we determined motor task when balance contexts varied.
the force of each participant's maximum voluntary contrantio ~ Execution of the suprapostural force-matching in an
(MVC) from three attempts of the right thumb-index precision experimental trial was rst cued by a warning signal (an 800 Hz
grip during quiet upright stance. The stabilometer is comryon tone lasting for 100 ms). Upon hearing an executive tone (a 500
used to train balance in clinics and provides postural chaéen Hz tone lasting for 100 ms), the participants then started akui
for single postural task\{ulf et al., 2001; McNevin et al., thumb-index precision grip (force impulse duration0.5 s) to
2003; Chiviacowsky et al., 201and postural-suprapostural couple instantaneously the peak precision-grip force with the
dual-task in the laboratoriesWulf et al., 2003; Huang et al., force target on the monitor. The warning-executive signdtpa
2014, 2016; Hwang and Huang, 2pl@herefore, we used were randomly presented at di erent intervals of 1.5, 1.75, 2,
the stabilometer to produce postural destabilization in this2.25, 2.5, 2.75, or 3 Fifure 1B). The interval between the end
study. of the executive tone and the beginning of the next warningeto
The formal experiment required the participants to conductwas 3.5 s. There were a total of 14 warning-executive sigiral pa
a dual task (suprapostural force-matching and postural tasksh an experimental trial (80 s per trial) and six experimentéls
with on-line visual feedback under two di erent randomized of the postural-motor dual task for each stance conditionttBo
stance conditions (level-surface vs. stabilometer). A ioon young and older subjects were allowed for a xed rest duratio
that displayed force output, ankle movement, and the targebetween trials (1 min) to minimize fatigue e ect.
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FIGURE 1 | Schematic illustration of experimental setup (A) and auditory stimulus paradigm for force-matching taskB).
Experimental Setting along the midline ahead of,FElectrodes placed above the arch

A 40-channel NuAmps ampli er (NeuroScan Inc., El Paso, TX,of the left eyebrow and below the eye were used to monitor eye
USA) with Ag-AgCl scalp electrodes was used to record scalpovements and blinks. The impedances of all the electrodes we
voltage uctuations from di erent 30 EEG channels (Ep, F,, below 5 le and were referenced to linked mastoids of both sides.
F3=4, Fr=8, FT7=8, FG, FGa=, C;, C3=4, CP;, CPs=4, P;, P32, T3z,  The EEG data was recorded with a band-pass Iter set at 0.1-100
Ts=s, TP;=s, O;, and Oj). The ground electrode was placed Hz and with a sampling rate of 1 kHz. The electrogoniometer
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was attached to the dominant ankle joint to record the angulastudy. Force-matching error was represented in terms
motion of the ankle joint. The electrogoniometer consist&d of NFE, or ”':TiEGF' 100% (PGF: peak grip force; TF:
two sensors. One sensor was placed at the dorsum of the righirget force; Figure 2. The NFEs of all force-matching
foot between the second and third metatarsal heads, andtfego events were averaged across trials for each subject in the
sensor was fastened along the midline of the middle thirchef t |evel-surface and stabilometer conditions. The reaction
anterior aspect of lower leg. A load cell (15-mm diametetO-  time (RT) of force-matching was denoted as the timing
mm thickness, net weighd 7 g; Model: LCS, Nippon Tokushu interval between the executive tone and the onset of grip
Sokki Co., Japan) on the right thumb was used to record théorce. Postural performance was characterized with the
level of force-matching. All physiological data were syociiwed  uctuation properties of ankle movement during the interval
and digitized at a sampling rate of 1 kHz in LabVIEW softwarebetween the warning signal and the onset of force pulse.

(National Instruments, Austin, TX, USA). We applied root mean square (RMS) and sample entropy

(SampEn) to assess the amplitude and complexity of the
Data Analyses ankle movement uctuations (AMF_RMS and AMF_SampEn)
Behavior Data after resampling the kinematic data to 125 Hz. SampEn

Normalized force error (NFE) of force-matching was useds an appropriate entropy measure for reliably quantifying
to represent suprapostural performance in the presenthe variability structure of biological data with a short

Force-matching event Event-related potential
target signal --- preparatory

(TF) Error 87 < period 7

v 6 1 i N1 i

| |

) peak grip force -4 l [

single force «— (PGF) : |

pulse 2 I !
|
|

Level-surface
—— Stabilometer

Amplitude (uV)
o

|
[
|
I
|
< force pulse onset
1
{
|

P2

O Y Y, S B
NFE= | TF-PGF | / TF* 100% ‘“"/ o wE e 2w 400

. ! Time (ms)
executive signal onset

Conditioned ankle displacement

warning signal executive signal
force pulse onset

Target Position (\n[\\ Ll A J\A‘,\ A N\I\ N
g iVUU\) VU‘-UV VV U V \ U UV\/VUW

T

0 1 2 3
Time (Second)

FIGURE 2 | Real-time display of precision grip force, ankle dis placement, and target signals for concurrent force-matching an d postural tasks. To
reduce the visual load during the experiment, the target sigpls of both postural and force-matching tasks were displagd in an identical position on the monitor, by
separate scale-tuning of the manual force target and postal target. Force-matching performance was assessed with nonalized force error (NFE). The event-related
potential (ERP) associated with force-matching was registed with scalp electroencephalography. ERP between the ecutive tone and the onset of the
force-impulse pro le was denoted as the preparatory period ERP in this period primarily contained N1 and P2 componentsThe ankle displacement after
conditioning with a low-pass lter is labeled by three critial events (warning signal, executive tone, and force-impse onset). TF, target force; PGF, peak grip force.
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length (Yentes et al., 20)3 The mathematical formula for Based on multi-channel ERP signal, we also quantied

SampEn was statistical interdependencies of non-stationary ERP in the
p preparatory period with one of the most popular approaches,
i'\l‘jlm Ai synchronization likelihood (SL). The SL measures the deyo
SampEnm,r,N/ D log( ir\llDlm B ) linear and non-linear dimensions of EEG/MEG coupling within

cortical networks I(eistedt et al., 2009; Boersma et al., 3011

wherer D 15% of the standard deviation of the ankle movementl heoretically, SL takes into account the recurrences ¢ sigace
uctuations, m is the length of the templaten{ D 3), and Vectors occurring at the same moment that are converted from
N is the number of data points in the time serieai is tWo time-series of interestStam et al., 2005SL can sensitively
the number of matches of théth template of lengthm C  detect slight variations in the coupling strength for a nent

1 data points, andBi is the number of matches of thih scale ftam and van Dijk, 20Q2which is appropriate for resolve
template of length m data points. A SampEn close to GRP synchronization patterns in a short period. An SL close to
represents greater periodicity (or regularity), while a eatear 2 0 indicates no coupling; an SL of 1 indicates complete coupling.
represents h|ghe|’ Comp|exity (Or irregu|arity)_ H|gher rdwu[y For breV|ty, detailed descrlptlons of SL CalCUlatl@Tldm and van

(or lower SampEn value) of postural sway represents the mofeilk, 2002; Stam et al., 20pand parameter settingsviontez
attentional focus being paid to postural control, and viceseer €t al., 200pcan be found in previous works. Computation of the
(Donker et al., 2007; Borg and Laxaback, 2010; Knsldyet al., SL across all pairs of ERP data of the channels in the preparatory

201). phase (the time interval between the executive tone and the

force-matching onset) produced a square 30 SL adjacent
Component Amplitudes and Functional Connectivity matrix. Each entry in the SL adjacent matrix represented the
of Multi-Channel ERP connectivity strength within the functional networks. Feach

ERP data was analyzed o -line with the NeuroScan 4.3 softwaigarticipant, the overall SL adjacent matrix from all experiraén
program (NeuroScan Inc., El Paso, TX, USA). Prior to ERRrials in the level-surface or stabilometer condition wasraged.
quantitative analysis, third-order trend correction and/ee SL thresholds from 0.1 to 0.9 were selected to build funetion
movement correction protocols were applied to the entire set ofonnectomes of di erent connection strengths. The SL adjace
recorded data to remove the DC shift and eye movement attifac matrix was rescaled with the proportion of strongest weights,
The eye movement artifacts were removed from the EEG usinguch that all other weights below a given threshold (inahggdi
regression analysisémlitsch et al., 1936and the number of eye SL on the main diagonal) were set to 0. Namely, the selection
blinks in each trial was roughly 10-15 across subjectsr&fte  of the SL threshold of 0.1 merely accounted for the strongest
movement was removed, the EEG data were conditioned with B0% of the weights in the SL adjacent matrix (or functional
low-pass lter (40 Hz/48 dB roll-o ), and then the conditiome connectivity in the functional connectome). SL was cal@da
EEG data were segmented into epochs of 700 ms, includingith the functions of HERMES for Matlat\(so et al., 2013 The
100 ms before the onset of each execution signal. Epochs wenean value of SL for all the electrode pairs was de ned as SL_All
all baseline-corrected at the pre-stimulus interval. Pquoahs, The mean values of SL that connected to the speci ed areas, the
such as those aected by excessive drift or eye blinks, wefento-sensorimotor (SL_FSM), and parietal-occipital (SL)PO
discarded by visual inspection (rejection rate of inapprogriat areas, were determined for the level-surface and stabikmet
trials: <8%). The remaining artifact-free epochs were averagecbnditions.
for an experimental trial in the level-surface and stabiloene
conditions, and then the ERP data were also grouped accordir§tatistical Analyses
to a two-factor design (population: the young and older adultsThe purpose of this study was to examine the neural mechanisms
postural task: level-surface and stabilometer stances). underlying age and stance e ects on postural-suprapostural
As postural-suprapostural behaviors involve informationperformance. The current experimental design focused on the
mastery dependent upon the fronto-motor-parietal networkneural mechanisms responsible for di erential stance e ects
(Huang and Hwang, 20)3we expected age-related di erenceson force-matching accuracy between young and older adults.
in regional activity of ERP due to increasing di culty of the Two way repeated measures ANOVA with population (young
postural subtask of the dual task in the global frontal (GF;,Fp and older) and postural load (level-surface and stabilometer)
Fp, Fs, R, F4, F7, and Fg), sensorimotor (SM: € C,, C4, CP3,  were used to examine the signi cance of di erences in behavio
CP;, and CR), and parietal-occipital (PO: f P, P4, O1, O;, parameters (NFE, RT, AMF_RMS, and AMF_SampEn), and the
and ) areas for the level-surface and stabilometer conditiongnean SL of the areas of interest (SL_AIl, SL_FSM, and SL_PO)
The N1 and P2 amplitudes were quanti ed as the peak amplitudacross di erent threshold values. The level of signi can€¢he
in two separate time windows (80-150 ms, 150-240 ms aftabove-mentioned statistical analyses was sqt Bt 0.05. The
executive signal onset). The ERP of each electrode contbihed signi cance of thepost-hodest for stance and age e ects was
and P2 components, which were selectively averaged to obtdih 0.0125 using the Bonferroni correction. Moreover, network-
amplitudes of the N1 and N2 of the above-mentioned areas. Fdrased statistics (NBS) were performed to vigorously identify
instance, amplitudes of N1 and P2 recorded from the elecsodestance-related changes in the functional connectivity Ibthe
of the Fp, Fp, R, R, F4, F7, and ks were averaged to represent node pairs for the young and older groups. For each group, paired
the size of N1 and P2 of the global frontal area. t-tests were independently performed at each synchronization
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value, and-statistics larger than an uncorrected thresholdgfy RESULTS
D 3.012 p D 0.005) were extracted into a set of supra-thresholch .
ehavior Performance

connections. Then we identi ed all connected components in-.
the adjacency matrix of supra-threshold links and saved th&igure 3shows means and standard errors of task performance

number of links. A permutation test was performed 5,000 time£f force-matching and postural response for young and older
to estimate the null distribution of the maximal component 9roups under the level-surface and stabilometer conditiGie
size, and the correcteptvalue was calculated as the proportion ANOVA results revealed that NFE was subject to both stande an
of permutations for which the most connected componentsde € ects [stancé(, 27D 10.36p D 0.004; age(1, 22)D 4.60,
consisted of two or more links. Methodological details of NBS? D 0.043; stance agef;, 22D 3.04p D 0.095]. On account of
are documented irZalesky et al. (2010The age e ect on the @ marginal interaction e ect, we continued thpst-ho@analysis
topological distribution of signi cant stance-related drences Whichindicated that NFE of the older group was more suscégptib
in synchronization value were examined with visual inspeti  to stance con guration and the older adults performed worse
Statistical analyses were performed in Matlab (Mathworks In force-matching in the stabilometer condition than in thevéd-
Natick, MA, USA) and SPSS v.19.0 (SPSS Inc. Chicago, IL, US8)rface condition f D 0.002). In contrast, NFE of the young

All data are presented as mearstandard error. group was not a ected by stance con guratiop D 0.307). The
p = 0.002
18 A
16.0
16 A (1.6)
S ., ] p=0.015
w 13.8
TR (1.1
=z
12 A 11.9
113 ©8)
(0.8)
10

Level-surface  Stabilometer

6 p < 0.001 0.60 4
p < 0.001

4.54 0.55

— (0.76) 0.528

o
5 4 ch (0.007)
—
*% p<0001 & 0.50 0.491
© (0.014)
= 2.22 U)I
0 24 .
s (0.30) LEL 0.45 A
o
| 0.32 < (%'gg)
LEL (0.11) :
<< 0 1 0.12 0.40 + (%Tg;lg)
ooy L | L
p <0.001 p <0.001
: : 0.35 . :
Level-surface  Stabilometer Level-surface  Stabilometer
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—©@— Older
FIGURE 3 | Means and standard errors of force-matching and post ural variables for the concurrent force-matching and postural tasks under the
level-surface and stabilometer conditions for young and older populations. NFE, normalized force error; AMF_RMS, root mean square vaof ankle

uctuation movements; AMF_SampEn, sample entropy of ankle wotuation movements.
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RT of the force-matching was not age dependéi [>2)D 1.57, in the fronto-sensorimotor network (SL_FSM) for the level-
p D 0.223], but varied with stance patterR({ 2,)D 4.55,pD  surface and stabilometer conditions and stance-relateahga
0.044] without a signi cant interactionF;, 2D 1.06pD 0.315; in SL (L SL_FSM) as a function of threshold valutable 2
Young: level-surface 307.2 7.8 ms, stabilometer: 326.45.6 summarizes the ANOVA results for age and stance e ects on
ms; Older: level-surface 303.0 8.3 ms, stabilometer: 308.9 SL_FSM across di erent thresholds. For all threshold values
4.5 ms]. In terms of RMS, the magnitude of ankle movemenSL_FSM varied with age and stance con guratign< 0.05),
uctuations was also a function of age and stance con gumati except for a marginal e ect of age for a threshold setting of 0.2
[stance:F(1, 22y D 67.22,p < 0.001; ageF(; 22 D 8.50,p D  That was, the SL_FSM of the young and older adults increased
0.008; stance age’F(, 22)D 7.63,p D 0.011].Post-ho@nalysis in the stabilometer condition for all threshold valugs< 0.006),
revealed that both the young and the older adults exhibiteénd the older adults exhibited a larger SL_FSM than the young
greater ankle movement uctuations during the stabilonrete adults in the level-surface and stabilometer conditigns (0.05).
stance than during surface stange< 0.001). In particular, the The most remarkable di erence in SL modulation for stance
ankle movement uctuations of the older adults were greatedi culty increment between the young and older groups was in
than those of the young adults in the stabilometer conditionthe PO areaKigure 7B). Table 3summarizes the ANOVA results
(p < 0.001). In addition, irregularity of the ankle movementfor age and stance e ects on SL_PO across di erent thresholds.
uctuations was subject to stance con guration rather thmrage  For threshold values of 0.2—0.4, SL_PO was signi cantlyestib
e ect [stancef (1, 22D 73.46p< 0.001; ages(1, 22D 2.62pD  to the interaction e ect of age and stance con guratiop €
0.120; stance agef (1, 22D 1.79pD 0.125]. Increases in stance 0.05). For the young adultgpst-ho@nalysis further showed that
di culty resulted in a consistently lower AMF_SampEn (more SL_PO in the stabilometer condition was smaller than that in
regularity) of the ankle movement uctuations in the youngda  the level-surface conditiorp(< 0.0125). Notably, such a stance-

older groupsp< 0.001). dependent decline in SL_PO at lower threshold value was not
) present in the older groupp(> 0.0125). Interaction e ect of age
ERP Component Amplitude and stance con guration on SL_PO for the threshold values of

Figure 4 show pooled ERP pro les of the each electrode of the.8 and 0.9 was also signi canp € 0.05). Particularly at the
young and older adults in the level-surface and stabilometethreshold value of 0.§10st-ho@nalysis revealed that the SL_PO
conditions. Stance-related di erences in the ERP pro les wergor the older adults potentiated with increasing postural Iqad
evident in the anterior portions of the cortex, irrespectiielte D 0.009), but not the SL_PO of the young adufis>( 0.05). The
populations. The N1 amplitude in the GF and SM areas variedtance-related modulations of the SL_PO between the youdg an
signi cantly with age [GFF(y, 22D 8.14,p D 0.009; SMF(1, 22y  older adults were opposite for the selection of threshold @alu
D 5.54,p D 0.028], but not with stance [GF1, 22D 2.74,p  (Figure 7B).

D 0.112; SMF(;, 20y D 0.31,p D 0.582] or interaction e ects The signi cance of spatial distribution change in SL (threlsho
[GF:F(1,22)D 0.01,p D 0.919; SMF(;, 25)D 0.15,p D 0.699].  valueD 0.3) with respect to stance con guration was examined
However, N1 amplitude of the PO areas did not signi cantlyywar with NBS. The threshold was selected to contrast the altersit
with stance and age e ects [standgi ) D 0.03,p D 0.860; in the brain wiring diagram at relatively stronger functiain
ageF(1, 20)D 1.66,p D 0.211; stance age:F(1, 2)D 0.44,pD  connectivity. For the strongest SL with thresholds set at
0.513]. In contrast, the P2 amplitudes inthe GF, SM, and PGsare®.1 and 0.2, the stance-dependent dierence in SL variables
were all dependent on stance con guration [GFj, 22D 12.32, was not always evident between the young and older adults
p D 0.002; SMF(; 22D 13.37,p D 0.001; POF(y 22)D 6.03, (Tables +3). Figure 8 presents the pooled adjacent matrix of
p D 0.022], rather than on age [GF{y, 22)D 0.17,p D 0.683; SL of preparatory ERP in the level-surface and stabilometer
SM:F1,22yD 0.71,p D 0.408; POF(;, 22D 2.30,p D 0.143] or  conditions for the young and older groups (threshold value
interaction e ects [GFF(1 22D 0.79,p D 0.382; SMF(1 2D D 0.3). The SL dierence of all electrode pairs between the

0.34pD 0.566; POE(1, 22)D 0.05p D 0.818Figure 5. level-surface and stabilometer conditions was labeleti i

. . . adjacent matrix oft-values { > 1.771: stabilometer Sk
Functional Connectivity of ERP in the level-surface SLp < 0.05;t < 1.771: level-surface St
Preparatory Phase stabilometer SLp < 0.05;Figure 9, upper row). The results of

Figure 6 presents the mean SL (SL_AIl) of all electrode pairs ilNBS indicated that changes in stance con guration signntha

the level-surface and stabilometer conditions and stametsted altered the brain functional connectivity in both groupg (
change in SLX SL_AIll) as a function of threshold value. For D 0.0002, correctedtigure 9, lower row). In addition, there
the both groups, SL_AIl tended to be larger in the stabilometewere notable topological di erences in dual task organizatio
condition than in the level-surface conditiorfable 1 shows of supra-threshold connectivity for the young and older adul
the detailed results of ANOVA for age and stance e ects orto cope with increasing postural load. The young adults in
SL_All across di erent thresholds. For thresholds of 0.1 @]  the stabilometer condition exhibited a global potentiatioh o
main e ects of stance and age on SL_AIl were not signi cansupra-threshold connectivity in the fronto-sensorimotorrtax

(p > 0.05). For thresholds of 0.3-0.9, SL_AIll was subject tand reduction in supra-threshold connectivity between thé |

a main e ect of stance, and SL was signi cantly larger intemporal area and the parietal-occipital cortex, as compared
stabilometer condition than in the level-surface conditi(p <  with the level-surface condition. In contrast, when postural
0.05). Figure 7A presents the mean SL of the electrode pairdoad increased, the older adults enhanced supra-threshold
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FIGURE 4 | The contrast of pooled ERP pro le between the level -surface and stabilometer conditions for the young and older po pulations.
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connectivity in the fronto-sensorimotor cortex of the tilgal DISCUSSION

hemispheres and between the frontal and right prefrontaleart

No signi cant suppression of supra-threshold connectivitysva The present postural-supraposatural task produced an expected
noted for conducting force-matching with increasing postur outcome: the suprapostural performance and the size of postural
load in the older group. sway of the older adults were more vulnerable to increasing

Frontiers in Aging Neuroscience | www.frontiersin.org 10 April 2017 | Volume 9 | Article 96


http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

Huang et al. Brain Process for Stance Instability with Aging

Young Older
081 _O— Level-surface 0.8 1
—@— Stabilometer
0.6 1 0.6 1
<l:I <=(|
-
4 —
»n 0 @ 0.4
0.2 1 0.2 —O— Level-surface
—@— Stabilometer
0.0 T T . . . 0.0 T T T T "
00 02 04 06 08 10 00 02 04 06 08 1.0
Threshold Threshold
Stabilometer - Level-surface
0.30 +
0.25 - — Young
—— Older
<T:I 0.15
%)
0.10
<
N HM
0.00 - é'-r
.1 02 03 0.4 05 06 0.7 08 09
FIGURE 6 | Population means of SL of all electrode pairs (SL_Al 1) across all threshold values in the surface-level and stabi lometer conditions (refer to
Table 1). The stance-related differences in SL (stabilometer—levslurface) across various threshold values are highlightefdr the young and older groups in the lower
plot. At the threshold values of 0.3-0.9, there was a signi cat stance effect on SL_AIl, with increasing SL_AIl for the abilometer condition for young and older adults.

postural load than those of the young adult§idure 3. economy for task switching from a postural task to a secondary
Contrary to the idea of attention withdrawal from the postura force-matching act, when postural load multiplied during the
task to facilitate supraposture performancBofker et al., stabilometer stance.

2007; Kucziski et al., 201)] additional investment of neural

resource on the postural task was necessary to prepare fdicrease inthe Strength of Functional

concurrent force-matching with increasing postural load, i Connectivity for Postural Destabilization

light of increased AMF_RMS and decreased AMF_SampEn fdthe primary nding of this study was that the increase in postiura
the young and older adults in the stabilometer condition.rOu load from level-surface to stabilometer stances is agsabgth
behavior results imply distinct brain mechanisms to cope witha marked increase in global functional connectivity (SLl) Al
posture destabilization in young and older adults during afor the young and older adultsF{gure 6, Table 1). Generally
postural-suprapostural dual task. In terms of ERP connectivitgpeaking, our data revealed the feasibility of utilizing tcan
analysis, the aged brain exhibited compensatory recruitmenesidual capacity for the healthy elderly to deal with stance
of the right prefrontal network and lack of su cient neural instability during a postural-suprapostural task.
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TABLE 1 | Summary of ANOVA results for age and stance effects on syn chronization likelihood of all the electrode pairs (SL_AIl ).

Threshold ANOVA statistics Post-hoc analysis (Stance effect)
0.1 Stance: F(y, 22)D 0.10, p D 0.756; Age: F(y, 22)D 0.37, p D 0.551; Stance  Age: F(3 22)D 0.20, p D 0.659 N.S.
0.2 Stance: F(y, 22)D 2.64, p D 0.118; Age: F(y, 22)D 0.08, p D 0.784; Stance  Age: F(3 22)D 0.32,p D 0.575 N.S.
0.3 Stance: F(y, 22)D 11.04, p D 0.003; Age: F(1, 22)D 0.02, p D 0.892; Stance  Age: F(; 22)D 0.93, p D 0.332 -
0.4 Stance: F(1, 2D 18.40, p < 0.001; Age: Fy, 25)D 0.44, p D 0.515; Stance  Age: Fy, 25D 1.05, p D 0.317 -
0.5 Stance: F(1, 22D 18.19, p < 0.001; Age: Fq, 25)D 0.32, p D 0.579; Stance  Age: Fy, 25D 0.38, p D 0.544 -
0.6 Stance: F(y, 22D 16.69, p < 0.001; Age: Fy, 25)D 0.85, p D 0.366; Stance  Age: F(y, 25D 0.00, p D 0.974 -
0.7 Stance: F(y, 22)D 18.31, p < 0.001; Age: F(y, 22D 1.16, p D 0.294; Stance  Age: F(1 22)D 0.31, p D 0.584 -
0.8 Stance: F(y, 22)D 23.16, p < 0.001; Age: F(y 22)D 0.13, p D 0.727; Stance  Age: F(;, 22)D 1.05, p D 0.316 -
0.9 Stance: F(y, 22)D 23.73, p < 0.001; Age: F(1, 22)D 1.14, p D 0.296; Stance  Age: F(y, 22)D 0.10, p D 0.753 -

N.S., non-signi cance.
, post-hoc analysis should not be processed due to non-signi cant iteraction effect.

The whole fronto-parietal network is integrated to coordiea Lack of Neural Economy in the Elderly
a postural-suprapostural taskérim et al., 2013; Ferraye et al., The interaction e ect of age and stance con guration of SL_PO
2014. On account of a stance-related increase in functionaplays a critical role in age-dependent di erences in dual-task
connectivity of the fronto-sensorimotor network (SL_FSMy f performance with increasing postural load. The young adults
both the young and older adults={gure 7A, Table 2, it was showed surprising desynchronization of the PO network, gwi
plausible that force-matching from stabilometer stancesealia of the decline in SL_PO with increasing postural load at the
shift to a state in which the frontal control predominatediking  threshold values of 0.2, 0.3, and OHigure 7B Table 3. During
to increase in attentional demand to posture stabilizatiom. concurrent execution of force-matching in the stabilontete
fact, several previous studies reported a parallel enhandemegondition, the young adults appeared to avoid division of
of cortical recording from the frontal cortex and supplementar attentional resources toward multisensory information by
motor area following posture perturbatiov((hara et al., 2008; dissociating the neuro-anatomical implementation in the PO
Fujita et al., 2016 Also, the stabilometer uctuation movements network. As stabilometer stance did not cause inferior éorc
aggravated externally-induced retinal image motion, satas matching performance in the young adult$-igure 3), the
hampered precise visual target locatioBifp et al., 2013; scenario suggests neural econorygl{ubert, 2008or adaptive
Hulsdunker et al., 200)5and then enhance mid-frontal activity resource sharing \(itra and Fraizer, 2004 with which the
for action monitoring and error processing prior to force- young adults could minimize the dual-task cost to facilitesk
matching (Mihara et al., 2008 The stance-dependent increasesswitching for the subsequent force-matching eveiténg et al.,
in SL_FSM also accounted for the unexpected lack of an inerea8016). In contrast, the older adults increased the weak funalon
in N1 amplitude in the stabilometer condition. Our previous connectivity (threshold value® 0.9) of the PO network in
work on a posture-motor task revealed that force-matchinghe stabilometer conditionKigure 7B Table 3. The genesis of
from unipedal stance led to a greater N1 amplitude tharthe relatively weak connectivity simply taxed a limited caht
force-matching from bipedal stancél(ang and Hwang, 20)3 resource from the aged brain, because there was no sigrii can
Originated in the fronto-central regionXdkin et al., 2008 N1  performance bene ts associated with increasing postural foad
amplitude re ects monitoring of the attentional statesl(ang the older adultsFigure 3).
and Hwang, 2013; Huang et al., 20Jahd sensory processing  Further supporting the notion of age-related de cits in nelira
(Sibley et al., 20)00of postural perturbation in a postural- economy for a postural-suprapostural task is the topology of
suprapostural task. The insigni cant variation in N1 amplitude the wiring diagram Figure 9). The left temporal lobe is known
in this study may partly due to the use of a stabilometer oto handle the timing of complex movements with auditory
low curvature that did not produce as much stance instabilitycues {akai et al., 2005 Previous fMRI studies revealed that
as unipedal stance would have. Moreover, the most appealitge superior temporal sulcus and posterior middle temporal
explanation to reconcile the paradoxical nding is that agyrus of the left hemisphere are more selective to body
dual task may not necessarily alter regional activatiostdad actions and actions performed on other objects, respectively
altering the interactions of the frontal/prefrontal areagiwother ~ (Jellema and Perrett, 2006; Assmus et al., R08tudies of
cortical regions [such as parietaG¢ntier et al., 2007and the macaque monkeyPerrett et al., 1989; Jellema and Perrett,
premotor areasNlarois et al., 200§. Of note, the older adults 2003 have shown the superior temporal sulcus to be modulated
exhibited a stronger SL_FSM than the young adutigire 7A, by body posture during target reaching. Hence, the functiona
Table 2. Although, the older adults seemingly recruited moreconnectivity of the left temporal-parietal-occipital netqTPO
central resource in the fronto-sensorimotor network in theth  network) in a postural-suprapostural task might serve to idignti
stance conditions, yet it could not nicely explain why duadk the execution beep (distinguishing the tone from the wannin
performance of the older adults tended to be more vulnerable tsignal) and integration of sensory information from the paaie
higher postural load. cortex regarding body schema representatiéiel(jje et al.,
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FIGURE 7 | Population means of SL of all electrode pairs in the fr  onto-sensorimotor (FSM, refer to Table 2) (A)  and parietal-occipital (PO, refer taTable 3)
(B) networks across all threshold values in the surface-levelnal stabilometer conditions. The stance-related differenes in SL (stabilometer—level-surface) across
various threshold values are highlighted for the young andider groups in the lowest plots. With increasing stance dif alty from level-surface to stabilometer, there
were signi cant age and stance effects on SL_FSM for all thré®ld values, except that age effect on SL_FSM was marginalkigni cant at the threshold value of 0.2.

2009 as well as stance uctuationdNfppeney et al., 2005; facilitating task-switching from stabilometer stance tack
Vangeneugden et al., 201For the young adults, multimodal matching (Hwang and Huang, 20)6using frontal executive
sensory integration to detect postural instability using fRiPO  function. In fact, changes in P2 amplitude with respect to s&an
network was conditionally disengaged before force-maighi con guration also support the argument that the elderly paisde
In that brief moment, postural control could be temporarily attention to force-matching preparation. In experiments afce-
regulated by automatic responses using postural synergy matching to couple a static or a dynamic target, P2 amplitude
the midbrain (acobs and Horak, 20Q7The suppression of is inversely related to attentional focus on the visual ¢argf
information transfer in the left TPO network would augment the force-matching task{uang and Hwang, 2013; Huang et al.,
resource availability upon retrieval of spatial informatiai  20149. Hence, greater P2 amplitude in the stabilometer condition
the visual target for force-matchingChelazzi et al., 1993; (Figure 5 the right column) might indicate that the participants
Kastner and Ungerleider, 20)1such as occurs in solving did not focus well on the force-matching event during posture
task conicts Gchall et al., 2002; Schulz et al.,, 20a4hd challenge, especially in older adults.
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TABLE 2 | Summary of ANOVA results for age and stance effects on syn chronization likelihood of the electrode pairs in the fronto -sensorimotor area
(SL_FSM).

Threshold ANOVA statistics Post-hoc analysis (stance effect)
0.1 Stance: F(y, 22)D 9.24, p D 0.006; Age: F(q, 52)D 4.69, p D 0.041; Stance  Age: Fy 25)D 0.96, p D 0.338 -

0.2 Stance: F(, 22D 14.19, p D 0.001; Age: F(1, 22)D 4.09, p D 0.056; Stance ~ Age: F(1, 25)D 0.14, p D 0.709 -

0.3 Stance: F(y, 22)D 16.73, p < 0.001; Age: F(1, 22)D 4.34, p D 0.049; Stance  Age: F(y, 22)D 0.40, p D 0.532 -

0.4 Stance: F(y, 22) D 17.92, p < 0.001; Age: F(1, 22)D 5.49, p D 0.029; Stance  Age: F(y, 22D 0.00, p D 0.974 -

0.5 Stance: F(y, 22) D 20.18, p < 0.001; Age: F(1, 22)D 5.31, p D 0.031; Stance  Age: F(g, 22)D 0.13,p D 0.719 -

0.6 Stance: F(y, 22) D 21.57, p < 0.001; Age: F(1, 22)D 5.17, p D 0.033; Stance  Age: F(1, 22)D 0.00, p D 0.974 -

0.7 Stance: F(y, 22) D 24.15, p < 0.001; Age: F(1, 22)D 4.92, p D 0.037; Stance  Age: F(1 22)D 0.05, p D 0.823 -

0.8 Stance: F(y, 22) D 28.09, p < 0.001; Age: F(1, 22)D 5.49, p D 0.029; Stance  Age: F(1, 22)D 0.08,p D 0.778 -

0.9 Stance: F(y, 22) D 29.23, p < 0.001; Age: F(1, 22)D 5.03, p D 0.035; Stance  Age: F(1, 2D 0.06, p D 0.813 -

, post-hoc analysis should not be processed due to non-signi cant iteraction effect.

TABLE 3 | Summary of ANOVA results for age and stance effects on syn chronization likelihood of the electrode pairs in the parie tal-occipital area (SL_PO).

Threshold ANOVA statistics Post-hoc analysis (stance effect)

0.1 Stance: F(y, 22) D 3.40, p D 0.079; Age: F(q, 22)D 5.70, p D 0.026; Stance  Age: F(3 22)D 2.16, p D 0.156 -

0.2 Stance: F(y, 22)D 4.61, p D 0.043; Age: F(y, 22)D 6.07, p D 0.022; Stance  Age: F(y, 22)D 4.38, p D 0.048 Young: F(1, 22D 8.99, p D 0.007
Older: F(1, 22)D 0.00, p D 0.971

0.3 Stance: F(y, 22)D 3.70, p D 0.068; Age: F(q, 22)D 2.09, p D 0.162; Stance  Age: F(y 22)D 6.38, p D 0.019 Young: F(1, 22D 9.89, p D 0.005
Older: F(1, 2)D 0.18, p D 0.674

0.4 Stance: F(y, 2D 2.88, p D 0.104; Age: (1, 25)D 5.36, p D 0.030; Stance  Age: F(y, 2)D 5.11, p D 0.034  Young: F(y, 25D 7.83, p D 0.010
Older: F(1, 2D 0.16, p D 0.695

0.5 Stance: F(y, 22)D 0.56, p D 0.463; Age: F(y, 22)D 6.58, p D 0.018; Stance  Age: F(1 22)D 2.91, p D 0.102 -

0.6 Stance: F(y, 22)D 0.17, p D 0.683; Age: F(y, 25)D 6.38, p D 0.019; Stance  Age: F(3 22)D 2.28, p D 0.145 -

0.7 Stance: F(y, 22)D 1.38, p D 0.253; Age: F(y, 22)D 4.43,p D 0.047; Stance  Age: F(y 22)D 3.19, p D 0.088 -

0.8 Stance: F(y, 22)D 2.72, p D 0.113; Age: F(q, 22)D 3.09, p D 0.093; Stance  Age: F(y, 22)D 4.35, p D 0.049 Young: F(1, 22yD 0.10, p D 0.760
Older: F(1, 2)D 6.98, p D 0.015

0.9 Stance: F(y, 22)D 3.49, p D 0.075; Age: F(y, 22)D 2.42,p D 0.134; Stance  Age: F(y, 22)D 4.55, p D 0.044 Young: F(1, 22)D 0.04, p D 0.853

Older: F(l, 22) D 8.07, p D 0.009

, post-hoc analysis should not be processed due to non-signi cant iteraction effect.

A slower adaptive process for the aged brain is an alternativieputs (primarily the ventral visual sources) till free energgs
explanation for why control hubs in the TPO network of the alde optimally minimized Panichello et al., 20).3
adults was not dissociated with high postural load. Accogdin
to the free energy principle Ffiston et al., 2006; Friston, Compensatory Recruitment of the Right
2010, the predictive coding is generated by communicationPrefrontal Network in the Elderly
with actual sensory feedback connections to update cortic&nlike the young adults, the older adults revealed stance-
representations on a trial-by-trial basiBgnichello et al., 20)3  related enhancements of functional connectivity betwelea t
When the incoming sensory information coincides with theright pre-frontal and frontal areasF{gure 9, right). In contrast
predictive coding, free energy is minimized. Instead, thaifor to the level-surface condition, the associated force-hinte
keeps estimating most-likely likelihood from the informati  with the stabilometer stance recruited more attentionaknerces
changes in the sensory feedback with environment contextgo deal with increases in postural sway and stance-induced
For those young adults who could more quickly adapt todi culty in target detection prior to force-matching. Recelyt
stabilometer stance before force-matching, the left TP@voek  the prefrontal area has been linked to balance control, eafpgci
was less activated for a small prediction error when desogndi when unexpected external postural perturbation is provided
prediction e ciency interpreted the actual sensory input. A (Maki and Mcllroy, 2007; Mihara et al., 2008n healthy adults
natural consequence of aging causes slow adaptation am@d stroke patients, the right prefrontal lobe plays a greater
deviance detection of environmental changes. For our oldefole than the left prefrontal lobe in stance control during
cohort, the TPO network in the stabilometer condition waspostural perturbation (gur et al., 2000: Fujita et al., 2016
not suppressed, because they still kept reinforcing internabrefrontal lateralization is related to resetting eye posii
generative model by comparing of predictions and actual sgnsoin accordance with using spatial working memory processes
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FIGURE 8 | The pooled adjacent matrix of SL of preparatory ERP ( 303.0 8.3 326.4 5.6 ms) for the concurrent force-matching and postural tasks
for the young and older groups in the level-surface and stabilo meter conditions (threshold value D 0.3).

(Mihara et al., 2008; Fujita et al., 2016The dorsolateral strategy” Ehumway-Cook and Woollacott, 2000; Doumas et al.,
prefrontal cortex was also found to play a critical role in goal 2009. Hence, the age-dependent compensatory recruitment of
directed behaviorde Wit et al., 200p integrating environmental the right prefrontal lobe is in a good agreement with the geeat
contexts with information on body positioning of the elderly need for spatial attention of the elderly adults in the postural
(Wang et al., 2006 The prefrontal area, which receivessuprapostural task with increasing postural load. The prewgilin
cerebellum in uences via the thalamubiiddieton and Strick, attentional focus on the posture subtask of the elderly added
200), has dense projections to the pontine nucl&afnnani to the di culty in task-switching at the cost of inferior fore-

et al., 200pfor re exive control of postural balance following matching performance. In fact, for healthy cognitive aging,
external stance perturbatiorH@rtmann-von Monakow et al., additional recruitment of cognitive processes mediated Hy t
1981; Mihara et al., 20D8Previous behavioral studies haveprefrontal cortex and its vast interconnections were fourd t
shown that the elderly often prioritize attentional allocat increase with task demandi(ali et al., 2014; Toepper et al.,
to posture maintenance above supraposture performance with019, in accordance with the compensation-related utilization
increasing stance destabilization, known as a “posturé- rsof neural circuits hypothesisieuter-Lorenz and Cappell, 2008
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FIGURE 9 | The adjacent matrix of t-values that contrasts SL between the level-surface and stabi lometer conditions for the young and older groups
(upper plot). The adjacent matrix oft-values clearly shows a different trend of stance-related odulation of SL across all electrode pairs for the young andlder
groups, (> 1.771: stabilometer SL> level-surface SL,p < 0.05;t< 1.771: level-surface SL> stabilometer SL,p < 0.05). The lower plots display the results of
connectivity analysis with network-based statistics (teshold valueD 0.3). A contrasting wiring diagram shows topological distbutions of the suprathreshold
connectivity that vary with stance dif culty increase for te young and older groups. Red line: stabilometer connectityi of supra-threshold> level-surface connectivity
of supra-threshold, p < 0.005; blue line: level-surface connectivity of supra-tleshold > stabilometer connectivity of supra-thresholdp < 0.005.
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Methodology Issues feasible to fully rule out potential common sources with the
To date, SL has most commonly been used to characteripgesent setup.

multiple synchronized neural sources in the brait¢m and

van Dijk, 2003 using low-density $mit et al., 2012; Herrera- CONCLUSION

Diaz et al., 2006or high-density EEG Rolania et al., 20)1

The major methodological advantage of using SL is that it caAt the neural level, the present work rst reveals neural
sensibly detect slight and intricate variations in the cangl underpinnings which are associated with (but not necesgaril
strength Koenis et al., 20)3resolving rapid synchronization causal to) why dual-task performance of the older adults is
patterns in the non-stationary ERP pro le at a short time scaleéended to be more easily a ected by postural load increment. In
(Stam and van Dijk, 2002; Betzel et al., 208bme simulation comparison with the young adults, high postural load produced
studies have argued that SL could bring about spurious cogplinmore dual-task cost of the older adults, pertaining to lack of
due to a volume conduction e ectStam et al., 2005; Tognoli neural economy to timely deactivate the left TPO network. In
and Kelso, 2009 The authors agree that an increase in posturaaddition, the age-dependent compensatory recruitment of the
challenge probably led to enhanced volume conduction for theight prefrontal lobe indicates that the older adults may diee
recruitment of more neurons in the stabilometer condition, greater spatial attention for dual-task control againsttuating
especially for those functional connectivity grouped withstabilometer movements.

neighboring regions. If the physical synchronization didséx

we could not completely deny overestimation of the functbnaETHICS STATEMENT

connectivity within neighboring electrodes. However, phgb

synchronization does not rationally explain our major ndin National Cheng Kung University Hospital Research Ethics
of age-related di erences in connectivity reorganizatioittw Committee. A physical therapist explained the study purpose
increasing postural load. In contrast to the young adults,dlder  and experiment procedure for each participant. All participants
adults did not exhibited a polarization modulation of spatjall gave informed consent to participate according to a protocol
distributed communities for the FSM and TPO networks withapproved by the local ethics committee (University Hospital,
increasing postural loadHgure 9). Particularly for the stronger National Cheng Kung University, Taiwan). There is no vulnéeab
functional connectivity, the stance-related modulatiorfstiee  populations in the present study.

two distinct networks in young adults and lack of the paratigl

connectivity change in the elderly were hard to reconcilthwi AUTHOR CONTRIBUTIONS

the global rise or fall of state transition to intermittenctavity

of a single common-source volume conduction. Moreoversubstantial contributions to the conception or design of tark

we did not intend to specify any age-related dierences inor the acquisition: CH, LL, and IH. Analysis or interpretation
functional connectivity of neighboring electrodes or shrahge  of data for the work: CH and IH. Drafting the work or revising
excitability of a recording electrode, as we did accenta@e- it critically for important intellectual content: CH and IH.
dependent parametric changes on a network basigutes 5~  Final approval of the version to be published and agreement
7). Although, some measures of functional connectivity,rsucto be accountable for all aspects of the work in ensuring that
as phase lag index, have been proposed to minimize commajuestions related to the accuracy or integrity of any part of
sources $tam et al., 2007 phase-based approaches that can béhe work are appropriately investigated and resolved: CH, LL,
more sensitive to noise measure temporal-spatial properties ahd IH.

functional connectivity that are quite di erent from SLV(nck

et al., 201). Phase-based approaches are not appropriate fEEUNDING

accessing the inter-dependences of two short-length ERPgso |

in the presence of non-stationaritie<C¢hen, 201p As no  This research was supported by a grant from the Ministry
quanti cation of functional connectivity is perfect, futarwork  of Science and Technology, Taiwan, ROC, under grant no.
may consider a combination of local cerebral hemodynami®OST 103-2314-B-002-007-MY3 and MOST 104-2314-B-006-
properties and spontaneous neural activity. However, it is no016-MY3.
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