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Abstract 

Background:  In older adults, the extent to which performing a cognitive task when standing diminishes postural 
control is predictive of future falls and cognitive decline. The neurophysiology of such “dual-tasking” and its effect on 
postural control (i.e., dual-task cost) in older adults are poorly understood. The purpose of this study was to use elec‑
troencephalography (EEG) to examine the effects of dual-tasking when standing on brain activity in older adults. We 
hypothesized that compared to single-task “quiet” standing, dual-task standing would decrease alpha power, which 
has been linked to decreased motor inhibition, as well as increase the ratio of theta to beta power, which has been 
linked to increased attentional control.

Methods:  Thirty older adults without overt disease completed four separate visits. Postural sway together with EEG 
(32-channels) were recorded during trials of standing with and without a concurrent verbalized serial subtraction 
dual-task. Postural control was measured by average sway area, velocity, and path length. EEG metrics included abso‑
lute alpha-, theta-, and beta-band powers as well as theta/beta power ratio, within six demarcated regions-of-interest: 
the left and right anterior, central, and posterior regions of the brain.

Results:  Most EEG metrics demonstrated moderate-to-high between-day test–retest reliability (intra-class cor‑
relation coefficients > 0.70). Compared with quiet standing, dual-tasking decreased alpha-band power particularly 
in the central regions bilaterally (p = 0.002) and increased theta/beta power ratio in the anterior regions bilaterally 
(p < 0.001). A greater increase in theta/beta ratio from quiet standing to dual-tasking in numerous demarcated brain 
regions correlated with greater dual-task cost (i.e., absolute increase, indicative of worse performance) to postural 
sway metrics (r = 0.45–0.56, p < 0.01). Lastly, participants who exhibited greater alpha power during dual-tasking in 
the anterior-right (r = 0.52, p < 0.01) and central-right (r = 0.48, p < 0.01) regions had greater postural sway velocity 
during dual-tasking.

Conclusion:  In healthy older adults, alpha power and theta/beta power ratio change with dual-task standing. The 
change in theta/beta power ratio in particular may be related to the ability to regulate standing postural control 
when simultaneously performing unrelated, attention-demanding cognitive tasks. Modulation of brain oscillatory 
activity might therefore be a novel target to minimize dual-task cost in older adults.
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Introduction
Many older adults exhibit deficits in postural control 
when dual-tasking, that is, standing while perform-
ing an unrelated cognitive task such as talking, reading, 
or making decisions [1–3]. Several longitudinal studies 
using laboratory-based assessments have demonstrated 
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that older adults who exhibit greater dual-task cost (i.e., 
percent decrement) to measures of standing postural 
sway are not only more likely to fall [4], but also have an 
increased risk of significant cognitive decline and demen-
tia in the future [5]. Postural control is regulated in part 
by the dynamic interplay between cortical and subcorti-
cal brain networks [6, 7]. Sensorimotor areas, and their 
distributed bi-hemispheric network, are engaged in pre-
selecting and altering postural control strategies based 
upon the current environmental situation [8, 9]. The cou-
plings between attentional capacity, working memory, 
and standing balance also suggest involvement of bilat-
eral frontal cerebral cortices and prefrontal networks in 
the maintenance of postural control, particularly during 
simultaneous performance of unrelated cognitive tasks 
[10].

Despite the importance of dual-tasking in many daily 
life activities, the patterns of brain activation that ena-
ble older adults to maintain balance when dual-tasking 
are not completely understood. Recent research using 
EEG power spectrum analysis has demonstrated that in 
healthy young adults, standing within conditions that 
increasingly challenge postural control results in a pro-
gressive decrease in the absolute power in the alpha 
frequency band (8–16  Hz) within both sensorimotor 
and parietal cortical regions [11, 12]. Diminished alpha 
band power has also been linked to reductions in motor 
inhibition [13], which has in turn been associated with 
worse balance in older adults [14]. Recently, still other 
studies have linked the ratio of power in the theta band 
(4–7 Hz) to the power in the beta band (18–32 Hz) (i.e., 
the theta/beta power ratio) to attentional control [15] 
and performance in tasks requiring executive function 
[16, 17]. Together, this evidence suggests that the ability 
to maintain standing balance when dual-tasking is likely 
accompanied by changes in brain activity across multiple 
frequencies, and specifically in alpha power and theta/
beta ratio. The EEG spectral power dynamics of dual-task 
standing, however, has yet to be studied in older adults.

The purpose of this study was to examine the effect 
of dual-tasking on EEG spectral power dynamics when 
standing in older adults without overt illness or dis-
ease. Based on prior literature, we focused on the abso-
lute power in the alpha-, beta-, and theta-bands, as well 
as the theta/beta ratio, and further examined the test–
retest reliability of these metrics. We hypothesized that 
in older adults, dual-tasking, as compared to quiet stand-
ing, would decrease alpha power and increase theta/beta 
ratio, since these two specific metrics have been previ-
ously linked to reduced motor inhibition and increased 
attentional control, respectively. We also hypothesized 
that the magnitude of dual task-induced change in these 

EEG metrics would correlate with the magnitude of the 
dual-task cost to postural sway outcomes.

Methods
A secondary analysis was completed on data from a 
multi-site study testing the effects of single exposures to 
transcranial direct current stimulation targeting differ-
ent brain regions on dual-task standing performance in 
older adults [18]. That study was approved by the Institu-
tional Review Boards of Hebrew SeniorLife and Tel Aviv 
Sourasky Medical Center and conducted in accordance 
with the principles of the Declaration of Helsinki. All 
participants provided written informed consent at the 
beginning of their first study visit. For the current analy-
sis, we focused on the pre-stimulation dual-task standing 
assessments that were completed during four laboratory 
visits each separated by approximately one week. The 
analysis was further limited to data from the participants 
tested at the Hebrew SeniorLife site because only this site 
included EEG recordings.

Subjects
Thirty older adults were recruited from the community 
and tested at Hebrew SeniorLife’s Hinda and Arthur 
Marcus Institute for Aging Research (Boston, MA, U.S). 
Participants were included in the study if they were per-
sons aged 65 and older, able to read, write and commu-
nicate in English, and able to stand and walk without use 
of an assistive device. Exclusion criteria included a Mon-
treal Cognitive Assessment (MoCA) [19] score < 24, self-
reported presence of neurodegenerative conditions such 
as Parkinson’s disease or multiple sclerosis, self-report of 
acute illness, injury or other unstable medical condition 
and hospitalization within the past three months; self-
reported active cancer or other terminal diseases; any 
report of severe lower-extremity arthritis, pain or ortho-
pedic problems that would likely affect gait or standing 
balance; physician-diagnosis of peripheral neuropathy, or 
other peripheral neuromuscular disease; use of antipsy-
chotics, anti-seizure, or other neuroactive medications; 
any report or physician-diagnosis of schizophrenia or 
other psychiatric illness.

Experimental protocol
All participants completed an initial screening and base-
line visit. After providing informed consent, the research 
staff recorded the individual’s demographics, height, 
weight, medical history, and medications. The MoCA 
was then completed. Interested and eligible participants 
were enrolled in the study and completed the Timed Up 
and Go test of mobility. They were then scheduled to 
complete four additional in-person experimental visits 
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during which EEG and postural sway were recorded dur-
ing a dual-task standing assessment.

At the beginning of each experimental visit, par-
ticipants were outfitted with wearable motion sensors 
(APDM, Portland, OR) [26] and a 32-channel EEG sys-
tem (Starstim Enobio 32, Neuroelectrics Inc., Cambridge, 
MA). The motion sensors were secured to the left instep, 
the right instep, and the lumbar spine using Velcro straps. 
The EEG system was secured in place using a fitted Neo-
prene cap aligned with prefabricated holes corresponding 
to 10–20 EEG system. The electrodes were prepared with 
conductive electrode gel (SuperVisc 100 gr. HighViscos-
ity Electrolyte-Gel for active electrodes, Brain Products). 
Data acquisition was communicated wirelessly through 
the EEG system connected to a laptop computer and 
recorded through Neuroscan software designed by Neu-
roelectrics, Inc.

The dual-task standing assessment was comprised of 
two 60-s trials of standing in each of two conditions: eyes 
open (i.e., single-task) and eyes open while performing a 
serial subtraction task (i.e., dual-task) [20]. The serial sub-
traction task involved audibly counting backward by 3’s 
from a random 3-digit number between 200 and 999 pro-
vided immediately before the trial. During each trial, par-
ticipants were instructed to keep arms at their side and 
feet shoulder-width apart. Foot placement was traced in 
the first trial and this tracing was used in all subsequent 
trials. Before each trial, participants were reminded to 
avoid extraneous movements and focus their vision on 
a small “X” drawn on a wall at eye-level approximately 
three meters away.

Postural sway analysis
The instrumented SWAY test was used to assess postural 
sway with the APDM Mobility Lab software (APDM, 
Portland, OR). A laptop wirelessly collected data from the 
sensors at a sampling frequency of 128 Hz and was pro-
cessed by algorithms developed by the manufacturer to 
quantify postural sway parameters. Measures of postural 
sway included mean total sway area (m2/s4), sway veloc-
ity (m/s), and sway path (m/s2) were derived from each 
trial. The dual-task cost to each outcome was computed 
by calculating the absolute change in each outcome from 
the single to the dual-task condition [21, 22].

EEG processing
EEG data was collected with a sampling rate of 500  Hz 
(Hz) and data was preprocessed and analyzed using the 
software, CARTOOL [23]. Raw EEG data files were con-
verted by MATLAB into readable format for the CAR-
TOOL software. The data were filtered with DC/Baseline 
Removal, a Butterworth High Pass Filter at 1 Hz, a But-
terworth Low Pass Filter at 80 Hz, a Notch filter at 60 Hz, 

and then exported into a binary file format to be pro-
cessed in MATLAB for independent component analysis 
(ICA) to remove eye blinks and movement artifacts [24]. 
Electrode impedances were kept below 5 kΩ in all record-
ings and electrode sites. All electrodes were referred to 
linked ear lobes, and a ground electrode was attached to 
the center of the forehead.  Noisy channels were identi-
fied by visual inspection (standard deviation qualitatively 
higher than the other measured channels) and interpo-
lated using the nearest-neighbor spline method. Trials 
with more than eight artifact channels were rejected (8% 
of trials were rejected from quiet standing and 14% of tri-
als were rejected from dual-tasking). On average, stand-
ing conditions had 3.8 ± 0.6 channels rejected whereas 
dual-tasking conditions had 5.6 ± 2.2 channels rejected. 
Data were epoched in consecutive two-second windows 
and any window with noisy data was rejected from the 
final analysis. Finally, all remaining windows were con-
catenated into a continuous time series that were used for 
frequency analysis. Subjects with fewer than 8  s of data 
were not included in the final frequency analysis [25].

EEG frequency analysis was completed using the 
CARTOOL spectral analysis function. Spectral analysis 
is the change of signal power, recorded in microvolts, 
in the frequency domain. Frequency records the num-
ber of oscillations per second in specific bands of inter-
est [26]. We calculated the mean absolute power density 
(μV2/Hz) of alpha (8–16  Hz), theta (4–7  Hz), and beta 
(18–32  Hz) by using fast Fourier transformation (FFT) 
by ‘Neuromapping-3,55’ (MBN, Russia). EEG frequen-
cies alpha, theta, beta, power, and theta/beta power ratio 
were examined with region-of-interest (ROI) analyses. 
In accordance with Bohle et  al. [27], we demarcated six 
ROIs, anterior left (AL) (F7, Fp1, F3, FC1, FC5, and AF3), 
central left (CL) (C3, CP1, CP5, and T7), posterior left 
(PL) (P7, P3, PO1, and PO3), anterior right (AR) (F4, Fp2, 
F8, FC2, FC6, and AF4), central right (CR) (C4, T8, CP2, 
and CP6), and posterior right (PR) (P8, P4, O2, and PO4).

Statistical analysis
Statistical analyses were performed using JMP Pro 14 
software (SAS Institute, Cary, NC). Descriptive statis-
tics (i.e., mean and standard deviation (SD)) were used 
to summarize the demographic characteristics of partici-
pants and study outcomes. Shapiro–Wilk tests and his-
tograms were used to examine if the EEG outcomes and 
postural sway metrics were normally distributed. Vari-
ables that were not normally distributed were log trans-
formed prior to modeling. For the EEG outcomes, we 
excluded outliers defined by data points more than four 
standard deviations away from the mean of that variable.

First, as participants completed the same protocol 
during four different visits, we examined the test–retest 
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reliability of EEG-derived metrics during single and 
dual-task conditions using intraclass correlation coeffi-
cient (ICC) analysis [28]. ICC was interpreted as follows: 
greater than 0.70 was excellent, 0.60 to 0.69 was good, 
0.40 to 0.59 was fair, and less than 0.40 was poor [29].

Second, the effect of dual-tasking on EEG power across 
frequency bands was examined using mixed model 
repeated measures analysis. Data points from all four vis-
its were included in the analysis. Mixed effects models 
included condition (single vs dual tasking) was included 
as a fixed effect and a random intercept for subject. Sepa-
rate analyses were completed for each dependent vari-
able; that is, absolute alpha, theta, and beta power, and 
theta/beta ratio.

The relationship between each EEG outcome from each 
region of interest and each postural sway metric during 
standing and dual-tasking were assessed by using Pear-
son’s  r correlations for the means of the 4 visits within 
each participant. The results were interpreted as follows: 
greater than 0.70 was strong, 0.50 to 0.70 was moderate, 
and 0.30 to 0.50 was weak [30]. The significance level was 
set to p < 0.05 for all analyses.

Results
Participant characteristics are presented in Table 1.

Test–retest reliability of EEG outcomes
Table 2 summarizes the test–retest reliability analysis of 
the EEG outcomes. The power in nearly all frequency 
bands and regions-of-interest derived from quiet stand-
ing trials demonstrated excellent test–retest reliability 
over the four separate visits. The test–retest reliability of 
these metrics derived from dual-task trials was generally 
moderate in strength.

Effect of dual‑tasking on brain activity
Dual-tasking induced specific changes in brain activity. 
Table 3 provides the mean and standard deviation of all 
assessed EEG metrics during standing and dual-tasking 
in each region of interest which were averaged over the 
four visits. The results of this analysis demonstrated 
that compared to quiet standing, dual-tasking induced 
a significant reduction of alpha power in the central left 
(p = 0.007), central right (p < 0.001), and posterior left 
(p = 0.003) regions. Participants exhibited increased 
theta power in all regions and theta/beta power ratio in 
the anterior left (p < 0.001), anterior right (p = 0.001), 

Table 1  Demographic characteristics

The results are presented as mean ± standard deviation except for sex variable

MoCA: Montreal Cognitive Assessment, TUG: Timed Up and Go test

Variables Older adults (n = 30)

Age (years) 73.1 ± 5

Sex (female) 13

MoCA 25.8 ± 3

Height (meters) 1.6 ± 0.1

Weight (kg) 77 ± 18

TUG (s) 12 ± 3

Sway velocity during standing (m/s) 0.32 ± 0.2

Sway velocity during dual-tasking (m/s) 0.36 ± 0.26

Sway area during standing (m2/s4) 0.05 ± 0.05

Sway area during dual-tasking (m2/s4) 0.11 ± 0.17

Sway path during standing (m/s2) 6.45 ± 2.5

Sway path during dual-tasking (m/s2) 9.99 ± 3.86

Table 2  Intraclass correlation coefficient results for power bands

AL: Anterior left, AR: Anterior right, CL: Central left, CR: Central right, PL: Posterior left, PR: Posterior right. Bold numbers indicate ICC > 0.70

Region 
of 
interest

Power spectrum and condition

Alpha Power, 
Standing ICC 
(95% CI)

Alpha Power, 
Dual-tasking 
ICC (95% CI)

Theta/beta 
Power Ratio, 
Standing ICC 
(95% CI)

Theta/beta 
Power Ratio, 
Dual-tasking 
ICC (95% CI)

Theta Power, 
Standing ICC 
(95% CI)

Theta Power, 
Dual-tasking 
ICC (95% CI)

Beta Power, 
Standing ICC 
(95% CI)

Beta Power, 
Dual-tasking 
ICC (95% CI)

AL 0.68 (0.51–0.81) 0.55 (0.37–0.73) 0.77 (0.63–0.87) 0.72 (0.57–
0.84)

0.64 (0.47–0.78) 0.57 (0.39–0.74) 0.73 (0.59–
0.84)

0.58 (0.39–0.74)

AR 0.77 (0.64–0.87) 0.65 (0.47–0.79) 0.74 (0.59–0.85) 0.65 (0.47–0.79) 0.77 (0.63–
0.86)

0.56 (0.37–0.73) 0.70 (0.55–
0.82)

0.69 (0.51–0.82)

CL 0.71 (0.56–0.83) 0.64 (0.47–0.78) 0.77 (0.63–0.87) 0.64 (0.46–0.78) 0.71 (0.55–
0.83)

0.69 (0.52–0.81) 0.70 (0.54–
0.81)

0.46 (0.27–0.67)

CR 0.76 (0.62–0.86) 0.67 (0.50–0.81) 0.73 (0.58–0.84) 0.73 (0.58–
0.85)

0.76 (0.63–
0.86)

0.68 (0.51–0.81) 0.78 (0.65–
0.87)

0.66 (0.48–0.80)

PL 0.77 (0.63–0.86) 0.61 (0.43–0.77) 0.75 (0.61–0.85) 0.60 (0.41–0.77) 0.73 (0.58–
0.84)

0.66 (0.49–0.80) 0.69 (0.53–0.81) 0.65 (0.47–0.80)

PR 0.77 (0.63–0.86) 0.61 (0.42–0.77) 0.76 (0.63–0.86) 0.71 (0.56–
0.83)

0.68 (0.52–0.81) 0.56 (0.37–0.73) 0.73 (0.59–
0.84)

0.72 (0.56–0.84)
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central right (p = 0.003), and posterior right (p = 0.007) 
regions. No change (p > 0.05) was observed in beta power. 
Figures 1 and 2 demonstrate the change of alpha power, 
theta power, and beta power from standing to dual-task-
ing in each region of interest.

Correlation analysis between EEG outcomes and postural 
sway
Participants who exhibited a greater increase in theta/
beta power ratio in the anterior left (r = 0.56, p < 0.01) 
and central right (r = 0.52, p < 0.01) regions from quiet 
standing to dual-task exhibited a greater dual-task cost 

(i.e., absolute increase, indicative of worse performance) 
to postural sway path length. In addition, participants 
who exhibited greater increase in the theta/beta power 
ratio in the anterior left (r = 0.52, p < 0.01), central right 
(r = 0.53, p < 0.01), and posterior left (r = 0.45, p < 0.01) 
regions showed greater dual-task cost of postural sway 
area. Lastly, participants who exhibited greater alpha 
power in the anterior-right (r = 0.52, p < 0.01) and cen-
tral-right (r = 0.48, p < 0.01) regions had greater postural 
sway velocity during dual-tasking (Table 4). No other sig-
nificant relationships were observed between EEG out-
comes and postural sway metrics.

*
*

*

*
*

*

*

*

*

*

*

*

*

Fig. 1  The change (absolute change from quiet standing to dual-task standing condition) of theta, beta, alpha, and theta/beta power ratio bands 
from standing to dual-tasking condition in the anterior right, anterior left, central right, and posterior right regions. Theta and theta/beta power ratio 
bands demonstrated an increase from standing to dual-tasking, whereas the alpha band decreased. *p < 0.05
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Discussion
This study demonstrated that EEG alpha, theta, beta 
powers, and theta/beta power ratio can be reliably meas-
ured during standing with and without the concurrent 
performance of a serial subtraction dual-task in older 
adults without overt illness or disease. In this cohort, 
dual-tasking induced a decrease in alpha power from 

quiet standing to dual-tasking in the central regions and 
an increase in theta/beta power ratio all regions. Moreo-
ver, the degree of change in theta/beta ratio within ante-
rior regions significantly and specifically correlated with 
the magnitude of dual-task cost to postural control.

The current results indicate that EEG alpha power and 
theta/beta power ratio are moderate-to-highly reliable 

Quiet Standing Dual-Task Standing Change from Quiet Standing to Dual-
task Standing

Alpha 
Power 
(8-16 
Hz)

Theta 
Power
(4-7Hz)

Theta/
Beta 
Ratio

Fig. 2  Topographical distribution of selected EEG power spectra during standing and dual-tasking. Warmer or cooler colors indicate more or less 
power in each frequency band. The topographical distribution of the absolute spectral power (μV2/Hz) of alpha demonstrated a significant decrease 
in the central regions and theta and theta/beta ratio demonstrated a significant increase in all regions
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metrics that are sensitive to changes in brain activity 
induced by performing a verbalized serial subtraction 
task while standing in older adults. A previous study 
reported that alpha and theta powers demonstrated 
strong test–retest reliability during cognitive testing and 
resting-state in young adults [31]. In our cohort of older 
adults with an average age of 73, EEG outcomes derived 
from a standing balance assessment also demonstrated 
strong test–retest reliability. However, ICC levels were 
slightly lower during dual task conditions. It is possible 
that during dual-tasking, the level of task difficulty and 
cognitive demand differed from individual to individual, 
and/or within an individual between visits, which might 
have led to increased variability in brain activity as meas-
ured by EEG. The verbalization of serial subtraction dur-
ing dual-tasking might have also been a source of noise 
in the EEG recording that also caused reduced reliabil-
ity across repeated assessments. Our analytic methods, 
including independent component analysis and careful 
visualization of the data, nevertheless led to at least mod-
erate test–retest reliability in this condition. That said, 
future studies are needed to investigate whether titration 
of a cognitive task and non-verbal responses might lead 
to better ICC results during dual-tasking in older adults.

In line with our hypothesis, we observed dual-task-
ing induced reductions in alpha band power in cen-
tral areas across both hemispheres. Previous studies 
reported decreased power in the alpha frequency band 
with increasing balance task difficulty in electrode-based 
regions of interest [32, 33]. For instance, Hülsdünker 
et al. reported that decreases in alpha power were strong-
est in the sensorimotor areas with increasing balance 
task demands [33]. The reduction of alpha power has 

been associated with decreased motor inhibition during 
increased postural task difficulty. A systematic review 
investigating corticospinal activity during dual-tasking 
reported decreased motor inhibition when an additional 
cognitive task is added to quiet standing [34]. It has been 
shown that an additional task may result in a cognitive-
first strategy in older adults and lead to worse motor 
performance by reducing the ability to activate motor 
inhibitory networks [14]. In the current study, we did 
not investigate the effects of dual tasking on serial sub-
traction performance, nor the relationship between serial 
subtraction performance and brain activity, because it is 
difficult to fully characterize serial subtraction perfor-
mance within and between participants. Moreover, most 
participants committed only a small number of response 
errors during the task and there was thus relatively little 
variance in related performance metrics between partici-
pants. Future work is warranted that uses other cognitive 
tasks (e.g., the Auditory Stroop or N-back) tested in both 
single and dual-task conditions, to examine the influence 
of prioritization on dual-task performance and related 
brain activity.

Dual-tasking, compared to quiet standing, also resulted 
in an increased theta/beta power ratio in older adults. 
Several recent studies have investigated cortical dynam-
ics of standing balance and reported modulated brain 
activity at different frequency bands during challeng-
ing balance conditions. Studies in young adults demon-
strated increased theta band power and decreased beta 
band power over the frontal and sensorimotor cortical 
regions, suggesting that this could be due to increased 
attentional control required to monitor postural stability 
and maintain balance during dual-tasking [35, 36]. Theta 

Table 4  Relationships between EEG outcomes and postural sway

Correlations between EEG theta/beta and alpha power and postural sway during quiet standing, as well as beta and theta power and postural sway metrics during 
quiet standing and dual-tasking, did not reach statistical significance

AL: Anterior left, AR: Anterior right, CL: Central left, CR: Central right, PL: Posterior left, PR: Posterior right; *p < 0.01

Measurement Region Condition Sway path Sway area Sway velocity

Theta/beta ratio AL Dual-task cost 0.56* 0.52* 0.28

AR 0.34 0.57* 0.14

CL 0.39 0.46* 0.12

CR 0.52* 0.53* 0.18

PL 0.29 0.45* 0.05

PR 0.48* 0.44* 0.15

Alpha AL Dual-tasking 0.01 0.11 0.37*

AR 0.12 0.23 0.52*

CL  − 0.11 0.11 0.42*

CR  − 0.06 0.16 0.48*

PL  − 0.08 0.15 0.39*

PR  − 0.01 0.20 0.44*
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rhythm has also been demonstrated to increase while 
individuals are engaged in challenging balance conditions 
including perturbations, visual occlusion, and additional 
cognitive load [35, 37, 38]. In addition, beta activity sup-
pression was observed during gait control and challeng-
ing balance tasks [36, 37, 39]. It is possible that increased 
theta and decreased beta power are both involved dur-
ing active postural control and may fluctuate as task 
difficulty changes. One way to better understand these 
fluctuations is to investigate theta/beta ratio during chal-
lenging balance tasks. Theta/beta ratio has shown to be 
a robust measure of attentional control and strongly cor-
relates with EEG event-related potential (ERP) P3 latency 
[40]. The P3, a positive peak that appears with a latency 
between 250 to 500 ms in the ERP, has been implicated 
in attention and working memory processes [41]. Investi-
gating the change of theta/beta ratio might provide a bet-
ter understanding of the change of attentional control by 
the effect of dual-tasking in older adults.

When a cognitive task is performed during stand-
ing, the two tasks compete for shared and limited cog-
nitive resources [42]. In older adults, as compared to 
young adults, standing appears to require more cogni-
tive resources, potentially to compensate for age-related 
impairments in the postural control system [10, 43]. 
Competition of shared cognitive resources during dual-
task standing thus leads to cognitive-motor interference 
and dual-task “costs” to postural control and/or cogni-
tive task performance [44]. Moreover, in older adults, the 
increased dual-task cost is predictive of future falls and 
cognitive decline [45]. The present study demonstrated 
that the change of theta/beta ratio from single-task 
standing to dual-task standing significantly correlated 
with postural sway area and sway path in older adults. It 
is possible that the capacity of the brain to dual-task is 
reflected by the extent of change in the theta/beta power 
ratio. Our results suggest that the underlying neurophysi-
ological mechanism might be linked to increased atten-
tional control from standing to dual-tasking which can be 
indicative of worse balance outcomes in older adults.

EEG has low spatial resolution compared to other neu-
roimaging and neurophysiological tools [46]. Although 
we did an ROI analysis, the location of the channels 
might not correspond to the activity of the underlying 
brain structure. Future studies are needed to implement 
source localization with high-density EEG and subject-
specific MRI to aid localizing accuracy. Nevertheless, this 
study suggests that in older adults, dual-tasking while 
standing decreases alpha power which is associated with 
motor inhibition and increases theta/beta power ratio 
which links to attentional control compared to quiet 
standing, and that a greater increase in an EEG marker 
of attentional control is associated with worse dual-task 

standing performance. Future studies are needed to 
understand whether modulating EEG alpha power or 
theta/beta power ratio may improve dual-task standing 
performance and reduce risk of falls in older adults.

Acknowledgements
The authors thank the participants for their time and willingness to participate 
in this research.

Author contributions
MK: Design and execution for the statistical analysis, and writing of the first 
draft for manuscript preparation. NG: Design and execution for the statistical 
analysis, and manuscript preparation. OYL, JZ, APL, LL, JMH, BM: Conception 
and organization for the research project, review and critique for the statisti‑
cal analysis, and manuscript preparation. DC, EF: Review and critique for the 
statistical analysis, and review and critique for the manuscript preparation. All 
authors contributed to the article and approved the submitted version. All 
authors read and approved the final manuscript.

Funding
This work was supported by grants from Neuroelectrics Corp., the National 
Institute on Aging (T32AG023480, R21 AG064575; R01 AG059089-01), the 
Family of Beth and Richard Marcus Research Fund, the U.S.-Israel Binational 
Science Foundation (2015271), and the Boston Claude D. Pepper Older Ameri‑
cans Independence Center (P30-AG013679). Dr. A. Pascual-Leone is partly 
supported by grants from the National Institutes of Health (R24AG06142, P01 
AG031720, R01AG059089, R03AG072233), BrightFocus Foundation, and La 
Caixa Foundation.

Availability of data and materials
Data and materials can be made available upon reasonable request to the 
authors.

Declarations

Ethics approval and consent to participate
This study was approved by the Institutional Review Board of Hebrew Sen‑
iorLife and conducted in accordance with the principles of the Declaration of 
Helsinki. All participants provided written informed consent at the beginning 
of their first study visit.

Consent for publication
Written informed consent was obtained for data collection, analysis, and 
publication from all study participants.

Competing interests
Dr. A. Pascual-Leone serves as a paid member of the scientific advisory boards 
for Neuroelectrics, Magstim Inc., TetraNeuron, Skin2Neuron, MedRhythms, 
and Hearts Radiant. He is co-founder of TI solutions and co-founder and chief 
medical officer of Linus Health. None of these companies have any interest in 
or have contributed to the present work.
Dr. A Pascual-Leone is listed as an inventor on several issued and pending 
patents on the real-time integration of transcranial magnetic stimulation with 
electroencephalography and magnetic resonance imaging, and applications 
of noninvasive brain stimulation in various neurological disorders.

Author details
1 Hinda and Arthur Marcus Institute for Aging Research, Hebrew SeniorLife, 
Boston, MA 02131, USA. 2 Beth Israel Deaconess Medical Center, Boston, MA, 
USA. 3 Harvard Medical School, Boston, MA, USA. 4 Deanna and Sidney Wolk 
Center for Memory Health, Hebrew SeniorLife, Boston, MA, USA. 5 School 
of Medicine, Boston University, Boston, MA, USA. 6 Guttman Brain Health 
Institute, Institut Guttmann de Neurorehabilitació, Barcelona, Spain. 7 Center 
for the Study of Movement, Cognition, and Mobility, Neurological Institute, 
Tel Aviv Sourasky Medical Center, Tel Aviv, Israel. 8 Sagol School of Neurosci‑
ence and Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv, Israel. 9 Rush 
Alzheimer’s Disease Center and Department of Orthopedic Surgery, Rush 
University Medical Center, Chicago, IL, USA. 



Page 10 of 10Kahya et al. Journal of NeuroEngineering and Rehabilitation          (2022) 19:123 

Received: 19 July 2022   Accepted: 25 October 2022

References
	1.	 Faulkner KA, Redfern MS, Cauley JA, et al. Multitasking: association 

between poorer performance and a history of recurrent falls. J Am Geriatr 
Soc. 2007;55(4):570–6.

	2.	 Beauchet O, Annweiler C, Allali G, Berrut G, Dubost V. Dual task-related 
changes in gait performance in older adults: a new way of predicting 
recurrent falls? J Am Geriatr Soc. 2008;56(1):181–2.

	3.	 Woollacott M, Shumway-Cook A. Attention and the control of posture 
and gait: a review of an emerging area of research. Gait Posture. 
2002;16(1):1–14.

	4.	 Zhou J, Habtemariam D, Iloputaife I, Lipsitz LA, Manor B. The complexity 
of standing postural sway associates with future falls in community-
dwelling older adults: the MOBILIZE Boston Study. Sci Rep. 2017;7(1):2924.

	5.	 Montero-Odasso MM, Sarquis-Adamson Y, Speechley M, et al. Association 
of dual-task gait with incident dementia in mild cognitive impairment: 
results from the gait and brain study. JAMA Neurol. 2017;74(7):857–65.

	6.	 Bolton DA. The role of the cerebral cortex in postural responses to exter‑
nally induced perturbations. Neurosci Biobehav Rev. 2015;57:142–55.

	7.	 Wittenberg E, Thompson J, Nam CS, Franz JR. Neuroimaging of human 
balance control: a systematic review. Front Hum Neurosci. 2017;11:170.

	8.	 Jacobs JV, Horak FB. Cortical control of postural responses. J Neural Trans‑
mission. 2007;114(10):1339–48.

	9.	 Slobounov S, Hallett M, Stanhope S, Shibasaki H. Role of cerebral 
cortex in human postural control: an EEG study. Clin Neurophysiol. 
2005;116(2):315–23.

	10.	 Kahya M, Moon S, Ranchet M, et al. Brain activity during dual task gait 
and balance in aging and age-related neurodegenerative conditions: A 
systematic review. Exp Gerontol. 2019;128: 110756.

	11.	 Babiloni C, Marzano N, Infarinato F, et al. “Neural efficiency” of experts’ 
brain during judgment of actions: a high-resolution EEG study in elite 
and amateur karate athletes. Behav Brain Res. 2010;207(2):466–75.

	12.	 Gebel A, Lehmann T, Granacher U. Balance task difficulty affects pos‑
tural sway and cortical activity in healthy adolescents. Exp Brain Res. 
2020;238(5):1323–33.

	13.	 Nguyen TV, Balachandran P, Muggleton NG, Liang WK, Juan CH. Dynami‑
cal EEG indices of progressive motor inhibition and error-monitoring. 
Brain Sci. 2021;11:4.

	14.	 Corp DT, Youssef GJ, Clark RA, et al. Reduced motor cortex inhibition and 
a ‘cognitive-first’ prioritisation strategy for older adults during dual-task‑
ing. Exp Gerontol. 2018;113:95–105.

	15.	 Arns M, Conners CK, Kraemer HC. A decade of EEG theta/beta ratio 
research in ADHD: a meta-analysis. J Atten Disord. 2013;17(5):374–83.

	16.	 Putman P, Verkuil B, Arias-Garcia E, Pantazi I, van Schie C. EEG theta/
beta ratio as a potential biomarker for attentional control and resilience 
against deleterious effects of stress on attention. Cogn Affect Behav 
Neurosci. 2014;14(2):782–91.

	17.	 Angelidis A, van der Does W, Schakel L, Putman P. Frontal EEG theta/beta 
ratio as an electrophysiological marker for attentional control and its test-
retest reliability. Biol Psychol. 2016;121:49–52.

	18.	 Zhou J, Manor B, Yu W, et al. Targeted tDCS mitigates dual-task costs to 
gait and balance in older adults. Ann Neurol. 2021;90(3):428–39.

	19.	 Nasreddine ZS, Phillips NA, Bédirian V, et al. The Montreal Cognitive 
Assessment, MoCA: a brief screening tool for mild cognitive impairment. 
J Am Geriatr Soc. 2005;53(4):695–9.

	20.	 Hausdorff JM, Schweiger A, Herman T, Yogev-Seligmann G, Giladi N. Dual-
task decrements in gait: contributing factors among healthy older adults. 
J Gerontol A Biol Sci Med Sci. 2008;63(12):1335–43.

	21.	 Protzak J, Gramann K. EEG beta-modulations reflect age-specific motor 
resource allocation during dual-task walking. Sci Rep. 2021;11(1):1–11.

	22.	 Wang J, Wang W, Hou Z-G. EEG-based focus of attention tracking and 
regulation during dual-task training for neural rehabilitation of stroke 
patients. IEEE Trans Biomed Eng. 2022;1:10.

	23.	 Michel CM, Brunet D. EEG source imaging: a practical review of the analy‑
sis steps. Front Neurol. 2019;10:325.

	24.	 Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis of 
single-trial EEG dynamics including independent component analysis. J 
Neurosci Methods. 2004;134(1):9–21.

	25.	 Pijn JP, Van Neerven J, Noest A, da Silva FHL. Chaos or noise in EEG signals; 
dependence on state and brain site. Electroencephalogr Clin Neuro‑
physiol. 1991;79(5):371–81.

	26.	 Sammer G, Blecker C, Gebhardt H, et al. Relationship between regional 
hemodynamic activity and simultaneously recorded EEG-theta associ‑
ated with mental arithmetic-induced workload. Hum Brain Mapp. 
2007;28(8):793–803.

	27.	 Bohle H, Rimpel J, Schauenburg G, et al. Behavioral and neural correlates 
of cognitive-motor interference during multitasking in young and old 
adults. Neural Plast. 2019;2019:9478656.

	28.	 Shrout PE, Fleiss JL. Intraclass correlations: uses in assessing rater reliabil‑
ity. Psychol Bull. 1979;86(2):420.

	29.	 Cicchetti DV. Guidelines, criteria, and rules of thumb for evaluating nor‑
med and standardized assessment instruments in psychology. Psychol 
Assess. 1994;6(4):284.

	30.	 Hinkle DE, Wiersma W, Jurs SG. Applied statistics for the behavioral sci‑
ences, vol. 663. New York: Houghton Mifflin College Division; 2003.

	31.	 McEvoy L, Smith M, Gevins A. Test–retest reliability of cognitive EEG. Clin 
Neurophysiol. 2000;111(3):457–63.

	32.	 Edwards AE, Guven O, Furman MD, Arshad Q, Bronstein AM. Electroen‑
cephalographic correlates of continuous postural tasks of increasing 
difficulty. Neuroscience. 2018;395:35–48.

	33.	 Hülsdünker T, Mierau A, Strüder HK. Higher balance task demands are 
associated with an increase in individual alpha peak frequency. Front 
Hum Neurosci. 2016;9:695.

	34.	 Corp DT, Lum JA, Tooley GA, Pearce AJ. Corticospinal activity during dual 
tasking: a systematic review and meta-analysis of TMS literature from 
1995 to 2013. Neurosci Biobehav Rev. 2014;43:74–87.

	35.	 Hülsdünker T, Mierau A, Neeb C, Kleinöder H, Strüder H. Cortical pro‑
cesses associated with continuous balance control as revealed by EEG 
spectral power. Neurosci Lett. 2015;592:1–5.

	36.	 Sipp AR, Gwin JT, Makeig S, Ferris DP. Loss of balance during balance 
beam walking elicits a multifocal theta band electrocortical response. J 
Neurophysiol. 2013;110(9):2050–60.

	37.	 Peterson SM, Ferris DP. Differentiation in theta and beta electrocortical 
activity between visual and physical perturbations to walking and stand‑
ing balance. Eneuro. 2018;5:4.

	38.	 Slobounov SM, Teel E, Newell KM. Modulation of cortical activity in 
response to visually induced postural perturbation: combined VR and 
EEG study. Neurosci Lett. 2013;547:6–9.

	39.	 Wagner J, Solis-Escalante T, Scherer R, Neuper C, Müller-Putz G. It’s how 
you get there: walking down a virtual alley activates premotor and pari‑
etal areas. Front Hum Neurosci. 2014;8:93.

	40.	 Clarke AR, Barry RJ, Karamacoska D, Johnstone SJ. The EEG theta/beta 
ratio: a marker of arousal or cognitive processing capacity? Appl Psycho‑
physiol Biofeedback. 2019;44(2):123–9.

	41.	 van Dinteren R, Arns M, Jongsma ML, Kessels RP. P300 development 
across the lifespan: a systematic review and meta-analysis. PLoS ONE. 
2014;9(2): e87347.

	42.	 Tombu M, Jolicoeur P. A central capacity sharing model of dual-task 
performance. J Exp Psychol Hum Percept Perform. 2003;29(1):3–18.

	43.	 Mirelman A, Herman T, Brozgol M, et al. Executive function and falls in 
older adults: new findings from a five-year prospective study link fall risk 
to cognition. PLoS ONE. 2012;7(6): e40297.

	44.	 Lundin-Olsson L, Nyberg L, Gustafson Y. “Stops walking when talking” as a 
predictor of falls in elderly people. Lancet. 1997;349(9052):617.

	45.	 Montero-Odasso M, Verghese J, Beauchet O, Hausdorff JM. Gait and 
cognition: a complementary approach to understanding brain function 
and the risk of falling. J Am Geriatr Soc. 2012;60(11):2127–36.

	46.	 Sejnowski TJ. Independent component analysis of electroencepha‑
lographic data. Paper presented at: Advances in Neural Information 
Processing Systems 8: Proceedings of the 1995 Conference1996.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Brain activity during dual-task standing in older adults
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Subjects
	Experimental protocol
	Postural sway analysis
	EEG processing
	Statistical analysis

	Results
	Test–retest reliability of EEG outcomes
	Effect of dual-tasking on brain activity
	Correlation analysis between EEG outcomes and postural sway

	Discussion
	Acknowledgements
	References


