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Greater prefrontal cortical activation is associated
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Abstract Fear of falling (FoF) is a prevalent
and consequential concern among older adults,
often associated with impaired mobility, cogni-
tive decline, and reduced quality of life. Tradition-
ally conceptualized as a psychological response
to prior falls, FoF is increasingly recognized as
a neurobehavioral phenomenon reflecting dys-
regulated cognitive-motor integration. In par-
ticular, the prefrontal cortex (PFC)—responsible
for executive control, attentional regulation, and
anticipatory motor planning—has emerged as a
key neural substrate underlying FoF. This study
investigated the association between PFC activa-
tion and balance confidence, a continuous correlate
of FoF, in 308 community-dwelling older adults
aged > 60 years. Prefrontal oxygenated hemoglobin
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(HbO) was measured using functional near-infra-
red spectroscopy (fNIRS) during a verbal fluency
task, a standardized cognitive paradigm eliciting
PFC engagement without motor interference. Bal-
ance confidence was assessed using the validated
Korean version of the Activities-specific Balance
Confidence (ABC) scale. Subgroup analyses strati-
fied by fall history, age, sex, and educational attain-
ment were conducted to explore heterogeneity by
known vulnerability factors. Higher regional HbO
levels were significantly associated with higher
ABC scores, reflecting greater balance confidence
and lower FoF. This association was most pro-
nounced in the right lateral and lower PFC regions
(e.g., Right Lateral: p=1.41, p=0.0062; Lower
Right: p=1.41, p=0.0007), and remained robust
after adjusting for demographic and clinical covari-
ates. Subgroup analyses revealed stronger associa-
tions among individuals with a history of falling,
aged >75 years, women, and those with lower edu-
cation. For example, in participants with prior falls,
Right Hemisphere HbO was strongly correlated
with ABC scores (f=2.06, p=0.020), suggesting
greater cortical recruitment in response to height-
ened threat perception. We found that greater PFC
activation was associated with higher balance con-
fidence in older adults, particularly in those at ele-
vated risk of falling. This relationship may reflect
adaptive cortical engagement supporting postural
assurance in vulnerable populations.
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Introduction

Fear of falling (FoF) is a prevalent and consequential
health concern among older adults. It is commonly
defined as an excessive worry about falling or a
reduction in balance self-efficacy [30]. Although tra-
ditionally conceptualized as a psychological response
to prior falls—often labeled as post-fall syndrome—
FoF can also develop in individuals with no fall his-
tory. Recent global estimates report a pooled preva-
lence of 49.6%, with substantial heterogeneity across
populations [33]. FoF is associated with multiple
adverse outcomes, including impaired mobility, gait
and balance abnormalities, activity avoidance, and
increased risk of physical frailty. These sequelae are
further linked to cognitive impairment, social with-
drawal, and reduced quality of life [1, 4, 32].

While FoF has historically been regarded as a
behavioral or emotional phenomenon, emerging evi-
dence suggests that it may have a neurophysiological
basis. In particular, dysregulated cognitive-motor inte-
gration has been implicated in older adults with ele-
vated FoF [14, 17, 22]. The prefrontal cortex (PFC)—a
hub for executive control, attentional regulation, and
anticipatory motor planning—has gained attention as
a critical neural substrate in this context [23]. Neu-
roimaging studies have shown that older adults with
high FoF often exhibit increased PFC activation dur-
ing cognitively or posturally demanding tasks [11, 21].
Holtzer et al. [11] observed exaggerated prefrontal
responses and gait slowing during dual-task walking
in older adults with high FoF, which were interpreted
as signs of neural inefficiency or overload [11]. Salz-
man et al. [21] also observed prefrontal overactivation
in association with fear-induced movement constraints
during stair descent [21]. These findings suggest that
the PFC plays a pivotal role in monitoring environ-
mental threats and allocating cognitive resources for
maintaining balance. However, prior studies have
relied on dichotomous classifications of FoF and have
employed dual-task paradigms designed to provoke
cognitive-motor interference. While informative, such
designs may conflate compensatory activation with
inefficiency, and may not capture the nuanced, con-
tinuous nature of balance confidence. Moreover, these
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paradigms often lack ecological validity and are lim-
ited in their ability to isolate cognitive contributions
from motor demands.

To address these gaps, the present study inves-
tigated the association between prefrontal cortical
activation and balance confidence using a continuous
and validated self-report instrument—the Activities-
specific Balance Confidence (ABC) scale. Prefrontal
oxygenated hemoglobin (HbO) levels were assessed
using functional near-infrared spectroscopy (fNIRS)
while participants performed a verbal fluency task
(VFT), a standardized cognitive paradigm that elicits
prefrontal engagement under non-motor conditions.
This design allowed us to examine whether greater
prefrontal activation corresponds with higher bal-
ance confidence, potentially reflecting adaptive cor-
tical support rather than neural inefficiency. In addi-
tion, we conducted stratified analyses by fall history,
age, sex, and educational attainment—demographic
characteristics that are known to influence both FoF
risk and cognitive reserve [13, 15, 17]. By identify-
ing subgroup-specific patterns, we aimed to explore
whether prefrontal engagement operates differentially
across vulnerable populations.

Methods
Study population

This study was conducted at the Veterans Health Ser-
vice Medical Center in Seoul, Republic of Korea,
between July and December 2023. Participants were
recruited through convenience sampling during routine
clinical visits, and eligibility was determined by trained
clinicians based on predefined inclusion and exclusion
criteria. Inclusion criteria were: (1) age>60 years; (2)
ability to ambulate independently and communicate
verbally; (3) absence of major neurological or systemic
medical conditions that could influence prefrontal
cortical hemodynamics, including cancer, prior cer-
ebral infarction or hemorrhage, Parkinson’s disease, or
other progressive neurodegenerative disorders; and (4)
absence of physician-diagnosed depression or current
use of antidepressants. Individuals with subjective con-
cerns of cognitive decline, but without a formal diag-
nosis of dementia, were also eligible. Exclusion crite-
ria included: severe mobility impairments precluding
safe task performance, inability to complete the verbal
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fluency task, or technical issues preventing reliable
acquisition of fNIRS data.

Based on these criteria, a total of 314 community-
dwelling older adults provided informed consent and
were enrolled. Of these, 6 participants were subse-
quently excluded due to incomplete or unreliable
fNIRS data (e.g., sensor detachment, drowsiness dur-
ing testing, or device malfunction). The final analytic
sample therefore comprised 308 participants.

fNIRS data acquisition and preprocessing

A portable continuous-wave fNIRS device (NIRSIT
Lite Adult; OBELAB, Inc., Seoul, Korea) was used to
measure hemodynamic responses in the PFC during
the task. The system included 15 channels with a 3 cm
source-detector distance and used dual wavelengths
(780 and 850 nm) at a sampling rate of 8.138 Hz. It
was also equipped with two short-separation chan-
nels, one in each hemisphere, with a source-detector
distance of 0.8 cm. The device primarily targeted the
anterior PFC (BA10), approximately covering adja-
cent regions including the dorsolateral and ventrolat-
eral PFC. Figure 1 illustrates the configuration of the

Fig. 1 Channel configura-
tion of the fNIRS device.
The estimated positions of
sources (green dots) and
detectors (blue dots) are
superimposed on the AAL
brain atlas. Each source-
detector pair comprises
fifteen regular channels
(numbered magenta dots)
and two short-separation
channels (smaller magenta
dots). The majority of
measurement channels were
positioned over the anterior
prefrontal cortex, with some
(channels 1 and 15) located
over the inferior frontal gyri

@® LS Channel (30 m)
® SS Channel (8 mm)
® Source

® Detector

channels and their estimated positions on the auto-
mated anatomical labeling (AAL) atlas [20].

During fNIRS data acquisition, participants per-
formed a verbal fluency task using a tablet PC that
presented the instructions and stimuli. The task con-
sisted of two cycles, each comprising three sequential
phases. In each cycle, participants first engaged in a
30-s resting period, during which they were instructed
to fixate on a central cross displayed on the screen.
This was followed by a 30-s control condition, where
they repeatedly uttered vowels (“a, e, i, 0, u”’) aloud.
Finally, in the 30-s task condition, participants were
presented with an initial Korean consonant (‘Giyuk’
in the first cycle and ‘Siot’ in the second cycle) and
asked to generate and verbally produce as many words
as possible beginning with the presented consonant.

The preprocessing steps for the fNIRS data were
as follows. First, channels with low signal qual-
ity due to saturation or severe motion artifacts were
excluded from the analysis [35]. Specifically, the raw
light intensity signal in each channel was examined
and removed if it met any of the following criteria:
(1) contained signs of saturation (more than five neg-
ative values in a row or the same consecutive value
persisting for more than 5% of the entire time series);

NIRSIT LITE
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(2) showed weak net signal (median intensity lower
than 30 A.U.); (3) exhibited signs of noise (a coeffi-
cient of variation greater than 7.5% in more than 10%
of 5-s intervals [2]; or (4) demonstrated severe nega-
tive correlation between HbO and deoxyhemoglobin
(HbR) concentrations [28]. Second, the raw signals
were converted to optical density and corrected for
motion artifacts using the Temporal Derivative Dis-
tribution Repair (TDDR) algorithm [8]. Third, the
corrected optical density values were converted to
changes in hemoglobin concentration via the modi-
fied Beer-Lambert law [6, 7]. For this conversion,
the molar extinction coefficients reported by Zhao
et al. [36] were applied, with no differential path-
length factor, resulting in hemoglobin concentration
units of mM-mm [36]. Finally, data were bandpass
filtered between 0.005 and 0.1 Hz to remove frequen-
cies of no interest such as cardiac pulsation and slow
drifts. Overall, less than 1% of the total observa-
tions were rejected during preprocessing, and these
were replaced by the mean of nearby channels. All
preprocessing and subsequent statistical analyses
described in the next section were performed using
NIRSIT Quest software (version 1.0.0; OBELAB,
Inc., Seoul, Korea).

fNIRS data analysis

To quantify and summarize brain activation dur-
ing the verbal fluency task, a general linear model
(GLM) was applied to the hemoglobin signals.
Beta coefficients were estimated using the Ordinary
Least Squares (OLS) method [9]. The design matrix

Fig. 2 Pre-defined regions of interest based on channel clus-
tering. Activation in each channel was summarized across
channel groups defined by hierarchical clustering of functional
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included main regressors modeling the task condi-
tion (verbal fluency) and the control condition (vowel
utterance), along with their temporal and dispersion
derivatives to account for variability in response tim-
ing. To further improve model fit and reduce con-
founding influences, nuisance regressors were incor-
porated. Any residual motion artifacts were addressed
by including three head movement angle estimates
(rotation in X, y, and z directions) derived from the
inertial measurement unit (IMU) sensors [18]. Addi-
tionally, signals from short-separation channels were
averaged and included as nuisance regressors to
remove superficial physiological noise [10, 31]. The
model was independently fitted to the concentration
changes in.

HbO and HbR. Task-related prefrontal activation
for each participant was defined by combining the
parameter estimates using a contrast vector of [1-1],
representing Task versus Control. Channel-wise
contrasted beta estimates were computed and sum-
marized at the regional level by averaging estimates
across predefined regions of interest (Fig. 2). For
details regarding ROI definitions, see OBELAB Inc.
([16]) (Obelab Inc, [16]). We primarily focused on
HbO results, as previous studies have demonstrated
that HbO generally provides a higher contrast-to-
noise ratio compared to HbR [26].

Assessment of FoF
Fear of falling was measured using the Korean ver-

sion of the ABC scale, a validated instrument that
assesses individuals’ confidence in performing 16

== m

connectivity patterns derived from an independent dataset
(excerpted with permission from OBELAB Inc. [16])
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common daily activities without losing balance.
These activities encompass a range of scenarios such
as walking indoors and outdoors, reaching overhead,
navigating stairs, and using escalators. Participants
rated their confidence for each item on a scale from
0 (no confidence) to 100 (complete confidence), and
the final ABC score was calculated as the average of
the 16 items [19]. Higher scores indicate greater bal-
ance confidence and therefore lower levels of FoF.

The Korean version of the ABC scale has dem-
onstrated strong psychometric properties. Its trans-
lation fidelity was confirmed via a forward—back-
ward translation procedure, and previous studies
have reported high internal consistency (Cronbach’s
a=0.96) and concurrent validity with other fall-
related measures such as the Falls Efficacy Scale
(Spearman’s p=0.78, p<0.01), supporting its use
in Korean older adult populations [12].

Variables of interest

Demographic and health-related covariates were
included to contextualize the relationship between
cerebral hemodynamics and balance confidence.
Age was categorized into six groups (60-64, 65-69,
70-74, 75-79, 80-84, and > 85 years). Other vari-
ables included sex (male or female), marital status
(married, widowed, divorced, or never married),
and educational attainment (less than high school
vs. high school or more). Smoking status was self-
reported as current, former, or never smoker. Partic-
ipants also indicated whether they had ever experi-
enced a fall (yes or no). Clinical comorbidities were
identified based on self-reported physician diag-
noses of hypertension, dyslipidemia, and diabetes
mellitus. Additionally, the number of medications
currently taken was recorded and categorized as 0,
1, or>2. Global cognitive function was evaluated
using the Mini-Mental State Examination (MMSE),
a widely used screening tool for cognitive impair-
ment in older adults. The MMSE assesses orienta-
tion, attention, memory, language, and visuospa-
tial skills, with scores ranging from 0 to 30, where
higher scores reflect better cognitive performance.
This measure was included as a covariate to account
for potential confounding, given that cognitive sta-
tus may influence both FoF and PFC activation dur-
ing the verbal fluency task.

Statistical analysis

We hypothesized that prefrontal hemodynamic activ-
ity—indexed by HbO measured via fNIRS—would
be positively associated with balance confidence in
older adults. To test this hypothesis, we performed
both unadjusted and multivariable linear regression
analyses, using HbO concentrations in predefined
frontal cortical regions as independent variables and
ABC scores as the continuous dependent outcome.
The fully adjusted model controlled for potential con-
founders, including age, sex, marital status, education
level, smoking status, fall experience, chronic disease
history (hypertension, dyslipidemia, diabetes), medi-
cation count, and cognitive function. Beta coefficients
and standard errors (SE) were estimated to quantify
the association between HbO levels and ABC scores.

In addition, we conducted subgroup analyses
stratified by fall history, age group, sex, and educa-
tional attainment to examine whether the association
between PFC activation and balance confidence var-
ied across key sociodemographic and clinical char-
acteristics. For each subgroup, both unadjusted and
adjusted linear regression models were estimated to
assess the consistency and robustness of the asso-
ciations. These analyses aimed to identify potential
effect modification by vulnerability factors known to
influence both FoF and cortical activation patterns.
To enhance visualization of cortical activation con-
trasts, we additionally illustrated the most extreme
subgroups, defined as participants with high ABC
scores (>80) and those with low ABC scores (<40).
This stratification was applied solely for graphical
presentation and was not used in the main statistical
analyses.

All statistical analyses were performed using SAS
version 9.2 (SAS Institute, Cary, NC, USA), and
statistical significance was defined as a two-tailed
p-value <0.05.

Results

As shown in Table 1, the study included 308 older
adults. The majority were in their 70 s (69.81%) and
slightly more than half were male (52.27%). Most
participants were married (78.25%), followed by wid-
owed (16.23%), divorced (4.87%), and never married
(0.65%). Educational attainment was generally low,
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Table 1 Characteristics of study population (n=308)

Variables n (%)
Age (year)

60-64 8 (2.6)
65-69 34 (11.04)
70-74 100 (32.47)
75-79 115 (37.34)
80-84 45 (14.61)
>85 6 (1.95)
Sex

Female 147 (47.73)
Male 161 (52.27)
Marital status

Married 241 (78.25)
Widowed 50 (16.23)
Divorced 15 (4.87)
Never married 2 (0.65)
Educational attainment

Less than a high school diploma 221 (71.75)
More than a high school diploma 87 (28.25)
Cigarette smoking

Current smoker 13 (4.22)
Past smoker 108 (35.06)
Never smoked 187 (60.71)
Falling experience

Yes 68 (22.08)
No 240 (77.92)
History of disease

Hypertension 187 (60.71)
Dyslipidemia 84 (27.27)
Diabetes 28 (9.09)
Number of medications

0 17 (5.52)
1 28 (9.09)
<2 263 (85.39)
MMSE score, mean (SD) 27.08 (2.18)

with 71.8% of participants having completed high
school or less. Approximately 22.08% of participants
reported a history of falling. Additionally, a large
proportion had hypertension (60.71%) and were tak-
ing more than two medications (85.39%). The mean
MMSE score of participants was 27.1 (SD=2.2),
indicating generally preserved global cognitive func-
tion within the study sample.

Figure 3 illustrates the distribution of (A) ABC
scores and (B) total HbO levels across participant
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characteristics. Higher ABC scores indicate greater
balance confidence and therefore lower levels of FoF.
ABC scores declined significantly with increasing
age (p<0.0001), and individuals with a history of
falling demonstrated significantly lower ABC scores
than those without (p=0.0078). Participants taking
more than two medications also exhibited the low-
est ABC scores (p=0.0138). No significant differ-
ences in ABC scores were observed by sex, marital
status, educational attainment, smoking status, or
presence of hypertension, dyslipidemia, or diabetes.
Regarding cerebral hemodynamics, mean total HbO
levels were significantly higher in males than females
(p=0.0353). HbO levels were significantly higher
among married participants compared with unmar-
ried individuals (p=0.011), and among never-smok-
ers compared with former smokers (p=0.026).

Table 2 presents the results of linear regres-
sion analyses examining the association between
ABC scores and regional HbO levels measured by
fNIRS. In nearly all brain regions—except the central
region—higher HbO levels were significantly asso-
ciated with higher ABC scores, indicating greater
balance confidence and lower FoF. These associa-
tions remained robust after adjusting for potential
confounders, including age, sex, marital status, edu-
cation, smoking, fall history, chronic disease his-
tory, number of medications, and MMSE score. The
strongest associations were observed in the right hem-
isphere, particularly in the Right Lateral (p=1.41;
p=0.0062), Lower Right (B=1.41; p=0.0007), and
Right Hemisphere overall (p=1.32; p=0.0008)
regions. Other significant associations were found
in the Upper Right (p=1.13; p=0.0093), Upper
Left (B=1.05; p=0.0078), Left Lateral (f=1.21;
p=0.0362), Lower Left (8=0.94; p=0.0264), Left
Hemisphere overall (8=1.07; p=0.0047), and the
Total PFC region (f=1.08; p=0.0008). The central
region showed no significant association (f=0.44;
p=0.4247).

Figure 4 illustrates the spatial distribution of pre-
frontal cortical activation, indexed by HbO levels,
during a verbal fluency task in older adults stratified
by balance confidence level. Panel (a) shows the high
ABC score group (low fear of falling), which demon-
strated widespread increases in HbO, particularly in
the lateral and inferior prefrontal regions, with greater
activation evident in the right hemisphere. In contrast,
panel (b) depicts the low ABC score group (high fear
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(A) ABC scores
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Fig. 3 Mean distribution of (A) ABC scores and (B) total
HbO levels across participant characteristics. The blue-bar dis-
plays the mean ABC scores (blue bars) or total HbO levels by
demographic and clinical variables. P-values indicate the sta-

of falling), which exhibited overall reductions in HbO
across prefrontal areas, as indicated by predominance
of blue-shaded regions.

Table 3 presents stratified linear regression
analyses examining the association between ABC
scores and regional HbO levels by history of falling.
Among participants with a prior fall, higher HbO
levels across most prefrontal regions were signifi-
cantly associated with higher ABC scores, indicating
greater balance confidence and reduced FoF. The
strongest associations were observed in the Lower
Right (f=2.15; p=0.0024), Right Hemisphere
(B=2.06; p=0.0021), and Right Lateral (f=2.10;

65.0 70.0 75.0 80.0

p<.0001

tistical significance of between-group differences in FoF scores
or total HbO levels. HTN, hypertension; Dyslipid, dyslipi-
demia; No. of med, number of medications

p=0.0165) regions. Other regions showing signifi-
cant associations included the Upper Right (B=1.94;
p=0.0084), Upper Left (p=1.68; p=0.0119),
Lower Left (3=1.39; p=0.0211), Left Hemisphere
(B=1.53; p=0.0085), and the Total region (B=1.75;
p=0.0028). In contrast, among those without a prior
fall, associations were generally weaker and more
limited in statistical significance. Significant asso-
ciations were detected in the Right Lateral (B=1.53;
p=0.0225), Lower Right (3=1.39; p=0.0106), Right
Hemisphere (B=1.34; p=0.0089), and Total region
(B=0.98; p=0.0344). Other regions showed marginal
or non-significant associations.
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Fig. 3 (continued)

Table 2 Association

Brain regions Unadjusted model Adjusted model”
between ABC scores
and regional HbO levels Beta (SE) p-value Beta (SE) p-value
measured by fNIRS
Upper Right 1.19 (0.38) 0.0018 1.13 0.43) 0.0093
Upper Left 1.15 (0.34) 0.0009 1.05 0.39) 0.0078
Right Lateral 1.57 (0.45) 0.0005 1.41 (0.51) 0.0062
Left Lateral 1.46 (0.51) 0.0043 1.21 (0.58) 0.0362
Lower Right 1.34 (0.36) 0.0003 1.41 (0.41) 0.0007
“adiusted b Lower Left 1.00 (0.37) 0.0074 0.94 (0.42) 0.0264
Justed by age, sex, Center 0.41 (0.49) 0.4025 0.44 (0.55) 0.4247
marital status, education,
smoking, falling experience, Total 1.16 0.31) 0.0002 1.08 (0.35) 0.0022
history of disease, number Right 1.37 0.34) <.0001 1.32 0.39) 0.0008
of medications, and MMSE Left 1.21 (0.33) 0.0003 1.07 (0.37) 0.0047

score
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(a) High ABC score (Low FoF)

0.1
0.08
0.06

0.04

Fig. 4 Comparison of prefrontal cortical activation (HbO)
during verbal fluency task between high and low balance confi-
dence groups. High balance confidence was defined as an ABC
score > 80, and low balance confidence as an ABC score <40.
Topographic and 3D cortical maps illustrate the distribution of
HbO levels in the prefrontal cortex among participants with

(b) Low ABC score (High FoF)

0.1
0.08
0.06

0.04

-0.04

-0.06

-0.1

high ABC scores (Low FoF; panel a) and low ABC scores
(High FoF; panel b). Warmer colors (yellow to red) indicate
increased HbO concentration, reflecting greater cortical activa-
tion, whereas cooler colors (blue) indicate decreased HbO lev-
els, reflecting lower activation

Table 3 Stratified
associations between ABC

Brain regions

With falling experience

Without falling experience

scores and regional HbO Beta" (SE) p-value Beta" (SE) p-value
levels by fall history
Upper Right 1.94 0.71) 0.0084 1.10 0.57) 0.0541
Upper Left 1.68 (0.64) 0.0119 1.01 (0.52) 0.0516
Right Lateral 2.10 (0.85) 0.0165 1.53 0.67) 0.0225
Left Lateral 1.51 0.91) 0.1040 1.04 0.74) 0.1603
Lower Right 2.15 0.67) 0.0024 1.39 0.54) 0.0106
“Adi b Lower Left 1.39 (0.58) 0.0211 0.75 (0.57) 0.1935
Justed by age. sex, Center 1.45 (1.09) 0.1910 0.05 (0.70) 0.9407
marital status, education,
smoking, falling experience, Total 1.75 (0.56) 0.0028 0.98 (0.46) 0.0344
history of disease, number Right 2.06 (0.63) 0.0020 1.34 0.51) 0.0089
of medications, and MMSE Left 1.53 (0.56) 0.0085 0.93 (0.50) 0.0612

score.

Table 4 presents

stratified linear regression

covariates, and the analyses aimed to identify sub-

analyses evaluating the association between ABC
scores and regional HbO levels across demographic
subgroups, including age, sex, and educational
attainment. All models were adjusted for relevant

group-specific differences in the association between
balance confidence and prefrontal activation. Age-
stratified analyses showed that the associations
between HbO levels and ABC scores were generally
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Table 4 Stratified associations between ABC scores and regional HbO levels by age, sex, and educational attainment

Age Age<T75 years Age>75 years
Brain regions Beta" (SE) p-value Beta' (SE) p-value
Upper Right 0.96 (0.66) 0.1515 1.42 (0.61) 0.0215
Upper Left 0.87 (0.64) 0.1770 1.28 (0.53) 0.0174
Right Lateral 1.15 (0.78) 0.1439 1.75 0.72) 0.0161
Left Lateral 1.85 (0.95) 0.0539 1.02 (0.76) 0.1669
Lower Right 1.50 0.67) 0.0268 1.35 (0.56) 0.0166
LowerLeft 0.80 (0.67) 0.2364 1.11 (0.58) 0.0601
Center 0.95 (1.04) 0.3634 0.24 (0.64) 0.7060
Total 1.15 (0.59) 0.0515 1.17 0.47) 0.0136
Right 1.20 (0.61) 0.0524 1.51 (0.54) 0.0057
Left 1.17 (0.63) 0.0646 1.14 0.49) 0.0231
Sex Male Female
Brain regions Beta" (SE) p-value Beta" (SE) p-value
Upper Right 1.16 (0.65) 0.0783 1.28 (0.53) 0.0168
Upper Left 1.26 (0.60) 0.0370 0.70 0.47) 0.1376
Right Lateral 1.08 (0.70) 0.1228 2.06 0.75) 0.0065
Left Lateral 0.80 (0.85) 0.3438 1.86 0.77) 0.0167
Lower Right 1.40 (0.60) 0.0217 1.54 (0.55) 0.0058
Lower Left 0.73 (0.64) 0.2529 1.23 (0.51) 0.0164
Center 0.75 (0.85) 0.3828 0.02 (0.63) 0.9724
Total 1.03 (0.53) 0.0569 1.24 (0.42) 0.0043
Right 1.21 (0.58) 0.0388 1.63 (0.50) 0.0014
Left 0.93 (0.58) 0.1074 1.26 (0.43) 0.0043
Education High school or less Above high school
Brain regions Beta" (SE) p-value Beta" (SE) p-value
Upper Right 1.12 (0.50) 0.0254 2.11 0.92) 0.0257
Upper Left 0.90 (0.44) 0.0416 2.03 0.94) 0.0356
Right Lateral 1.47 (0.54) 0.0071 1.26 (1.44) 0.3827
Left Lateral 1.32 (0.66) 0.0463 0.97 (1.45) 0.5068
Lower Right 1.51 (0.45) 0.0009 1.00 (1.06) 0.3513
Lower Left 0.86 (0.46) 0.0629 1.03 (1.07) 0.3384
Center 0.17 (0.67) 0.7959 1.01 (0.95) 0.2870
Total 1.05 (0.39) 0.0085 1.34 (0.84) 0.1154
Right 1.36 (0.43) 0.0018 1.46 (0.96) 0.1330
Left 1.03 (0.42) 0.0154 1.34 (0.94) 0.1570

*The Beta coefficients represent the estimated associations between ABC scores and HbO levels. All models were adjusted for age, sex,
marital status, educational attainment, smoking status, history of chronic diseases, number of medications, and MMSE score, except for the
stratifying variable in each analysis (e.g., sex or educational attainment was not included as a covariate in the corresponding stratified models)
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stronger and more statistically significant among
older adults (>75 years) compared to those under
75. Significant associations in the>75 group were
found in the Upper Right (=1.42; p=0.0215),
Upper Left (B=1.28; p=0.0174), Right Lateral
(B=1.75; p=0.0161), and Left Hemisphere (B=1.14;
p=0.0231). In contrast, while some brain regions
showed positive trends in the<75 group, none
reached statistical significance, suggesting that pre-
frontal activation may play a more prominent role in
promoting balance confidence among the older-old
population. Sex-stratified analyses indicated that the
positive association between HbO and ABC scores
was more pronounced in females. Females demon-
strated significant associations in several regions,
including Upper Right (B=1.28; p=0.0168), Right
Lateral (B=2.06; p=0.0065), and Right Hemisphere
(B=1.63; p=0.0014). In contrast, males showed gen-
erally weaker and non-significant associations across
regions, suggesting possible sex differences in the
neural mechanisms underlying balance confidence.
Education-stratified analyses showed that individu-
als with lower educational attainment (high school
or less) exhibited stronger associations between HbO
and ABC scores. Notable associations were found
in the Right Lateral (B=1.47; p=0.0071), Left Lat-
eral (p=1.32; p=0.0463), Lower Right (p=1.51;
p=0.0009), and Total region (B=1.36; p=0.0018).
In contrast, among those with higher education, most
associations were attenuated and did not reach statis-
tically significance, except for Upper Right (B=2.11;
p=0.0257) and Upper Left (§=2.03; p=0.0356).

Discussion

Our findings demonstrate that prefrontal cortical
activation—indexed by HbO levels during a verbal
fluency task—is positively associated with balance
confidence, as measured by the ABC scale. Spe-
cifically, individuals with higher balance confidence
exhibited significantly greater prefrontal activation,
suggesting that increased cortical engagement may
support postural confidence and reduce fear of fall-
ing. Importantly, these associations remained robust
after adjustment for cognitive status, as measured by
MMSE scores, indicating that the observed relation-
ship is not explained by baseline cognitive function.

These results partially diverge from previous
studies, which have predominantly interpreted ele-
vated prefrontal activity in individuals with high
FoF as a marker of neural inefficiency or cognitive-
motor interference. Notably, prior research has often
employed dichotomized FoF classifications and
dual-task gait paradigms designed to provoke cog-
nitive-motor conflict [11, 25]. For instance, Holtzer
et al. [11] observed that older adults with high FoF
exhibited increased prefrontal HbO during dual-task
walking, along with slower gait and prolonged corti-
cal activation—findings interpreted as reflecting inef-
ficient or overloaded neural systems [11]. Stojan et al.
[25] also reported that elevated prefrontal and parietal
activation during cognitively demanding gait tasks
predicted poorer behavioral outcomes, reinforcing the
inefficiency hypothesis [25].

In contrast, our study employed a continuous
measure of balance confidence and a single cogni-
tive task under controlled, non-motor conditions. This
methodological approach allowed for the detection
of graded associations between prefrontal activation
and balance confidence, independent of motor inter-
ference. Notably, increased HbO levels—particularly
in the lateral and inferior subregions of the prefron-
tal cortex—were significantly associated with higher
ABC scores, indicating greater balance confidence
and lower fear of falling. These findings suggest
that heightened prefrontal engagement may reflect
an adaptive, compensatory mechanism that sup-
ports postural confidence, even under modest cogni-
tive demands. Taken together, our results offer novel
insights into the cortical correlates of FoF and high-
light the utility of continuous, task-independent para-
digms in detecting subclinical variations in neural
function associated with balance regulation.

Although direct empirical evidence linking bal-
ance confidence with increased prefrontal activation
remains limited, our findings align with previous
studies suggesting that cognitive resources—particu-
larly prefrontal engagement—play a compensatory
role in supporting postural control. A study of Xu
et al. [34] demonstrated that individuals with mild
cognitive impairment exhibited heightened prefrontal
activation under dual-task balance conditions, likely
reflecting adaptive cortical recruitment to maintain
stability [34]. Teo et al. [29] observed increased dor-
solateral PFC activation in older adults subjected to
sensory perturbations during quiet standing, which
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was positively associated with improved postural
performance [29]. Chen et al. [5] further reported
that successful obstacle negotiation during dual-task
walking was facilitated by enhanced PFC activation
and functional connectivity, reinforcing the role of the
prefrontal cortex in dynamic balance regulation [5].
Collectively, these studies support the interpretation
that prefrontal recruitment may serve as an adaptive
mechanism for sustaining postural confidence in cog-
nitively or sensorimotorically demanding contexts.
While the underlying neurobiological mechanisms
remain incompletely understood, several plausible
pathways may explain our findings. First, increased
PFC activation may reflect top-down modulation of
postural control systems through anticipatory and
executive processes. Takakusaki’s [27] neuroana-
tomical model suggests that the prefrontal cortex
contributes to balance regulation by generating inter-
nal representations of body orientation, planning
goal-directed motor sequences, and exerting control
over motor output via its projections to the premo-
tor cortex, supplementary motor area, basal ganglia,
and brainstem locomotor centers [27]. Such cortical
involvement likely supports postural stability even
under low motor demands, particularly when cogni-
tive vigilance is required. Second, individuals with
preserved or enhanced cognitive reserve may exhibit
more efficient recruitment of prefrontal networks
to support balance confidence. According to Stern’s
[24] cognitive reserve framework, higher reserve ena-
bles flexible neural resource allocation to optimize
behavioral outcomes [24]. In our study, increased
prefrontal activation may thus reflect an active, effi-
cient response rather than compensatory overload—
particularly among those with greater postural con-
fidence. Third, adaptive neuroplasticity and intact
neurovascular coupling in older adults may facilitate
this engagement. As Cabeza et al. [3] proposed, suc-
cessful cognitive aging is characterized by the com-
pensatory recruitment of additional neural systems
to maintain functional performance as core networks
decline [3]. Our findings suggest that this compensa-
tion may extend to the domain of balance confidence,
allowing older adults to proactively engage prefrontal
circuits to reinforce postural control and reduce FoF.
Our stratified analyses further revealed that the
positive association between prefrontal HbO lev-
els and balance confidence was most pronounced
among individuals with a history of falls, those
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aged >75 years, women, and those with lower educa-
tional attainment. These subgroup effects may reflect
shared compensatory mechanisms, whereby individu-
als at elevated risk of falling—due to prior trauma,
age-related decline, or limited cognitive reserve—
engage prefrontal resources more intensively to main-
tain postural stability and self-assurance. Collectively,
these findings challenge the conventional view that
increased prefrontal activation solely reflects neural
inefficiency. Instead, they support a more nuanced
and context-sensitive interpretation: that elevated pre-
frontal engagement may serve an adaptive cortical
function, particularly in vulnerable populations.
Several limitations of this study warrant considera-
tion. First, disease severity was not directly assessed
beyond comorbidity and medication counts. We oper-
ationalized polypharmacy as a categorical indicator
(0, 1, or > 2 medications), which provides a pragmatic
approximation of health burden but does not fully
capture the complexity of pharmacotherapy. Specifi-
cally, we did not distinguish between fixed-dose com-
binations and separate agents, nor did we account for
dosage variations or apply standardized metrics such
as ATC/DDD. Consequently, residual confounding
related to multimorbidity, therapeutic duplication,
and dose intensity may remain. Because polyphar-
macy was used only as an adjustment covariate rather
than as a primary exposure, such misclassification is
more likely to attenuate confounding control than to
create spurious associations. Accordingly, our esti-
mates should be interpreted conservatively, and future
studies incorporating ingredient-level coding, dose
normalization, and appropriateness frameworks (e.g.,
Beers, STOPP/START criteria) will be essential for
more precise adjustment. Second, the cross-sectional
design precludes causal inference, limiting our abil-
ity to determine whether prefrontal activation facili-
tates higher balance confidence or instead represents
a compensatory response to diminished confidence
or FoF. Longitudinal or experimental designs will be
essential to clarify the directionality of this relation-
ship. Third, while the verbal fluency task provided a
controlled cognitive stimulus without motor interfer-
ence, it may not fully capture the complex interactions
between cognitive and motor demands encountered
in daily life. Future studies incorporating dual-task
or ecologically valid tasks may yield deeper insights
into real-world mechanisms. Fourth, although HbO is
widely accepted as a proxy for cortical activation in
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fNIRS studies, it may be influenced by extracerebral
hemodynamic artifacts. Despite employing standard-
ized preprocessing and probe localization procedures,
integration with multimodal neuroimaging techniques
(e.g., EEG-fNIRS or fMRI) could enhance spatial
specificity and interpretability. Fifth, we did not col-
lect information on diet, dietary supplementation,
physical activity, or sleep quality—all of which are
known to influence cortical hemodynamics and fall-
related confidence. The omission of these factors may
have introduced residual confounding and should be
addressed in future studies. Moreover, dietary sup-
plementation was not considered when assessing
polypharmacy, which further limits interpretation
of medication burden in this population. Finally, the
sample size within certain stratified subgroups (e.g.,
individuals with low educational attainment or a his-
tory of falls) was relatively limited, potentially con-
straining statistical power and the generalizability of
subgroup-specific findings.In conclusion, our findings
indicate that prefrontal cortical activation is positively
associated with balance confidence in older adults,
particularly among those at elevated risk of fall-
ing. This association may reflect an adaptive neural
response supporting postural control under conditions
of perceived threat. By providing neurophysiologi-
cal insight into the cognitive mechanisms underlying
fear of falling, these results underscore the potential
relevance of prefrontal function as both a marker of
fall-related vulnerability and a modifiable target for
intervention. Continued research using longitudinal
and ecologically grounded approaches is warranted
to clarify causal pathways and inform strategies that
support mobility and confidence in aging populations.
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