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Abstract

Objectives: To examine the effects of smartphone application-based oral muscle-strengthening training on mental health-
related outcomes, sleep health, and electroencephalographic (EEG) activity in older individuals. Methods: The per-protocol
analysis included 49 individuals aged =65 years (intervention group, n=24; control group, n=25). The intervention consisted of
12 sessions over six weeks. Outcomes were measured pre- and post-intervention. Between-group effects were estimated using
analysis of covariance, adjusted for corresponding baseline values. If the homogeneity of the regression slope assumption was
not met, a change-score sensitivity analysis was performed. Benjamini-Hochberg correction was applied to the EEG outcomes.
Results: After baseline adjustment, perceived social support was higher in the intervention group than in the control group
(adjusted mean difference, 15.48; 95% confidence interval, 10.43-20.54; p<0.001). There were no significant differences in
the other mental-health-related or sleep outcomes. Rest and attention EEG indices were lower in the intervention group and
remained significantly lower after multiple-comparison corrections (g=0.020 and g=0.016, respectively). Conclusions: The
intervention was associated with higher perceived social support and differences in selected EEG indices. The clinical significance
of the EEG findings is uncertain, and they require confirmation in larger, longer-term studies.
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Introduction

Advancements in information and communication technology (ICT) and the widespread adoption of smartphones have
substantially transformed the daily lives and health management practices of older adults [1]. As smartphone adoption among
older adults continues to increase, mobile-based health interventions are becoming increasingly feasible and accessible for this
population. Concurrently, rapid population aging has intensified health-related challenges, including cognitive decline, depression,
and sleep disorders, which can reduce quality of life among older adults [2,3]. Accordingly, there is a growing need to develop
effective and accessible smartphone-based strategies for health promotion and disease prevention in this population.

Smartphone-based health management content can be utilized without temporal or spatial constraints, thereby enhancing older
adults’ ahility to engage in self-directed health management and positively influencing psychological stability and the maintenance
of social relationships [4,5]. Moreover, such digital-based interventions are meaningful, as they improve access to health-related
information and support continuity of health management. These characteristics may be particularly important for older adults,
for whom sustained participation in health promotion activities is often difficult.
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Meanwhile, oral health is a critical component of overall systemic health. Age-related declines in oral muscle strength can impair
mastication and swallowing, potentially leading to poor nutritional status [6]. These impairments may also hinder communication
and increase social withdrawal, thereby exacerbating emotional distress and cognitive decline. Consequently, increasing attention
has been directed toward the potential relationship between oral function and mental health in older adults.

Previous studies have demonstrated that oral function-enhancing exercises are effective in improving oral health and quality of
life [7]. Strengthening oral muscles may also positively influence systemic health through physiological changes such as increased
salivary secretion [8]. Furthermore, repetitive stimulation of oral muscles, including masticatory activity, has been reported to
activate sensory and motor pathways via the trigeminal nerve, thereby increasing cerebral blood flow in key regions, such as the
prefrontal cortex and hippocampus, and activating the central nervous system [9,10]. These neurophysiological responses may also
be associated with emotional regulation, cognitive functioning, and psychological well-being.

These mechanisms suggest that improvements in oral function may extend beyond simple physical changes to induce meaningful
alterations in brain function, which can be objectively quantified using electroencephalogram (EEG) indices. Notably, increased
alpha wave activity is associated with psychological stability and relaxation, while changes in specific frequency bands have been
reported to be closely related to cognitive processing ability and sleep quality [11]. Therefore, interventions aimed at improving oral
function may have the potential to enhance mental function through measurable changes in EEG activity. In the present study,
mental health was conceptualized as psychological well-being reflected through emotional status, sleep quality, and
neurophysiological indicators measured using EEG.

Despite these advances, most existing oral health interventions rely on face-to-face delivery, limiting accessibility and long-term
adherence. In contrast, digital-based interventions utilizing smartphones can overcome temporal and spatial constraints and serve
as powerful tools by providing real-time visual guidance and feedback. These features allow older adults to practice oral exercises
at their own pace, repeat them when necessary, and revisit the instructions, which may support accurate performance and
continued participation.

Previous studies have generally examined oral exercise and digital health interventions as separate approaches. Research
combining smartphone-based oral muscle-strengthening training with EEG assessment in older adults remains scarce, and little is
known about its effects on mental health, sleep quality, and EEG activity.

Therefore, an integrated approach that combines digital-based interventions with improvements in oral function holds promise
as a novel strategy for enhancing mental function in older adults. Accordingly, we conducted a randomized controlled trial to
examine whether smartphone application-based oral muscle-strengthening training affects mental health, sleep quality, and EEG
activity in older adults.

The study hypotheses are as follows:

First, older adults receiving smartphone application-based oral muscle-strengthening training will show greater improvements in
mental health than those in the control group.

Second, older adults receiving smartphone application-based oral muscle-strengthening training will show greater improvements
in sleep quality than those in the control group.

Third, smartphone application-based oral muscle-strengthening training will induce significant changes in EEG activity in older
adults.

Methods

1. Study design and participants

We used a randomized controlled pretest-posttest design to examine the effects of smartphone-based oral muscle-strengthening
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training on social support and EEG activity in older adults. Following the baseline assessment, participants were assigned to the
intervention or control group in a 1:1 ratio using a computer-generated simple randomization sequence. An independent researcher
who had no role in recruitment, intervention delivery, or outcome assessment generated the sequence and assigned the participants.
Group allocation was not disclosed to participants until the assignment process had been completed.

Prior to study initiation, ethical approval was obtained from the Institutional Review Board of Shinhan University (Approval No.:
SHIRB-202504-HR-261-02). All participants provided written informed consent after receiving a full explanation of the study purpose
and procedures. The trial was registered with the Clinical Research Information Service of the Korean government (KCT0011939)
and is listed on the World Health Organization International Clinical Trials Registry Platform. The study was performed in
accordance with the Declaration of Helsinki.

Participants were recruited using a non-probability sampling method in collaboration with senior welfare centers located in the
metropolitan area. Eligibility criteria included adults aged =65 years who were able to communicate and ambulate independently,
owned a personal mobile phone, and were able to use the application-based content through simple operations. All eligible
individuals were fully informed about the purpose and procedures of the study and voluntarily agreed to participate.

Sample size was determined using G*Power (ver. 3.1.9.4; Heinrich Heine University Diisseldorf, Diisseldorf, Germany) to estimate
the minimum number of participants required to detect between-group differences in mean outcomes for the smartphone
application-based oral health intervention. Because no directly comparable previous study was available, an effect size of Cohen’s
d=0.80 was selected based on Cohen’s conventional criterion for a large effect [12]. Assuming a significance level of 0.05, statistical
power of 0.80, and an independent-samples t-test (one-tailed test), a minimum of 21 participants per group (total n=42) was required.
Considering potential attrition, 25 participants were initially assigned to each group (n=50 total). After excluding one participant
who did not complete the intervention sessions, the final analysis included data from 24 participants in the intervention group and
25 participants in the control group <Fig. 1>.
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Fig. 1. Selection and procedures of research subjects.
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2. Methods

First, smartphone application-based content for oral muscle-strengthening training was developed. The content comprised six
video modules—pre-meal exercises, lip exercises, oral (mouth) exercises, gum massage, salivary gland massage, and tongue
exercises—as well as pronunciation training and tongue exercise games <Fig. 2>.

The intervention was implemented over 6 weeks (August-October 2025) and consisted of a total of 12 sessions. All sessions were
conducted at participants’ affiliated institutions, and lasted approximately 60 minutes each.

Prior to the start of the program, the researcher assisted participants in downloading the smartphone application and provided
direct instructions on how to use it. Training continued until participants were able to use the application independently and
comfortably. During the intervention period, participants in the intervention group were encouraged to engage in self-directed
learning by utilizing the oral exercise videos and game-based content embedded in the application. The control group received no
intervention during the study period; however, the same intervention was provided after completion of the study.

To evaluate the effectiveness of the intervention, assessments were conducted 1 week before the intervention and 3 days after its
completion. Adherence was checked using the application usage logs. A session counted as completed when the participant used
the application for at least 40 minutes, and the per-protocol analysis included only those who completed all 12 sessions. To ensure
consistency and minimize assessor bias, the same raters conducted both assessments and were blinded to group allocation.

i,

Fig. 2. Oral function training using a smartphone application.

3. Research tools

To evaluate the effects of oral muscle-strengthening training, self-administered questionnaires were utilized. Participants’ general
characteristics included sex, age, educational level, economic status, marital status and cognitive function, assessed using the
Korean version of the Mini-Mental State Examination (MMSE-K) [13]. The MMSE-K was used as a descriptive variable to characterize
participants’ baseline cognitive function and assess baseline comparability between the intervention and control groups. It was
administered individually by a trained researcher in a quiet environment and scored according to the standardized scoring criteria.
It comprises seven domains—attention and calculation, registration, recall, language, visuospatial construction, time orientation,
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and place orientation—with a total score of 30. Higher scores indicate better cognitive function, and scores =24 indicate normal
cognitive function. Cronbach’s a for the MMSE-K in this study was 0.87.

Oral health-related behavioral characteristics included daily toothbrushing frequency, tongue cleaning, gum cleaning, use of oral
hygiene products, use of toothpicks, and experience of dental scaling within the past 6 months.

Mental health status was assessed by measuring depression, general mental health, subjective happiness, and social support.
Depression was measured using the Center for Epidemiologic Studies Depression Scale, developed by the National Institute of
Mental Health [14]. Higher scores indicate greater depressive symptoms. Cronbach’s a for the depression scale in this study was 0.86.
General mental health status was assessed using a 20-item Korean-language version of the General Health Questionnaire (KGHQ),
originally developed by Goldberg [15]. The instrument was rated on a five-point Likert scale, yielding a total possible score of 100,
with higher scores indicating better mental health. Cronbach’s a for this instrument in this study was 0.90. Subjective happiness was
measured using the 19-item scale employed by Pyo et al. [16]. Each item was rated on a five-point Likert scale, yielding a maximum
score of 95, with higher scores indicating greater subjective happiness. Cronbach’s a for the subjective happiness scale in this study
was 0.84. Social support was assessed using the Medical Outcomes Study Social Support Survey, developed by Sherbourne and
Stewart [17]. This instrument includes 19 items rated on a five-point Likert scale, with a total possible score of 95; higher scores
indicate greater perceived social support. Cronbach’s a for the social support scale in this study was 0.96. Sleep health was evaluated
using the Korean version of the Pittsburgh Sleep Quality Index (PSQI-K), whose reliability and validity were established by Sohn et
al. [18]. The PSQI-K assesses subjective sleep quality during the previous month and comprises seven component scores. Each
component is scored from 0 to 3, with lower global scores indicating better sleep quality; a global score =5 indicates poor sleep
quality. Cronbach’s a for the PSQI-K in this study was 0.83. Daytime sleepiness was assessed using the Epworth Sleepiness Scale
(ESS), developed by Johns [19]. The ESS is an eight-item self-report instrument that evaluates the likelihood of dozing off in common
daily situations. Higher scores indicate greater daytime sleepiness, and a total score =10 is generally interpreted as indicating
excessive daytime sleepiness. Cronbach’s a for the ESS in this study was 0.89.

Electroencephalographic activity was recorded to assess neurophysiological changes after the intervention. Recordings were
obtained using Neurobrain (Neuro21, Seoul, Korea), a portable two-channel EEG system developed by the Korea Institute of Brain
Science [20]. Electrodes were placed over the left (Fp1) and right (Fp2) prefrontal regions according to the International 10-20 system,
with the reference electrode attached to the left earlobe. Signals were recorded within a frequency range of 1-30 Hz at a sampling
rate of 256 Hz and a measurement precision of 0.6 LV.

The same investigator performed all measurements in a quiet, separate room. Participants rested for 5 minutes before recording,
and any materials that could affect electrode contact or signal acquisition were removed. Resting-state FEG was then recorded for
5 minutes with the participants’ eyes closed <Fig. 3>. They were asked to remain still, close their eyes gently, and minimize facial
and eye movements to reduce movement- and eye-related artifacts.

The signals were digitized and analyzed using fast Fourier transform power-spectrum analysis. Frequency bands were defined as
delta (0-3 Hz), theta (4-7 Hz), alpha (8-12 Hz), sensorimotor rhythm (SMR; 12-15 Hz), low beta (16-20 Hz), and high beta (21-30 Hz).
The EEG indices were calculated using the Brain Function Measurement analysis program.

The analysis focused on changes in relaxation, attention, interhemispheric balance, and stress-related activity rather than the
diagnosis of cognitive or emotional disorders. The variables were grouped into activation and attention indices (alpha average,
arousal level, attention, and concentration), interhemispheric indices (amplitude symmetry and coherence), and stress and
emotional-state indices (physical stress, mental stress, rest, behavioral ratio, and emotional ratio). Age-standardized index and
frequency were treated as general summary measures. The remaining device-derived indices were considered exploratory outcomes.

Arousal level was calculated as the ratio of theta to SMR activity (6/SMR). Physical stress was derived from delta activity, whereas
mental stress was derived from high-beta activity. Rest, attention, and concentration were composite indices based on the relative
distribution of EEG frequency bands and were used as device-derived measures of relaxation and attentional engagement. Because
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Fig. 3. Measuring electroencephalographic activity.

the clinical meaning of these indices has not been fully established, they were interpreted cautiously alongside the individual
frequency-band measures.

4. Data analysis

Statistical analyses were performed using SPSS (ver. 22.0; IBM Corp., Armonk, NY, USA), with a set at 0.05. The Shapiro-Wilk test
was used to examine the normality of the outcome variables and analysis of covariance (ANCOVA) residuals. Baseline comparability
between the groups was assessed using the chi-square test, Fisher’s exact test, or independent-samples t-test, as appropriate.

Intervention effects were estimated using ANCOVA. For each outcome, the post-intervention value was entered as the dependent
variable, group as the fixed factor, and the corresponding baseline value as the covariate. As several outcomes, particularly the EEG
indices, deviated from normality, the ANCOVA findings for these variables were interpreted cautiously. Adjusted mean differences
were calculated as intervention minus control and are reported with 95% confidence intervals, p-values, and Hedges’ g. Hedges g
was derived from the adjusted mean difference and pooled post-intervention standard deviation, with correction for small-sample
bias.

The homogeneity-of-regression-slopes assumption was examined using the baseline-by-group interaction. If this assumption was
violated, a change-score analysis was conducted as a sensitivity analysis. An independent-samples t-test was used when the change
scores were normally distributed; otherwise, the Mann-Whitney U test was applied. For the 13 EEG outcomes, the false discovery
rate was controlled using the Benjamini-Hochberg procedure. Both unadjusted p-values and adjusted g-values are reported, with
a two-sided ¢<0.05 indicating statistical significance after multiple-comparison correction.

Results

1. Participants’ general characteristics

Table 1 presents the participants” baseline characteristics, including sex, age, educational level, economic status, marital status,
and cognitive function assessed using the MMSE-K. No statistically significant between-group differences were observed in these
characteristics (all p>0.05).
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Table 1. General characteristics of the participants [Unit: n (%)]

Characteristic Division Intervention group (n=24) Control group (n=25) Total (n=49) p

Sex Male 2(8.3) 2 (8.0) 4(8.2) 1.000°
Female 22 (91.7) 23 (92.0) 45 (91.8)

Age, years 65-74 8(33.3) 8(32.0) 16 (32.7) 0.710"
75-84 14 (58.3) 13 (52.0) 27 (55.1)
=85 2(8.3) 4(16.0) 6(12.2)

FEducation <Primary school 9(37.5) 8(32.0) 17 (34.7) 0.756°
Middle school 6 (25.0) 5(20.0) 11 (22.4)
>High school 9(37.5) 12 (48.0) 21 (42.9)

Economic status Upper 6 (25.0) 6 (24.0) 12 (24.5) 0.713°
Middle 8(33.3) 11 (44.0) 19 (38.8)
Low 10 (41.7) 8(32.0) 18 (36.7)

Marital status Widowed 14 (58.3) 12 (48.0) 26 (53.1) 0.769*
Cohabiting 7(29.2) 9 (36.0) 16 (32.7)
Divorced 3(12.5 4(16.0) 7 (14.3)

MMSE-K (Mean+SD) 25.794+3.74 26.284+2.57 26.04+3.18 0.596°

MMSE-K: Korean version of the Mini-Mental State Examination; SD: standard deviation.
“by chi-square, "Fisher’s exact test, and ‘independent t-test.

2. Oral health-related behavioral characteristics

Oral health-related behavioral characteristics included tooth brushing frequency, tongue cleaning, gum cleaning, use of oral
hygiene products, use of toothpicks, and experience of dental scaling within the past 6 months. No significant between-group
differences were observed in oral health-related behavioral characteristics (p>0.05) <Table 2>.

Table 2. Oral health-related behavioral characteristics [Unit: n (%)]

Characteristic Division Intervention group (n=24) Control group (n=25) Total (n=49) p

Daily toothbrushing frequency 1 6 (25.0) 5(20.0) 11224 059
2 6 (25.0) 4 (16.0) 10 (20.4)
>3 12 (50.0) 16 (64.0) 28 (57.1)

Tongue cleaning Always 9(37.5) 9 (36.0) 18 (36.7) 0.984°
Sometimes 6 (25.0) 6 (24.0) 12 (24.5)
Never 9(37.5) 10 (40.0) 19 (38.8)

Gum cleaning Always 12 (50.0) 12 (48.0) 24 (49.0) 0.827°
Sometimes 9(37.5) 11 (44.0) 20 (40.8)
Never 3(12.5 2 (8.0) 5(10.2)

Use of oral hygiene products Yes 18 (75.0) 21 (84.0) 39 (79.6) 0.496°
No 6 (25.0) 4 (16.0) 10 (20.4)

Use a toothpick Yes 11 (45.8) 8(32.0) 19 (38.8) 0.320°
No 13 (54.2) 17 (68.0) 30 (61.2)

Scaling within 6 months Yes 8(33.3) 14 (56.0) 22 (44.9) 0.111°
No 16 (66.7) 11 (44.0) 27 (55.1)

“by chi-square and "Fisher’s exact test.

3. Effects of the smartphone-based oral muscle-strengthening intervention on sleep
and mental health outcomes
Table 3 summarizes the mental health-related and sleep outcomes. After baseline adjustment, perceived social support was

higher in the intervention group than in the control group (adjusted mean difference [AMD]=15.48; 95% confidence interval [CI],
10.43-20.54; p<0.001; Hedges’ g=1.73). The change-score analysis produced a similar result, with a significant difference between the
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groups on the independent-samples t-test (p=0.026). Happiness also favored the intervention group, although the adjusted difference
was not statistically significant (AMD=5.92; 95% CI, -1.13 to 12.97; p=0.098; Hedges g=0.48). No significant between-group differences
were found for depression, overall mental health, sleep quality, or daytime sleepiness after adjustment for baseline values.

Table 3. Effects of the smartphone-based oral muscle-strengthening intervention on sleep and mental health
outcomes

Intervention group (n=24) Control group (n=25) Adjusted
. mean . .
Variables Pre Post Change Pre Post Change difference P value - Hedges g
(95% CI)’
Depression (CESD) 194241312 23.67+854 4.25+1539 18.68+891 22244930 3.56+14.63 1.49 0.565 0.16
(-3.68, 6.66)
Mental health (KGHQ) 65.17£5.09 65.33+624 0171742 64.12+£8.69  65.88+831 1.76%12.57 -0.53 0.807 -0.07
(-4.82,3.77)
Happiness 64.67+14.61 67.92+11.03 3.25+14.56 59.40£10.08 60.76+13.25 1.36*15.84 5.92 0.098 0.48
(-1.13,12.97)
Social SuppOIT§ 64.33£17.44  71.791888 7.46£1490 58.72+14.06 55561874 —3.16%17.27 15.48 <0.001 173
(10.43, 20.54)
Sleep quality (PSQI-K) 10.63+4.50 11.294590 0.674597  10.52+6.55 11.84+4.67 1.32£7.28 -0.57 0.700 —0.11
(-3.56, 2.41)
Daytime sleepiness (ESS)  5.96+4.16 7.83+4.03  1.88%5.19 7.00£2.86 7.44+1.85 0.4442.92 0.59 0.508 0.19
(-1.19, 2.38)

ANCOVA: analysis of covariance; CES-D: Center for Epidemiologic Studies Depression Scale; CI: confidence interval; ESS:
Epworth Sleepiness Scale; KGHQ: Korean version of the General Health Questionnaire; PSQI-K: Korean version of the
Pittsburgh Sleep Quality Index; SD: standard deviation. Data are presented as mean=+SD.

"Adjusted mean differences (95% CIs) and p-values were obtained from ANCOVA adjusted for the corresponding baseline
value; differences were calculated as intervention minus control.

"Hedges’ g was calculated using the adjusted mean difference and pooled post-intervention SD with a small-sample correction.
$The homogeneity-of-regression-slopes assumption was violated for social support (baseline X group interaction, p=0.044).
Because the change scores were normally distributed, an independent-samples t-test was conducted as a sensitivity analysis
and showed a significant between-group difference (p=0.026).

4, Effects of the smartphone-based oral muscle-strengthening intervention on EEG
outcomes

Table 4 summarizes the EEG results. After baseline adjustment, the rest index was lower in the intervention group than in the
control group (AMD=-10.43; 95% CI, -17.13 to —3.73; p=0.003; Hedges' g=—0.88). A similar difference was found for attention
(AMD=-9.12; 95% CI, -14.46 to —3.77; p=0.001; Hedges' g=—0.98). Both findings remained significant after Benjamini-Hochberg
correction (¢=0.020 and ¢=0.016, respectively). Concentration was also lower in the intervention group, but the difference did not
reach statistical significance (AMD=-5.96; 95% CI, ~12.18 to 0.25; p=0.060). None of the other EEG outcomes showed a significant
adjusted difference between the groups. The homogeneity-of-regression-slopes assumption was not met for amplitude symmetry.
As its change scores were not normally distributed, the Mann-Whitney U test was used for the sensitivity analysis and showed no
significant between-group difference (p=0.992).
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Table 4. Effects of the smartphone-based oral muscle-strengthening intervention on EEG outcomes

Intervention group (n=24) Control group (n=25) Adjusted mean * ; .

Ve e Fm G e Pmr g I pvd gl ek

Age standardization 7.25+0.44  7.21£041 -0.04+020 7.28+046 7.24+044 -0.0410.20 -0.01 0909 0909 —-0.01
(-0.12,0.10)

Frequency 588+1.01 6.33+122 046+t141 6.00£116 6.08+107  0.08%£1.25 0.29 0.360 0.747 0.25
(-0.34,0.93)

Alpha average 5.88£557 4.85%£282 -1.03+564 5651552 551+4.27  -0.13%6.79 —0.68 0.517 0.747 -0.18
(-2.78,1.42)

Arousal level 527+1371 52441372 -0.03+0.54 7.90+1858 7.78+18.61 —0.12+0.60 0.09 0.577 0.750 0.01
(-0.24,043)

Amplitude 772312374 844411692 72112105 80.69+21.68 83.62+20.80 2.93+13.16 2.74 0.511 0.747 0.14

symmetry® (-5.57,11.04)

Left-right 50.284+15.30 58.20+13.47 7.92+1948 51.59+14.73 56.79+16.67 5.20%17.69 173 0.687 0.812 0.11

coherence (-6.85,10.30)

Physical stress 258411647 20.501+14.56 —5.34+14.53 25.53+16.02 23.891+1648 -1.64117.88 -3.53 0.377 0.747 -0.22
(-11.51, 4.44)

Mental stress 2304215 1.95%+0.81 -0.35£210 230+210 2224115 -0.08+2.30 -0.27 0.355 0.747 -0.26
(-0.84,0.31)

Behavioral ratio 13.01+9.15 13.39+9.70 0.37£5.89 13.21£10.14 14.87t£10.64 1.6616.82 -1.32 0.464 0.747 -0.13
(-4.92,2.28)

Emotional ratio 26.967+21.25 17.16+12.43 -9.80%20.96 2048+18.56 16.34+12.82 —4.14+17.70 -0.60 0.849 0.909 -0.05
(-7.60, 6.29)

Rest 20.00£14.32 5.63+8.58 -14.38+15.13 20.84+12.88 16.16+13.95 -4.68+17.88 -10.43 0.003 0.020 -0.88
(-17.13,-3.73)

Attention 21.58+18.58 5.83+8.04 -15.75+18.81 22.44+16.30 14.96+10.17 -7.48+20.32 -9.12 0.001 0.016 -0.98
(-14.46,-3.77)

Concentration 21.294+1840 7.96£8.61 -13.33£19.24 21.44+17.40 13.92+12.37 -7.52+22.68 -5.96 0.060 0.259 -0.55
(-12.18,0.25)

ANCOVA: analysis of covariance; CI: confidence interval; SD: standard deviation. Data are presented as mean=+SD.

"Adjusted mean differences (95% CIs) and p-values were obtained from ANCOVA adjusted for the corresponding baseline value; differences were
calculated as intervention minus control.

¥ g-values were calculated using the Benjamini-Hochberg false discovery rate correction across 13 EEG outcomes; g<0.05 was considered statistically
significant after correction for multiple comparisons.

*Hedges g was calculated using the adjusted mean difference and pooled post-intervention SD with a small-sample correction.

SThe homogeneity-of-regression-slopes assumption was violated for amplitude symmetry (baseline X group interaction, p=0.023); because the change
scores were not normally distributed, the sensitivity analysis was conducted using the Mann-Whitney U test and showed no significant between-group
difference (p=0.992).

Discussion

The widespread adoption of mobile devices has enabled access to and utilization of information across diverse environments, and
smartphones, in particular, are increasingly being adopted by older adults because of their accessibility and portability. Against this
background, we examined whether smartphone application-based oral muscle-strengthening training influenced mental health-
related outcomes, sleep health, and EEG activity in older adults. After baseline adjustment, perceived social support was higher in
the intervention group than in the control group. The rest and attention EEG indices were lower in the intervention group, and both
differences remained significant after multiple-comparison correction.

The higher perceived social support observed in the intervention group is consistent with previous studies reporting that ICT
education positively influences the formation of social relationships among older adults [5]. The adjusted difference in social support
was large, and the change-score analysis likewise indicated a significant difference between the groups. However, the homogeneity-
of-regression-slopes assumption was not met for this outcome; therefore, the size of the ANCOVA estimate should be interpreted
cautiously. The present findings differ from previous research suggesting that smartphone use reduces depression and loneliness
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while enhancing life satisfaction [21]. Instead, our results align more closely with evidence indicating that smartphone ownership
or proficiency does not significantly affect depressive symptoms [22].

These discrepancies may be attributable to the characteristics of the intervention. Specifically, the program implemented in this
study focused on individual-based training rather than group-based interaction, thereby limiting opportunities for emotional
exchange among participants. Consequently, although smartphone-based interventions may enhance perceived social support,
they may have limited effects on deeper emotional outcomes, such as depression or loneliness, which are generally influenced by
sustained interpersonal relationships. Furthermore, considering previous evidence that social support from others is significantly
associated with oral health behaviors [23], the observed increase in social support may reflect the supportive contact provided
during the initial training, program implementation, and evaluation. Additionally, given that older adults tend to have lower levels
of both physical and virtual social interaction than younger populations and that increased physical interaction plays a critical role
in reducing social isolation [24], smartphone-based interventions alone may be insufficient to substantially alleviate emotional
isolation or depressive symptoms.

The adjusted estimate for subjective happiness favored the intervention group by 5.92 points and corresponded to a moderate
effect size, but it was not statistically significant. Thus, the current results do not establish an intervention effect on happiness. The
observed difference may nevertheless merit further examination in a larger sample.

Sleep is a key indicator of overall health status in older adults and was included in this study to explore its potential relationship
with changes in oral function and daily functioning. However, after adjustment for baseline values, no significant between-group
differences were observed in sleep quality or daytime sleepiness. This may be attributable to the indirect nature of the intervention.
As the program primarily focused on oral muscle strengthening through individualized training, it may not have directly influenced
physiological factors related to sleep quality or daytime arousal. Moreover, sleep in older adults is affected by multiple factors,
including chronic diseases, medication use, and psychological conditions, which may limit the effects of a single-component
intervention [25].

From a neurophysiological perspective, aging is associated with atrophy of the corpus callosum and declines in cognitive and
information-processing functions [26], which may lead to reduced attention, memory, and processing speed. EEG is a non-invasive
method for assessing brain activity and is widely used to identify changes in cognitive and emotional states [27]. After baseline
adjustment, the rest and attention indices were lower in the intervention group than in the control group, with large effect sizes.
Both differences remained significant after Benjamini-Hochberg correction. Concentration was also lower in the intervention
group, although this difference was not statistically significant. The other EEG indices did not differ significantly between the
groups.

Lower rest and attention scores do not necessarily indicate functional decline. EEG was recorded at rest with participants’ eyes
closed; thus, the differences cannot be explained directly by cognitive demands during task performance. Moreover, these indices
are composite measures based on the relative distribution of EEG frequency bands, and their interpretation depends on the
algorithms used to calculate them. The direction of the differences alone does not indicate whether they were beneficial or adverse.
They are therefore better understood as intervention-related differences in selected neurophysiological measures rather than
evidence of cognitive improvement.

Although the rest and attention findings remained significant after correction for multiple comparisons, only two of the 13 EEG
indices differed between the groups. Objective cognitive measures were not included to determine their functional relevance. These
findings should therefore be interpreted cautiously and confirmed in future studies.

The present findings do not fully align with previous studies suggesting that reduced alpha activity is associated with cognitive
arousal [28] or that frontal alpha asymmetry may be associated with vulnerability to depression [29]. Instead, they are partially
consistent with evidence indicating that the relationship between EEG activity and cognitive or emotional functioning is complex
and not strictly linear [30]. Neither alpha average nor amplitude symmetry differed significantly between the groups after baseline
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adjustment. The change-score sensitivity analysis for amplitude symmetry also found no significant between-group difference,
despite the violation of the homogeneity-of-regression-slopes assumption. The relatively short 6-week intervention may also have
limited the development of stable neurophysiological changes. Future studies should therefore employ longer intervention periods
and incorporate objective cognitive measures and repeated EEG assessments.

Overall, smartphone application-based oral muscle-strengthening training was associated with higher perceived social support,
but did not show clear benefits for the other mental health-related or sleep outcomes. Differences were also observed in selected
EEG indices; however, their clinical and cognitive meaning remains uncertain and requires cautious interpretation.

Several limitations should be acknowledged. The sample size was relatively small, participants were recruited from a limited
geographic area, and the intervention period was short. Participants were required to use smartphone-based content; therefore, the
findings may not apply to older adults with limited smartphone experience or lower digital literacy. In addition, the homogeneity-
of-regression-slopes assumption was not met for social support or amplitude symmetry, although change-score analyses were
performed to assess these results. In addition, the absence of objective cognitive outcomes limits the interpretation of the EEG
findings. The analysis was also limited to participants who completed the intervention and post-intervention assessment. This per-
protocol approach may have introduced selection bias related to adherence. Future studies should employ larger and more diverse
samples, include older adults with varying levels of digital literacy and provide appropriate technical support, extend the intervention
period, include objective cognitive assessments and repeated EEG measurements, and incorporate greater participant interaction
to evaluate more comprehensive and sustained effects.

Conclusions

This study examined the effects of smartphone application-based oral muscle-strengthening training on mental health-related
outcomes, sleep health, and electroencephalographic (EEG) activity in older adults.

The final analysis included 49 adults aged =65 years: 24 in the intervention group and 25 in the control group. Participants in the
intervention group completed 12 training sessions over 6 weeks. Outcomes were measured before and after the intervention.
Between-group effects were assessed using analysis of covariance with adjustment for baseline values. Change-score analyses were
added when the homogeneity-of-regression-slopes assumption was not met, and the Benjamini-Hochberg procedure was applied
to the 13 EEG outcomes.

After baseline adjustment, perceived social support was higher in the intervention group than in the control group (AMD=15.48;
95% CI, 10.43-20.54; p<0.001; Hedges' g=1.73). The change-score analysis also showed a significant difference (p=0.026). No significant
differences were found for the other mental health-related or sleep outcomes. Rest (AMD=-10.43; 95% CI, 17.13 to -3.73; p=0.003;
¢70.020) and attention (AMD=-9.12; 95% CI, ~14.46 to —3.77; p=0.001; ¢=0.016) were lower in the intervention group and remained
significant after multiple-comparison correction.

The intervention was associated with higher perceived social support and differences in selected EEG indices. The clinical
meaning of the FEG findings remains uncertain, and larger, longer-term studies involving older adults with varied levels of digital
literacy are needed.
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