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HIGHLIGHTS

o This study aimed to investigate the interaction of social isolation and loneliness on frailty onset among independent older adults in the Japan Gerontological
Evaluation Study.

o The analysis included 8440 participants (mean age: 73.2 [standard deviation, 5.5] years), and 15.1 % of participants experienced frailty onset during the follow-up.

e The “severe isolation” & “severe loneliness” group had the highest risk of frailty onset (RR = 2.09 [95 % CI: 1.60-2.73]) compared to “no isolation” & “not
loneliness™ group.

o However, there were no significant multiplicative and additive interaction between social isolation and loneliness on frailty onset (multiplicative scale: 0.75 [95 %
CI: 0.50-1.11]; RERL: —0.29 [95 % CI: —1.02-0.44]).

e These findings highlight the importance of considering social factors such as interaction with others and loneliness, to prevent frailty.

ARTICLE INFO ABSTRACT
Keywords: Objectives: Social isolation and loneliness each have negatively affect various health outcomes. No studies have
Frailty examined the combined association of social isolation and loneliness on frailty onset. This study aimed to

Social isolation
Loneliness
Interaction effect
Longitudinal study

investigate both the objective and subjective aspects of isolation by evaluating social isolation and loneliness and
to determine their interaction effects on frailty onset.

Methods: This cohort study used data from the 2019 and 2022 Japan Gerontological Evaluation Study. The eligible
participants were independent older adults aged >65 years without frailty in 2019. The outcome variable was frailty
onset in 2022. The exposure variables were social isolation and loneliness in 2019. Risk ratios (RR) and 95 % confidence
intervals (CI) were estimated using modified Poisson regression models, with potential confounders as covariates.
Moreover, a multiplicative scale and relative excess risk due to interaction (RERI) was used to assess the interaction.
Results: The analysis included 8440 participants (mean age: 73.2 [standard deviation, 5.5] years). During the
follow-up, 15.1 % of participants experienced frailty onset. After adjusting for all covariates, the “severe isolation” &
“severe loneliness” group had the highest risk of frailty onset (RR = 2.09 [95 % CI: 1.60-2.73]) compared to “no
isolation” & “no loneliness” group. However, there were no significant multiplicative and additive interaction
between social isolation and loneliness on frailty onset (multiplicative scale: 0.75 [95 % CI: 0.50-1.11]; RERI:0.29
[95 % CI:1.02-0.441).

Discussion: These findings highlight the importance of considering social factors such as interaction with others
and loneliness, to prevent frailty.
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1. Introduction

Global aging is predicted to result in 1.5 billion people aged 65 years
and older by 2050 (United Nations, 2022), highlighting the critical
importance of maintaining the health of the aging population, espe-
cially, preventing frailty. Frailty, defined as the loss of reserve capacity
across multiple physiological systems, increases vulnerability to various
stressors and serves as a predictor of all-cause mortality, nursing home
admission, hospitalization, functional disability and falls (Fried et al.,
2001; Rockwood et al., 1999; Watanabe et al., 2022). Frailty can
potentially be reversed to a pre-frail or robust status with appropriate
interventions; hence early detection and intervention in crucial (Lee
et al., 2014; Trevisan et al., 2017).

Social participation is known to be an effective countermeasure for
preventing and intervening against frailty. This involves encouraging
interactions with others through hobbies, sports, community events, and
employment. Previous studies have shown that among robust older
adults, those who participated in social activities had a lower risk of
frailty onset than those who did not (Sone et al., 2023; Takeuchi et al.,
2023). On the other hand, social isolation and loneliness, which are
similar but different concepts from social participation, are also asso-
ciated with frailty. Previous studies have revealed social isolation
associated with several factors related to frailty such as hypertension,
type 2 diabetes, inflammatory levels, and blood clotting factors, which
are related factors for frailty (Chen et al., 2024; Shankar et al., 2011),
and socially isolated individuals have a higher prevalence of frailty and
an increased risk of functional disability onset (Kojima, Aoyama &
Tanabe, 2022; Nakagomi et al., 2023). Studies have found that loneli-
ness is significantly associated with an increased risk of physical inac-
tivity, depressive symptoms, and frailty onset even when accounting for
the reversibility of frailty (Shankar et al., 2011; Zhang et al., 2023; Gale,
Westbury & Cooper, 2018; Ge, Yap & Heng, 2022). However, social
isolation refers to an objective lack of social participation and interac-
tion with others and loneliness refers to a subjective perception of
isolation, which are correlated but distinct (Shankar et al., 2011; Barnes
et al., 2022; Kino et al., 2023). Therefore, the effects of social isolation
and loneliness on frailty do not merely act independently of each other,
but the combination of the two may lead to an interaction effect.

However, no studies have assessed isolation from the dual perspec-
tives of social isolation and loneliness or, examined their interaction on
frailty onset. Therefore, this study aimed to investigate both the objec-
tive and subjective aspects of isolation by evaluating social isolation and
loneliness to determine their interaction effects on frailty onset. This
study reinforces the importance of considering the social context in the
prevention of frailty, including identifying a target population and
contributing to the design of complex programs that consider social
isolation and loneliness. We hypothesized that social isolation and
loneliness have a significant interaction on frailty onset.

2. Methods
2.1. Study design and participants

This three-year follow-up longitudinal study used data from inde-
pendent older adults aged >65 years, obtained from the Japan Geron-
tological Evaluation Study (JAGES) 2019 and 2022 (Kondo, 2016).
Eligible individuals were each distributed one of the eight questionnaire
subsets because too many items were included in the whole question-
naire. The baseline survey conducted in 2019 covered 66 municipalities;
39 municipalities were tracked through a follow-up survey conducted in
2022. The exclusion criteria were as follows: 1) functionally dependent
at baseline, 2) certified in long-term care, 3) already had frailty status at
baseline, 4) invalid age and sex, 5) missing information about social
isolation and loneliness, 6) abnormal height and weight (>4 SD at
baseline), and 7) lost during follow-up. Based on these exclusion criteria,
data from 8440 individuals were analyzed (Fig 1).
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2.2. Outcome variable

Frailty was assessed using the Kihon Checklist (KCL) which devel-
oped by the Ministry of Health, Labour and Welfare of Japan, and the
validity if this scale with the traditional phenotype model used to assess
frailty has already been validated (Satake et al., 2016). A key feature of
the KCL is its ability to easily assess a wider range of items. The KCL is a
self-administered, multiple-choice questionnaire consisting of 25 items
across seven domains: activities of daily living (5 items), locomotion (5
items), low nutritional status (2 items), oral function (3items),
confinement (2 items), cognitive function (3 items), and depressive
mood (5 items). One point was awarded if the participant chose an
answer that indicated their daily functions were restricted. The total
score ranged from O to 25. We used a modified version of the KCL, which
has been validated in a Japanese population requiring long-term care or
support (Watanabe et al., 2022). In this modified version, the response
option “able but I do not” was newly added to the items of instrumental
activities of daily living. For details of the questionnaire items, refer to
Watanabe et al. (2022). Based on the KCL score, we classified the par-
ticipants into three groups: “robust” (0-3 points), “pre-frailty” (4-7
points), and “frailty” (>8 points) (Satake et al., 2016, 2017; Watanabe
et al., 2022).

2.3. Exposure variable

We used social isolation and loneliness as exposure variables. Social
isolation was evaluated based on the frequency of social contact outside
the family, living together or with friends (Saito et al., 2015). Partici-
pants were asked the frequency of face-to-face and non-face-to-face
contact (e-mails and phone calls) for each of their separated family
members, relatives, and friends. Considering that an average month is
4.3 weeks, we classified the possible responses into seven continuous
values: almost every day = 21.5, two or three times a week = 10.8, once
a week = 4.3, once or twice a month = 1.5, almost none = 0.1 times a
month, and none = 0 times a month. The frequency of social contact was
assessed by summing the monthly frequencies of both face-to-face and
non-face-to-face contacts. Participants were then categorized into three
groups based on the average number of social contacts per week: “no
isolation” (>17.2 [>4 times per week]), “moderate isolation” (4.3-17.1
[1-3 times per week]), and “severe isolation” (<4.2 [less than once per
week]) (Noguchi et al., 2024). This approach enables a unified assess-
ment of social contact frequency, regardless of whether the interactions
are face-to-face or non-face-to-face. Loneliness was assessed using the
three-item Revised University of California, Los Angeles (UCLA) Scale,
Japanese version (Saito et al., 2019). This scale includes the following
questions: (i) How often do you feel that you lack companionship? (ii)
How often do you feel left out? and (iii) How often do you feel isolated
from others? The possible responses were as follows; 1 = “hardly ever,”
2 = “some of the time,” and 3 = “often”. The total scores ranged from 3
to 9, with higher scores indicating greater loneliness. We classified
participants into three groups: “no loneliness” (3 points), “moderate
loneliness” (4-5 points), and “severe loneliness” (>6 points) (Barnes
et al. 2022). Social isolation and loneliness were combined and the
participants were categorized into nine groups as follows: 1) “no lone-
liness” & “no isolation; 2) “no loneliness” & “moderate isolation”; 3)
“no loneliness” & “severe isolation”; 4) “moderate loneliness” & “no
isolation”; 5) “moderate loneliness” & “moderate isolation”; 6) “mod-
erate loneliness” & “severe isolation”; 7) “severe loneliness” & “no
isolation”; 8) “severe loneliness” & “moderate isolation”; and 9) “severe
isolation” & “severe loneliness.”

2.4. Covariates
The covariates included age (65-69, 70-74, 75-79, 80-84, or >85),

sex (male or female), educational attainment (< 9, 10-12, or > 13
years), robust-prefrailty status (robust or pre-frailty), smoking status
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(current, former, or never), alcohol consumption status (current, former,
or never), household equivalent income (JPY ( 2.00, 2.00-2.99,
3.00-3.99, or ) 4.00 million; USD 1 = JPY 151), number of comorbidities
(0, 1, or >2 of hypertension, stroke, heart disease, diabetes, respiratory
disease, musculoskeletal disorders, and cancer), employment status
(current worker or non-worker), and urbanicity. Urbanicity was cate-
gorized based on population density into four groups as follows:
metropolitan (>4000), urban (1500-3999), suburban (1000-1499) and
rural (<999) (people/km?).

2.5. Statistical analysis

Descriptive analysis was conducted to examine the characteristics of
the nine groups of social isolation and loneliness groups. Modified
Poisson regression analyses were performed to obtain risk ratios (RR)
and 95 % confidence intervals (Cl) for frailty onset. Model 1 was crude.
Model 2 was adjusted for sex and age. In addition to the variables
adjusted for in Model 2, Model 3 was adjusted for smoking status,
alcohol consumption status, household equivalent income, educational
attainment, employment status, and urbanicity. Moreover, multiplica-
tive scale and Relative Excess Risk due to Interaction (RERI) were used
to assess the interaction. As the sensitivity analyses, complete case an-
alyses were conducted. Sensitivity analyses using the E-value were
performed to evaluate the robustness of the findings to potential un-
measured confounding. (VanderWeele et al., 2017). The E-values were
calculated from the results of Model 3 in the modified Poisson regression
analysis (VanderWeele et al., 2017). The E-value represents the mini-
mum strength of association that an unmeasured confounder would
need to have with both the exposure and the outcome to fully account
for the observed association (VanderWeele et al., 2017). Missing data
were addressed through multiple imputations using multivariate
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imputations by chained equations (MICE) (White, Royston & Wood.
2011). All statistical analyses were conducted using StataMP17 (Stata-
Corp, College Station, TX, USA), and the significance level was set at
alpha = 0.05.

2.6. Ethical issues

Ethical approval for the JAGES 2019 survey was obtained from the
Ethics Committee of the National Center for Geriatrics and Gerontology
(approval number: 1274-2), Chiba University (approval number: 3442),
and the Japan Agency for Gerontological Evaluation study (approval
number: 2019-01). Ethical approval for the JAGES 2022 survey was
obtained from the Ethics Committee on Research of Human Subjects at
the Chiba University Graduate School of Medicine (approval number:
M10460) and Tohoku University Graduate School of Dentistry (approval
number: 37582).

3. Results

A total of 387320 individuals were targeted at baseline, and 266113
responded (response rate: 68.7 %). Of those, 45934 participants were
sent a questionnaire on social isolation and loneliness, and 31857 (69.4
%). After exclusions and follow-up, 8440 participants were included in
the final analysis (Fig 1). The mean age of the participants was 73.2
years (standard deviation, 5.5), and 4159 (49.3 %) were men. Table 1
presents the characteristics of the participants at the baseline survey
after multiple imputations. Table S1 presents the baseline characteristics
divided by social isolation and loneliness. Compared with other groups,
the “severe loneliness” & “severe isolation” group was younger, had
more men, had more pre-frailty, had lower level of education and in-
come, and were current worker in higher numbers. Additionally, the “no

387,320 participants were eligible for 2019 baseline survey.

v

related to social isolation and loneliness.

45,934 participants who received the subset questionnaire including inquires

No response to questions about social isolation

A4

v

and loneliness at baseline (n = 14077).

(Response rate: 69.4%)

31,857 participants responded the questionnaire.

| Invalid ID, sex, age, and certified in long-

A 4

term care (n = 7033).

24,824 participants responded the questionnaire.

\ 4

A\ 4

Lost during follow-up (n= 11987).

(Response rate: 51.7%)

12,837 participants were available for 2022 follow-up survey.

Functionally dependent at baseline (n =
1,089), abnormal height and weight >4SD

A4

”| at baseline (n=91), and already had
frailty status at baseline (n=3217).

The analytic sample size was 8,440.

Fig. 1. Flow chart of study participants.
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Table 3

Interaction between social isolation and loneliness for the onset of frailty (n= 8440).

Model 2 Model 3

Model 1

Frailty/Total(n)

Loneliness

Social isolation

RR (95 %CI)

RR (95 %CI)

RR (95 %CI)

Ref

Ref

Ref

313/3286
145/866
76/282

No loneliness

No isolation

1.79 (1.46-2.19) ** 1.35 (1.10-1.65) **

1.75 (1.43-2.14) ***

Moderate loneliness
Severe loneliness

No loneliness

1.94 (1.49-2.52) ***

3.00 (2.32-3.88) ***

2.74 (2.12-3.55) ***

222/1628 1.38 (1.15-1.64) *** 1.33 (1.11-1.59) *** 1.22 (1.02-1.45) ***

143/757
90/293

Moderate isolation

1.45(1.18-1.78)

1.94 (1.59-2.37)

1.97 (1.61-2.41)

Moderate loneliness
Severe loneliness

No loneliness

3.21 (2.53-4.08) *** 2.00 (1.57-2.55) ***

3.14 (2.48-3.98) ***

1.44 (1.15-1.79) **

112/657 1.81 (1.46-2.25) *** 1.75 (1.41-2.19) **

108/459
68/212

Severe isolation

1.60 (1.28-2.01) ***

2.46 (1.97-3.09) **

2.39 (1.91-2.98)

Moderate loneliness
Severe loneliness

2.09 (1.60-2.73) ***
0.75 (0.50-1.11)

3.68 (2.82-4.79) ***

0.70 (0.47-1.04)

3.38 (2.26-4.40) ***
0.68 (0.46-1.01)

Multiplicative scale (95 % CI) *

RERI (95 % CI) °

—0.08 (—1.08-0.92) —0.29 (—1.02-0.44)

—0.17 (-1.09-0.75)

Note: Model 1: unadjusted model; Model 2: adjusted for age, sex; Model 3, adjustment for age, sex, education, robust-pre-frailty status, smoking status, alcohol consumption status, equivalized household income, number

of comorbidities, employment status, urbanicity.

# The multiplicative scale was calculated using the ratio of “no isolation” & “no loneliness” group to the “severe isolation” & “severe loneliness” group.

b The additive scale was calculated from the difference between “no isolation” & “no loneliness” group to “severe isolation” & “severe loneliness” group.

#p<.05, **p<.01, ***p<.001

Abbreviations: Ref reference, RERI relative excess risk due to interaction, RR risk ratio, CI confidence interval.
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“moderate loneliness” & “no isolation” group, RR = 1.35 (95 % CI:
1.10-1.65); “no loneliness” & “severe isolation” group, RR = 1.44 (95 %
CI: 1.15-1.79); “no loneliness” & “moderate isolation” group, RR = 1.22
(95 % CI: 1.02-1.45). However, there were no significant multiplicative
and additive interactions (multiplicative scale = 0.75 [95 % CI:
0.50-1.11]; RERI = —0.29 [95 % CI: —1.02-0.44]). Table S4 shows the
results of complete case analysis. The results were consistent with the
main results. Table S5 shows the estimated E-values, which ranged
1.74-3.41 for point estimates and 1.16-2.58 for confidence limits across
different outcomes.

4. Discussion

This study investigated the associations between social isolation and
loneliness on frailty onset among independent older adults in Japan. The
results showed that social isolation and loneliness were both associated
with frailty onset, with 32 % of those who had severe isolation and se-
vere loneliness experiencing frailty onset at the 3-year follow-up. These
results indicate that even self-initiated isolation could be a risk for frailty
onset. Those who had both severe isolation and severe loneliness had the
highest RR of frailty onset at 2.07; however, there were no multiplica-
tive or additive interaction between social isolation and loneliness on
frailty onset.

Our finding regarding the association of social isolation and loneli-
ness with frailty onset is partially supported by previous findings. Frailty
individuals have been shown to have higher prevalence of social isola-
tion (Kojima, Aoyama & Tanabe, 2022); however, a longitudinal study
revealed no significant association between social isolation and risk of
frailty onset (Gale, Westbury & Cooper, 2018; Ge, Yap & Heng, 2022).
Conversely, loneliness was associated with an increased risk of frailty
onset in a longitudinal study that included individuals with frailty at
baseline (Kojima, Taniguchi et al., 2022; Gale, Westbury & Cooper,
2018; Ge, Yap & Heng, 2022; Ye et al., 2024). By contrast, our study
showed that both social isolation and loneliness were independently
associated with frailty onset, and those who had severe isolation and
loneliness had the highest risk of frailty onset. One possible reason for
the difference in results regarding social isolation is that those who had
frailty at baseline were excluded from the present study, thus elimi-
nating the effect of the reversibility of frailty.

The absence of an interaction suggests that social isolation and
loneliness may influence frailty via largely independent pathways. This
highlights the need for tailored interventions: individuals who are so-
cially isolated but not lonely may benefit more from increasing oppor-
tunities for social participation, whereas those who are lonely despite
frequent social contact may require psychological or emotional support.
In Japan, all municipalities have implemented community support
projects aimed to prevent individuals from needing nursing care
(Ministry of Health, Labour & Welfare, 2016), and these programs have
reduced the risk of frailty onset, therefore, this widespread community
support programs may mitigate interaction effects.

There are several possible explanations for the association of social
isolation and loneliness with frailty. Social isolation, the objective as-
pects of reduced opportunities to interact with others, has been associ-
ated with hypertension, type 2 diabetes, increased inflammatory levels,
and altered blood clotting factors, all of which are risk factors for car-
diovascular disease (Chen et al., 2024; Shankar et al., 2011). Addi-
tionally, events such as the death of a close relative, one of the factors in
social isolation, has been reported to induce physical inactivity
(Driggers et al., 2024). In contrast, loneliness, the subjective aspect of
isolation, has been reported to be associated with physical inactivity and
depressive symptoms (Shankar et al., 2011; Zhang et al., 2023). These
findings suggest that social isolation is associated with physical health
components, such as multimorbidity, while loneliness is more closely
related to psychological factors, such as depression, both of which may
increase the risk of frailty onset. Whereas previous studies have focused
on physical activity and protein intake as preventive measures against
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frailty (Imai et al., 2014; Yuki et al., 2019), the present study demon-
strates that social isolation and loneliness are associated with a higher
risk of frailty. This finding underscores the importance of considering
social factors in the prevention of frailty. Furthermore, it contributes to
the identification of target populations and the design of complex pro-
grams that consider both social isolation and loneliness for frailty pre-
vention. Notably, social isolation and loneliness do not always overlap;
some individuals may feel lonely despite sufficient social contact, while
others may not feel lonely even when socially isolated. Our results
suggest that loneliness has a stronger impact on frailty onset than social
isolation. Therefore, psychological interventions, such as cognitive bias
modification, may be particularly effective for individuals who are not
socially isolated but experience severe loneliness (Riddleston L et al.,
2023). Conversely, even self-initiated isolation can increase frailty risk,
highlighting the need for support that addresses both objective and
subjective aspects of social relationships. A previous study reported that
socially isolated and lonely individuals had poor social support and a
higher risk of psychological distress, but also had a desire for further
social participation (Menec et al., 2020). Therefore, in addition to
nutrition and exercise, community-based frailty prevention programs
should evaluate social factors such as connections with others and
loneliness and encourage connections among community-dwelling older
adults.

This study has several strengths. First, it is the first study to clarify
the associations between social isolation and loneliness on frailty onset
in the Japanese context. Second, it evaluated isolation from both sub-
jective and objective perspectives and examined their additive interac-
tion effects. Third, by excluding individuals who had frailty at baseline,
a more accurate estimation of the impact of social isolation and loneli-
ness on frailty onset without the reversibility of frailty was possible.
However, this study also has several limitations. First, the use of self-
reported questionnaire data may have introduced a measurement bias,
leading to underestimation. Nevertheless, the scales used for social
isolation, and frailty (KCL) are well-established and validated (Saito
et al., 2015; Satake et al., 2016; Watanabe et al., 2022) and are
commonly employed in surveys of older adults (Kino et al., 2023;
Nakagomi et al., 2023; Takeuchi et al., 2023). Although the question-
naire for loneliness (the Japanese version of the three-item Revised
UCLA Loneliness Scale) is a subjective self-report measure, it has been
validated against the original full-length scale and is commonly
employed in population-based surveys (Kino et al., 2023; Russell et al.,
1980; Saito et al., 2019). Therefore, the influence of the measurement
bias can be considered small. Second, as the municipalities participating
in the JAGES survey were not selected randomly, they may include
health-conscious populations; thus, the generalizability of these findings
is limited. These results were also likely influenced by community
support projects in place in all Japanese municipalities; hence, they have
limited generalizability to residents in other countries where such pro-
jects are not in place. Third, selection bias may have affected the results
of this study because of the use of a subset of the questionnaire and the
follow-up rate was not high. Table S2 presents the baseline character-
istics before MICE, and Table S3 shows the baseline characteristics of the
participants lost during follow-up. The analytic sample included fewer
individuals aged 85 years or older and those with slightly higher
educational attainment. Compared to participants who remained in the
study, those lost to follow-up were less likely to be in the “no isolation”
and “no loneliness” groups and included a slightly higher proportions of
individuals aged over 80 years. Therefore, the loss to follow-up may
have led to an underestimation of the impact of social isolation and
loneliness on frailty onset. Fourth, we were unable to account for the
specific content of community support projects in each municipality.
Although all municipalities in Japan are mandated to implement com-
munity support projects, the extent to which these projects include
measures to prevent social isolation and loneliness varies across mu-
nicipalities (Ministry of Health, Labour & Welfare, 2016). Therefore, the
nature of the projects implemented in each municipality may partially
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explain the social isolation and loneliness experienced by residents.
Future research should consider the characteristics of community sup-
port projects at the municipal level. Finally, the effect of residual con-
founding was not eliminated even after adjusting for nine covariates,
including socioeconomic status and other potential confounders re-
ported in previous studies. While residual confounding due to unmea-
sured variables cannot be denied, the E-values suggest that its influence
is relatively small. Although chronic conditions have been reported to
affect frailty onset, this study only adjusted for the presence or sequelae
of comorbidities (Fried et al., 2001). This limitation arose because the
questionnaire used in this study could not track new onset of chronic
diseases such as hypertension and diabetes, which may increase the risk
of frailty (Fried et al., 2001). Future studies with careful adjustment for
these factors are warranted.

5. Conclusion

This 3-year follow-up cohort study identified associations between
social isolation and loneliness on frailty onset among independent older
adults in Japan. Importantly, after considering the potential con-
founders, both social isolation and loneliness were associated with an
increased risk of frailty onset, although no multiplicative or additive
interactions were observed. These findings underscore the importance of
considering social factors in frailty prevention. Efforts should focus on
maintaining social connections and mitigating feelings of loneliness to
reduce the risk of frailty in older adults.
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