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Background: Clinical evidence on how social network diversity (SND) influences 
the risk of infection and disease severity during the coronavirus disease 2019 
(COVID-19) pandemic remains limited. We aim to investigate the associations 
between SND and the risk of COVID-19 infection and disease severity using a 
large-scale longitudinal cohort study.
Methods: We analyzed data from participants in a longitudinal study, the Japan 
COVID-19 and Society Internet Survey (JACSIS) between 2020 and 2023. 
The SND score was calculated as the sum of seven distinct types of social 
networks. COVID-19 infection was assessed as ever infection, and severity was 
defined as oxygen-requiring admission, using a self-reported questionnaire. 
Poisson regression with robust standard errors estimated risk ratios (RRs) and 
95% confidence intervals (CIs), adjusting for sociodemographic and clinical 
characteristics.
Results: Of 13,713 participants (mean age 53.2 ± 15.7 years, 46.4% women), 3,251 
(23.7%) developed COVID-19, and among infected individuals, 277 (8.5%) required 
oxygen therapy. Higher SND scores were associated with COVID-19 infection with 
linear trend (SND score 7 vs. 0: adjusted RR 2.49; 95% CI 2.11–2.95). In contrast, 
the association between SND score and disease severity followed a U-shaped 
pattern, with 4–5 SND showing the lowest risk of oxygen-requiring admission 
(adjusted RR 0.15; 95% CI 0.11–0.30) compared to those with 0 SND.
Conclusion: While higher SND was associated with increased COVID-19 
infection risk, moderate social network diversity appeared protective against 
severe disease outcomes. These findings suggest a complex trade-off between 
exposure risk and potential health benefits of social networks during infectious 
disease outbreaks.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic has underscored the unprecedented 
threat that emerging infectious diseases can pose to global healthcare systems (1). This crisis 
not only demonstrated the urgency of implementing effective public health measures but also 
emphasized the need to understand better the factors that shape both societal and individual 
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vulnerability to infectious diseases (2). One noteworthy factor is the 
association between social connections and health outcomes, as 
previous epidemiological research suggests that individuals with 
stronger and more diverse social networks tend to demonstrate 
superior health outcomes (3, 4).

Existing research on the association between social network 
diversity (SND) and infectious disease risk has shown inconsistent and 
sometimes contradictory findings. Some studies showed that diverse 
social networks improve health outcomes, while others have reported 
positive associations between SND and adverse outcomes, including 
increased infection risk. In respiratory infections, Cohen et al.’s study 
showed that individuals with extensive social networks were less likely 
to develop symptoms after experimental rhinovirus exposure (5). 
Conversely, other studies have documented that greater SND is 
associated with an elevated risk of infection, presumably through 
increased exposure to pathogens from diverse social contacts (6).

These findings highlight a fundamental tension in understanding 
how social connections influence infectious disease outcomes. While 
increased social interaction inevitably enhances exposure 
opportunities, robust social networks may simultaneously attenuate 
disease severity through stress-buffering effects and enhanced immune 
function (7, 8). The presence of these opposing effects underscores the 
importance of systematically evaluating how social network diversity 
influences both infection and disease severity risk, particularly for 
novel pathogens characterized by high transmissibility and severe 
disease potential, such as COVID-19. Given the conflicting evidence 
from prior research and the unique characteristics of the COVID-19 
pandemic, there is a critical need to rigorously examine whether social 
network diversity differentially affects infection risk versus disease 
severity, and to elucidate the potential mechanisms underlying these 
associations. Therefore, we aimed to investigate the associations 
between social network diversity and the risk of COVID-19 infection 
and disease severity using a large-scale contemporary longitudinal 
cohort from the early stages of the COVID-19 pandemic.

Methods

Study setting and population

We analyzed data from the Japan COVID-19 and Society Internet 
Survey (JACSIS), a comprehensive web-based longitudinal survey 
designed to approximate a nationally representative distribution of 
adults in Japan. Specifically, this investigation included two iterations 
of the JACSIS survey: 2020 and 2023. In the 2020 wave, 224,389 
registered panellists aged 15–79 years were initially contacted through 
random sampling, stratified by sex, age, and prefecture, thereby 
encompassing all 47 prefectures. Between August and September 30, 
2020, a total of 28,000 individuals completed the questionnaire. 
Subsequently, in the 2023 wave, 59,219 individuals—some of whom 
had participated in 2020—were invited, and responses were collected 
from September to November, 2023, resulting in 33,000 participants. 

Japan experienced eight COVID-19 waves from 2020–2023: initial 
outbreak (March 2020), summer surge (July–August 2020), winter 
peak (November 2020–February 2021), Alpha variant (March–June 
2021), Delta variant (August 2021), Omicron variant (early 2022) with 
highest cases but lower hospitalization rates, followed by two additional 
waves in summer and winter 2022 (9). Japan implemented a series of 
“states of emergency” rather than mandatory lockdowns, focusing on 
cluster-based contact tracing and voluntary behavioral changes (10). 
Japan’s vaccination campaign began in February 2021, reaching over 
80% of the population with two doses by late 2022 (11, 12).

As a token of appreciation, each participant received electronic 
reward points (“E-points”) upon completion, and the option to 
withdraw at any point was clearly communicated to them. All 
respondents provided informed consent via an online portal before 
participating. The JACSIS study protocol received ethical clearance 
from the Research Ethics Committee of the Osaka International 
Cancer Institute (approval number 20084). We followed the 
Strengthening the Reporting of Observational Studies in Epidemiology 
(STROBE) reporting guideline.

Outcome measures and definition of social 
network score

The primary outcome was the incidence of COVID-19 infection. 
Additionally, for participants who developed COVID-19 infection, the 
severity was defined the necessity of hospital admission for COVID-19 
infection requiring oxygen. We defined severity of COVID-19 
infection as admission requiring oxygen because it represents an 
established clinical indicator of disease severity that has been validated 
in previous studies (13–15). The incidence of COVID-19 infection was 
ascertained through self-reported questionnaires that assessed both 
infection history and the requirement for oxygen during 
hospitalization. The exact questions were: “Have you experienced an 
event where you were diagnosed with COVID-19?” and “Have you 
experienced an event where you were infected with COVID-19 and 
received oxygen therapy requiring hospitalization?”

The exposure of interest was the Social Network Diversity. We 
extracted nine items from the JACSIS questionnaire, which were 
subsequently grouped into seven categories, as previously described 
in detail elsewhere (5). Specifically, these variables were defined as 
direct interpersonal contact, including: (1) cohabiting or sharing 
finances with another person; (2) working in an office with at least one 
other individual; (3) interacting with neighbors; (4) face-to-face 
meetings with non-cohabiting family or relatives; (5) face-to-face 
meetings with friends or acquaintances; (6) participation in volunteer 
groups; (7) in-person participation in sports-related groups or circles; 
(8) in-person participation in hobby-, learning-, or culture-oriented 
groups; and (9) attendance at gatherings organized by municipalities 
or social welfare councils (e.g., salons). Responses for each item were 
offered on a seven-point frequency scale includes: almost every day 
(6–7 times a week), 4–5 times a week, 2–3 times a week, once a week, 
2–3 times a month, once a month, and rarely.

To quantify SND, we assigned one point to each item if 
participants reported engaging in that activity at least once a month 
and zero points otherwise, following previous research that 
emphasizes the diversity (i.e., the number of different types) of social 
connections. Items 1 through 5 and item 9 were scored individually. 

Abbreviation: COPD, Chronic Obstructive Pulmonary Disease; COVID-19, 

Coronavirus Disease 2019; JACSIS, Japan COVID-19 and Society Internet Survey; 

SMD, Standardized Mean Difference; SND, Social Network Diversity; STROBE, 

Strengthening the Reporting of Observational Studies in Epidemiology.
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In contrast, items 6, 7, and 8 (volunteer, sports-related, and hobby/
learning/cultural groups) were combined into a single category, given 
their shared nature as organized group activities; participants were 
assigned one point if they engaged in any of these at least once per 
month. The total SND score therefore ranged from 0 to 7, with higher 
scores indicating greater diversity in social network participation (5).

Covariates

In addition to basic participant characteristics, including age, sex, 
and body mass index (BMI), the questionnaire included comorbid 
conditions—hypertension, diabetes mellitus, asthma, and chronic 
obstructive pulmonary disease (COPD)— as binary variables, 
following previous studies (16, 17). Socioeconomic and lifestyle 
factors, which need to be adjusted because they have been consistently 
associated with variations in health outcomes and may confound the 
relationship between social determinants and disease severity (18), 
were also collected: income was classified into low, intermediate, or 
high categories, while smoking status (current or non-current), and 
alcohol consumption (none/light vs. moderate/heavy) were based on 
self-report. Housing status was categorized as owning one’s home, 
renting, or others. Educational level was grouped as “high school or 
lower” or otherwise, and employment status was divided into full-
time, part-time, and unemployed/student. Living arrangement was 
classified as “living alone” or “living with others,” and marital status as 
married, unmarried, or others. These covariates were selected a priori 
to control for sociodemographic disparities, health behaviors, and 
chronic disease histories that may confound the relationship between 
the SND score and clinical outcomes.

Statistical analysis

Continuous variables are presented as the mean ± standard 
deviation (SD), and categorical variables are presented as counts and 
proportions. Baseline participant characteristics were compared 
between those with and without Social networks using the Student’s 
t-test for continuous variables and the Chi-square test for categorical 
variables. To evaluate potential selection bias, we compared the 
baseline characteristics of these eligible participants with those 
excluded or lost to follow-up. Given the large sample size, baseline 
characteristics were analyzed using standardized differences, where an 
absolute difference of more than 10 percent was considered important.

First, to provide an unadjusted descriptive view of event rates, 
we constructed bar charts illustrating the proportion of each 
outcome (COVID-19 incidence or oxygen-requiring admission) at 
each level of the social network score. Next, to flexibly capture 
potential nonlinear relationships between the SND score and each 
outcome, we visualized the associations using restricted cubic splines 
analysis. The optimal number of knots for the spline functions was 
determined by minimizing the Akaike Information Criterion (AIC), 
balancing model fit and complexity. Three models were constructed: 
Model 1 (unadjusted), Model 2 (adjusted for age, age-squared and 
sex), and Model 3 (adjusted for age, age-squared, sex, BMI, 
BMI-squared, hypertension, diabetes, asthma, COPD, income, 
smoking status, alcohol use, housing, and education level). To 
quantify these relationships, we employed Poisson regression models 

with robust standard errors (using sandwich variance estimators) to 
estimate risk ratios (RRs) and their 95% confidence intervals, with a 
social network score of 0 serving as the reference point. Additionally, 
to statistically test for non-linearity, we included quadratic terms for 
the SND score in our regression models. The significance of the 
quadratic term coefficient was assessed using robust standard errors 
to confirm the presence of non-linear relationships between SND 
and outcomes. There were no missing values in Models 1 and 2. In 
Model 3, 2,785 (20.3%) participants had missing values in 
socioeconomic variables (income and education), and we performed 
a complete case analysis. Details on the directed acyclic graph (DAG) 
are provided to illustrate the rationale for variable selection 
(Supplementary Figure 1). In addition, sensitivity analyses stratified 
by age and sex were conducted to evaluate possible interactions. 
Statistical significance was set at α = 0.05, and all analyses were 
conducted using R version 4.2.3 (R Foundation for Statistical 
Computing, Vienna, Austria).

Results

Consecutive 13,719 participants who underwent questionnaires 
from 2020 to 2023 wave were included in the study. We excluded 
participants with a history of COVID-19 (n = 6), leading to a final 
eligible cohort of 13,713 participants (Figure 1). As shown in 
Supplementary Table 1, the eligible participants were substantially 
older (mean age 53.2 vs. 44.4 years), had a lower proportion of women 
(46.4% vs. 53.8%), and were more likely to own their homes compared 
to the excluded group. Among the eligible participants, the mean age 
was 53.2 ± 15.7 years, and 6,357 (46.4%) were women. There were no 
missing data for the primary outcome and SND score. The median 
SND score was 3 [Q1-Q3: 2–5], with 225 participants (1.6%) reporting 
an SND score of 0, and 487 participants (3.6%) reporting the highest 
SND score of 7 (Supplementary Figure 2). Table 1 presents baseline 
characteristics and procedural information stratified by SND score, 
including the number of missing values for each variable. Participants 
with higher SND scores tended to be younger, had higher income 
levels, and were more likely to own their homes compared to those 
with lower scores (Table 1). In this cohort, 27.7% of participants had 
hypertension, 8.9% had diabetes, 1.8% had chronic obstructive 
pulmonary disease (COPD), 11.6% had asthma, and 40.3% 
were smokers.

Crude incidence of COVID-19 infection 
and admission for COVID-19 infection 
requiring oxygen

Over the fixed 3-year follow-up period, 3,251 participants (23.7%) 
developed COVID-19 infection. Supplementary Table 2 shows the 
baseline characteristics of the 3,251 COVID-19 cases in our study 
population, stratified by their SND score. Of these, 277 individuals 
(8.5%) required hospital admission for oxygen supplementation. The 
incidence of COVID-19 infection exhibited a monotonic increase as 
the SND score rose (Figure 2). Among participants diagnosed with 
COVID-19, the relationship between SND score and the probability 
of requiring oxygen-requiring admission showed a U-shaped pattern, 
with the lowest incidence observed at an SND score of 4 (Figure 2).
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Association between social network 
diversity score and the incidence and 
severity of COVID-19

Restricted cubic splines analysis in the fully adjusted model 
revealed that participants with higher SND scores had an increased 
risk of COVID-19 infection. Specifically, compared to those with an 
SND score of 0 (reference), participants with an SND score of 7 
exhibited a significantly higher risk of infection (RR 2.49, 95% CI: 
2.11–2.95) (Figure 3A). Among COVID-19 patients, restricted cubic 
splines analysis demonstrated a clear non-linear, U-shaped 
relationship between SND scores and risk of oxygen-requiring 
admission among infected participants. Figure 3B graphically 
illustrates this curve relationship, showing that participants with 
moderate SND scores (4, 5) had a significantly reduced risk of severe 
disease (RR 0.15, 95% CI: 0.11–0.30), while those with the highest 
SND score of 7 showed no significant risk difference (RR 0.74, 95% 
CI: 0.48–1.14) compared to those with an SND score of 0. To 
statistically confirm these non-linear relationships, we tested quadratic 
terms for SND score in the fully adjusted models. For COVID-19 
infection, the quadratic term was statistically significant (coefficient: 
-0.016, SE: 0.005, p = 0.003), indicating that while infection risk 
increased with higher SND scores, the rate of increase decelerated at 
higher levels. For COVID-19 severity among infected individuals, the 
quadratic term was highly significant (coefficient: +0.142, SE: 0.015, 
p < 0.001), providing robust statistical evidence for the 
U-shaped relationship.

Furthermore, even after stratification by age and sex, this trend 
remained consistent, with higher SND scores associated with 
increased COVID-19 infection rates (P for interaction 0.50 and 0.75, 
respectively) (Supplementary Figures 3A,B), while the relationship 

between SND scores and severity maintained a U-shaped curve (P for 
interaction 0.11 and 0.16, respectively) (Supplementary Figures 4A,B).

Discussion

In this large-scale longitudinal cohort study of 13,713 Japanese 
adults, we found that SND had differential associations with 
COVID-19 infection and disease severity risk. Higher social network 
diversity was associated with an increased risk of infection, with a 
monotonic rise in incidence across increasing levels of network 
diversity. However, among those who contracted COVID-19, the 
association between SND and oxygen-requiring admission followed 
a U-shaped pattern, with the lowest risk observed at moderate levels 
of network diversity. After adjusting for potential confounders, 
individuals with the highest SND exhibited a 2.5-fold increased risk 
of infection compared to those with no social connections, while 
individuals with moderate social network diversity had an 85% lower 
risk of oxygen-requiring admission compared to those with no 
SND. These findings highlight the complex interplay between SND 
and COVID-19 infection and severity risk, suggesting that while 
greater SND may elevate infection risk, maintaining moderate SND 
could confer protective effects against severe COVID-19.

This study identified a significant positive association between 
SND and COVID-19 infection risk, aligning with existing 
epidemiological evidence that social contact networks increase 
transmission risk of respiratory pathogens (19). While diverse social 
contacts generally function as psychosocial health-promoting 
factors, they simultaneously increase exposure opportunities to 
pathogens (2). It should be noted that the association between SND 
and health outcomes is not strictly linear, with previous reports 

FIGURE 1

Flow chart of the study. Study population and eligibility criteria are shown. COVID-19, Coronavirus disease 2019.
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showing varied associations between SND and upper respiratory 
tract infection rates. Cohen et al. examined the association between 
SND and infection risk among 276 healthy volunteers. Their findings 
revealed that individuals with only 1–3 types of diversity among 12 
possible categories demonstrated approximately 4.2 times higher 
infection risk compared to those with six or more types (5). A 
previous 12-week prospective study investigating the impact of stress 
and SND on upper respiratory tract infections suggested that 
extensive social networks exhibited protective effects against 
infection under low-stress conditions. However, exposure to multiple 
different contacts increased infection risk during states of 
compromised immunity (6). Trade-offs related to early exposure 
may explain this series of associations. A US birth cohort study 
showed that early cold infections resulted in lower rates of cold 
infection later in life, suggesting that immune exposure through 
contact may play an antagonistic role in subsequent infection 
development (20).

Considering SARS-CoV-2’s distinctive pathogenicity—
characterized by high infectivity and asymptomatic transmission—the 
infection risks associated with SND may be more pronounced 
compared to conventional respiratory infections, especially since 

established immunity may not work effectively against novel infectious 
diseases (21). The positive association observed in our study between 
SND and COVID-19 infection risk can be interpreted as reflecting one 
aspect of these complex interactions. In the context of preventing 
emerging infectious disease pandemics, while physical isolation is 
effective for infection prevention due to the lack of prior immune 
acquisition opportunities, the protective role of partial immunity may 
be supplemented by increased diversity of social contacts and could 
potentially work preventively from a long-term perspective (22).

Regarding disease severity, our findings revealed a U-shaped 
relationship between SND and COVID-19 severity, with moderate 
SND consistently associated with reduced risk of severe COVID-19 
across all models. Previous research has linked limited SND to 
increased health risks, including cardiovascular and respiratory 
diseases (8). Indeed, mortality risk associated with low SND has been 
reported to be comparable to that of smoking (23). Studies have 
shown that individuals with higher SND exhibit lower mortality risk, 
while those with contact frequency less than once monthly show 
approximately 20% increased risk of premature death (24). The 
Chicago Health and Aging Project, focusing on adults aged 65 and 
older, demonstrated that higher SND independently correlated with 

TABLE 1  Baseline characteristics of study participants, stratified by social network diversity score.

Characteristics 0 1 2 3 4 5 6 7 SMD 
(Percentage 

Points)

Number of the 

participants

225 1,491 2,900 2,763 2,779 2055 1,013 487

Age (years), mean (SD) 56.2 (14.6) 52.2 (15.6) 50.6 (15.5) 52.7 (15.5) 54.4 (15.7) 57.0 (14.7) 55.1 (16.2) 45.0 (15.4) 28.4

Female gender, No. (%) 71 (31.6) 671 (45.0) 1,214 (41.9) 1,360 (49.2) 1,470 (52.9) 1,041 (50.7) 391 (38.6) 139 (28.5) 22.2

Body Mass Index, mean 

(SD) kg/m2

22.9 (4.2) 22.6 (5.3) 22.5 (4.0) 22.6 (8.7) 22.6 (8.1) 22.6 (7.8) 23.2 (4.2) 22.5 (3.8) 3.2

Previous medical history

 � Hypertension, No. (%) 62 (27.6) 370 (24.8) 712 (24.6) 766 (27.7) 779 (28.0) 638 (31.0) 325 (32.1) 144 (29.6) 7.2

 � Diabetes, No. (%) 31 (13.8) 147 (9.9) 236 (8.1) 219 (7.9) 229 (8.2) 184 (9.0) 102 (10.1) 69 (14.2) 9.0

 � COPD, No. (%) 9 (4.0) 28 (1.9) 51 (1.8) 33 (1.2) 28 (1.0) 27 (1.3) 32 (3.2) 36 (7.4) 12.9

 � Asthma, No. (%) 30 (13.3) 145 (9.7) 328 (11.3) 292 (10.6) 334 (12.0) 247 (12.0) 131 (12.9) 80 (16.4) 7.1

Income, No. (%) 52.3

 � Low 153 (68.0) 647 (43.4) 938 (32.3) 869 (31.5) 775 (27.9) 517 (25.2) 253 (25.0) 86 (17.7)

 � Intermediate 22 (9.8) 287 (19.2) 721 (24.9) 727 (26.3) 729 (26.2) 547 (26.6) 289 (28.5) 135 (27.7)

 � High 4 (1.8) 156 (10.5) 582 (20.1) 656 (23.7) 737 (26.5) 590 (28.7) 329 (32.5) 195 (40.0)

 � Missing 46 (20.4) 401 (26.9) 659 (22.7) 511 (18.5) 538 (19.4) 401 (19.5) 142 (14.0) 71 (14.6)

 � Smoking, No. (%) 96 (42.7) 546 (36.6) 1,120 (38.6) 1,153 (41.7) 1,101 (39.6) 816 (39.7) 453 (44.7) 236 (48.5) 9.0

 � Alcohol use, No. (%) 84 (37.3) 620 (41.6) 1,329 (45.8) 1,477 (53.5) 1,526 (54.9) 1,202 (58.5) 565 (55.8) 240 (49.3) 18.1

House status, No. (%) 32.4

 � Own house 120 (53.3) 874 (58.6) 1986 (68.5) 1919 (69.5) 2,141 (77.0) 1732 (84.3) 850 (83.9) 384 (78.9)

 � Rent house 89 (39.6) 591 (39.6) 856 (29.5) 801 (29.0) 596 (21.4) 304 (14.8) 156 (15.4) 97 (19.9)

Others 16 (7.1) 26 (1.7) 58 (2.0) 43 (1.6) 42 (1.5) 19 (0.9) 7 (0.7) 6 (1.2)

Education, No. (%)

 � High school or less 118 (52.7) 710 (47.8) 1,235 (42.7) 1,106 (40.1) 1,068 (38.5) 795 (38.7) 343 (33.9) 154 (31.6) 17.7

 � Missing 1 (0.4) 6 (0.4) 10 (0.3) 4 (0.1) 5 (0.2) 2 (0.1) 1 (0.1) 0 (0.0)

SMD, standardized mean difference; SD, standard deviation; COPD, chronic obstructive pulmonary disease; BMI, body mass index.
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lower mortality rates and better cognitive and physical function (25). 
In the context of infectious diseases, SND may suppress inflammation 
and enhance antiviral responses (26).

The biological foundation for this association lies in physiological 
pathways between social connections and clinical health, where high 
social support correlates with improved functional immunity, such as 
enhanced natural killer cell cytotoxicity, while isolation correlates with 
decreased immune function (27). SND serves as an indicator of social 
integration and engagement, with increased participation 
opportunities correlating with reduced mortality, functional disability, 
and mental health risks, demonstrating long-term benefits beyond 
what network size alone can capture. Our findings indicated that 
moderate levels of SND were associated with decreased severity risk. 

The balance between immune system activation might explain this 
nonlinear relationship through social contact and increased exposure 
opportunities. These insights suggest the need to consider an 
appropriate balance between the benefits and risks of SND when 
developing public health policies during pandemics. Importantly, 
these differential associations (monotonic for infection, U-shaped for 
severity) remained robust even after extensive adjustment for key 
demographic factors, including age and sex. Furthermore, our 
stratified analyses showed these findings were consistent across 
different age and sex groups, highlighting the generalizability of this 
complex relationship.

Our findings suggest the need for more nuanced public health 
policies that move beyond one-size-fits-all social distancing mandates 

FIGURE 2

(A) Stratified proportions of COVID-19 incidence by social network diversity score. (B) Stratified proportions of oxygen-requiring COVID-19 admission 
by social network diversity score. The incidence of COVID-19 infection exhibited a monotonic increase as the SND score rose (A). The relationship 
between SND score and the probability of requiring oxygen-requiring admission showed a U-shaped pattern, with the lowest incidence observed at an 
SND score of 4 (B). COVID-19, Coronavirus disease 2019.
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and instead consider the differential risks associated with SND. This 
suggests a targeted, two-pronged strategy. First, individuals with very 
high SND (e.g., essential workers, those with extensive community 
roles) face the greatest infection risk and require targeted 
interventions. Rather than advising isolation, which could eliminate 
the social connections that may protect them from severe disease, 
interventions should focus on making their necessary contacts safer 
through measures such as prioritizing vaccination, promoting high-
quality masking, improving ventilation in workplaces, and utilizing 
rapid testing (28). Second, for individuals with very low SND (e.g., 
isolated older adults), who are at the highest risk for severe outcomes, 
public health strategies should aim to safely increase their social 
connections to a moderate level (29). Furthermore, digital technology 
is a crucial tool. Promoting the use of video calls, online community 

groups, and telehealth platforms can facilitate these “hybrid social 
interactions.” This approach can provide the documented 
psychosocial and immunological benefits of social connection while 
effectively minimizing the risk of physical exposure to pathogens (30, 
31). These balanced strategies, tailored to an individual’s level of 
social integration, will be critical for building resilience in 
future pandemics.

Limitations

This study has several important limitations. First, our primary 
outcome measures and SND scores were based on self-reported 
surveys rather than clinical or administrative records. Specifically, 

FIGURE 3

Restricted cubic spline depicting the relationship between social network score and primary outcomes. (A) Illustrates the relative risk of COVID-19 
infection stratified by SND scores, demonstrating a significantly elevated risk among individuals with an SND score of 7 when compared to the 
reference population (SND = 0). (B) Shows the U-shaped association between SND scores and the probability of developing severe COVID-19 
requiring supplemental oxygen therapy among infected participants, with the nadir of risk observed at moderate SND values. COVID-19, Coronavirus 
disease 2019.
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the self-reported items used to assess COVID-19 infection and 
oxygen-requiring hospitalization were not validated against medical 
records or registry data in this study. This reliance on self-reported 
data may have introduced recall bias or misclassification, as 
participants might have inaccurately remembered their past 
infection history, hospitalization details, or frequency of social 
contacts. Second, while our analyses adjusted for various 
demographic and clinical variables, the observational nature of the 
study makes it impossible to rule out unmeasured or inadequately 
measured confounding factors. Crucially, our dataset lacked precise 
information on the exact timing of infection relative to the varying 
waves of the pandemic, as well as detailed vaccination status (e.g., 
number of doses and timing). The absence of these data means we 
could not fully account for their potential confounding effects on 
the observed associations between social contact and COVID-19 
outcomes. Third, the SND score used in this study was originally 
developed for this analysis and has not been extensively validated 
in other populations or settings. Since social interaction patterns 
can vary significantly across different cultural and demographic 
contexts, the generalizability of our findings to populations outside 
of Japan remains uncertain. Although we designed the score to 
closely align with established methodologies in social network 
research (5) to ensure construct validity, future studies are needed 
to validate this specific scoring system in diverse cohorts. Fourth, 
we must acknowledge the potential for selection bias due to 
attrition, as approximately 51% of the original cohort was lost to 
follow-up. Although we adjusted for these sociodemographic 
factors in our multivariable models to minimize bias, the final 
cohort may be more socially stable than the general population. 
Therefore, it is possible that those who remained in the study 
differed in terms of health consciousness, social network 
characteristics, or socioeconomic status compared to those who 
dropped out. Fifth, our analysis relied on a single baseline 
measurement of SND in 2020. We did not account for potential 
changes in social behavior over the three-year follow-up period, 
which may have fluctuated due to evolving public health policies, 
vaccination status, or changes in individual risk perception. This 
limitation may have introduced non-differential exposure 
misclassification, potentially biasing the effect estimates toward 
the null.

Conclusion

In this large-scale longitudinal cohort study of 13,713 Japanese 
adults, we demonstrated that social network diversity had differential 
associations with COVID-19 infection risk and disease severity. 
Higher social network diversity was associated with increased 
infection risk, whereas the association with disease severity followed 
a U-shaped pattern, indicating that moderate social network diversity 
was protective against oxygen-requiring admission. The current study 
suggests that maintaining moderate social connections may be 
protective against severe COVID-19 outcomes, highlighting the 
importance of balanced approaches to social distancing measures 
during infectious disease outbreaks. These findings underscore the 
potential benefit of strategies that preserve moderate social 
connectivity while implementing appropriate preventive measures 
during future pandemics.

Data availability statement

The data analyzed in this study is subject to the following licenses/
restrictions: the data used in this study are not available in a public 
repository because they contain personally identifiable or potentially 
sensitive patient information. Based on the regulations for ethical 
guidelines in Japan, the Research Ethics Committee of the Osaka 
International Cancer Institute has imposed restrictions on the 
dissemination of the data collected in this study. Requests to access 
these datasets should be directed to all data enquiries should be 
addressed to the person responsible for data management, TT at the 
following e-mail address: tabuchitak@gmail.com.

Ethics statement

The studies involving humans were approved by the JACSIS study 
protocol received ethical clearance from the Research Ethics 
Committee of the Osaka International Cancer Institute (Approval 
Number 20084). The studies were conducted in accordance with the 
local legislation and institutional requirements. The participants 
provided their written informed consent to participate in this study.

Author contributions

TS: Formal analysis, Methodology, Visualization, Writing  – 
original draft. TF: Funding acquisition, Investigation, Methodology, 
Project administration, Supervision, Writing – review & editing. TT: 
Data curation, Funding acquisition, Investigation, Writing – review & 
editing.

Funding

The author(s) declared that financial support was received for this 
work and/or its publication. This JACSIS 2020 was supported by the 
Japan Society for the Promotion of Science (JSPS) KAKENHI Grants 
[grant number 17H03589; 19 K10671; 19 K10446; 18H03107; 
18H03062; 19H03860; 21H04856], the JSPS Grant-in-Aid for Young 
Scientists [grant number 19 K19439], Research Support Program to 
Apply the Wisdom of the University to tackle COVID-19 Related 
Emergency Problems, University of Tsukuba, and Health Labour 
Sciences Research Grant [grant number 19FA1005; 19FG2001; 
19FA1012] and the Japan Agency for Medical Research and 
Development (AMED; grant number 2033648). The findings and 
conclusions of this article are the sole responsibility of the authors and 
do not represent the official views of the research funders. The 
JACSIS2023 study was supported by the Japan Society for the 
Promotion of Science (JSPS) KAKENHI Grants (grant number 
21H04856; 23H03160; 22H03225; 23 K18370; 23 K16245; 22 K02116; 
23 K07492), the Children and Families Agency Program (grant 
number JPCA24DA1234), the intramural fund of the National 
Institute for Environmental Studies, the Health Labor Sciences 
Research Grant 22JA1005; 23EA1001; 23FA1004, and the research 
program on “Using Health Metrics to Monitor and Evaluate the 
Impact of Health Policies,” conducted at the Tokyo Foundation for 
Policy Research.

https://doi.org/10.3389/fpubh.2025.1730268
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
mailto:tabuchitak@gmail.com


Suzuki et al.� 10.3389/fpubh.2025.1730268

Frontiers in Public Health 09 frontiersin.org

Acknowledgments

The authors appreciate the contributions of all the investigators 
and clinical coordinators involved in the JACSIS registry.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that Generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 

intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpubh.2025.1730268/
full#supplementary-material

References
	1.	El-Sadr, WM, Vasan, A, and El-Mohandes, A. Facing the new covid-19 reality. N 

Engl J Med. (2023) 388:385–7. doi: 10.1056/NEJMp2213920

	2.	Zhang, JJ, Dong, X, Liu, GH, and Gao, YD. Risk and protective factors for 
COVID-19 morbidity, severity, and mortality. Clin Rev Allergy Immunol. (2023) 
64:90–107. doi: 10.1007/s12016-022-08921-5

	3.	Foster, HME, Gill, JMR, Mair, FS, Celis-Morales, CA, Jani, BD, Nicholl, BI, et al. 
Social connection and mortality in UK biobank: a prospective cohort analysis. BMC 
Med. (2023) 21:384. doi: 10.1186/s12916-023-03055-7

	4.	Bu, F, and Fancourt, D. Patterns of social connection among older adults in England. 
JAMA Netw Open. (2024) 7:e2451580. doi: 10.1001/jamanetworkopen.2024.51580

	5.	Cohen, S, Doyle, WJ, Skoner, DP, Rabin, BS, and Gwaltney, JM Jr. Social ties and 
susceptibility to the common cold. JAMA. (1997) 277:1940–4. doi: 10.1001/
jama.1997.03540480040036

	6.	Hamrick, N, Cohen, S, and Rodriguez, MS. Being popular can be healthy or 
unhealthy: stress, social network diversity, and incidence of upper respiratory infection. 
Health Psychol. (2002) 21:294–8. doi: 10.1037/0278-6133.21.3.294

	7.	Fritz, C, and Kauermann, G. On the interplay of regional mobility, social 
connectedness and the spread of COVID-19 in Germany. J R Stat Soc Ser A Stat Soc. 
(2022) 185:400–24. doi: 10.1111/rssa.12753

	8.	Office of the U.S. Surgeon General. Our Epidemic of Loneliness and Isolation: The 
U.S. Surgeon General’s Advisory on the Healing Effects of Social Connection and 
Community. Washington, DC: U.S. Department of Health and Human Services; 2023. 
Available online at: https://www.hhs.gov/sites/default/files/surgeon-general-social-
connection-advisory.pdf

	9.	Tanaka, H, Chubachi, S, Asakura, T, Namkoong, H, Azekawa, S, Otake, S, et al. 
Characteristics and clinical effectiveness of COVID-19 vaccination in hospitalized 
patients in omicron-dominated epidemic wave - a nationwide study in Japan. Int J Infect 
Dis. (2023) 132:84–8. doi: 10.1016/j.ijid.2023.04.399

	10.	Yamamura, E, and Tsutsui, Y. How does the impact of the COVID-19 state of 
emergency change? An analysis of preventive behaviors and mental health using panel 
data in Japan. J Jpn Int Econ. (2022) 64:101194. doi: 10.1016/j.jjie.2022.101194

	11.	Statista. Japan: COVID-19 vaccination rate 2023. Available online at: https://www.
statista.com/statistics/1239927/japan-covid-19-vaccination-rate/ (Accessed March 
3, 2025).

	12.	Nippon Institute for Research Advancement (NIRA). Characteristics and issues of 
Japan’s response to COVID-19 - an international comparison. NIRA Opinion Paper No. 
57. Tokyo: NIRA; 2021. Available online at: https://english.nira.or.jp/papers/e_
opinion57.pdf

	13.	Rosazza, C, Alagna, L, Bandera, A, Biffi, A, Ciciriello, F, Gramegna, A, et al. 
Severity of SARS-CoV-2 infection in a hospital population: a clinical comparison across 
age groups. Ital J Pediatr. (2023) 49:135. doi: 10.1186/s13052-023-01485-w

	14.	Suh, HJ, Lee, E, and Park, SW. Clinical characteristics of COVID-19: risk factors 
for early oxygen requirement after hospitalization. J Korean Med Sci. (2021) 36:e139. doi: 
10.3346/jkms.2021.36.e139

	15.	Hvarfner, A, Al-Djaber, A, Ekström, H, Enarsson, M, Castegren, M, Baker, T, et al. 
Oxygen provision to severely ill COVID-19 patients at the peak of the 2020 pandemic 
in a Swedish district hospital. PLoS One. (2022) 17:e0249984. doi: 10.1371/journal.
pone.0249984

	16.	Hyman, S, Zhang, J, Andersen, ZJ, Cruickshank, S, Møller, P, Daras, K, et al. Long-
term exposure to air pollution and COVID-19 severity: a cohort study in greater 
Manchester, United Kingdom. Environ Pollut. (2023) 327:121594. doi: 10.1016/j.
envpol.2023.121594

	17.	Moschovis, PP, Lu, M, Hayden, D, Yonker, LM, Lombay, J, Taveras, E, et al. Effect 
modification by age of the association between obstructive lung diseases, smoking, and 
COVID-19 severity. BMJ Open Respir Res. (2021) 8:e001038. doi: 10.1136/
bmjresp-2021-001038

	18.	Magesh, S, John, D, Li, WT, Li, Y, Mattingly-App, A, Jain, S, et al. Disparities in 
COVID-19 outcomes by race, ethnicity, and socioeconomic status: a systematic-review 
and meta-analysis: a systematic review and meta-analysis. JAMA Netw Open. (2021) 
4:e2134147. doi: 10.1001/jamanetworkopen.2021.34147

	19.	Zelner, JL, Trostle, J, Goldstick, JE, Cevallos, W, House, JS, and Eisenberg, JNS. 
Social connectedness and disease transmission: social organization, cohesion, village 
context, and infection risk in rural Ecuador. Am J Public Health. (2012) 102:2233–9. doi: 
10.2105/AJPH.2012.300795

	20.	Ball, TM, Holberg, CJ, Aldous, MB, Martinez, FD, and Wright, AL. Influence of 
attendance at day care on the common cold from birth through 13 years of age. Arch 
Pediatr Adolesc Med. (2002) 156:121–6. doi: 10.1001/archpedi.156.2.121

	21.	Wiersinga, WJ, Rhodes, A, Cheng, AC, Peacock, SJ, and Prescott, HC. 
Pathophysiology, transmission, diagnosis, and treatment of coronavirus disease 2019 
(COVID-19): a review: a review. JAMA. (2020) 324:782–93. doi: 10.1001/
jama.2020.12839

	22.	Hellewell, J, Abbott, S, Gimma, A, Bosse, NI, Jarvis, CI, Russell, TW, et al. 
Feasibility of controlling COVID-19 outbreaks by isolation of cases and contacts. Lancet 
Glob Health. (2020) 8:e488–96. doi: 10.1016/S2214-109X(20)30074-7

	23.	House, JS, Landis, KR, and Umberson, D. Social relationships and health. Science. 
(1988) 241:540–5. doi: 10.1126/science.3399889

	24.	Saito, M, Aida, J, Cable, N, Zaninotto, P, Ikeda, T, Tsuji, T, et al. Cross-national 
comparison of social isolation and mortality among older adults: a 10-year follow-up study 
in Japan and England. Geriatr Gerontol Int. (2021) 21:209–14. doi: 10.1111/ggi.14118

	25.	Ali, T, Nilsson, CJ, Weuve, J, Rajan, KB, and Mendes de Leon, CF. Effects of social 
network diversity on mortality, cognition and physical function in the elderly: a 
longitudinal analysis of the Chicago health and aging project (CHAP). J Epidemiol 
Community Health. (2018) 72:990–6. doi: 10.1136/jech-2017-210236

	26.	Leschak, CJ, and Eisenberger, NI. Two distinct immune pathways linking social 
relationships with health: inflammatory and antiviral processes: inflammatory and 
antiviral processes. Psychosom Med. (2019) 81:711–9. doi: 10.1097/PSY.0000000000000685

	27.	Segerstrom, SC. Social networks and immunosuppression during stress: 
relationship conflict or energy conservation? Brain Behav Immun. (2008) 22:279–84. doi: 
10.1016/j.bbi.2007.10.011

https://doi.org/10.3389/fpubh.2025.1730268
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1730268/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1730268/full#supplementary-material
https://doi.org/10.1056/NEJMp2213920
https://doi.org/10.1007/s12016-022-08921-5
https://doi.org/10.1186/s12916-023-03055-7
https://doi.org/10.1001/jamanetworkopen.2024.51580
https://doi.org/10.1001/jama.1997.03540480040036
https://doi.org/10.1001/jama.1997.03540480040036
https://doi.org/10.1037/0278-6133.21.3.294
https://doi.org/10.1111/rssa.12753
https://www.hhs.gov/sites/default/files/surgeon-general-social-connection-advisory.pdf
https://www.hhs.gov/sites/default/files/surgeon-general-social-connection-advisory.pdf
https://doi.org/10.1016/j.ijid.2023.04.399
https://doi.org/10.1016/j.jjie.2022.101194
https://www.statista.com/statistics/1239927/japan-covid-19-vaccination-rate/
https://www.statista.com/statistics/1239927/japan-covid-19-vaccination-rate/
https://english.nira.or.jp/papers/e_opinion57.pdf
https://english.nira.or.jp/papers/e_opinion57.pdf
https://doi.org/10.1186/s13052-023-01485-w
https://doi.org/10.3346/jkms.2021.36.e139
https://doi.org/10.1371/journal.pone.0249984
https://doi.org/10.1371/journal.pone.0249984
https://doi.org/10.1016/j.envpol.2023.121594
https://doi.org/10.1016/j.envpol.2023.121594
https://doi.org/10.1136/bmjresp-2021-001038
https://doi.org/10.1136/bmjresp-2021-001038
https://doi.org/10.1001/jamanetworkopen.2021.34147
https://doi.org/10.2105/AJPH.2012.300795
https://doi.org/10.1001/archpedi.156.2.121
https://doi.org/10.1001/jama.2020.12839
https://doi.org/10.1001/jama.2020.12839
https://doi.org/10.1016/S2214-109X(20)30074-7
https://doi.org/10.1126/science.3399889
https://doi.org/10.1111/ggi.14118
https://doi.org/10.1136/jech-2017-210236
https://doi.org/10.1097/PSY.0000000000000685
https://doi.org/10.1016/j.bbi.2007.10.011


Suzuki et al.� 10.3389/fpubh.2025.1730268

Frontiers in Public Health 10 frontiersin.org

	28.	Pung, R, Firth, JA, Spurgin, LG, Singapore CruiseSafe working groupChang, A, 
Kong, J, et al. Using high-resolution contact networks to evaluate SARS-CoV-2 
transmission and control in large-scale multi-day events. Nat Commun. (2022) 13:1956. 
doi: 10.1038/s41467-022-29522-y

	29.	Rozenkrantz, L, Bernstein, MH, and Hemond, CC. A paradox of social distancing 
for SARS-CoV-2: loneliness and heightened immunological risk. Mol Psychiatry. (2020) 
25:3442–4. doi: 10.1038/s41380-020-00861-w

	30.	Wright, PJ, Raynor, PA, Bowers, D, Combs, EM, Corbett, CF, Hardy, H, et al. 
Leveraging digital technology for social connectedness among adults with chronic 
conditions: a systematic review. Digit Health. (2023) 9:20552076231204744. doi: 
10.1177/20552076231204746

	31.	Janssen, JHM, van Tilburg, TG, van Ingen, EJ, Corten, R, Peeters, G, and Olde 
Rikkert, MGM. The relationships between social internet use, social contact, and 
loneliness in older adults. Sci Rep. (2025) 15:25230. doi: 10.1038/s41598-025-09861-8

https://doi.org/10.3389/fpubh.2025.1730268
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1038/s41467-022-29522-y
https://doi.org/10.1038/s41380-020-00861-w
https://doi.org/10.1177/20552076231204746
https://doi.org/10.1038/s41598-025-09861-8

	Social network diversity and COVID-19 infection and severity risk: a longitudinal population study
	Introduction
	Methods
	Study setting and population
	Outcome measures and definition of social network score
	Covariates
	Statistical analysis

	Results
	Crude incidence of COVID-19 infection and admission for COVID-19 infection requiring oxygen
	Association between social network diversity score and the incidence and severity of COVID-19

	Discussion
	Limitations

	Conclusion

	Acknowledgments
	References

