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Abstract

Aims. While past research suggested that living arrangements are associated with suicide
death, no study has examined the impact of sustained living arrangements and the change
in living arrangements. Also, previous survival analysis studies only reported a single hazard
ratio (HR), whereas the actual HR may change over time. We aimed to address these limitations
using causal inference approaches.

Methods. Multi-point data from a general Japanese population sample were used. Participants
reported their living arrangements twice within a 5-year time interval. After that, suicide
death, non-suicide death and all-cause mortality were evaluated over 14 years. We used
inverse probability weighted pooled logistic regression and cumulative incidence curve, eval-
uating the association of time-varying living arrangements with suicide death. We also studied
non-suicide death and all-cause mortality to contextualize the association. Missing data for
covariates were handled using random forest imputation.

Results. A total of 86,749 participants were analysed, with a mean age (standard deviation) of
51.7 (7.90) at baseline. Of these, 306 died by suicide during the 14-year follow-up. Persistently
living alone was associated with an increased risk of suicide death (risk difference [RD]: 1.1%,
95% confidence interval [CI]: 0.3-2.5%; risk ratio [RR]: 4.00, 95% CI: 1.83-7.41), non-suicide
death (RD: 7.8%, 95% CI: 5.2-10.5%; RR: 1.56, 95% CI: 1.38-1.74) and all-cause mortality (RD:
8.7%, 95% CI: 6.2-11.3%; RR: 1.60, 95% CI: 1.42-1.79) at the end of the follow-up. The cumula-
tive incidence curve showed that these associations were consistent throughout the follow-up.
Across all types of mortality, the increased risk was smaller for those who started to live with
someone and those who transitioned to living alone. The results remained robust in sensitivity
analyses.

Conclusions. Individuals who persistently live alone have an increased risk of suicide death
as well as non-suicide death and all-cause mortality, whereas this impact is weaker for those
who change their living arrangements.

Introduction

Suicide represents a pressing public health concern globally, with approximately 700,000 deaths
annually (World Health Organization, 2021a). It is vital to identify factors leading to suici-
dal behaviours to facilitate effective prevention efforts. Among various social factors, living
alone has been suggested as important in the development of suicide (Nestadt, 2022). While
the mechanism for this development remains unclear, living alone may increase a sense of
thwarted belongingness, a crucial factor in the interpersonal theory of suicide (Van Orden et al.,
2010). Also, living alone may reduce the opportunities for intervention by others, contributing
to the volitional phase in the integrated motivational-volitional model of suicide (O’Connor
and Kirtley, 2018).

Previous studies have reinforced the evidence of an association between living alone and
suicide death (Olfson et al., 2022; Poudel-Tandukar et al., 2011; Shaw et al., 2021). A cohort
study for the Japanese population suggested that men living without a spouse faced an elevated
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risk of suicide death (Poudel-Tandukar et al., 2011). In the anal-
ysis of middle-aged individuals from the UK Biobank, even after
adjusting for loneliness, the increase in suicide rates due to liv-
ing alone was approximately twice as high for men (Shaw et al,
2021). Furthermore, analysis of American Community Survey data
showed an increased hazard of suicide death among individuals
living alone (Olfson et al., 2022). These findings underscore the
importance of targeted interventions and support for individuals
living alone.

Despite the aforementioned findings, two limitations merit
attention in this area of research. First, past research only assessed
living alone at a given point in time as a time-fixed exposure,
controlling for time-fixed confounders. While living arrangements
may change over time and be considered as a time-varying vari-
able (Brown et al., 2002; U.S. Census Bureau, 2020), no study
has examined how sustained living arrangements and the change
in living arrangements impact suicide death. Traditional regres-
sion analyses, such as the Cox model, are inadequate for handling
time-varying variables, which may introduce bias due to exposure-
confounder feedback (Herndn and Robins, 2020). To overcome this
limitation, the application of g-methods, such as inverse proba-
bility weighting, is necessary (Hernan and Robins, 2020). Second,
previous survival analysis studies examining suicide death have
only reported a single hazard ratio (HR) averaged over time based
on the proportional hazard assumption. Nonetheless, the actual
HR may change during the follow-up period, and relying solely
on a single HR may potentially lead to misleading interpretations
(Hernan, 2010; Prentice et al., 2005). To avoid such interpretations,
it is imperative to evaluate the survival and cumulative incidence
throughout follow-up periods (Herndn, 2010; Murray et al., 2021).

Given the multifaceted nature of suicide (Shaw, 2022), identify-
ing associated factors is crucial to developing effective prevention
strategies. Understanding the association between living alone and
suicide death may help identify individuals at a higher risk and
enable targeted prevention efforts (Eaton, 2012). By addressing the
limitations of past research, we aimed to evaluate the association of
time-varying living arrangements with suicide death and examine
how this association changed over time. We used multi-point data
from the Japan Public Health Center (JPHC)-based Prospective
Study, accounting for time-fixed and time-varying confounders
in the analyses. To contextualize the association, we also studied
non-suicide death and all-cause mortality. Furthermore, given the
heterogeneity in suicide rates (World Health Organization, 2021b),
we conducted age-stratified and gender-stratified analyses as an
exploratory aim.

Methods
Study population

We analysed data from the JPHC Study in Japan. The study
design has been extensively detailed in a prior study (Tsugane
and Sawada, 2014). Participants who completed the question-
naire were considered to have given their consent to participate
in the study. This study was approved by the Institutional Review
Board of the National Cancer Center and the National Center of
Neurology and Psychiatry. Our general population sample com-
prised individuals from local municipalities in 11 public health
centre areas with 2 separate cohorts. Cohort I consisted of indi-
viduals aged 40-59 years, while Cohort II consisted of individuals
aged 40-69 years. We defined wave 1 as the period of data collec-
tion from 1995 to 1999, with the specific timing dependent on each
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public health centre. Wave 2 was defined as the period 5 years after
wave 1, i.e., from 2000 to 2004.

Cause of death

Our primary outcome was suicide death, while non-suicide death
and all-cause mortality were also assessed. All outcomes were eval-
uated up to 14 years after wave 2. With the permission of the
Ministry of Health, Labour and Welfare, we obtained information
on the causes of death via death certificates (Sawada et al., 2022).
The cause of death was defined according to the International
Statistical Classification of Diseases and Related Health Problems,
tenth revision (ICD-10) (World Health Organization, 1990).
Suicide death was defined using ICD-10 codes X60-X84. Non-
suicide death was defined as any death registered under other
ICD-10 codes.

Living arrangements

At waves 1 and 2, we asked participants about their living arrange-
ments by posing the question, ‘Are you currently living with some-
one (spouse, child(ren), parent(s), others, alone)?” Here, ‘others’
included both non-family members and additional family mem-
bers like siblings, grandparents, uncles, aunts, cousins and in-laws.

Covariates

We evaluated covariates at wave 1 that might serve as poten-
tial confounders. We selected covariates per the disjunctive cause
criterion, controlling for each potential cause of the exposure,
the outcome or both while excluding instrumental variables and
including covariates that act as proxies for unmeasured variables
that are common causes of both the exposure and the outcome
(VanderWeele, 2019). We included the following variables that
would fulfil the disjunctive cause criterion: age (continuous), gen-
der (dichotomous, female or male), body mass index (continuous)
(Amiri and Behnezhad, 2018), smoking status (dichotomous, no
or yes) (Harrison et al., 2020), alcohol consumption (dichotomous,
<once a week or >once a week) (Isaacs et al., 2022), physical activ-
ity (dichotomous, <once a week or >once a week) (Vancampfort
et al., 2018), employment status (dichotomous, employed or home-
maker or unemployed) (Schneider et al., 2011), sleep duration
(dichotomous, >6 hours or <6 hours) (Dolsen et al., 2021), history
of cancer (dichotomous, no or yes) (Zaorsky et al., 2019), history of
cerebrovascular or cardiovascular disease (dichotomous, no or yes)
(Chan et al., 2007; Wu et al., 2018) and consumption of vegetables
(continuous) (Nanri ef al., 2013), fruits (continuous) (Narita et al.,
2022), fish (continuous) (Nanri et al., 2013) and meat (continu-
ous) (Molendijk et al., 2018), as well as region (categorical, Ninohe,
Yokote, Saku, Chubu, Katsushika, Mito, Nagaoka, Chuo-higashi,
Kamigoto, Miyako and Suita) (Fedina et al, 2021; Narita et al.,
2020a; Yoshioka et al., 2021). Employment status was included as a
surrogate for socio-economic status (Bartley and Owen, 1996), for
which data were not available. Food consumption was determined
by multiplying the frequency of consumption by the relative por-
tion size and energy-adjusted using the residual method (Willett
etal., 1997).

Moreover, we controlled for the following factors at wave 2
as time-varying confounders, which may be affected by living
arrangements at wave 1 and also confound the association of liv-
ing arrangements at wave 2 with suicide death, non-suicide death
and all-cause mortality: smoking status, employment status, sleep
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cause mortality over 14 years after wave 2

Figure 1. A causal directed acyclic graph assumed for the main analysis. Wave 1 was defined as the period from 1995 to 1999, depending on the timing of data collection at
each public health centre area, while wave 2 was defined as 5 years after wave 1, from 2000 to 2004.

duration, history of cancer, history of cerebrovascular and cardio-
vascular disease and consumption of vegetables, fruits, fish and
meat.

Statistical analyses

All analyses were conducted using R-4.3.1. We used inverse proba-
bility weighted pooled logistic regression models for discrete-time
hazards (Murray et al., 2021). Thereby, we evaluated the association
of living arrangements at waves 1 and 2 with suicide death, non-
suicide death and all-cause mortality during the 14-year follow-up.
The directed acyclic graph of the hypothesized associations is
shown in Fig. 1. We used random forest imputation (Stekhoven and
Biithlmann, 2012) to impute missing data for covariates but not for
living arrangements and the number of years followed because they
might be caused by the occurrence of events during waves 1 and 2.

Our models controlled for time-fixed and time-varying con-
founders using inverse probability weighting (Hernan and Robins,
2020). We calculated stabilized weights for living alone at waves
1 and 2 utilizing separate logistic models for exposures at waves
1 (adjusting for covariates at wave 1) and 2 (adjusting for expo-
sure at wave 1 and covariates at waves 1 and 2). Since the number
of regions was small in our data, we used fixed effects models to
account for regions, which would safeguard against bias for the
estimates (McNeish and Kelley, 2019). To address selection bias
due to loss to follow-up, we further generated cumulative stabi-
lized weights for censoring, the value of which varied during the
follow-up. Each weight was truncated at the 99th percentile (Cole
and Herndan, 2008). The final stabilized weights were obtained as
the product of these stabilized weights for censoring up to each
follow-up year and the stabilized weights for living arrangements.
This weighting produced a pseudo-population where covariates are
balanced between groups and between those with and without cen-
soring. A variable for year k (k = 0, 1, ..., 14) was created as a
continuous variable. The weighted pooled logistic models of the
outcome were fit on the exposures and time in years (k), to adjust
for changing hazards over time. See Supplementary Appendix 1 for
details on our models.

To elucidate the performance of the pooled logistic model in
predicting a survival function, we compared the Kaplan-Meier
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curve and the survival curve from unweighted pooled logistic
regression. Next, based on the inverse probability weighted pooled
logistic models, we predicted counterfactual hazard at each year
and calculated survival probability that would have been observed
if everyone had a specific pattern of living arrangements, namely:
(1) living with someone at both waves 1 and 2, (2) living with some-
one at wave 1 but alone at wave 2, (3) living alone at wave 1 but
with someone at wave 2 and (4) living alone at both waves 1 and
2. This approach allowed us to obtain cumulative incidence, risk
differences (RDs) and risk ratios (RRs) throughout the follow-up
period. We calculated RDs and RRs at 7 and 14 years after wave 2
(the midpoint and the end of the follow-up period) with pointwise
bootstrap confidence intervals (Cls) using percentiles at each time.

Next, we conducted a sensitivity analysis controlling for addi-
tional baseline factors, namely prior mental illness, social support
and coping. These factors might have been potential confounders
(Kleiman and Liu, 2013; Narita et al., 2023, 2020b; Stanley et al.,
2021) but were not measured at wave 1. Thus, we employed proxies
for these factors. For the proxy of prior mental illness, we con-
trolled for self-reported stress level (categorical, low, medium or
high) and life enjoyment (categorical, low, medium or high) at wave
1. For the proxy of social support, we controlled for social support
(continuous) 5 years prior to wave 1. Social support was evaluated
using self-reported items that measured confidant support, esteem
support and social isolation; details are available elsewhere (Ikeda
et al., 2013). Since this information was only available in CohortII,
one of the two cohorts constituting our general population sam-
ple, the missing data were handled via random forest imputation.
For the proxy of coping, we controlled for approach-oriented cop-
ing (continuous) and avoidance-oriented coping (continuous) at
wave 2, which were evaluated using self-reported items selected
from the validated Japanese version of the Stress and Coping
Inventory (Fukunishi et al., 1995); details are available elsewhere
(Shikimoto et al., 2022). Our sensitivity analysis adjusted for men-
tal illness and social support proxies at baseline in the wave-1 and
-2 exposure models, and for coping variables after baseline only in
the wave-2 exposure model. As coping variables were controlled
through inverse probability weighting, we partially adjusted for
potential confounding due to these variables without conditioning
on mediators.
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We examined the robustness of the estimates to potential
unmeasured confounding by calculating E-values (VanderWeele
and Ding, 2017). This involved determining the minimum strength
of the association that an unmeasured confounder would require
to have above and beyond the measured covariates to explain away
the estimates. In other words, E-values quantify the degree of influ-
ence an unmeasured confounder, not included in our study, would
need to have to nullify our findings, thereby offering a measure of
the robustness of the results.

Finally, we evaluated age-stratified and gender-stratified associ-
ations. Because of the limited number of age-specific and gender-
specific suicide incidences, we chose parsimonious models after
iteratively fitting pooled logistic regression models with inverse
probability weighting for each stratum. The threshold for age was
set at 60, as this was the standard retirement age in Japan.

Results

We identified 103,880 participants. Table 1 summarizes the demo-
graphic features of the study participants at wave 1, categorized by
living arrangements at waves 1 and 2. Data for living arrangements
were missing for 16,590 participants (16.0%). The mean age (stan-
dard deviation) was 51.7 (7.90). The number of males was 55,352
(53.3%), while females numbered 48,528 (46.7%). Participants who
lived alone at both waves 1 and 2 were characterized by older age,
a higher likelihood of being female, higher engagement in phys-
ical exercise and a higher likelihood of being unemployed or a
homemaker compared with those who lived with someone at both
time points. We did not observe substantial differences in other
characteristics among the groups. Note that the details of missing
covariates are also shown in Table 1. Of the identified partici-
pants, 86,749 with data for living arrangements at both waves and
data for the number of years followed were used for the analysis,
while missing data for covariates were handled using random for-
est imputation. The flow diagram of the study population selection
is summarized in Supplementary Fig. S1.

Cumulative incidence over time

During the follow-up period, a total of 17,332 participants died,
out of which 306 died by suicide, while 17,026 had non-suicide
deaths. The mean (standard deviation) duration of the follow-up
period was 12.7 (3.09) years. Supplementary Figure S2 shows the
comparison of the Kaplan-Meier curve and the survival curve
from unweighted pooled logistic regression. For all types of mor-
tality, these curves appeared to have similar trajectories, indicating
the good performance of our pooled logistic model. Figure 2 dis-
plays the cumulative incidence curves based on the pooled logistic
model. It was observed that individuals living alone at both waves
1 and 2 consistently had a higher incidence rate compared with
those who lived with someone over time. On the other hand, the
findings were not as substantial for those living alone at either
wave 1 or 2, especially in the first half of the follow-up period.
While non-suicide death and all-cause mortality displayed compa-
rable trajectories, the difference in cumulative incidence appeared
to be particularly remarkable for suicide death at the end of the
follow-up period.

Risk at the midpoint and the end of the follow-up period

Table 2 summarizes RDs and RRs at the midpoint and the end
of the follow-up period from the inverse probability weighted

https://doi.org/10.1017/52045796024000325 Published online by Cambridge University Press

Narita et al.

cumulative incidence curves. Individuals who consistently lived
alone exhibited a higher risk of suicide death, with an observed
four-fold increase in risk at the end of the follow-up period (RD:
1.1%, 95% CI: 0.3-2.5%; RR: 4.00, 95% CI: 1.83-7.41). While find-
ings were comparable at the midpoint of the follow-up period, the
findings at this point should be interpreted with caution due to the
limited number of suicide deaths, resulting in wide CIs. The risk in
those who consistently lived alone was increased for non-suicide
death (RD: 7.8%, 95% CI: 5.2-10.5%; RR: 1.56, 95% CI: 1.38-1.74)
and all-cause mortality (RD: 8.7%, 95% CI: 6.2-11.3%; RR: 1.60,
95% CI: 1.42-1.79) at the follow-up period, with narrower CIs due
to a greater number of cases. For suicide deaths, the increased risk
observed in those who started to live with someone and those who
transitioned to living alone was less impactful and did not reach
statistical significance. For non-suicide death and all-cause mor-
tality, those who transitioned to living alone showed a small but
increased risk (non-suicide death: RD: 3.1%, 95% CI: 1.7-4.8%;
RR:1.22,95% CI: 1.12-1.34; all-cause mortality: RD: 3.2%, 95% CI:
1.7-4.9%; RR: 1.22,95% CI: 1.12-1.34), whereas those who started
to live with someone showed non-significant results.

Sensitivity analysis

Next, we conducted a sensitivity analysis to control for proxies
of prior mental illness, social support and coping. Supplementary
Table S1 summarizes the results of this analysis. In short, the find-
ings remained robust, with the RD and RR at both the midpoint
and the end of the follow-up period showing no substantial changes
when these potential confounders were incorporated into the mod-
els. The findings were consistent across all types of mortality.

Robustness to unmeasured confounders

The calculated E-values showed that some observed associations
between living arrangements and suicide death, non-suicide death
and all-cause mortality were reasonably robust to unmeasured con-
founders (see Table 3). For example, for the association of living
alone at both waves 1 and 2 with suicide death at the end of
the follow-up period, an unmeasured confounder would need to
be associated with both of them above and beyond the adjusted
covariates by an RR of 7.46 to fully explain away the observed
association and 3.06 to shift the CI to include the null value.

Age-stratified and gender-stratified associations

The age-stratified associations (60 or older vs. 59 or younger)
are presented in Supplementary Tables S2 and S3. The results
for participants aged 60 or older were inconsistent, likely due to
the limited number of cases, whereas the findings for individu-
als aged 59 or younger were similar to those of the main analyses.
Supplementary Tables S4 and S5 present the gender-stratified asso-
ciations. Overall, the results appeared inconsistent. The limited
number of suicide deaths warrants caution in the interpretation of
these findings.

Discussion

In this cohort study comprising a general population sample, the
inverse probability weighted pooled logistic regression and the
cumulative incidence curve allowed us to evaluate the impact
of time-varying living arrangements over time, controlling for
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Table 1. Demographic features of study participants at wave 1 by living arrangements at waves 1 and 2
Living arrangements
Living with Living alone
Living with someone at at wave 1 but Living alone
someone in both wave 1 but with someone in both waves
Overall waves 1 and 2 alone at wave 2 at wave 2 land2 Missing

Covariates (N = 103,880) (N = 80,666) (N = 2531) (N = 1033) (N = 3060) (N = 16,590)
Age (years), mean (SD) 51.7 (7.90) 51.5 (7.70) 54.2 (8.38) 53.4 (8.53) 56.1 (8.19) 51.7 (8.34)
Gender, n (%)

Female 55,352 (53.3) 42,780 (53.0) 1780 (70.3) 661 (64.0) 2253 (73.6) 7878 (47.5)

Male 48,528 (46.7) 37,886 (47.0) 751 (29.7) 372 (36.0) 807 (26.4) 8712 (52.5)
Body mass index, 23.5 (3.09) 23.6 (3.04) 23.4 (3.21) 23.6 (3.07) 23.4 (3.27) 233 (3.27)
mean (SD)

Missing, n (%) 3003 (2.9) 1993 (2.5) 120 (4.7) 49 (4.7) 137 (4.5) 704 (4.2)
Smoking status, n (%)

No 73,107 (70.4) 57,769 (71.6) 1816 (71.8) 707 (68.4) 2192 (71.6) 10,623 (64.0)

Yes 24,163 (23.3) 18,157 (22.5) 432 (17.1) 237 (22.9) 537 (17.5) 4800 (28.9)

Missing 6610 (6.4) 4740 (5.9) 283 (11.2) 89 (8.6) 331 (10.8) 1167 (7.0)
Alcohol consumption,
n (%)

Less than once a 62,325 (60.0) 48,329 (59.9) 1705 (67.4) 644 (62.3) 2175 (71.1) 9472 (57.1)

week

Once a week or more 38,965 (37.5) 30,539 (37.9) 673 (26.6) 354 (34.3) 765 (25.0) 6634 (40.0)

Missing 2590 (2.5) 1798 (2.2) 153 (6.0) 35 (3.4) 120 (3.9) 484 (2.9)
Physical activity, n (%)

Less than once a 76,600 (73.7) 59,921 (74.3) 1738 (68.7) 763 (73.9) 2110 (69.0) 12,068 (72.7)

week

Once a week or more 21,583 (20.8) 16,690 (20.7) 508 (20.1) 230 (22.3) 814 (26.6) 3341 (20.1)

Missing 5697 (5.5) 4055 (5.0) 285 (11.3) 40 (3.9) 136 (4.4) 1181 (7.1)
Employment status, n
(%)

Employed 71,826 (69.1) 56,296 (69.8) 1658 (65.5) 726 (70.3) 1840 (60.1) 11,306 (68.1)

Homemaker or 32,054 (30.9) 24,370 (30.2) 873 (34.5) 307 (29.7) 1220 (39.9) 5284 (31.9)

unemployed
Sleep duration, n (%)

Longer than 6 hours 72,201 (69.5) 57,257 (71.0) 1622 (64.1) 674 (65.2) 2017 (65.9) 10,631 (64.1)

6 hours or shorter 28,636 (27.6) 21,327 (26.4) 745 (29.4) 339 (32.8) 999 (32.6) 5226 (31.5)

Missing 3043 (2.9) 2082 (2.6) 164 (6.5) 20 (1.9) 44 (1.4) 733 (4.4)
History of cancer, n (%)

No 102,365 (98.5) 79,663 (98.8) 2493 (98.5) 1022 (98.9) 3023 (98.8) 16,164 (97.4)

Yes 1515 (1.5) 1003 (1.2) 38 (1.5) 11 (1.1) 37 (1.2) 426 (2.6)
History of cerebrovas-
cular or cardiovascular
disease, n (%)

No 100,838 (97.1) 78,466 (97.3) 2451 (96.8) 1004 (97.2) 2980 (97.4) 15,937 (96.1)

Yes 3042 (2.9) 2200 (2.7) 80 (3.2) 29 (2.8) 80 (2.6) 653 (3.9)
Vegetable consumption 207 (134) 210 (133) 213 (148) 198 (134) 211 (150) 193 (134)
(g/d), mean (SD)

Missing, n (%) 1089 (1.0) 696 (0.9) 78 (3.1) 7(0.7) 10 (0.3) 298 (1.8)

(Continued)
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Living arrangements

Living with Living alone
Living with someone at at wave 1 but Living alone
someone in both wave 1 but with someone in both waves
Overall waves 1 and 2 alone at wave 2 at wave 2 land 2 Missing
Covariates (N = 103,880) (N = 80,666) (N = 2531) (N =1033) (N = 3060) (N = 16,590)
Fruit consumption 205 (170) 207 (168) 227 (198) 213 (179) 225 (184) 186 (171)
(g/d), mean (SD)

Missing, n (%) 1089 (1.0) 696 (0.9) 78 (3.1) 7(0.7) 10 (0.3) 298 (1.8)
Fish consumption 85.1 (52.8) 85.8 (51.5) 87.1 (59.9) 81.6 (55.4) 81.1 (54.0) 82.5 (57.0)
(g/d), mean (SD)

Missing, n (%) 1089 (1.0) 696 (0.9) 78 (3.1) 7(0.7) 10 (0.3) 298 (1.8)
Meat consumption 57.0 (39.6) 56.8 (38.7) 55.1 (40.1) 56.1 (45.0) 51.2 (39.6) 59.8 (42.9)
(g/d), mean (SD)

Missing, n (%) 1089 (1.0) 696 (0.9) 78 (3.1) 7(0.7) 10 (0.3) 298 (1.8)

Abbreviation: SD, standard deviation.
Wave 1 was defined as 1995-1999, depending on the timing of the survey conducted at each public health centre area, and wave 2 was defined as 5 years after wave 1, i.e., 2000-2004.
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Figure 2. The cumulative incidence of suicide death (a), non-suicide death (b) and all-cause mortality (c) estimated using the inverse probability weighted pooled logistic
regression, incorporating covariates measured at waves 1 (1995-1999) and 2 (2000-2004) into the weights for time-varying exposures (waves 1 and 2) and censoring during

the follow-up period (up to 14 years after wave 2).

time-varying confounders. The performance of our pooled logis-
tic model was shown by comparing the survival curve from the
unweighted model with the Kaplan-Meier curve. While the cumu-
lative incidence curve showed the dynamics of the impact of liv-
ing arrangements, those who lived alone at both waves 1 and 2
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consistently showed a higher cumulative incidence rate than those
who persistently lived with someone throughout the study period.
The computation of risk at the midpoint and the end of the follow-
up period showed that persistently living alone at both waves 1 and
2 was associated with an increased risk of suicide death compared
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Table 3. Robustness to unmeasured confounding of the association of living arrangements at waves 1 and 2 with suicide death, non-suicide death and all-cause

mortality

Living arrangements at Living arrangements at Non-suicide All-cause

wave 1 wave 2 E-value Suicide death death mortality
7 years after wave 2 (the midpoint of the follow-up period)

Living with someone Living alone Point estimate 131 1.69 1.67
Limit of CI 1.00 1.16 1.21

Living alone Living with someone Point estimate 1.29 1.40 1.37
Limit of CI 1.00 1.00 1.00

Living alone Living alone Point estimate 10.25 2.69 3.00
Limit of CI 2.85 2.04 2.37
14 years after wave 2 (the end of the follow-up period)

Living with someone Living alone Point estimate 2.21 1.74 1.74
Limit of CI 1.00 1.49 1.49

Living alone Living with someone Point estimate 4.68 1.57 1.64
Limit of CI 1.00 1.00 1.00

Living alone Living alone Point estimate 7.46 2.49 2.58
Limit of CI 3.06 2.10 2.19

Abbreviation: Cl, confidence interval.

E-values for point estimates are the minimum strength of association on the RR that unmeasured confounding would need to have above and beyond the adjusted covariates to explain
away the estimates. E-values for the limit of Cl are the minimum strength of association on the RR that unmeasured confounding would need to have above and beyond the adjusted

covariates to shift the 95% CI and include the null value.

to those who persistently lived with someone (0.9-1.1% absolute
risk increase and more than a four-fold relative risk increase). On
the other hand, this association was weaker and non-significant
for those who changed living arrangements (up to 0.6% absolute
risk increase and up to a 2.6-fold relative risk increase). Those who
persistently lived alone showed an increased risk of non-suicide
death and all-cause mortality (3.2-8.7% absolute risk increase and
more than a 1.5-fold relative risk increase), suggesting that living
alone is a pervasive risk factor for various causes of death. The
robustness of the findings was supported via the sensitivity analy-
sis controlling for the proxies of prior mental illness, social support
and coping. The robustness was further verified by calculating E-
values. While previous research has shown an association between
living arrangements and suicide death (Olfson et al., 2022; Poudel-
Tandukar et al., 2011; Shaw et al., 2021), this study is the first to
examine living arrangements as a time-varying variable, control-
ling for time-fixed and time-varying confounders, and to evaluate
the changing association over time.

In this study, 3,507 participants changed their living arrange-
ments from wave 1 to wave 2. Such participants did not show
an increased risk of suicide death in the first half of the follow-
up period. Even at the end of the follow-up period, the impact
was not as substantial as for those who persistently lived alone.
Thus, living arrangements may change, and this variability indeed
impacts the risk of suicide death. A similar discussion applies
to non-suicide death and all-cause mortality. These findings hold
significant importance, particularly considering that living alone
represents an intervenable factor that can be effectively addressed
through approaches in public health and social work (Nestadst,
2022).

Previous research examining suicide death using survival
analysis has reported a single average HR over the follow-up
period. However, the causal interpretation of this single HR may
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potentially be misleading due to its variation over time (Hernan,
2010; Prentice et al., 2005). Consequently, it is crucial to account for
time-dependent HRs. Nonetheless, presenting only a single time-
dependent HR can also be misleading due to built-in selection bias,
which arises from the selection of participants at higher risk of
events earlier in the study (Herndn, 2010; Prentice et al., 2005). To
address these issues, we employed a discrete-time hazard model
(Murray et al., 2021), showing the cumulative incidence over time
and calculating RD and RR at multiple time points. Our cumulative
incidence curve provides insights into the dynamics of the associ-
ation between living arrangements and suicide death throughout
the follow-up period.

The heterogeneous suicide rates across ages (World Health
Organization, 2021b) compelled us to explore the age-stratified
associations. While the results for participants aged 59 or younger
were similar to those of the main analyses, the limited number
of cases led to inconsistent results in those aged 60 or older. In
addition, the same issue prevented the inclusion of the product
term of the year and living arrangements variables, hindering
the analysis of time-dependent HR. Taken together, these find-
ings should be regarded as exploratory results, and caution should
be exercised when interpreting and comparing the results. The
same discussion applies to the gender-stratified associations. Past
research has suggested an association between living arrangements
and suicide death, particularly in men (Poudel-Tandukar et al.,
2011; Shaw et al., 2021). While effect heterogeneity across gender
is possible, the limited number of cases again impeded obtaining
reliable results. Future studies should include an adequate num-
ber of cases to incorporate the product term of the year and living
arrangements variables, accounting for time-dependent HR.

Two mechanisms may be proposed to explain the association
between living alone and suicide death. The interpersonal theory
of suicide suggests that the risk of suicide is influenced by various
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social factors, including thwarted belongingness, perceived bur-
densomeness and hopelessness (Van Orden et al., 2010). Living
alone may increase the likelihood of social isolation and loneli-
ness, which can correlate with a sense of thwarted belongingness.
Indeed, social isolation and loneliness are associated with detri-
mental mental health and suicide-related outcomes (Narita et al.,
2021, 2020c; Solmi et al., 2020; Stickley and Koyanagi, 2016). The
integrated motivational-volitional theory distinguishes between
the premotivational, motivational and volitional phases in the pro-
gression of suicide development (O’Connor and Kirtley, 2018).
Among these phases, the volitional phase is characterized by the
transition of thoughts about suicidal intent into actual actions
(O’Connor and Kirtley, 2018). We did not conduct a mediation
analysis in this study because mediation using a discrete-time haz-
ard model may require additional development. However, employ-
ing such an analysis in a different framework could enhance
scientific understanding.

The present study has implications for public health and social
work, as well as for the fields of psychiatry and psychology. Our
study showed that persistently living alone had a substantial impact
on suicide death, emphasizing its importance in the context of pre-
vention. The identification of individuals at higher risk of suicide
enables targeted prevention efforts (Eaton, 2012). Living alone is a
prevalent condition, exceeding 30% in Japan (Ministry of Health,
Labour and Welfare, 2022). This widespread distribution would
make targeted prevention impactful. Living alone is an interven-
able factor (Nestadt, 2022), and the present study indeed showed
that transitions in living arrangements can substantially change
the risk of suicide death, providing warranted practical evidence
(Olfson et al., 2022). While addressing the challenges of living
alone at the national level is beyond the scope of this paper, social
programmes that provide a sense of community and improved
access to mental health services might be beneficial (Kleiman and
Liu, 2013; Tadmon and Bearman, 2023). For clinicians, our find-
ings highlight the need to consider patients’ living situations as
a factor that may contribute to suicide risk. Psychologists, too,
can incorporate these insights into therapeutic approaches, poten-
tially targeting feelings of isolation or developing strategies to foster
social connection for individuals living alone. Further, our findings
may help guide future studies investigating social factors that can
be intervened upon to mitigate the impact of living alone, including
causal mediation analysis.

Limitations

Our study has several limitations. First, measurement bias is con-
ceivable not only in self-reported living arrangements but also
in suicide deaths obtained from death certificates (Shaw et al.,
2022). Second, certain potential confounders were not accounted
for due to the lack of available information, e.g., childhood mal-
treatment (Stickley et al., 2021, 2020). For socio-economic sta-
tus (Rehkopf and Buka, 2006), we used employment status as
a surrogate (Bartley and Owen, 1996). For prior mental illness,
social support, and coping (Kleiman and Liu, 2013; Narita et al.,
2023, 2020b; Stanley et al., 2021), we showed the robustness of
the findings via a sensitivity analysis incorporating the proxies of
these potential confounders at wave 1. Also, E-values suggested
the robustness of the findings against unmeasured potential con-
founders. Taken together, although the influence of unmeasured
confounders is conceivable, it is unlikely to substantially change
the conclusion. Third, the limited number of cases hindered our
ability to provide comprehensive information on certain results.
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This limitation was particularly relevant when analysing suicide
death in those who changed living arrangements, which resulted
in small statistical power and wide ClIs. Similarly, the age-stratified
and gender-stratified analyses provided inconsistent results, likely
due to this limitation. Also, we were unable to construct a model
that examines how the impact may vary depending on other fac-
tors, including social support and coping strategies (Kleiman and
Liu, 2013; Narita et al, 2023; Stanley et al, 2021). Fourth, we
maintained the same 5-year interval for evaluating living arrange-
ments and the 14-year follow-up for every public health centre
area, but the initiation of data collection varied between areas.
While this variability was controlled for in the model, it did not
address the variations in suicide trends towards the end of the
follow-up period (i.e., 2014-2018). In Japan, the number of sui-
cides in 2014 was 25,427 with a rate of 20.0 per 100,000 individuals;
by 2018, they dropped to 20,840 and 16.5 per 100,000 individu-
als, respectively (National Police Agency, 2023), which might have
influenced the results. Fifth, we handled missing covariate data
using random forest imputation but chose not to impute missing
exposure data due to potential events occurring between waves
1 and 2. While the demographics did not show substantial dif-
ferences between the analysed and missing data, the selection of
participants might have somewhat influenced the results. Sixth, we
evaluated living arrangements as time-varying variables at waves
1 and 2. However, it is possible that some participants could have
changed living arrangements multiple times between these waves,
which was not fully captured. Finally, this study is population-
based but only includes individuals aged 40-69 years at baseline,
limiting the generalizability of the results to other age groups.

Conclusions

Individuals who persistently live alone have an increased risk of
suicide death, non-suicide death and all-cause mortality, whereas
this impact is weaker for those who change their living arrange-
ments.
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