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Abstract

Major depression (MD) is a serious psychiatric illness afflicting nearly 5% of the world’s
population. A large correlational literature suggests that loneliness is a prospective risk factor

for MD; observational effects of this nature may be confounded for a variety of reasons. This
report uses Mendelian Randomization (MR) to examine potentially causal associations between
loneliness and MD. We report on analyses using summary statistics from three large genome
wide association studies (GWAS). MR analyses were conducted using three independent sources
of GWAS summary statistics. In the first set of analyses, we used available summary statistics
from an extant GWAS of loneliness to predict MD risk. We used two sources of outcome data:
the Psychiatric Genomics Consortium (PGC) meta-analysis of MD (PGC-MD; A= 142,646) and
the Million Veteran Program (MVP-MD; N = 250,215). Finally, we reversed analyses using data
from the MVP and PGC samples to identify risk variants for MD and used loneliness outcome
data from UK Biobank. We find robust evidence for a bidirectional causal relationship between
loneliness and MD, including between loneliness, depression cases status, and a continuous
measure of depressive symptoms. The estimates remained significant across several sensitivity
analyses, including models that account for horizontal pleiotropy. This paper provides the first
genetically-informed evidence that reducing loneliness may play a causal role in decreasing risk
for depressive illness, and these findings support efforts to reduce loneliness in order to prevent or
ameliorate MD. Discussion focuses on the public health significance of these findings, especially
in light of the SARS-CoV-2 pandemic.

Keywords

Loneliness; depression; Mendelian Randomization; causal inference; genetically-informed
research

Major depression (MD) is a debilitating psychiatric illness that causes considerable suffering
around the globe, afflicting almost 5% of the world’s population at any given timel. The
lifetime prevalence of MD is 16.2% in the United States and roughly 11% globally?, and
many more people experience subthreshold but clinically significant depressive symptoms?.
The impact of depressive illness is high, with recent projections suggesting that MD
accounts for the largest share global disease burden, measured by year’s lost to disability*.

Given the high prevalence of MD and the toll it takes on patients, their families, and
society at large, the search for modifiable risk factors is of paramount importance®-8,
Loneliness—the subjective experience of social isolation—is increasingly recognized a
significant public health problem®-12, with new evidence suggesting that rates of loneliness
have increased in the last few years!3:14, especially in the context of the SARS-CoV-2
pandemicl4. Reflective of these facts, in early 2023, the United States Surgeon General
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issued a formal health advisory on the potentially harmful effects of social disconnection’®.
Independent of objective social isolation, chronic loneliness is associated with increased

risk for a range of mental and physical health morbidities, including MD28. Prior studies
and meta-analysis demonstrate that loneliness is highly correlated with MD risk17:18, and
that the experience of chronic loneliness is associated with the development of a range of
mental disorders4. Moreover, the psychological and epidemiological literatures suggest that
loneliness is distinct from depression and may act as a prospective risk factor for depressive
symptoms19.20,

What is not yet clear, however, is whether loneliness is causally associated with the risk

of MD, or whether MD plays a causal role in the experience of loneliness. Even robust
associations emerging from observational research studies are susceptible to confounding
or reverse causation, making it difficult to establish causal as opposed to correlational
links21. Much of the social integration and health literature is correlational, though it is
often discussed as if causal effects are established and well-replicated e.g., see?223, Relative
to traditional observational designs, genetically-informed studies, including co-twin control
studies 24 and those using Mendelian Randomization?® (MR) methods, have the potential
to inform our understanding of causal influences by accounting for or circumventing a
variety of confounding processes and the potential for reverse causation. For example,
behavior genetic results the Environmental Risk Longitudinal Twin Study, with over 1,000
same-sex twin pairs, reveal that although there is significant genetic overlap between
loneliness and depression, genetic confounding does not account for the entirety of the
phenotypic exposure and within-twin pair differences in loneliness are associated with
increases in depression, which is consistent with a causal effect?6. MR is an analytic method
that uses results from genome-wide association studies (GWAS) to examine potentially
causal associations between risk exposures and outcomes2/+28; the approach is based on

an instrumental variable framework that uses genetic variants as proxies for a phenotypic
exposure29. New findings from MR analyses suggest that confiding in others—a marker

of social support and integration—is associated with decreased risk for MD® but we are
unaware of any MR studies examining the bidirectional association between subjective
isolation and MD.

Given the strong genetic basis of loneliness and social integration more broadly, as well

as the emergence of large GWAS in this area3%-37, MR methods are ideally suited to

help answer questions about causal influence. Moreover, the approach is well suited to
characterize vertical pleiotropy, when a genetic variant affects an exposure (X), and because
of that process, also affects an outcome (Y); to the extent that the phenotypic association
between the exposure and outcome is n70tf causal, the genetic variants/instruments associated
with the exposure will not be significantly associated with outcome of interest. At the same
time, the presence of horizontal pleiotropy—where genetic variants influence the outcome
through causal pathways other than through the exposure—can severely bias estimates

of causal effects3®. This may be especially true in the case of the association between
loneliness and MD. For example, recent results from a large GWAS of loneliness reported

a genome-wide genetic correlation of 7, = 0.64 of loneliness with MD3L. A variety of
methods are now available for exploring the potential impact of pleiotropy3® and we employ
such methods in the current report. Specifically, we conduct bidirectional two-sample MR
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analyses to examine the potential causal associations (a) from loneliness and MD and (b)
from MD to loneliness.

Although our analyses were not preregistered and should therefore be considered largely
exploratory, our work was guided by specific predictions. We hypothesized that the
association from loneliness to MD risk would be consistent with a causal effect. We

also examined the association from MD to the experience of loneliness. To identify the
primary genetic instruments for loneliness, we used summary statistics from the recent
loneliness meta-analysis, which included 511,280 participants across seven different studies
31, We conducted the MR analyses using two independent sources of outcome data. The
first analysis used GWAS summary statistics from the Psychiatric Genomics Consortium
(PGC) meta-analysis of MD (PGC-MD; A= 142,646), excluding participants from the
UKB and 23andMe sub-samples“®. We then sought to replicate our findings using GWAS
summary statistics from the Million Veteran Program MVP-MDD; N = 250,21541, Finally,
we reversed analyses using data from the MVP and PGC samples to identify risk variants
for MD, and harmonized these instruments with loneliness summary statistics from the UK
Biobank as the outcome.

METHODS

We used de-identified summary-level data from three sources: A recent GWAS of

loneliness that included data from seven different studies3?, the Million Veterans Project
(MVP) depression GWAS*! (excluding UKB participants), and the Psychiatric Genomics
Consortium (PGC) depression GWAS*? (excluding UKB and 23andMe participants). Ethical
approval, including informed consent, was obtained in all of the original studies.

Data Sources and Instruments

Loneliness.—When loneliness was the exposure, we drew on summary data from the
largest GWAS conducted on this topic to date, which included 511,280 participants from the
UKB, 23andMe, Netherlands Twin Register, Health & Retirement Study, Rotterdam Studly,
Sweden-SALTY and Sweden TwinGene studies3!. The average age of the participants across
the different studies was 57.5 years-old. Information on the genotyping, imputation, and
quality control of each sample is included the original meta-analysis; only participants from
European descent were included in the original study.

The genetic risk statistic from the meta-analysis are used in the current report and represent
the standardized sample-sized weighted effect size, derived across the seven samples, many
of which measured loneliness differently. (As reported in Abdellaoui et al.\*1 Supplementary
Table 1, the loneliness phenotype assessments ranged from a single binary question “Do

you often feel lonely?” (UKB) to a single “Did you feel lonely during the past week?”
(4-point scale) in the Rotterdam Study, Sweden-SALTY and Sweden-TwinGene Studies

and the use of a 9-point questionnaire (4-point scale) in the 23andMe sample.) In order to
conduct independent, two-sample MR analyses, when loneliness was the outcome, we relied
on the available outcome summary statistics for the raw binary loneliness item (“Do you feel
lonely?” yes/no) in the UKB-only data*2. The available summary statistics include data from
100,988 who endorsed feeling lonely and 463,062 who responded negatively to the item.
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Depression.—As noted above, we included two data sources assessing MD. The first

set of summary data comes from the PGC meta-analysis, excluding UKB and 23andMe
participants (see Supplementary Table 1 in the Wray at el. report%). The GWAS summary
statistics used here included PGC data from 45,396 adult MD cases and 97,250 adult
controls of European ancestry. Information on the diagnostic assessment of case status is
available in the original reports; as reported by Wray et al.“?, all diagnosed cases met
international consensus criteria for MDD, and the assessment methodologies were cross-
checked by expert reviewers. The second set of summary data is from the MVP, which

is a large observational cohort study of mostly male (92%); participants were an average

of 63.7 years-old (SD = 13.39 years); in the MVP data, 12% of participants diagnosed

with depression were female*3. GWAS summary statistics included MVP data from 83,810
MD cases (diagnosed using International Classification of Diseases (ICD) codes for MDD
derived from the Electronic Health Record) and 166,405 controls of European ancestry*L.
The MVP data also includes the 2-item Patient Health Questionnaire PHQ;** which is a
continuous measure of depressive symptoms. The widely used PHQ-2 asks people to report
on an item assessing loss of interest of pleasure in doing things and on an item assessing
feeling down, depressed, or hopeless; to assess the presence of these symptoms, the PHQ-2
uses a Likert-type scale ranging from O (Not at all) to 3 (nearly every day).

Statistical Analysis.

We conducted two-sample Mendelian randomization (MR) analyses in the R computing
environment using the “TwoSampleMR” package (R Project for Statistical Computing). This
package harmonizes exposure and outcome data according to a common allele for each

SNP, along with information on effect size, standard error, and p-value information about
the association between specific gene variants and the exposure and outcome phenotype,
respectively. Genetic variants missing in outcome GWAS were replaced with proxy
instruments from the 1,000 Genomes European reference panel. The MR approach relies

on three key underlying assumptions about the exposure-outcome association®®, including
that (1) the genetic markers are strongly associated with the exposure; (I1) the genetic
markers are not associated with confounders of the risk-outcome association—often referred
to as independence assumption®; and, (I11) the genetic markers are not associated with the
outcome through any other path than through the exposure. The third assumption can be a
challenge in practice because GWASSs provide increasing evidence that pleiotropy is more

of a rule than an exception*’. We used the inverse variance-weighted (IVW) method as our
primary estimator#8; the IVW statistic is a weighted average of the regression estimates (for
the individual SNP instruments), and the significance the average estimate can be interpreted
as evidence of a causal association. Thus, the overall IVW estimate can be used to determine
if the average exposure-outcome association is reliably different from zero and consistent
with a causal effect. The other MR methods are used to test the consistency and replicability
of the effects under different model assumptions. To account for potential violation of

the MR assumptions and pleiotropic effects, we conducted parallel sensitivity analyses
including MR Egger#?, weighted median®, weighted mode, MR Robust Adjusted Profile
Score RAPS®L, and MR Pleiotropy Residual Sum and Outlier (MR-PRESSO) methods*®.
We performed these tests to evaluate the stability of causal associations relative to the IVW
estimate. Briefly, MR Egger assumes a non-zero intercept to account for pleiotropy, which
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provides a consistent causal estimate when the Instrument Strength Independent of Direct
Effect (InSIDE) assumption is met. We evaluated the reliability of the Egger regression
estimate using the 12gx statistic®2. The weighted mode- and median-based estimates are
more robust to outliers by fitting a regression with greater weight for genetic variants with
more precise ratio estimates. MR-RAPS uses a profile-likelihood function to estimate the
variance of the pleiotropic effect distribution, downweighting outliers in causal estimation.
MR-PRESSO detects global pleiotropy by comparing the residual sum of squares against the
expected distance under the null hypothesis of no pleiotropic effect and assesses the impact
of removing outliers*®.

As a group, these analyses help us identify potential pleiotropic effects and minimize

the potential of a false positive finding, wherein genetic variants influence the outcome
through causal pathways other than the exposure29. We also calculated the mean F-statistic
to test instrument strength (F>10 being sufficiently strong) and Cochran’s Q to estimate
heterogeneity between the SNP effects which might suggest pleiotropy. Steiger filtering
was used to reduce risk of potential reverse causation by excluding variants explaining
greater variance in the outcome than in the exposure®3. Finally, we applied the Causal
Analyses Using Summary Effect estimates (CAUSE) method, which is useful for assessing
correlated pleiotropy, a form of horizontal pleiotropy in which a variant affects an exposure
and outcome through a shared heritable factor3. CAUSE modeling uses a genome-wide
approach to identify risk variants for the exposure, then creates two nested models: A
sharing model that allows horizontal pleiotropy (where the causal effect is fixed to zero)
and a causal model in which a causal effect is freely estimated. The model fit is then
compared within a Bayesian framework by comparing the two nested models and using

a pointwise posterior density comparison approach to determine the extent to which the
posterior distributions would predict a new set of data. A rejection of the “sharing model”
indicates that the estimated posterior distribution are better fit under the “causal model.”
Thus, rejecting the sharing model means that the data are consistent with a causal effect 39.

From Loneliness to Depression.

This set of analyses investigated the putatively causal role of loneliness (exposure) on MD
(outcome). We conducted this first set of analyses with the PGC-MD data, then sought to
replicate findings using the MVP-MD data (see Methods). Using a conventional threshold
of P< 5 x 1078 from the loneliness GWAS3L, 17 instruments were available that, when
clumped and harmonized with the genome-wide PGC outcome data, yielded 15 instruments
for the analyses. All F-statistics suggested instruments were sufficiently associated with the
loneliness exposure (F >10, see Supplementary Table 1; the genetic variants are reported in
Supplementary Table 7).

Figure 1 displays the beta estimates using five MR regression methods in parallel. Using the
PGC-MD outcome data, we identified a significant positive association in the VW analysis,
suggesting a causal influence from loneliness to MD (IVW = .78, 95% CI = 0.36, 1.21). The
other four MR effect estimates also identified significant positive associations. We identified
significant evidence of heterogeneity as measured by the 125 statistic and Cochran’s
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Q statistic (Supplementary Tables 2 and 3). Steiger filtering identified two variants that
explained greater variance in MD than in loneliness; sensitivity analyses removing these
variants attenuated effect estimates, however, all results remained significant (Supplemental
Table 4). We also applied the Causal Analyses Using Summary Effect Estimates (CAUSE)
method to assess for correlated pleiotropy (see Methods). Using the PGC-MD outcome data,
CAUSE estimates, shown in Table 1, suggest loneliness is causally associated with MD

(0 =.004). Overall, analyses with the PGC support a causal effect of loneliness on major
depression.

In the next series of analyses, we sought to replicate these findings in the larger MVP-MD
outcome data set. As shown in the lower panel of Figure 1, in the MVVP-MD outcome

data, we again identified a significant positive association in the IVW analysis, suggesting
a causal influence from loneliness to MD (IVW = .48, 95% CI = 0.24, 0.72). The

other four regression-based estimates, including RAPS and MR-PRESSO analyses, yielded
effects similar to the IVW. These findings are consistent with those observed using the
PGC-MD outcome data. With the MVVP-MD data, both Cochran’s Q and 125 statistic
revealed significant heterogeneity (Supplementary Tables 2 and 3). The 12gx analysis
yielded no values > .6, suggesting the MR Egger estimate may not be reliable; we therefore
removed MR Egger from subsequent analyses. Steiger filtering did not identify instruments
explaining greater variance in MD than in loneliness. Sensitivity analysis using CAUSE are
shown in Table 1 and again illustrate that loneliness was causally associated with MD here
also (p=.008). Overall, the MVP data provide consistent evidence that loneliness plays a
causal role in the risk for MD.

The MVP data also provided an opportunity to examine the causal association between
loneliness on depressive symptoms using the PHQ-2 measure (see Methods). Using a
conventional threshold of A< 5 x 1078 from the loneliness GWAS 31, we identified 14
genetic instruments for a harmonized analysis with the MVVP-PHQ-2 outcome data. As
shown in Supplemental Table 31, four of the MR effect estimates were reliably different
from zero, suggesting a causal effect from loneliness to depressive symptoms on the PHQ-2
(IVW = .70, 95% CI = 0.42, 0.98; sensitivity analyses presented in Supplemental Tables
32-34). As with the MD diagnostic analysis in the MVP data, CAUSE modeling rejected the
sharing parameter (p = .007; Table 1). Taken together, our findings using MVP data provide
robust evidence that loneliness is associated with both depression case status and symptoms
in a manner that is consistent with a causal effect.

From Depression to Loneliness.

In the next set of analyses, we reversed the direction of MR, treating MD status as the
exposure and loneliness as the outcome. (As noted in the Methods, when loneliness was
used as the outcome variable, we relied on data from a UKB-only sample; in this case,

the outcome is a binary report of current loneliness—see Figure 2.) We conducted the
analyses with each of the PGC- and MVVP-MD exposure data. Within the PGC-MD data,
at the conventional £< 5 x 1078 threshold, only one genetic instrument was harmonized
with loneliness as the outcome; we therefore used a reduced P< 5 x 10~/ threshold and
identified 11 instruments after clumping and harmonization with the extant UKB summary
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data for loneliness. We identified significant positive effects in the five main MR analyses
(IVW =.021, 95% CI = 0.006, 0.036, see Figure 2). All F-statistics suggested instruments
were sufficiently associated with the loneliness exposure (F >10, see Supplementary Table
1; the genetic variants are reported in Supplementary Table 7). Both Cochran’s Q and 12gx
revealed significant heterogeneity (Supplementary Tables 2 and 3). Steiger filtering did not
identify instruments explaining greater variance in loneliness than MD. However, CAUSE
sensitivity analysis using the PGC-MD exposure on loneliness did not suggest a causal
effect; therefore, we were unable to formally rule-out correlated pleiotropy (p = .053; Table
1). Given the limited number of genetic variants identified in the PGC-MD, we conducted
a final sensitivity analysis using the variants first identified in the Wray et al. GWAS??;
after clumping and harmonization with the extant UKB summary data for loneliness, this
analysis included 35 genetic instruments. Using this expanded set of genetic instruments
and repeating our analyses with the UKB outcome data, the MR effect estimates were
directionally consistent with those reported above (see Supplemental Table 27).

We next sought to replicate these effects using the MVP data. Using a conventional A< 5 x
1078 threshold, we identified only 8 genetic instruments; we therefore used a relaxed P< 5 x
1077 threshold and following harmonization with the UKB-only outcome data, we identified
19 independent genetic instruments with ~statistics >20, providing no evidence of weak
instrument bias in the MVP data (Supplementary Table 1). As shown in the lower panel of
Figure 2, we find evidence of a causal effect from MD to loneliness— all five of the main
MR methods revealed significant positive effects 2 (IVW =.037, 95% CI = 0.019, 0.054).
Both Cochran’s Q and 12 statistics revealed significant heterogeneity (Supplementary
Tables 2 and 3). Steiger filtering identified no variants more strongly associated with
loneliness than with MD. The CAUSE modeling rejected the sharing parameter (p=.007;
Table 1), indicating that estimating a causal effect in the model predicting loneliness to MD
would improve the model fit; thus, using the MVP exposure data, results of the CAUSE
modeling are consistent with a causal effect from MD to loneliness. Similar to our approach
with the PGC data, we conducted an additional sensitivity analysis using the 223 genetic
variants identified by Levey et al.*! in their GWAS, which yielded 137 instruments after
clumping and harmonization with the UKB-only outcome data. All five of the MR estimates
were consistent with those reported in the lower panel of Figure 2 (IVW = .075, 95% CI =
0.065, 0.085; see Supplemental Table 17).

DISCUSSION

This report used two-sample MR to examine the potentially causal association between
loneliness—the subjective experience of social isolation—and MD. The observational
research literature, including multiple longitudinal studies, suggests a strong positive
association between loneliness and MD risk10:19.54.55 byt the question of whether loneliness
is a causal risk for MD remains largely unknown. Studying this issue is complicated by

the fact that the genome-wide genetic correlation between loneliness and MD is high (g

IThe Wray et al. GWAS included UKB participants, and therefore the genetic instruments were first identified in a sample that
included UKB participants. For the current sensitivity analysis, in an effort to maintain independent samples for the exposure and
outcome data, we used the instruments identified by Wray et al. in the PGC-MDD exposure sample that does not include UKB

participants.
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= .64 see30:31) and the constructs studied here share significant (phenotypic and genetic)
overlap with neuroticism31:3356; these facts raise questions of whether loneliness is an
independent causal risk factor for MD, or perhaps part-and-parcel of the genetic architecture
of MD itself21 or the broader construct of negative affectivity33. To address this issue, we
used a variety of MR methods to examine horizontal pleiotropy and conducted a series

of sensitivity analyses to test the robustness of the observed associations. Using outcome
data from two large-scale GWAS studies, we found robust evidence across different MR
techniques and using multiple, independent data sets in support of a causal association from
loneliness to MD. In addition, using the summary statistics from the MVP, we identified a
potential causal effect from loneliness to depressive symptoms, as assessed by the PHQ-2.
We also identified evidence suggesting a causal effect in the reverse direction, from MD to
loneliness.

The clearest case for a causal effect from loneliness to depression would be a RCT showing
that risk for depressive symptoms or cases of MD are reduced following reductions in
loneliness. Although this evidence does not yet exist, there are widespread efforts to reduce
population-wide loneliness®12, and social disconnection is increasingly recognized as a
public health priority. The U.S. Surgeon General’s recent Advisory on the Healing Effects
of Social Connection and Community?® outlines a national strategy to mitigate the negative
effects of social disconnection and loneliness, and these efforts include strengthening the
social infrastructures of communities, enacting pro-connection social policies, mobilizing
the health sector (including direct interventions to reduce loneliness among individuals),
reforming digital environments and social media, deepening knowledge through funding and
a national research agenda, and building a culture of connection in schools, workplaces, and
communities.

Results from the current study provide broad support for reducing loneliness in service

of treating depression and reducing depressive symptoms (and vice versa), although the
findings do not speak to which of public health strategies outlined above might be the

most effective way to achieve this goal. Moreover, the exact mapping of effect sizes from
this report to a clinical intervention study are a challenge as well. For example, the IVW
effect size in the PGC analyses from loneliness to depression (6= .78) suggests that a one
standard deviation reduction in loneliness would be associated with a 54% reduction in MD
case status, but this does not translate to a direct intervention effect. Rather, these results
are consistent with recent guidelines for interpreting results from MR investigations: When
the aim of MR is to test a causal hypothesis, as it is here, establishing the existence of

a causal effect using strong genetic instruments is of greater importance than estimating

the exact size of the causal effect 38. The findings reported here are consistent with a

causal effect from loneliness to MD and depressive symptoms, and this work provides a
robust basis for intervention studies that seek to target and reduce loneliness in service

of reducing depressive risk, but our findings do not speak to the specific magnitude

of the likely intervention effect. Overall, the current paper contributes to the growing

body of MR research on loneliness as a causal risk for a range of morbidities31:35:36.57

and the current work may be especially timely in light of the SARS-CoV-2 pandemic,
which has engendered lifestyle changes and economic burdens around the globe—including
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lockdowns, social isolation, and job loss— and hastened concerns about mental illness and
emotional distress®8:59,

The evolutionary theory of loneliness suggests that acute experiences of subjective social
isolation are universal and provides a critical signal about one’s social standing. In these
situations, loneliness is believed to provide motivation to connect or reconnect with other
people®. In some cases, however, loneliness becomes enduring, possibly due to negative
social cognition, behavioral conformation, or social withdrawal®61. When experienced
chronically, loneliness is associated with a state of vigilance in which a person monitors
their belonging and ruminates on their perceived lack of social connection®2. Belongingness
is a fundamental human need and when thwarted, the disconnection between social needs,
desires, and perceived availability of social resources can lead to depression®3. The data
available for this report focuses on the point-prevalence of both loneliness and the lifetime
prevalence of depression, making it difficult to disentangle unique associations between
acute or chronic loneliness on the causal risk for depressive illness or depressive symptoms.
Although disentangling the predictive utility of these dimensions of loneliness is needed in
future research, the findings reported here indicate that treating the experience of loneliness
— whether acute or chronic— as a modifiable risk factor for depression is scientifically
justified °. Furthermore, loneliness itself is an aversive psychological state, and the findings
reported here also suggest that reducing depressive symptoms should have a concomitant
effect on reducing perceptions of social isolation. Finally, although our paper has addressed
loneliness as a key risk for MD, it will be important for future MR studies to also examine a
number of related social connection constructs, including social isolation, which is uniquely
and independently associated with a range of poor health outcomes?8. In the U.S.-based All
of Us Research Program (https://allofus.nih.gov/) has an extensive measurement of social
determinant variables and a relatively large cohort with genetic data is available to study
social influences on health.

The analyses reported here include several strengths that increase confidence in the causal
conclusions. First, we used separate exposure and outcome datasets to facilitate a two-
sample MR design, which avoids risk of bias toward observational estimates. Not only

are the GWAS discovery samples included here large, but we replicated each of our main
regression-based MR analyses in a second GWAS dataset, which increases confidence these
effects are robust across European-ancestry populations. In addition, we found evidence that
loneliness appears to exert a causal effect on MD case status as well as with depressive
symptoms, as assessed by the PHQ-2 in the MVP sample. The overall consistency across our
primary and sensitivity analyses increases confidence in our findings. Second, in situations
where the genome-wide correlation between constructs is high, as it is here between
loneliness and MDD (see31), the application of CAUSE modeling is a strength and can help
determine whether correlated horizontal pleiotropy fully explains this genetic correlation.
CAUSE uses a Bayesian model fitting strategy to determine if the absence of a causal
parameter degrades model fit; in this case (i.e., when the models reject the sharing parameter
alone), the posterior distributions for fitting new data would be improved with the inclusion
of a causal effect. Applying CAUSE to the current data, we rejected the sharing model using
the MVP data and found evidence for bidirectional causal effects. In our MD to loneliness
analyses, although the CAUSE modeling was consistent with a causal effect in the MVP
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data, we could not rule-out correlated horizontal pleiotropy in the PGC sample (p=.053). In
our view, the preponderance of the evidence reported here is suggestive of a causal effect,
but we recognize that the CAUSE analyses with the PGC data leave open the possibility that
horizontal pleiotropy biases these results. Finally, both the MVP and PGC data sets provide
GWAS summary data on MD caseness, which allow us to make specific statements about
clinical risk for MD status. With the MVP data, we also showed that loneliness appears to
be a causal risk marker for depressive symptoms (as measured by the two-item PHQ that
assesses continuous symptoms of anhedonia and low mood).

Despite these strengths, this study should be interpreted in the context of its limitations.
First, our measurement of loneliness was relatively crude, and we are unable to disentangle
whether the observed causal effects vary as a function of acute versus chronic loneliness.
Although the loneliness — MD analyses relied on a standardized metric of loneliness
derived from a GWAS sample of over 500,000 people 31, unit differences in this
standardized score are difficult to interpret; moreover, when we reversed the direction for the
MD — loneliness, we relied on the binary loneliness outcome from the UKB-only sample.
Although this latter measure is nonspecific, it is not an unreasonable metric—e.g., an
abbreviated 3-item UCLA loneliness scale has strong psychometric properties 54; however,
in the future, it would be ideal for researchers to assess the degree to which participants
perceive their loneliness to be relatively acute and transient versus relatively longstanding
and chronic. In addition, it is quite possible the effects of loneliness on depression vary

by age; the current analyses cannot stratify the MR effects by age, but it is possible

that causal effects may operate differentially for younger and older adults. Moreover, the
analyses reported here only speak to adult samples. Second, the measure of continuous
depressive symptoms in the MVP is relatively crude and focuses solely on anhedonia and
low mood. In future research, it will be ideal to relate loneliness to specific depressive
symptoms (e.g., guilt or suicidality); doing so requires large-scale individual GWASs for
the specific symptoms. Third, the genetic analyses are limited to participants of European
ancestry, which limits the generalizability of the findings and leaves unaddressed the impact
of loneliness on individuals of non-European ancestry who may be at increased risk for MD.
This issue is gaining increased attention in the literature 41 and future studies are needed

to fully evaluate the generalizability of these results. Fourth, due to the unavailability of
sex-stratified GWAS for loneliness, we were unable to assess for causal differences by sex.
We note that depression measured in the MVP predominantly consisted of men, whereas
the PGC cohort consisted of a mixed-sex population. The observed MR estimates may
differ in stratified samples. Fifth, in revealing evidence for a bidirectional causal effect in
the association between loneliness and depression, results from this paper cannot speak

to the specific temporal ordering of loneliness and depression. Loneliness and depressive
illness (or symptoms) are intertwined causal risk factors, but we find no evidence a specific
directional effect. Finally, although we have taken care in trying to address horizontal
pleiotropy, we note that other methods exist for doing so and that these tools may be

useful to this area of study in the future. For example, Latent Heritability Confounder

MR (LHC-MR;%5) uses genome-wide summary data to model potential bidirectional causal
influences while also accounting for unmeasured and shared confounding via genomic
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structural equation modeling. A challenge for future research is interrogating questions of
unmeasured confounding when two constructs share a high genetic correlation.

Overall, the present results suggest that reducing loneliness would impact risk for MD,

but additional work is needed to further substantiate these causal assertions. New research
integrating MR and classic twin direction of causality models—the MR-DoC specification
66__ jllustrates novel ways to examine potential causal effects in the context of high

genetic overlap %7. Because population-wide epidemiological studies often do not assess
psychological constructs at this depth, the integration of polygenic risk scores in large twin
studies via the MR-DoC model may be especially informative in developing deeper insights
into the specific psychological features of loneliness that convey its risk. Applying these
models to the association between loneliness and MD or specific depressive symptoms
would be an excellent next step in the field.

Major depressive disorder (MD) is a serious psychiatric illness that afflicts many people
around the globe and is associated with considerable emotional pain and disability. In the
face of the SARS-CoV-2 pandemic, rates of MD have increased dramatically, making the
search for modifiable causal risk factors an important and timely endeavor®. This report used
a suite of two-sample Mendelian Randomization (MR)2” methods to examine the potentially
causal, bidirectional associations between loneliness—the subjective experience of social
isolation—and MD. Across two independent samples using a variety of sensitivity analyses,
we find evidence for a bidirectional causal effect between loneliness and depression. The
current findings advance our understanding of the relationship between loneliness and MD
and may lay the basis for improved prevention and treatment. Results from this study may
be useful for informing public health interventions that seek to reduce or alter loneliness

in service of reducing risk for depressive illness, and we would expect to see decreases in
loneliness as depression abates as well12,
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Exposure: Loneliness Cases Controls beta [95% ClI]
Outcome: Depression (PGC)*® 45,396 97,250

Inverse Variance Weighted (IVW) —_—— 0.78 [0.36, 1.21]
Weighted Median —_—— 0.76 [0.37, 1.16]
Weighted Mode - 0.92[0.16, 1.68]
Robust Adjusted Profile Score (RAPS) _———— 0.69[0.17, 1.20]
MR-PRESSO —— 0.78 [0.67, 0.89]
Outcome: Depression (MVP)” 83,810 166,405

Inverse Variance Weighted (IVW) - 0.48[0.24,0.72]
Weighted Median . 0.54[0.29, 0.79]
Weighted Mode —_—- 0.69 [0.19, 1.20]
Robust Adjusted Profile Score (RAPS) —— 0.51[0.34, 0.68]
MR-PRESSO - 0.56 [0.50, 0.61]

T T T 1

05 1 15 2

beta [95% Cl]
Figure 1.

Mendelian Randomization Estimates for Loneliness Exposure with Major Depressive

Disorder as the Outcome. @ Psychiatric Genomics Consortium; ? Million Veteran Program
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Exposure: Depression Cases Controls beta [95% CI]
Outcome: Loneliness (PGC Exposure)® 100,988 463,062

Inverse Variance Weighted (IVW) — 0.021 [0.006, 0.036]
Weighted Median —— 0.023 [0.008, 0.038]
Weighted Mode —. 0.029 [0.007, 0.050]

Robust Adjusted Profile Score (RAPS) — 0.023 [0.012, 0.033]

MR-PRESSO HH 0.021[0.019, 0.024]
Outcome: Loneliness (MVP Exposure)b 100,988 463,062

Inverse Variance Weighted (IVW) —. 0.037 [0.019, 0.054]
Weighted Median — 0.033[0.016, 0.051]
Weighted Mode —_— 0.031 [0.003, 0.059]

Robust Adjusted Profile Score (RAPS) —— 0.040 [0.028, 0.051]

MR-PRESSO - 0.041[0.037, 0.044]

1 1T 1
0.000 0.020 0.040  0.060

Figure2.

Mendelian Randomization Estimates for Major Depressive Disorder Exposure with

beta [95% CI]

Loneliness as the Outcome. 2 Psychiatric Genomics Consortium; P Million Veteran Program
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Table 1.

Causal Analysis Using Summary Effect Estimates (CAUSE) Parameter Estimates

Exposure* Outcome  \odel T Y n q p
Loneliness MD: PGC Sharing - 3.36 (2, 5.25) 0.39(0.17,0.63) 0.004
Loneliness ~ MD: PGC Causal  2.01(1.26,2.75) -0.13(-7.21,6.16)  0.04 (0, 0.26)
Loneliness MD: MVP Sharing - 1.63 (0.64, 3.39) 0.25(0.04,0.52) 0.008
Loneliness MD: MVP Causal 0.74 (0.38, 1.1) -0.01 (-4.24,4.1) 0.04 (0, 0.25)

MD: PGC Loneliness Sharing - 0.03 (-0.02, 0.09) 0.12 (0, 0.41) 0.053
MD: PGC Loneliness Causal ~ 0.01(0.01,0.02)  0.00 (-0.08, 0.09) 0.04 (0, 0.26)

MD: MVP Loneliness Sharing - 0.05(-0.04,0.11) 0.16(0.01,0.47) 0.014
MD: MVP  Loneliness  Causal  0.03 (0.01,0.04) 0.00 (-0.12,0.11)  0.04 (0.00, 0.26)
Loneliness MD (PHQ-2)  Sharing - 1.82(0.93, 3.38) 0.29 (0.09, 0.54)  0.007
Loneliness MD (PHQ-2)  Causal  0.82(0.45,1.19) -0.01(-3.07,3.00) 0.05 (0.00, 0.27)

Note. All loneliness summary statistics were identified from Elsworth et al. GWAS;

Page 19

fCAUSE calculates the proportion of variants exhibiting correlated pleiotropy by producing two mixture models; a sharing model which fixes the
exposure effect at 0, and a causal model which sets the exposure effect as a free parameter. If the posterior distribution is better fit under the causal
model the exposure is presumed to have an independent effect on the outcome, as statistically evaluated by the p-value; -y The causal effect of the
exposure on the outcome; in the sharing model -y is fixed at 0, in the causal model -y is a free parameter; m Effect of unobserved heritable shared
factor on the outcome; q Effect of uncorrelated factor on the outcome.; p = One-sided p-value testing whether posteriors estimated under the causal

model are better fit than the sharing model.
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