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ABSTRACT

Loneliness is a common, yet distressing experience associated with adverse outcomes including substance use
problems and psychiatric disorders. To what extent these associations reflect genetic correlations and causal
relationships is currently unclear. We applied Genomic Structural Equation Modelling (GSEM) to dissect the
genetic architecture between loneliness and psychiatric-behavioural traits. Included were summary statistics
from 12 genome-wide association analyses, including loneliness and 11 psychiatric phenotypes (range N: 9,537 —
807,553). We first modelled latent genetic factors amongst the psychiatric traits to then investigate potential
causal effects between loneliness and the identified latent factors, using multivariate genome-wide association
analyses and bidirectional Mendelian randomization. We identified three latent genetic factors, encompassing
neurodevelopmental/mood conditions, substance use traits and disorders with psychotic features. GSEM pro-
vided evidence of a unique association between loneliness and the neurodevelopmental/mood conditions latent
factor. Mendelian randomization results were suggestive of bidirectional causal effects between loneliness and
the neurodevelopmental/mood conditions factor. These results imply that a genetic predisposition to loneliness
may elevate the risk of neurodevelopmental/mood conditions, and vice versa. However, results may reflect the
difficulty of distiguishing between loneliness and neurodevelopmental/mood conditions, which present in
similar ways. We suggest, overall, the importance of addressing loneliness in mental health prevention and

policy.

1. Introduction

Loneliness is a painful, distressing experience that occurs across
cultures and demographic categories, throughout the lifespan (Barreto
etal., 2021; Surkalim et al., 2022). Distinct from objectively being alone
(i.e., isolation), loneliness refers to the subjective, pervasive feeling of
isolation (Cacioppo and Cacioppo, 2018). Although the experience of
loneliness is temporary for many, approximately 15% to 30% of the
general population experience prolonged periods of loneliness (Hawk-
ley and Cacioppo, 2010). There is increasing recognition of loneliness as
a significant public health concern (Fried et al., 2020; Leigh-Hunt et al.,
2017; Rodney et al., 2021) because of its links to a range of adverse
mental and physical health outcomes (Ingram et al., 2020b; Leathem
et al., 2021; Lim et al., 2018; Wang et al., 2018).

Understanding the causes and consequences of loneliness is, how-
ever, challenging. While loneliness has been described as a risk factor for

poor mental health and behavioural problems (e.g., substance use
problems) (Cacioppo et al., 2015; Copeland et al., 2018; Erzen and
Cikrikci, 2018; Houghton et al., 2020; Ingram et al., 2020a; Matthews
et al., 2019; Wang et al., 2020), poor mental health and behavioural
problems may also reciprocally contribute to experiences of loneliness
(Cacioppo et al., 2015; Ingram et al., 2020b, 2020a; Leathem et al.,
2021; Vogel et al., 2013; Wootton et al., 2020). Individuals with mood
problems, neurodevelopmental conditions, disorders with psychotic
features and those who heavily use substances are especially vulnerable
to experiences of loneliness (Giacco, 2023; Giacco et al., 2016; Ingram
et al., 2020a). Because of this reverse causality, the directionality of
effects between loneliness and mental health remains unclear. In addi-
tion, substantial genetic correlations between loneliness and a number
of psychiatric disorders and substance use traits have been reported
(Gao et al., 2016; Jang et al., 2022; Matthews et al., 2019). For example,
more than half of 61 assessed physical and mental health traits were
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found to be genetically correlated with loneliness (Abdellaoui et al.,
2019), most of which related to psychiatric outcomes and substance use.
As such, the observed correlations between loneliness and psychiatric
phenotypes may be explained by a shared genetic liability.

To better disentangle causes, consequences and comorbidities,
multivariate genomic approaches combining structural modelling with
genetically informed causal inference methods are increasingly applied.
One such multivariate genetic method is Genomic Structural Equation
Modelling (GSEM) (Grotzinger et al., 2019). GSEM relies on summary
data from previous Genome-Wide Association Studies (GWAS) to jointly
model multiple genetic correlations between phenotypes and can thus
adjust for genetic correlations between multiple phenotypes. Mendelian
randomization (MR) (Richmond and Smith, 2022), a genetically
informed causal inference method, can further enable the investigation
of causal effects between phenotypes, such as loneliness and psychiatric
phenotypes. Combining these two genetically informed approaches to
interrogate the complex co-occurrence of loneliness and psychiatric
phenotypes may help to address the gaps in our understanding of
loneliness.

In summary, loneliness is intricately intertwined with various psy-
chiatric and substance-related phenotypes. In this study, we aim to
disentangle the associations between loneliness, substance use and
psychiatric disorders, by combining GSEM and MR. Exploiting these two
approaches allows us to scrutinise the shared and non-shared architec-
ture between loneliness and psychiatric outcomes, and to examine
causal questions concerning the aetiology of loneliness. In particular, we
conduct two sets of complementary analyses:

1) We first conduct genomic factor analysis to determine how pheno-
types indexing psychiatric outcomes and substance use cluster
together. The selection of specific phenotypes was based on prior
literature examining the latent ‘p-factor’ of common mental health
conditions (Caspi et al., 2014) and the genetic architecture of mental
health conditions (e.g., Abdellaoui et al., 2021; Lee et al., 2021).
These studies suggest that certain psychiatric and substance use
phenotypes differentially cluster alongside one another based on
shared genetic liability. Based on the output of genomic factor
analysis, we then investigate the degree to which the identified latent
psychopathology factors associate with liability to loneliness. This is
to evaluate the associations between the genetic liability underlying
loneliness and the genetic liability underlying clusters of psychiatric
phenotypes, rather than loneliness’ associations with individual,
specific phenotypes.

2) We then examine whether genetic correlations between loneliness
and these latent factors reflect causal processes. To this end, we
conduct cross-trait GWAS for the latent genetic factors using GSEM.
The resulting GWAS summary statistics are used in subsequent MR
analyses to test possible bidirectional relationships between loneli-
ness and the latent psychopathology factors.

2. Methods

Analyses were conducted in R version 4.0.3 (R Core Team, 2022). All
analysis scripts are available at https://github.com/ellenmartinl1/
lone-GenSEM-MR.

2.1. Data selection and quality control

Publicly available summary statistics from GWAS conducted in in-
dividuals of European ancestry were selected based on criteria recom-
mended by Choi et al. (2020) to ensure adequate statistical power. This
included selecting the largest and most recent GWAS available, with
single nucleotide polymorphism (SNP) heritability of at least 5% and an
associated SNP heritability z-score of at least two. In our study, we
selected summary statistics for loneliness, measured using self-report
responses to the UCLA Loneliness Scale (Day et al., 2018), clinical
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diagnoses of ADHD (Demontis et al., 2018), anxiety (Otowa et al., 2016),
autism (Grove et al., 2019), bipolar disorder (Stahl et al., 2019), major
depression (Howard et al., 2019), PTSD (Nievergelt et al., 2019), and
schizophrenia (Pardinas et al., 2018), the amount of alcohol consumed
per day in grams (Schumann et al., 2016), clinical diagnosis of cannabis
use disorder (Johnson et al., 2020) and lifetime smoking (Wootton et al.,
2020), measured as a combined index of current smoking status, dura-
tion of smoking and smoking frequency. Table 1 provides details of the
summary statistics used (average GWAS N = 227,089, range 9537 - 807,
553). Further details of the summary statistics used and of how pheno-
types were measured can be found in the Supplementary Material
(Supplementary Table 1).

We applied standard quality control filters (imputation quality >
90%, minor allele frequency > 1%) for SNP selection. Additional details
of quality control can be found in the Supplementary Material.

2.2. Factor analysis using genomic structural equation modelling

To first model the genetic architecture underlying the substance use
and psychiatric phenotypes, we used GenomicSEM version 0.0.2 (Grot-
zinger et al., 2019). GSEM uses Linkage-Disequilibrium Score Regression
(LDSC) (Bulik-Sullivan et al., 2015) to compute unadjusted genetic co-
variances between the specified phenotypes. The LDSC genetic covari-
ance matrices were used for Principal Component Analysis (PCA),
Exploratory Factor Analysis (EFA) and Confirmatory Factor Analysis
(CFA). To guide our decision on the number of factors to retain, we used
PCA to evaluate eigenvalues and generate a scree plot. Kaiser’s Criterion
recommends retaining components with eigenvalues that surpass one
and the plateau of the scree plot indicates the number of components to
retain. To prevent model over-fitting, PCA and EFA were conducted on
odd chromosomes whilst CFA was performed on even chromosomes.
The best-fitting model, as indicated by the lowest Standardised Root
Mean Square Residual (SRMR) and highest Comparative Fit Index (CFI)
values, was retained and used as the basis of subsequent GSEM models
with loneliness.

We specified three GSEM models regressing loneliness and the latent
genetic factors for psychopathology. In all models, loneliness was con-
structed as a latent factor (LONE) due to syntax requirements of lavaan
(Rosseel, 2012) for the genomic structural equation model to converge.
In the first model, separate associations between loneliness and the
latent factors were modelled. This model is unadjusted since it does not
correct for the intercorrelations between the latent genetic factors. We
then specified a second, adjusted multivariate model controlling for
genetic correlation by regressing loneliness onto all the latent factors
simultaneously and specifying intercorrelations between the latent fac-
tors. The regression coefficient estimates from this model are therefore
partial genetic correlations between loneliness and the latent factors
that are statistically adjusted to account for the intercorrelations be-
tween the latent factors. The third model was the same as the second,
except we applied constraints to check for potential over-inflation of
standardised coefficients and improve parsimony. The path diagram for
the final model is shown in Fig. 2 of the results section. Alternate model
specifications can be found in the Supplementary Material alongside
their path diagrams.

2.3. Bidirectional MR analyses

Mendelian randomization (MR) is a causal inference method
leveraging the results obtained from genome-wide analyses. MR relies
on the use of genetic instruments to estimate the causal effect of an
exposure on an outcome. If valid instruments are used, MR estimates are
free from biases due to the residual confounding that affects most esti-
mates obtained from observational data. A valid genetic instrument
must (1) be robustly associated with the exposure, (2) not be associated
with any factor that confounds the relationship between the exposure
and the outcome, and (3) act on the outcome only through the exposure
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Table 1

Summary Statistics of the 11 Phenotypes Included.
GWAS N Source SE N SNPs SNP-h? Measure Power
ADHD 55,374 Demontis et al. (2018) 0.015 579,907 0.236 binary 15.6
Alcohol Consumption 70,460 Schumann (2015) 0.008 1065,953 0.050 continuous 6.3
Anxiety 15,730 Otowa et al. (2016) 0.030 1100,798 0.079 binary 2.6
Autism 46,350 Grove et al. (2019) 0.010 1048,195 0.118 binary 11.8
Bipolar Disorder 51,710 Stahl et al. (2019) 0.008 1097,032 0.170 binary 22.6
Cannabis Use Disorder 364,701 Johnson et al. (2020) 0.006 1170,813 0.070 binary 11.7
Loneliness 445,024 Day et al. (2018) 0.002 1179,978 0.042 continuous 21.9
Major Depression 807,553 Howard et al. (2019) 0.003 1161,617 0.089 binary 29.7
PTSD 9537 Nievergelt et al. (2019) NA 1170,304 0.050 binary NA
Smoking 462,690 Wooton et al. (2019) 0.003 1173,173 0.090 continuous 29.5
Schizophrenia 105,318 Pardinas et al. (2018) 0.014 1151,269 0.412 binary 30.3

Note. For binary phenotypes, the sample size (N) refers to the Effective Sample Size. N = effective sample size; GWAS = Genome-Wide Association Study; SE = standard
error, N SNPs = number of SNPs; SNP-h? = single-nucleotide polymorphism heritability index.

(i.e., not due to horizontal pleiotropy) (Burgess et al., 2017).

To derive instruments for MR, we conducted a multivariate GWAS on
the latent factors as modelled in the third structural model described
above. The resulting SNP estimates on the latent factors were then used
as the input for bidirectional MR analyses, testing for causality between
loneliness and the latent factors. We used the TwoSampleMR package
(Hemani et al., 2017) in R, including LD-independent (10,000 kb clump
window, r? < 0.001) genome-wide significant variants (p < 5 x 107%)
as the genetic instruments. Inverse-Variance Weighted (IVW) MR
(Burgess et al., 2013) was used to obtain the exposure-outcome estimate.
We evaluated heterogeneity using Cochran’s Q and checked for hori-
zontal pleiotropy using the MR-Egger intercept term. Given the nature of
our study, focusing on latent genetic factors representing multiple traits,
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we conducted additional sensitivity checks to evaluate potential viola-
tions of MR assumption (2). First, when selecting genetic instruments for
the latent genetic factor, we filtered variants according to the hetero-
geneity chi-square statistic, Qsnyp (Grotzinger et al., 2019). Variants with
Qsnp P < 5 x 1079 were excluded, indexing SNPs that do not act pre-
dominantly through the latent factor. Second, as horizontal pleiotropy
can confound the association between the exposure and the outcome, we
implemented several MR sensitivity analyses, including MR-Egger
(Bowden et al., 2015), Weighted Median (Bowden et al., 2016) and
Weighted Mode MR (Hartwig et al., 2017). MR Steiger (Hemani et al.,
2017) was used to ensure that the genetic instruments used in MR an-
alyses operated in the correct causal direction, i.e., from exposure to
outcome. This was implemented by retaining MR instruments with a

Fig. 1. LDSC Correlation Heatmap of the 11
Included Phenotypes

Note. Significant correlations between traits are
represented with an asterisk (*). P-values have
been corrected using the False-Discovery Ratio
(FDR). ADHD = attention-deficit/hyperactivity
disorder; ALC = alcohol consumption; ANX =
anxiety; ASD = autism; BIP = bipolar disorder;
CAN = cannabis use disorder; MDD = major
depression; SCZ = schizophrenia; PTSD = post-
traumatic stress disorder; SMK = smoking.
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greater exposure r? than outcome %, indicating that they likely operate
in the correct causal direction. MR was then conducted using only these
instruments.

Using a small number of instruments in MR analyses risks biasing
estimated causal effects. Therefore, we conducted additional sensitivity
analyses specifying a less stringent p-value threshold (p < 5 x 107%7) to
increase the number of instruments. Due to the potential inclusion of
weaker MR instruments when using a less stringent p-value threshold,
we implemented MR Robust Adjusted Profile Score (RAPS) (Zhao et al.,
2018). Details pertaining to all the MR methods and sensitivity analyses
implemented can be found in the Supplementary Material.

3. Results
3.1. Latent genetic architecture

Fig. 1 shows the heatmap of bivariate genetic correlations obtained
from LDSC regression. Loneliness was genetically correlated most
strongly with PTSD (r(55) = 0.77, pppr = 5 X 10’24), anxiety (r(55) =
0.65, prpr = 6 X 107%) and major depression (r(55) = 0.59, pppr = 5 %
10732, Loneliness was also modestly correlated with autism (r(55) =
0.26, prpr = 8 x 10'%), ADHD (r(55) = 0.36, prpr = 4 x 1071%),

schizophrenia (r(55) = 0.18, prpr = 7 x 10’15), smoking (r(55) = 0.35,
PFDR = 2 X 10~%°) and cannabis use disorder (r(55) = 0.26, prpr = 2 X
10710,

The best-fitting factor analysis model was a three-factor solution
accounting for 55.2% of the total variance across the ten phenotypes
(%(33) = 139.42, p = 4.87x107 ', SRMR = 0.11, CFI = 0.93). Factors
one, two and three each accounted for 27.5%, 13.9% and 13.9% of the
variance respectively. Rejected factor structures and justification for
their rejection can be found in the Supplementary Material alongside the

66 (.02)
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(.05) .86 (.07) 38(04) 83(03) 98(05)

Psychiatry Research 325 (2023) 115218

PCA scree plot (Supplementary Fig. 1), EFA loadings and CFA output
(Supplementary Tables 2a — 2e). Factors one, two and three were
characterised as neurodevelopmental and mood conditions (NMD),
substance use traits (SUT) and disorders with psychotic features (DPF),
respectively.

The unadjusted genomic structural equation model provided evi-
dence of positive associations between the latent genetic factor for
loneliness (LONE) and all three latent factors. The path diagram for this
model is available in the Supplementary Material (Supplementary
Fig. 2a).

The results of the adjusted multivariate genomic structural equation
model found the latent genetic factor for LONE to be positively and
strongly associated with only NMD (p = 0.84, 95% CI = 0.536-1.138,p
= 1.38x107%). The loneliness factor did not appear to be associated
with SUT (B = —0.05, 95% CI = —0.220 to —0.114, p = 3.45x10~°}) nor
with DPF (B = —0.18, 95% CI = —0.306 to —0.059, p = 1.18x10™%).
This model’s fit was reasonable (;(2(58) = 45224, p = 1.96><10‘83,
SRMR = 0.09, CFI = 0.95). The three latent factors were genetically
intercorrelated. The path diagram for this model is available in the
Supplementary Material (Supplementary Fig. 2b).

The negative path loadings between the loneliness factor and SUT
and DPF in the multivariate model may have arisen because of the
reversal paradox (Tu et al., 2008), which can result from multi-
collinearity. To check whether these negative path loadings for SUT and
DPF may have over-inflated the estimate between NMD and the loneli-
ness factor, a third model was specified, and is shown in Fig. 2. This
model constrained the paths between the loneliness factor and SUT and
DPF to zero. NMD remained positively associated with the loneliness
factor but with a lower effect size (§ = 0.66, 95% CI = 0.560 - 0.761, p =
1.46x107%%). The fit was comparable to the unconstrained model
(x*(51) = 387.46, p = 5.99x10>%, SRMR = 0.10, CFI = 0.94). Since this

LONELINESS
1.00 (.

92 04)

83 (.03) .21 ( 05) ( 05) .68 (.04)

ADHD |ASD | |MDD | |PTSD | |SMK | |A|_c| |CAN | |scz |

Neurodevelopmental and Mood Conditions

Substance Use Traits Disorders with Psychotic Features

Fig. 2. Adjusted and Constrained Multivariate Path Diagram Regressing Loneliness onto the Three Latent Factors, Accounting for Shared Genetic Covariation be-

tween the Latent Factors

Note. Standard errors are shown in brackets alongside the beta coefficients. The single-headed arrows from the latent factors to loneliness represent that loneliness
was regressed onto the three latent factors. ADHD = attention-deficit/hyperactivity disorder; ALC = alcohol consumption; ANX = anxiety disorder; ASD = autism;
BIP = bipolar disorder; CAN = cannabis use disorder; MDD = major depression; SCZ = schizophrenia; PTSD = post-traumatic stress disorder; SMK = smoking. NMD
= neurodevelopmental and mood conditions; SUT = substance use traits; DPF = disorders with psychotic features; LONE = latent loneliness factor.
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model was more parsimonious and less likely to be over-inflated, it was
used as the basis for the subsequent multivariate GWA and MR analyses.
Full data pertaining to this model can be found in the Supplement
(Supplementary Table 3).

GSEM model fit provided evidence of a strong genetic association
between loneliness and the neurodevelopmental/mood conditions
(NMD) latent factor. Evidence for associations between loneliness and
the latent factors for disorders with psychotic features and for substance
use traits was less strong. Therefore, we conducted a multivariate GWAS
and follow-up MR analyses based on the NMD latent factor. A summary
of the results of our GWAS of the NMD latent factor is available in the
Supplementary Material (Supplementary Table 4, Supplementary
Figs. 3a — 3b). The latent NMD factor was based on 1968,630 SNPs.

3.2. Mendelian randomization analyses

The results of bidirectional MR shown in Table 2 suggest bidirec-
tional causal effects between loneliness and neurodevelopmental/mood
conditions. The main IVW estimate indicated a causal effect from
loneliness to NMD (Bryw = 0.496, 95% CI = 0.388 - 0.603, p =
1.49%107'°) using 11 genome-wide significant (p < 5 x 10~%) loneli-
ness instruments. MR sensitivity analyses showed consistent results. The
MR-Egger effect size was consistent with the main fyw estimate (Bggger
= 0.544, 95% CI = —0.002 - 1.091, p = 8.28x107°%). The I? for MR-
Egger was 0.972 from loneliness to NMD, suggesting instruments of
adequate strength (Burgess and Thompson, 2017). In addition, there
was no evidence of heterogeneity as indexed by Cochran’s Q (Qggger(9)
= 8.84, p = .452; Qyw(10) = 8.87, p = .544) nor was there evidence of
directional horizontal pleiotropy, according to the MR-Egger Intercept
(Intercept = - 0.0007, p = .862). Steiger filtering determined that all
SNPs were operating in the correct direction. The forest plot in Fig. 3
shows the estimated causal effect of the 11 LD-independent instruments
for MR analyses for loneliness to NMD. Additional MR analyses using 24
instruments and a p-value threshold of 5 x 10~% (Supplementary
Tables 5i — 5 m, Figs. 4d— 4e) demonstrated consistency with our main
MR analyses.

Using 10 genome-wide significant NMD instruments, there was evi-
dence of a causal effect from NMD to loneliness (Bryw = 0.339, 95% CI =
0.211 - 0.468, p = 2.16x10”%). However, there was evidence of het-
erogeneity according to Cochran’s Q (Qgggeer(8) 20.82, p
7.64x107%; Qw(9) = 21.15, p = 1.20x10—§§). The Weighted Mode
and Weighted Median estimates were consistent with the results from
IVW. The MR-Egger effect size was consistent with the IVW estimate
(Brgger = 0.444, 95% CI = —0.146 to 1.034, p = 6.03x10~°"). The I* for
MR-Egger was 0.971 from NMD to loneliness. There was no evidence of
directional horizontal pleiotropy according to the MR-Egger Intercept
(Intercept = - 0.002, p = 7.31x107°1). Steiger filtering determined that
all SNPs were operating in the correct direction. The forest plot in Fig. 4
shows the estimated causal effect for the 10 LD-independent SNPs used
as instruments for MR analyses for NMD to loneliness. Additional MR
analyses using 19 instruments and a p-value threshold of 5 x 107%
(Supplementary Tables 5n — 5r, Figs. 4e— 4f) demonstrate consistency
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with our main MR analyses. Full MR results can be found in the Sup-
plementary Material.

4. Discussion

The aetiology underlying the complex associations between loneli-
ness, substance use and psychiatric disorders has remained elusive. In
this work, we aimed to dissect their shared and non-shared genetic basis
and explore directionality of effects, by combining multivariate genome-
wide methods with Mendelian randomization. First, we found evidence
of genetic overlap between loneliness and a latent genetic factor
encompassing neurodevelopmental and mood conditions. Second, MR
analyses results suggested a potentially bidirectional causal effect be-
tween loneliness and neurodevelopmental/mood conditions.

4.1. Unique genetic correlations between loneliness and
neurodevelopmental and mood conditions

Exploring the genetic correlations between 11 traits indexing mental
and behavioural health, we identified three latent genetic factors,
including neurodevelopmental and mood conditions (NMD), substance
use traits (SUT) and disorders with psychotic features (DPF). After
controlling for the intercorrelations between the three latent factors,
loneliness was found to be genetically most correlated with the latent
factor encompassing neurodevelopmental and mood conditions. These
findings are in line with other research using different methods which
has demonstrated strong genetic associations between loneliness and
mood disorders (Abdellaoui et al., 2019; Rpdevand et al., 2021). Our
findings are also in agreement with epidemiological and neurocognitive
research suggesting that loneliness, neurodevelopmental and mood
conditions share several common features, such as biased processing of
interpersonal cues (Bar-Haim et al., 2007; Meng et al., 2020), poor
emotional regulation (England-Mason, 2020; Eres et al., 2021) and
internalizing symptoms like guilt, negative self-evaluation and social
withdrawal (Bauminger et al., 2010; Jacob et al., 2014). In conclusion,
this shared genetic aetiology between loneliness and neuro-
developmental and mood conditions might partly account for their
co-occurrence and may also be indicative of a causal relationship be-
tween them (van Rheenen et al., 2019).

4.2. Causal effects between loneliness and neurodevelopmental and mood
conditions

Addressing the second of our aims, we found evidence of a poten-
tially causal effect from loneliness to neurodevelopmental and mood
conditions based on consistent results across sensitivity analyses. Evi-
dence of a causal effect in the reverse direction, from neuro-
developmental and mood conditions to loneliness, were also present,
although there was evidence of heterogeneity.

The results of our MR analyses are in line with results from previous
MR analyses. For example, Choi et al. (2020a) found that an increased
ability to confide in others, a key feature of loneliness (Achterbergh

Table 2

Table of Bidirectional Mendelian Randomization Results.
Exposure Outcome MR Method N SNP B (SE) 95% CI P
Loneliness NMD Inverse Variance Weighted 11 0.496 (0.055) 0.388 - 0.603 1.49x1071°
Loneliness NMD MR Egger 11 0.544 (0.227) —0.002 to 1.091 8.28x107%2
Loneliness NMD Weighted Mode 11 0.524 (0.055) 0.261 - 0.787 2.96x10°%
Loneliness NMD Weighted Median 11 0.481 (0.080) 0.324 - 0.639 2.16x107%
NMD Loneliness Inverse Variance Weighted 10 0.339 (0.065) 0.211 — 0.468 2.16x10°%7
NMD Loneliness MR Egger 10 0.444 (0.301) —0.146 to 1.034 1.79x107!
NMD Loneliness Weighted Mode 10 0.386 (0.088) 0.213 - 0.558 2.61x107%
NMD Loneliness Weighted Median 10 0.383 (0.064) 0.257 - 0.508 3.60x10°%

Note. Loneliness and NMD are both continuous variables. NMD shown here is Qgyp filtered. (MR = Mendelian randomization; N SNP = Number of Single-Nucleotide
Polymorphisms; p = Beta; SE = Standard Error; CI = Confidence Interval; NMD = Neurodevelopmental and Mood Conditions).
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Fig. 3. Mendelian Randomziation Forest Plot for Loneliness to Neurodevelopmental and Mood Conditions
Note. The forest plot shows the effect sizes and confidence intervals of the 11 LD-independent SNPs used as MR instruments for loneliness to the neurodevelopmental
and mood conditions latent factor. The four MR methods are shown a the bottom of the plot. F1 refers to the neurodevelopmental and mood conditions latent factor.

et al., 2020; West et al., 1986), was causally related to decreased
symptoms of depression. Our findings suggesting a downstream effect of
loneliness on neurodevelopmental and mood conditions are also sup-
ported by existing meta-analyses examining the effects of loneliness on
various mental health outcomes (Erzen and Cikrikci, 2018; Park et al.,
2020).

Longitudinal studies demonstrating the adverse effects of loneliness
on later measures of mental health outcomes also seem to corroborate
our MR results. A recent systematic review preprint examined 20 lon-
gitudinal studies pertaining to the relationship between loneliness and
the onset of mental health issues. Across these longitudinal studies,
people who reported often feeling lonely at baseline were more likely to
report onset of depression than those who did not often feel lonely
(Mann et al.,, 2021 MedRxiv). Our findings also align with clinical
Randomized Control Trials (RCTs) that have suggested the effectiveness
of loneliness interventions in improving wellbeing and reducing
depressive symptoms (Lai et al., 2020; Shapira et al., 2021). It is, how-
ever, unclear from these RCTs whether the amelioration of mood issues
occurred as a direct consequence of interventions leading to reduced
loneliness rather than to alterations in emotion regulation or cognition.
A scoping review of literature addressing interventions targeting lone-
liness found that the most promising interventions were indeed those
that targeted cognitive processing (Mann et al., 2017). It is possible,
therefore, that interventions which target the maladaptive cognitions
that contribute to loneliness subsequently relieve mood problems

reported in neurodevelopmental and mood conditions due to down-
stream effects.

Our MR analyses also provide evidence of a potential causal effect of
neurodevelopmental and mood conitions on loneliness, and as such, a
bidirectional causal association. This bidirectional causal association
may point toward a mutually reinforcing relationship between loneli-
ness and neurodevelopmental and mood conditions. As suggested by a
meta-synthesis of studies capturing experiences of loneliness amongst
depressed individuals, neurodevelopmental and mood conditions may
encourage behaviours such as social withdrawal that elevate feelings of
loneliness. Subsequently, this may contribute to low mood, perpetuating
a cycle of loneliness and mood problems (Achterbergh et al., 2020).
However, our findings of a potential causal effect of neuro-
developmental and mood conditions on loneliness warrants replication
as there was evidence of heterogeneity, which can inflate MR estimates.

4.3. Limitations and future considerations

Our findings highlight important considerations for future research.
While the causal effect of loneliness on mood disorders suggested by our
findings is well-supported by existing literature, the causal effect of
loneliness on neurodevelopmental conditions is less well-established.
For example, there is little to no research examining whether chal-
lenges unique to neurodevelopmental conditions worsen with increased
loneliness. Loneliness may exacerbate existing communication
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Fig. 4. Mendelian Randomization Forest Plot for Neu-
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difficulties amongst individuals with neurodevelopmental conditions,
prevent the development of greater social competence (Koegel, 2000)
and may also promote hyperactivity (Ouchi et al., 2013; Sullens et al.,
2021). Despite this, existing literature with human subjects often only
examines the effects of loneliness on symptoms of depression and anx-
iety amongst people with neurodevelopmental conditions. Regarding
our analysis, the causal effect of loneliness on neurodevelopmental
conditions may reflect the fact that mood problems are a key feature of
neurodevelopmental conditions.

There are several limitations to consider when evaluating the results
of this study. Firstly, the conceptualisation of latent factors can be
subjective, and factor structures can often be unstable (Abdellaoui et al.,
2021). This makes it challenging to compare findings across studies.
While our factor structure closely resembles that of several genomic
factor analytic studies (e.g., Lee et al., 2019, 2021; Wu et al., 2020;
Abdellaoui et al., 2021), Grotzinger et al. (2019) proposed a different
structure. We found depression and anxiety to cluster alongside ADHD,
autism and PTSD; in their analysis, ADHD, autism, PTSD and problem-
atic alcohol use clustered alongside one another in a latent factor
separate from depression and anxiety. Accordingly, they suggested
separate latent factors encompassing neurodevelopmental conditions
and internalizing disorders, respectively. The discrepancy between our
factor structure and theirs may be explained by our use of different
GWAS summary statistics throughout our analyses. For instance, we
excluded several phenotypes that were present in their study, such as
anorexia, obsessive-compulsive disorder and Tourette’s syndrome,
because of our thresholds for statistical power. We also included several

substance use traits that were not present in their analysis.

Another consideration is that loneliness and mood conditions, while
clinically and qualitatively distinguishable, share common features and
present in similar ways. For example, social withdrawal is a trans-
diagnostic feature of many mood and neurodevelopmental conditions,
and is indeed a key feature of loneliness (Bellini et al., 2023; Mazurek,
2013). The resemblance in the presentation of loneliness and mood
conditions is highlighted by the fact that assessment measures for mood
conditions and those for loneliness often contain overlapping ques-
tionnaire items. For example, according to various diagnostic tools,
experiences such as social withdrawal, low mood, negative feelings to-
wards the self, and disruptions in social interactions are shared across
PTSD, anxiety, autism, ADHD, and major depression (American Psy-
chiatric Association, 2013; World Health Organization, 2019). Several
questionnaire items on the UCLA Loneliness Scale also pertain to similar
experiences (Russell et al., 1980). In this regard, loneliness and mood
conditions may share features that are a challenge to delineate. Conse-
quently, the strong degree of genetic correlation between loneliness and
mood conditions we observed (p = 0.66) may partly reflect the fact that
their respective GWAS capture genetic influences on overlapping ex-
periences, such as social withdrawal Alternatively, our findings may
reflect spurious bidirectional associations, which can arise in situations
of high co-heritability (Darrous et al., 2021).

The current study has several strengths. Firstly, we tested a range of
factor structures that were informed based both on data-driven ap-
proaches as well as on existing theory of how certain disorders tend to
cluster together (Supplementary Note S3). A second strength related to
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our factor analysis procedure is that we avoided model over-fitting by
conducting EFA and CFA on alternate chromosomes. Finally, a strength
of our approach is that we considered the complex nature of associations
between loneliness and psychiatric disorders and substance use by
explicitly modelling their genetic intercorrelations in GSEM. This
strength also extends to the bidirectional MR analysis: because we
accounted for genetic overlap between the factors prior to conducting
multivariable GWAS, we can be more certain that the causal effects from
loneliness to neurodevelopmental and mood conditions do not reflect
contributing effects from the other phenotypes we included.

4. Conclusion

We provide evidence of a genetic association between loneliness and
a latent genetic factor representing five neurodevelopmental and mood
conditions, over and above genetic overlap with other psychiatric dis-
order and substance use trait clusters. In addition, our findings suggest
that loneliness may potentially exert downstream, causal effects on
neurodevelopmental and mood conditions. Though we provide evidence
supporting a causal effect of loneliness on neurodevelopmental and
mood conditions, there was evidence of heterogeneity which may lead
to inflated MR effects. We must addtionally consider that MR effects may
have captured the overlap in the presentation of loneliness and symp-
toms of neurodevelopmental and mood conditions. Overall, genetic
predisposition to loneliness may be an important factor associated with
elevated risk of neurodevelopmental and mood conditions. In recent
years, the prevalence of loneliness has been increasing substantially,
especially considering social restrictions related to the Covid-19
pandemic (Greig et al., 2022; Li and Wang, 2020; Padmanabhanunni
and Pretorius, 2021; Santini and Koyanagi, 2021). Given the increasing
prevalence of loneliness and accumulating evidence of its causal effect
on neurodevelopmental and mood problems, it is clear that loneliness
should not be trivialised. Our findings highlight the importance of
loneliness as an essential component of mental health prevention and
policy.
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