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The COVID-19 pandemic’s impact on mental health is challenging to

quantify because pre-existingrisk, disease burden and public policy
varied across individuals, time and regions. Longitudinal, within-person
analyses can determine whether pandemic-related changes in social
isolation impacted mental health. We analyzed time-varying associations
between psychiatric vulnerability, loneliness, psychological distress and
social distancing in a US-based study during the first year of the pandemic.
We surveyed 3,655 participants about psychological health and COVID-
19-related circumstances every 2 weeks for 6 months. We combined
self-reports with regional social distancing estimates and a classifier that
predicted probability of psychiatric diagnosis at enrollment. Loneliness and
psychiatric vulnerability both impacted psychological distress. Loneliness
and distress were also linked to social isolation and stress associated with
distancing, and psychiatric vulnerability shaped how regional distancing
affected loneliness across time. Public health policies should address
loneliness when encouraging social distancing, particularly in those at risk
for psychiatric conditions.

The COVID-19 pandemic has had well-documented impacts throughout
society, including on mental health. While some epidemiological stud-
iesindicate that mental health problems increased inresponse to the
pandemic'and remained elevated through the summer 0f 2020,>* other
studies suggest psychiatric symptoms were not elevated relative to pre-
pandemic levels.** Many studies indicate responses were heterogene-
ousacross participants®® and that mental health differed as afunction
of both sociodemographic and clinical factors. Two meta-analyses of

cohortstudies that evaluated mental health both before and during the
pandemicindicated thatstudies that measured outcomesin the spring
0f2020 observed increases in symptoms, whereas symptoms returned
to pre-pandemiclevelsinstudies that measured outcomesin May-Jjuly
2020, particularly for studies that measured anxiety, depression or
general mental health.'”" However, other meta-analysesindicate that
mental health deterioration was present throughout the first year of the
pandemic.”? Results within each meta-analysis varied widely, pointing to
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study-specificfactors (for example, regional variations in public health
policies). Thus, although relationships are well documented through
epidemiological and cross-sectional data, much remains unknownin
terms of the pandemic’s potentially time-dependent impact on men-
tal health. To address this gap, we need longitudinal within-person
analyses that measure mental health at regular intervals over time
while considering changes in pandemic-related factors.

Loneliness is a risk factor for physical” and mental health that
was of particular concern during the pandemicin light of public health
policies on ‘social distancing, which may have increased social isola-
tion. Findings are mixed regarding the impact of social distancing on
loneliness and relationships between loneliness, distancing and mental
health during the pandemic. One population-based UK study” found
that individuals who reported often being lonely between April and
July 2020 were 16 times more likely to report a common mental dis-
order than those who reported hardly being lonely. Yet other studies
indicated that population-based levels of loneliness did not change
during the pandemic,® and aJanuary 2021 meta-analysis reported that
lockdown measures increased anxiety and depression but not loneli-
ness.'® The impact of the pandemic on loneliness and mental health
might have also differed as a function of psychiatric vulnerability. One
longitudinal study from Denmark’ found thatindividuals with previous
mentalillness reported elevated loneliness that was stable over time,
whereas loneliness fluctuated across time inindividuals without mental
illness, presumably in relation to societal factors such as mandatory
social distancing. Importantly, social distancing varied across regions"”
andbased onindividuals’ preferences and/or circumstances (for exam-
ple, essential worker status). Thus, it remains unclear how loneliness
affected mental health during the pandemic, whether loneliness and
mental health were impacted by social distancing and whether these
relationships varied as a function of psychiatric vulnerability. Our goal
wasto examine dynamic relationships between these variables and to
consider relationships withboth objective and self-reported measures
of distancing and social isolation.

Toaddress these questions, we conducted aninternet-based longi-
tudinal study during thefirst year of the pandemic (Fig.1). Over 3,600
participants enrolled, more than half of whom reported previous psy-
chiatric treatment.”® Participants reported on current mental health,
physical healthand COVID-19-related circumstances every 2 weeks for
6 months. Asthe study was led by researchers at the National Institutes
of Health (NIH), most participants were based in the United States,
where social distancing policies varied widely across regions and indi-
viduals. We thus incorporated both self-reported and community-
based estimates of distancing to capture relationships between social
distancing, loneliness and mental health. We focused on relationships
both across individuals and within individuals over time to capture
fluctuationsinboth the pandemic’simpact and individuals’behaviors
and psychological distress. Importantly, a subset of participants had
undergone clinical assessments and psychiatric diagnosticinterviews
at NIH before the pandemic, which allowed us to train a classifier to pre-
dict each participant’s likelihood of having a psychiatric diagnosis on
enrollment®® (thatis, psychiatric vulnerability). We combined this clas-
sifier with biweekly survey datato evaluate (1) the trajectory of mental
health during the first year of the pandemic, (2) whether mental health
varied as a function of psychiatric vulnerability, loneliness or their
interactionand (3) whether social distancingimpacted loneliness and
mental health. Our overall goal was to evaluate the joint contribution
of psychiatric vulnerability, loneliness and social isolation to mental
health over time and determine which factors had the strongest impact
on mental health during the first year of the COVID-19 pandemic.

Results

Psychiatric vulnerability varies on the basis of demographics
Between 4 April and 13 November 2020, 3,655 participants enrolled
in the study. Participants were primarily white (90.81%) and female

(80.55%), ranging from 18 to 87 years old (mean (M) = 46.64,s.d. = 14.85).
Most respondents (98.9%; n = 3,614) were located in the United States or
itsterritories (Fig.1). Forty-one participants enrolled from 16 different
countries across Europe, South America and Africa.

Patient probability score (PPS), our measure of psychiatric vul-
nerability, varied on the basis of gender, racial identity, setting,
education and age, but not ethnicity (Table 1). We thus included
demographicfactors as covariatesin all models. There was no differ-
ence in PPS as a function of whether individuals lived in the United
States (US participants: M= 0.56,s.d. = 0.22, range = 0.21-0.97; non-
US participants: M =0.58, s/d/ = 0.21, range = 0.23-0.93; t = 0.65,
P> 0.5).PPSscores were slightly higher in those living alone thanin
those living with others (living alone: n =768, M=0.58, s.d. = 0.22;
living with others:n=2,813, M=0.56,s.d. = 0.22;t=2.47,P=0.014),
but PPS did not vary as a function of household size (P> 0.6). Thus
we conclude that psychiatric vulnerability and social isolation are
distinct factors. The following analyses ask whether these factors
impacted time-varying mental health during the first year of the
pandemic.

Distress s linked to psychiatric vulnerability and loneliness
Our main longitudinal model focused on psychological distress as a
measure of mental health during the pandemic (Fig. 2). Across indi-
viduals, average psychological distress was positively associated with
PPS(B=0.77(0.02),P< 0.001; b= 0.42; Fig. 2a), such that psychologi-
cal distress was 0.77 units higher in individuals with a likely diagnosis
(PPS =1; purple in Fig. 2) relative to those likely to have no diagnosis
(PPS =0; yellow in Fig. 2), and this effect was practically significant
based on Bayesian models. Although frequentist modelsindicated that
average psychological distress decreased over time across individu-
als, and that the association between PPS and psychological distress
varied as a function of average participation date and decreased over
time withinindividuals (Table 2), main effects of time and interactions
between PPS and time were consistent with the null hypothesis based
on Bayesian models. Together, these findings suggest that there were
no practically significant shifts in psychological distress as a func-
tion of time during the early pandemic. Instead, distress varied across
individuals in relation to one’s likelihood of having had a psychiatric
diagnosis at baseline.

Although psychological distress and its association with psy-
chiatric vulnerability (PPS) were stable across time, we observed
robust associations between psychological distress and loneliness,
whichvaried bothacross individuals and withinindividuals over time.
Lonelier individuals reported higher average distress (coefficient
(B) =0.95(0.03), P<0.001; standardized coefficient (b) = 0.42;
Fig. 2b) and changes in loneliness within individuals were positively
associated with distress (B =0.57(0.02), P< 0.001; b = 0.26; Fig. 2c).
Both effects were practically significant. Although we observed inter-
actions between within-subjects and between-subjects loneliness and
between loneliness and duration based on frequentist statistics, these
interactions were consistent with the null hypothesis based on Bayesian
models (Table 2). Since loneliness and PPS were both associated with
distress, we evaluated their pairwise correlation: average loneliness
and PPSwere only moderately correlated (r= 0.44; Fig. 2d), indicating
that they were independent predictors.

Psychological distress also varied across demographic catego-
ries, such that men reported lower average distress than women
(B=-0.48(0.12), P< 0.001; b=-0.04), and average distress was lower
in individuals with advanced professional degrees than in those with
less than a bachelor’s degree (Bgs=0.57(0.15), P< 0.001; b = 0.05),
althoughthese effects were undecided practical significance (Table 2).
We observed additional associations with age that were significant
in frequentist but not Bayesian statistics (Table 2). Associations with
education, racial identity and ethnicity did not survive our conserva-
tive statistical threshold and were of undecided practical significance
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Fig.1|Study description. a, Between 4 April 2020 and 13 November 2020,

3,655 participants enrolled ina 6 month study that consisted of a set of
internet-based questionnaires to be completed every 2 weeks. Data collection
proceeded from April 2020 through May 2021. b, Participants were invited

to complete questionnaires for 24 weeks. At each interval, participants were
asked to complete the psychosocial impact of COVID-19 survey, whichincluded
questions about social context as well as the three-item loneliness scale,** as well
as the Kessler-5** and DSM-XC.? Additional questionnaires were administered
at baseline, which were used to compute a PPS and regional estimates of social
distancing based on zip code (Methods), and at the end of the study. The current
paper focuses on the relationship between loneliness and psychological distress,
and whether these factors vary as a function of one’s likelihood of having a
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psychiatric diagnosis and social distancing. ¢, Baseline questionnaire data from
174 participants who had previously undergone structured clinical interviews for
diagnosis at NIH were used to construct a classifier to predict each participant’s
likelihood of having had a psychiatric diagnosis. This classifier was applied to
baseline questionnaire data from all participants to generate a PPS for each
individual. For complete details, see ref. 18.d, Participants represented all US
states and territories, as well as 16 countries outside of the United States. Zip code
information for US participants (n = 3,614) was used to supplement self-report
datawith regional estimates of social distancing based on cell phone mobility
data (Methods). PPS, patient probability score; NIEHS, National Institute of
Environmental Health Sciences.

(Table 2), although we note that our sample was not equally balanced
across demographic groups, as we address in ‘Discussion’. We evalu-
ated formalinteractions with gender and age in Supplementary Results
but observed no practically significant interactions (Supplementary
Table 3). Finally, associations with distress were essentially identical
when we controlled for regional fluctuations in pandemic-related
factors within US-based participants, as captured by NIEHS Pandemic
Vulnerability Index (PVI; Supplementary Table 4), although we note
that we observed interactions between PVI, PPS and time, such that
psychologically vulnerable individuals in areas with high pandemic
vulnerability reported the largest reductionsin psychological distress
across time (Supplementary Fig. 5). Associations with PPS, loneliness
and time were largely consistent when we evaluated other mental
health outcomes (Supplementary Tables 5 and 6) or focused on clini-
cally significant mental health (Supplementary Table 7).

Social isolation impacts loneliness and distress

Variations in loneliness were robustly associated with psychological
distress during the pandemic, independent of psychiatric vulner-
ability. To gain further insight on the role of social context, we evalu-
ated the impact of objective social isolation, which is distinct from
loneliness. Social isolation was indexed both categorically (that s,
whether a respondent was currently living alone or with others) and
continuously (that is, household size). Extended Data Fig. 1 depicts
distributions of household size and relationships with distress and
loneliness. We focus on categorical effects of social isolation (that s,
living alone versus living with others) in the main paper and report
associations with household size in Supplementary Tables 8 and 9.
When controlling for all other factors, individuals living alone reported
less psychological distress than those living with others, who were the
interceptinthese categorical models (B =-0.56, P < 0.001; b =-0.11);
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Table 1| PPS as a function of demographics

Demographic variable Level N (%) PPS:Mean (s.d.) Relationship with PPS
Woman 2,894 (80.48) 0.57(0.21)
Man 595 (16.55) 0.49(0.22)
Gender Non-conforming 43(1.2) 0.77 (0.16) F(5, 3.590)=29.09, P<0.001
Trans 9(0.25) 0.73(0.21)
Other 13(0.36) 0.84(0.07)
Missing 42(117) 0.55 (0.23)
White 3,216 (89.43) 0.57(0.22)
African American/Black 121(3.36) 0.48 (0.21)
Asian American/Pacific Islander 109 (3.03) 0.45 (0.21)
Racial Identity American Indian/Native American 34 (0.95) 0.55 (0.17) F(6, 3,589)=8.75, P<0.001
Multiple 63 (1.75) 0.57 (0.22)
Unknown 13 (0.36) 0.57 (0.16)
Missing 40 (1) 0.56 (0.21)
Not Latino 3,243(90.18) 0.56 (0.22)
Latino 200 (5.56) 0.57(0.21)
Ethnicity F(3, 3,692)=0.068, P=0.977
Unknown 32(0.89) 0.55 (0.21)
Missing 121(3.36) 0.56 (0.22)
Suburban 1,889 (52.53) 0.56 (0.22)
Urban 1173 (32.62) 0.53(0.21)
Setting F(3, 3,592)=30.22, P<0.001
Rural 518 (14.40) 0.64(0.20)
Missing 16 (0.44) 0.46 (0.19)
Advanced professional degree 1,875 (52.14) 0.51(0.20)
Less than advanced professional degree 1129 (31.4) 0.59(0.22)
Education Less than bachelor's degree 482 (13.4) 0.66 (0.21) F(4, 3,591)=65.91, P<0.001
Less than associate degree 99 (2.75) 0.69 (0.21)
Missing 11(0.31) 0.55 (0.17)
Age [18, 87] 3,596 (100) 0.56 (0.22) B=-0.002 (0.00), t=-717, P<0.001
Household size [1.00,10.00] 3,581(100) 0.56 (0.22) B=-0.001(.003), t=-0.45, P=0.654
Living with others 2,813 (78.23) 0.56 (0.22)
Household status Living alone 768 (21.36) 0.58 (0.22) F(2, 3,593)=3.391, P=0.0338
Missing 15 (0.42) 0.61(0.20)

This table presents mean PPS as a function of demographic categories across participants who completed baseline questionnaires (n=3,596). We used the function ‘summary_factorlist’ in the
R package ‘finalfit"” to conduct separate linear models evaluating whether PPS varies significantly as a function of each demographic variable and to generate the results table. P values reflect
results of the omnibus F test for each demographic category (two-tailed, no multiplicity correction). We included covariates for each category in longitudinal models.

this effect was of undecided practical significance (10.69% in region
of partial equivalence (ROPE); Extended Data Table 1). Variations in
loneliness both within and across individuals still predicted psycho-
logical distress when controlling for whether anindividual lived alone
(Extended Data Table 1). The effect of living alone did not vary as a
function of time; neither did itinteract with loneliness or PPS based
on our conservative statistical thresholds. For complete results, see
Extended Data Tablel.

We also asked how objective social isolation impacted self-
reported loneliness (Extended Data Table 2). In contrast to psycho-
logical distress, individuals wholived alone reported higher loneliness
thanthose wholived with others (B = 0.49, P<0.001; b = 0.21; Extended
Data Fig. 1), and this effect was practically significant. Although we
observed statistically significant interactions between living alone,
PPS and time, Bayesian analyses indicated that interactions were not
sufficient toreject the null hypothesis. As reported in Supplementary
Table 9, findings were consistent when we evaluated associations
between loneliness and household size. We report associations with

other social factors (relationship quality, social support and emotional
support) in Supplementary Results (Supplementary Tables 10-13).

Impact of social distancing on loneliness and distress

Although social isolation impacted loneliness and psychological
distress, associations may not be specific to the pandemic. We next
asked whether pandemic-related social distancing was associated with
psychological distress and loneliness. When we tested self-reported
social distancingitems independently, between-subject variationsin
distancing-related stress (that is, responses to the item ‘How stress-
ful has it been for you to maintain social distancing?’) were positively
associated with both psychological distress and loneliness (Supple-
mentary Tables 14 and 15). This was also the case when all distanc-
ing measures were included in the same model: distancing-related
stress was positively associated with psychological distress (B= 0.5,
P<0.001; b=0.3; Extended Data Fig. 2a and Extended Data Table 3)
andloneliness (B =0.25,P<0.001; b = 0.34; Extended DataFig. 2b and
Extended Data Table 4). Associations between distancing-related stress
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Fig.2| Associations between distress, loneliness and PPS over time during
the COVID-19 pandemic. Analyses focused on psychological distress, amental
health outcome measure operationalized through biweekly responses on the
Kessler-5scale*, as a function of time, loneliness and PPS. Each figure depicts
arandom subset of participants, with locally estimated scatterplot smoothing
regression to capture the overall trend (purple line). We depict only findings from
linear mixed models that were practically significant based on Bayesian models
(<2.5% of posterior estimates in region of partial equivalence (ROPE”)) and
statistically significant at P < 0.001 (two-sided) in frequentist models to account
for the large sample size. Multiplicity correction was not applied. For complete
results, see Table 2. a, PPS was positively associated with average psychological
distress (B=0.77(0.02), confidence interval (CI): [0.72, 0.82], P < 0.001; 0% in
ROPE), such that mean psychological distress across time was 0.77 units higher
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inindividuals with a likely diagnosis (purple) relative to those likely to have no
diagnosis (yellow) based on PPS. b, We observed positive associations between
average loneliness and average distress (B = 0.95(0.03), CI:[0.89,1.00], P < 0.001;
0% in ROPE), such that individuals with 1unit higher loneliness reported

0.95 units higher distress across time. ¢, Changes in loneliness over time within
individuals were also positively associated with changes in psychological distress
(B=0.57(0.02), CI:[0.53, 0.60], P < 0.001; 0% in ROPE), such that an increase of
lunitloneliness was associated with an increase of 0.57 units distress at that time.
d, Although psychological distress was positively associated with both loneliness
and PPS, associations between PPS and average loneliness were only moderately
correlated (r=0.44, P< 0.001), indicating that psychiatric vulnerability and
loneliness capture separate constructs.

and loneliness were practically significantin both analyses (Extended
DataTable 4 and Supplementary Table 15), while associations between
distancing-related stress and psychological distress were practically
significant when tested independently (Supplementary Table 14) and
of undetermined significance (4% in ROPE) when controlling for other
distancing measures (Extended Data Table 3). Although we observed
additional associations with other self-reported distancing measures
both across individuals and withinindividuals over time based on fre-
quentist models, all within-subject effects were consistent with the null
hypothesis based on Bayesian models (Extended Data Tables 3 and 4
and Supplementary Tables14 and 15). See Supplementary Tables 16 and
17 for interactions between self-reported distancing, age and gender.

There were no significant associations between regional distanc-
ing and psychological distress (Supplementary Table 18). When we
examined associations between regional distancing and loneliness
(Extended Data Table 5), we observed practically significant inter-
actions between duration, regional distancing per observation and
average regional distancing (B =0.64, P<0.001; b = 0.02), such that
the association between distancing and loneliness was consistent
over time for individuals in areas of low distancing, whereas associa-
tions increased over time for individuals in communities with higher
rates of distancing. We also observed a practically significant four-way
interactionbetween these factorsand PPS (B=0.39,P<0.001;b=0.02),
suchthat psychiatrically vulnerable individuals in communities of low
regional distancing (purplelinesintop row of Fig. 3) reported greater

loneliness at times of less distancing across the entire study, whereas
participants in areas with more distancing (Fig. 3, bottom) showed
increases in associations between regional distancing and loneliness
across time, as did those who had low likelihood of being patients
regardless of regional distancing (yellow in Fig. 3).

Mediation by loneliness

Our analysesindicate that stress associated with social distancing was
associated with both loneliness and psychological distress. We next
asked whether loneliness formally mediated the relationship between
distancing-related stress and psychological distress by measuring
associations across individuals (that is, single-level mediation) and
withinindividuals over time (thatis, multilevel mediation). We also used
moderated mediation to ask whether relationships between distancing-
related stress, loneliness and psychological distress varied as afunction
of PPSand/or socialisolation. As mediation results were similar whether
or not moderators were included, we focus on results of moderated
mediation (Fig. 4). Extended Data Table 6 reports complete results
with and without moderators.

Path a capturesthe association between distancing-related stress
and loneliness. We observed positive path a effects both across indi-
viduals (path a=0.29, P< 0.001; Fig. 4a) and within individuals over
time (path a=0.10, P< 0.001; Fig. 4b). In both models, living alone
moderated path a (Extended Data Table 6), such that individuals who
lived alone (dark red in Fig. 4) showed stronger positive associations
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Table 2 | Main model: longitudinal associations with psychological distress

Term Coefficient®  95% CI° Coefficient 95% Cl t-statistic® d.f.? Pvalue* %in
(stand)® (stand)® ROPE®
(Intercept)t 6.29 [6.12, 6.46] 0.00 [0, 0] 75.04 3,477 0.000 0]
Average loneliness 0.95 [0.89,1.00] 0.42 [0.40, 0.45] 32.60 3,551 0.000 0]
(Loneliness between)t
Patient probability score  0.77 [0.72,0.82] 0.42 [0.39, 0.44] 3110 3,47 0.000 0]
(PPS)t
Main effects
Loneliness over time 0.57 [0.53, 0.60] 0.26 [0.24, 0.28] 30.94 2,065 0.000 0]
(Loneliness within)t
Average participation -0.07 [-0.11,-0.03] -0.04 [-0.07,-0.02] -3.49 3,606 0.001 100
date (Time between)®
Duration (Time within)® -0.03 [-0.05, -0.01] -0.02 [-0.04,-0.01] -2.80 2,636 0.005 100
PPS x Average -0.04 [-0.05, -0.01] -0.05 [-0.07,-0.02] -3.47 3,61 0.001 100
participation date®
PPS x Duration® -0.03 [-0.03,-0.01] -0.05 [-0.07,-0.03] -5.08 2,514 0.000 100
Loneliness between x 0.06 [0.03, 0.08] 0.04 [0.02, 0.05] 4.53 2,640 0.000 100
Interactions Loneliness within®
Average participation -0.02 [-0.03, -0.01] -0.04 [-0.06, -0.02] -4.68 2,597 0.000 100
date x Duration®
Duration x Loneliness 0.03 [0.02, 0.05] 0.04 [0.02, 0.06] 3.99 2,568 0.000 100
between®
PPS x Loneliness 0.03 [0.01, 0.06] 0.03 [0.01, 0.05] 2.69 3,488 0.007 100
between®
PPS x Loneliness within®  0.02 [0.01, 0.04] 0.02 [0.01, 0.04] 2.69 2,017 0.007 100
Education: less than 0.84 [0.28,1.39] 0.03 [0.01, 0.06] 2.91 3,698 0.004 8.38
associate degreet
Education: less than 0.57 [0.28, 0.85] 0.05 [0.02, 0.07] 3.84 3,610 0.000 19.98
bachelor's degreet
Racial identity: African -0.62 [-112,-011] -0.03 [-0.05, -0.01] -2.40 3,685 0.017 26.24
American#*
Covariates o ial identity: Asian -053 [-1.05, 0] -0.02 [-0.05, 0] -1.98 3479 0048 3975
American/Pacific
Islander*
Gender: Man#* -0.48 [-0.72,-0.23] -0.04 [-0.07,-0.02] -3.89 3,455 0.000 38.43
Ethnicity: Latino* 0.46 [0.05, 0.88] 0.03 [0, 0.05] 217 3,508 0.030 48.65
Age’ -0.04 [-0.04,-0.03] -0.13 [-0.16, -011] -11.30 3,427 0.000 100

This table reports results of linear mixed models predicting psychological distress (measured by the Kessler-5°) as a function of time, loneliness and PPS, while controlling for demographic
categories in 3,585 participants with sufficient data. With the exception of covariates, all predictors were mean-centered to facilitate interpretation of coefficients and interactions. The table
reports terms whose associations were statistically significant based on frequentist models (P<0.05); for all factors, see Supplementary Table 20. Within each category, factors are sorted

on the basis of practical significance (that is, percentage in ROPE) and by absolute value of the standardized coefficient. Effects that are both statistically and practically significant (<2.5% of
posterior estimates in ROPE) are marked with t, effects that are statistically significant but of uncertain practical significance (between 2.5% and 95% of posterior estimates in ROPE) are marked
with #, and effects that are consistent with the null hypothesis (>97.5% in ROPE) are marked with §. °Frequentist results were evaluated using the function ‘lmer’ from the R package ‘lme4**
using the following model: distress ~ Gender + Education + Ethnicity + Racial Identity + Setting + Age + PPS*Time between + PPS*Time within + PPS*Loneliness between*Loneliness within
+Loneliness between*Loneliness within*Time between*Time within + (1+ Interval + Loneliness within | SUBJECT_NUMBER) ®Bayesian results were evaluated using the function 'brms’ from the R
package ‘brms’ using the same model specified for ‘lme4.” All coefficients were modeled with normal priors (set_prior(‘normal(0,2.5), class='b")) and we included 1,000 warm-up samples and
4,000 iterations. Posterior estimates, including 95% confidence intervals, and the ROPE were obtained using the ‘describe_posterior’ function from the package BayesTestR™ and interpreted
as in ref. 57 to evaluate practical significance. The ROPE was defined as [-0.45, 0.45]. °We evaluated pseudo-standardized coefficients and confidence intervals using the package ‘effectsize.”*

between distancing-related stress and loneliness than those who lived
with others (tan in Fig. 4). There was no association between path a
and PPS, and no interactions between PPS and living alone, but we
observed positive associations between average loneliness and both
PPS and living alone when controlling for distancing-related stress
in our between-subjects mediation (Fig. 4a), and between average
loneliness and living alone in the within-subjects mediation (Fig. 4b).

Path b captures the relationship between loneliness and psycho-
logical distress when controlling for distancing-related stress. We
observed significant path b effects both across individuals (b= 0.67,
P <0.001) and within individuals over time (b = 0.50, P< 0.001). PPS
moderated path b (Extended Data Table 6), such that the association
between loneliness and distress, when controlling for distancing-
related stress and social isolation, was strongest for individuals with
high PPS scores, whether we examined variations across individuals

(Fig. 4a) or withinindividuals over time (Fig. 4b). Associations with PPS
arevisualized in theright panels of Fig. 4. Associations between living
alone and path b did not survive our conservative statistical threshold
but areincluded in Extended Data Table 6 for completeness.

Path c’captures direct effects, or the association between distanc-
ing-related stress and psychological distress when controlling for lone-
liness (as well as PPS and living alone). We observed reductions from
the total effect (c, consistent with resultsreportedin the preceding) to
thedirect effect (c’) whether we measured associations across individu-
als (total effect: c=0.44, P< 0.001; direct effect: ¢ = 0.25, P< 0.001)
or withinindividuals over time (total effect: c=0.21, P< 0.001; direct
effect: ¢’=0.14, P< 0.001). These reductions were consistent with
mediationin both models based on the magnitude of the indirect effect
through loneliness (that is, path a*b; Extended Data Table 6). Loneli-
ness accounted for 43.5% of the variance between distancing-related
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Fig.3|Relationships between psychiatric vulnerability, regional distancing
and loneliness vary over time. We used linear mixed models to evaluate
associations between regional estimates of social distancing, time and loneliness
asafunction of PPS (Extended Data Table 5). a-c, Model predictions (a) and
observed data (b,c) as a function of average regional distancing based on
quartiles. Models revealed interactions between all factors (B = 0.64, CI:[0.36,
0.91], P<0.001, 0.08% in ROPE), such that individuals in communities of low
regional distancing (top rows) exhibited stable relationships over time, reporting
higher loneliness at times of less distancing, whereas individuals in regions with
higher rates of distancing (bottom row) showed changes in associations between
distancing and loneliness over time. This effect also interacted with PPS (B = 0.39,
Cl:[0.27,0.51], P< 0.001, 0.06% in ROPE): individuals with low likelihood of
having a psychiatric diagnosis based on PPS (yellow) showed changes in the
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relationship between distancing and loneliness over time regardless of regional
distancingrates, such that more regional distancing was associated with higher
loneliness in late intervals, whereas those with a high probability of having a
psychiatric diagnosis based on PPS (purple) showed no change over time if they
lived in areas with low rates of social distancing (top row), and generally reported
more loneliness at times of less distancing in the community. Panel a depicts
marginal effects, with error bands representing the 95% confidence intervals.
Spaghettiplotsin panels b and creflect linear regressions between regional
distancing and loneliness for each of 700 randomly selected participants as
afunction of regional distancing. Panel b depicts relationships during early
enrollment (first quartile of intervals) while panel c depicts late enrollment
(fourth quartile of intervals). All Pvalues are two-sided and do not include
multiplicity correction.

stress and psychological distress across participants (indirect effect
a*b=0.19, P<0.001) and 25.46% of the variance between distancing-
related stress and psychological distress within participants over time
(indirect effect a*b = 0.05, P< 0.001). PPS and living alone did not
moderate the direct effect or indirect effectin either model (although
we saw associations between PPS and the indirect effectin the across-
subjects model that did not survive our conservative threshold; see
Extended Data Table 6), suggesting that loneliness explained asso-
ciations between distancing-related stress and psychological distress
similarly regardless of social isolation or psychiatric vulnerability.
Finally, we observed main effects of PPS on psychological dis-
tress when controlling for distancing-related stress, loneliness and
living alone in both models (Fig. 4), driven by positive associations
between PPS and psychological distress. The multilevel mediation
alsorevealed anegative PPS x living alone interaction that did not sur-
vive our stringent statistical threshold but was significant in Bayesian
models (Fig.4). Asreported in Supplementary Results, reverse media-
tion models that tested whether distancing-related stress mediated
associations between loneliness and psychological distress provided

worse descriptions of the data than the models we report here (Sup-
plementary Table 19).

Discussion
We examined the impact of psychiatric vulnerability and loneliness on
psychological distress during the first year of the COVID-19 pandemic
inalarge cohort of individuals, over half of whom reported previous
psychiatric treatment. Psychiatric vulnerability upon enrollment, opera-
tionalized by aclassifier trained on data from patients who were clinically
evaluated before the pandemic, was a robust predictor of subsequent
psychological distress over the course of the pandemic. Loneliness, which
varied both within and across individuals, was also strongly associated
with distress. Stress associated with social distancing was associated
with both distress and loneliness, and loneliness mediated associations
betweendistancing-related stress and mental health, as operationalized
by psychological distress, both across individuals and within individuals
over time. Here we discuss these findings and outstanding questions.
Psychological distress was strongly associated with baseline psy-
chiatric vulnerability, as operationalized by PPS. Building on our initial
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Fig. 4 |Loneliness mediates associations between self-reported distancing
and psychological distress. We used mediation analyses to evaluate whether
the relationship between distancing-related stress and psychological distress
was mediated by changes in loneliness. PPS and living alone were treated as
moderators, and we report results with and without moderators in Extended Data
Table 6. Coefficientsin Fig. 4 depict results from models including moderators.
a, Single-level mediation was used to examine relationships across participants.
There was a significant association between distancing-related stress and
loneliness (path a), such thatindividuals who reported higher distancing-related
stress on average also reported higher loneliness. This effect was moderated by
living alone, such that associations were stronger in those living alone (dark red)
thanin those living with others (tan); error bands denote standard error of the
means. Loneliness was positively associated with distress, while controlling for
distancing-related stress (path b), such that lonelier individuals reported higher
psychological distress regardless of distancing-related stress. This effect was
moderated by PPS, such that associations were stronger in individuals with who
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were more vulnerable. We observed significant mediation by loneliness (path
a*b), such thatindividual differences in loneliness explained 43.5% of the variance
between distancing-related stress and psychological distress. b, We used
multilevel mediation to examine whether changes in loneliness also mediated
dynamic associations between distancing-related stress and psychological
distress over time within individuals. Results were highly consistent with
findings across individuals. Participants reported higher loneliness at time
points when they reported higher distancing-related stress (path a), and

this effect was stronger in those living alone. Fluctuations in loneliness

were positively associated with psychological distress when controlling for
distancing-related stress (path b), and these within-person associations were
stronger for individuals with high PPS scores. Finally, the dynamic association
between distancing-related stress and psychological distress was reduced
when controlling for fluctuations in loneliness (path a*b), such that loneliness
explained 25.5% of the total effect. All Pvalues are two-sided and do not include
multiplicity correction. ***, P<.001;*, P<.05.

preprint,' we validated PPS against self-reported psychiatric treatment
historyinthe entire sample and related PPS with self-reported treatment
history, indicating that training a classifier on patients who were clini-
cally evaluatedin person before the pandemic canindeed estimate the
likelihood of previous psychiatric diagnosis upon enrollment. Bayesian
analyses indicated that there were no practically significant changes
over time in the association between PPS and psychological distress
or our other mental health outcomes. Thus, one’s psychiatric vulner-
ability at baseline was a stable predictor of mental health during the first
year of the pandemic. This has been confirmed using cross-validation
and data-driven analyses of other mental health factors in the current
dataset'” and builds on studies that evaluate the influence of pre-existing
mental health conditions during the early phase of the pandemic.>'**°

Loneliness is a well-documented risk factor for impaired mental
health, physical health and reduced longevity.”*?"* Our data sup-
port associations between loneliness and mental health, as psycho-
logical distress was higher when individuals felt lonelier, and lonely
individuals reported more distress on average across the first year
of the pandemic. These findings build on studies that report associa-
tions between loneliness and mental health in the first few months of
the pandemic.”>* Importantly, associations between loneliness and

psychological distress were as strong as the association between psy-
chological distress and baseline psychiatric vulnerability. Although
our findings are correlational and therefore preclude causal inference,
these strong positive associations support the efforts of various public
healthagenciesto target loneliness and social isolation in the interest
of improving mental health.”*”

The relationship between loneliness and mental health might
reflect pandemic-related changes in social connectedness. We inves-
tigated this by measuring (1) objective social isolation and (2) self-
reported and community-based social distancing. Social isolation is
distinct from loneliness; individuals with large social networks can
still feel lonely, and individuals who have few social connections may
not feel lonely. Although social isolation was associated with distress
and loneliness, loneliness still predicted distress while controlling for
socialisolation or household size. Interestingly, participants reported
less loneliness but more distress as a function of living with others and
increasing household size. This is consistent with other work on the
impact of stay-at-home orders on family dynamics and conflict®®** due
tonew challenges such as distancelearning, remote work and reduced
social engagements. Our findings indicate that these factors also have
deleterious impacts on mental health.
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Associations between distress, psychiatric vulnerability, social
isolation and loneliness are unlikely to be unique to the pandemic.
To explore whether pandemic-specific factors were associated with
psychological distress and loneliness, we focused on social distanc-
ing, based on self-report and community-based data. Although we
observed associations with multiple measures of distancing, one’s
average stress associated with social distancing was the only practically
significant predictor of psychological distress, together with loneliness
and likelihood of having a psychiatric diagnosis. Mediation analyses
revealed that the relationship between distancing-related stress and
psychological distress was mediated by changesin loneliness, whether
we examined variations across individuals or within individuals over
time. Our findings suggest that those who experience more stress in
response to distancing report higher psychological distressin part due
toincreased loneliness. Inother words, whenindividuals feltlonely in
response to distancing-related stress, they reported greater distress
thanwhenthey did not feellonely inresponse to distancing. Moreover,
respondents who lived alone exhibited stronger associations between
distancing-related stress and loneliness, while psychiatrically vulner-
able individuals exhibited stronger associations between loneliness
and psychological distress. These findings further support the idea that
loneliness is a key target for intervention, and that addressing social
connectedness might prevent social isolation from affecting mental
health, consistent with several recent efforts aimed at reducing suicide
riskin older adults.*** We note that our mediation analysis depends on
measures that were collected at the same time and thus preclude causal
inference. Although we explored reverse mediation models and results
supportthe hypothesized directionality, future analyses would benefit
from considering time-lagged analyses to determine whether distanc-
ingleads to loneliness, which in turn leads to psychological distress.

Finally, when we evaluated regional estimates of distancing in US-
based participants rather than self-reported measures, we observed
that associations between regional distancing and loneliness varied
over time and as a function of psychiatric vulnerability. Vulnerable
individualsin regions with less distancing experienced more loneliness
with less regional distancing throughout the first year of the pandemic,
whereas vulnerable individuals in communities with higher levels of
distancing showed changes over time and reported higher loneliness
atintervals with greater regional distancing in later, but not earlier,
intervals. Thus psychiatric vulnerability and social context both played
arole in how distancing affected loneliness during the first year of
the pandemic. We observed related findings when we used a general
measure of pandemic vulnerability: psychologically vulnerable indi-
viduals in regions that were most impacted by the pandemic showed
the strongest reductions in psychological distress over time.

Our study had several limitations that could be addressed by other
studies and population-based work. First, our sample was not repre-
sentative of the US population. Although all states were represented,
participants were overwhelmingly white, female and educated. Thus,
conclusions may not be generalizable to the US population at large or to
other nations, and results are unlikely to reflect the population who expe-
rienced the most adverseimpacts of the pandemicin the United States,
namely Black and Latinx individuals®** and those of low socioeconomic
status.” Although we observed some variations by sociodemographic
factors, Bayesiananalyses suggested that these were of undecided practi-
cal significance. However, we did observe associations between demo-
graphicfactors and likelihood of responding across multiple intervals,
particularly for those with less than an associate degree who were less
likely torespond across multiple intervals than those with higher levels
ofeducation. Our findings should be confirmed in more representative
samples, as only 2.75% of our participants had less than an associate
degree, 3.4% were Black/African American, and 5.6% were Latinx.

Generalizability may be further limited because the study recruited
aconvenience sample from existing lists of previous National Institute
of Mental Health (NIMH)/National Center for Complementary and

Integrative Health (NCCIH) research participants, online flyers and
direct mail postcards, and was completely voluntary and uncompen-
sated. Participants were asked to dedicate time to complete question-
naires every 2 weeks for 6 months; ultimately, 568 participants (16% of
sample) completed every interval. This might have affected conclusions
in two ways. First, individuals may have missed time points when they
were most severelyimpacted, and thus distress may be underestimated
by assuming that data were missing at random. Second, participants
may have used the study as a coping tool during the pandemic. Many
participants used a free response item within the COVID-19 Survey to
describe ongoing challenges and triumphs, and reported on how help-
ful it was to be a participant when completing the study.*® Insofar as
participation aided coping, analyses might underestimate the distress
that would have been experienced had participants notenrolledin the
study. To avoid the potential for collider bias,”* our conclusions should
be confirmed with epidemiological and clinical samples that did not
rely onself-selection. Inaddition, we focused on general mental health
outcomes rather than specific psychiatric symptoms or syndromes.
Conclusions should be compared with longitudinal studies that meas-
ure specific psychiatric symptoms or clinical conditions.

Conclusions

Our large longitudinal study of mental health measured dynamic
relationships between loneliness, social distancing and mental health
throughout the first year of the COVID-19 pandemic. Our results indi-
catethatlikelihood of previous psychiatric diagnosis and week-to-week
fluctuations in loneliness were the strongest predictors of psycho-
logical distress across time. Individuals’ responses to social distancing
also predicted distress and loneliness, and the association between
distancing-related stress and psychological distress was mediated by
changesinloneliness. The impact of loneliness was both related to, and
distinct from, the impact of objective social isolation. This highlights
loneliness as a key target for interventions to improve mental health,
particularly in future public health crises that require social distancing.

Methods

Participants

Between 4 April and 13 November 2020, 3,655 participants provided
consent. Participants were asked to complete questionnaires every
2 weeks for 6 months (13 intervals, including baseline and end-of-study
measures). As participation was entirely voluntary (thatis, uncompen-
sated), participants could skip intervalsifthey did not wish to respond
on a given week. Of those who consented and completed baseline
questionnaires, 3,149 participants (86.2%) provided responses on
more than one time point, and 568 participants (15.6%) completed
every interval; we report associations between likelihood of repeat
response and baseline characteristics in Supplementary Results and
Supplementary Fig. 4. See ref. 18 for baseline data and preliminary
results within participants who enrolled between 4 April and 16 May
2020 (n=1,992).

Materials and questionnaires

Consent forms and questionnaires were administered through asecure
online platform, Clinical Trials Survey System. Following consent,
participants provided baseline demographics and clinical history (see
ref. 18 for specific measures). Subsequently, they completed measures
of mental health, social support and pandemic-specific factors every
2 weeks for 6 months (Fig. 1) and end-of-study measures at the final time
point. The current paper focuses on the associations between mental
healthand social connectedness. Additional outcomes are considered
in separate work.">>¢*

Mental health outcomes
Threeitems measured mental health at allintervals: (1) the Kessler-5;*°
(2) the DSM-5 self-rated level 1 cross-cutting symptom measure-adult
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(DSM-XC)*® and (3) the patient health questionnaire (PHQ-2) (ref. 27)
embedded inthe DSM-XC. We computed overall scores for the Kessler-5
and the PHQ-2 and computed general mental health factor scores from
a bifactor model of the DSM-XC.* Pairwise correlations between the
three mental health outcomes were all>0.78 (Supplementary Table1).
We therefore focused on Kessler-5, a measure of psychological dis-
tress,*® as our primary dependent measure of mental health. Conclu-
sions from PHQ-2and DSM-XC are provided in Supplementary Results,
Supplementary Tables 5and 6 and Supplementary Fig. 4.

Social context

Socialfactors were measured through a45-itemsurvey we developed to
assess pandemic-related circumstances, behaviors and responses**.
Threeitems assessed social distancing: How much have youbeensocial
distancing?; How stressful has it been for you to maintain social distanc-
ing?;and How much has your time with other people changed compared
to how you acted before the COVID-19 outbreak? Pairwise correlations
betweentheseitemswerelow (all s < 0.4; Supplementary Table 2), sug-
gesting they were dissociable. To measure loneliness, we incorporated
the Three-ltem Loneliness Scale** in the COVID-19 survey. We also asked
participants toreport on household size and quality of relationships. We
used household size to differentiate between loneliness and objective
socialisolation (thatis, theimpactof living alone). Associations with rela-
tionship quality arereported in Supplementary Results (Supplementary
Tables10and11), along with self-reported socialand emotional support,
which was measured at the end of the study using Patient-Reported
Outcomes Measurement Information System measures.*”

Patient probability score

A subset of participants (n = 174) underwent a diagnostic interview
using the Structured Clinical Interview for DSM*® at NIH before March
2020.0fthese, 61 were diagnosed witha current or previous psychiatric
diagnosis, and 113 had no psychiatric history. We trained a classifier on
baseline responses to five questionnaires (a modified Family Interview
for Genetic Studies,” the World Health Organization Disability Assess-
ment Schedule,* the Alcohol Use Disorders Identification Test,*’ the
DSM-5level 2 Substance Use-Adult®™ and ademographic questionnaire)
from these participants to generate PPSs' for each respondent who
completed all five questionnaires (n =3,648). PPS ranges from 0 to 1
and corresponds to the probability of an individual having a psychi-
atric diagnosis at the time of study enrollment. In previous work, we
validated PPS with self-reported treatment history (including previous
mental health hospitalization, treatment for alcohol and/or drug abuse,
and/or medication for a mental health condition) in an initial wave of
participants during lockdown (n=1,992)"® and determined the area
under the curve of the receiver operating characteristic was 0.87.Inthe
complete sample, we obtain an area under the curve of 0.86 (see Sup-
plementary Results and Supplementary Fig.1). PPS therefore estimates
each participant’slikelihood of having received a previous psychiatric
diagnosis asasummary function of the different types of information
in the five questionnaires (which may include treatment history). It
has the advantage of being transdiagnostic, continuous and based on
datafrom patients who were clinically evaluated before the pandemic,
thus providing more insight than self-reported treatment history or
diagnosis alone. We thus used PPS to index each participant’s baseline
psychiatric vulnerability. Participants without PPS scores (n = 7) were
excluded from analyses involving PPS. For additional information on
therelationship between PPS and self-reported mental health history
uponenrollment, see Supplementary Results and Supplementary Fig. 2.

Regional distancing and PVI

At baseline, 3,046 US participants provided the first three digits
of their zip code, which was used in conjunction with PVI data' to
examine regional COVID-19risk and social distancing. Regional social
distancing was operationalized by NIEHS ‘Social Distancing Metrics’

(‘Intervention_Social_Distancing’), based on regional cell phone mobil-
ity data.” Values in the NIEHS dataset are proportional relative to the
previousyear, such that higher values inthe dataset denote less social
distancing, and outcomes are positively associated with PVI (that is,
increased mobility should be associated with higher vulnerability to
regional spread). Inthe presentstudy, toaid interpretation and ensure
consistency with our self-report data, in which higher values reflect
more distancing, wereverse-scored the NIEHS values, so that our higher
regional distancing values reflect more distancing in acommunity. In
Supplementary Results, we modeled overall PVI score as a factor to
ensure findings were consistent when accounting for variationsin the
pandemic’s public healthimpactandto evaluate potential interactions
(Supplementary Table 4 and Supplementary Fig. 5).

Procedures

Study ethics were evaluated and approved by NIH’s institution review
board (clinicaltrials.gov ID NCT04339790; principal investigator:
J.Y.C.) and launched on 4 April 2020. We initially contacted former
research participants via email from six labs of the NIMH and NCCIH
Intramural Research Programs and invited them to participate. The
study was also advertised online through NIMH’s social media outlets,
listservs, clinicaltrials.gov and direct mail postcards. Interested parties
were directed to a study website that contained a study description
and alink to provide informed consent through Clinical Trials Survey
System. Following consent, participants completed baseline meas-
ures that were used to derive PPS for each participant.” Participants
were subsequently contacted every 2 weeks and asked to complete
the Psychosocial Impact of COVID-19 Survey, Kessler-5 and DSM-XC.
Participants could forego any intervals or items they did not wish to
complete. After 12 intervals, participants were asked to complete
end-of-study measures. We sent two flyers about study progress dur-
ing datacollection to encourage continued participation. Enrollment
concluded after 6 months (final enrollment date: 13 November 2020),
leading to asample size of 3,655 participants.

Statistical analyses

We used linear mixed models to evaluate associations between PPS,
loneliness and psychological distress and to test whether associa-
tions varied over time. For each time point, psychological distress was
treated as the outcome measure while loneliness, time and PPS were
treated as predictors. Follow-up analyses used linear mixed models
to evaluate whether time and PPS affected loneliness over time. We
also used linear mixed models to test whether psychological distress
and loneliness were impacted by social factors. We focused on social
distancing and social isolation in the main paper and reported asso-
ciations with household size, relationship quality and social support
in Supplementary Results. We included all self-report measures of
social distancing in one model in the main paper and report separate
evaluations of each measure in Supplementary Results (Supplemen-
tary Tables14-17). We evaluated associations with regional distancing
separately from self-reported social distancing.

We used linear modelsimplemented with the function ‘summary_
factorlist’ from the R package ‘finalfit™* to evaluate whether PPS varied
onthebasis of respondent demographics. Because there wereindeed
differences in PPS as a function of demographic factors (Results and
Table 1), we included covariates for racial identity, ethnicity, gender,
setting, education and age inallmodels. Participants who were missing
age data (n = 45) were excluded from analyses. Covariates other than
ageweremodeled as categorical variables, with the dominant subgroup
(white non-Hispanic suburban women with advanced professional
degrees) astheintercept. Analyses that tested interactions with gender
(restricted tomenand women) and age are reported in Supplementary
Results and acknowledged in the main paper when significant.

Time was decomposed into level 2 (between-subject calendar
time, the number of days frominitiation of the study to the individual’s
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mean participation date; referred to as ‘average participation date’) and
level 1 (within-subject duration of study participation, the number of
days fromthe individual’s consent date at each observation; referred
to as ‘duration’) effects. The same decomposition was applied to all
time-varying predictors (for example, loneliness, social distancing),
which were modeled both within participants (per observation) and
across subjects (subject-level average). For all models, we tested main
effects of time, PPS and loneliness, and all interactions. Each analysis
includes all participants with complete datafor at least one time point
for the specific measures of interest. As this leads to slightly differ-
ent sample sizes across analyses, we provide sample sizes for each
analysis in tables. Missing intervals were not included in analyses.
With the exception of demographic covariates, all predictors were
mean-centered before analysis. Subject-level intercepts and slopes
were treated as random. Inspection of residuals and Q-Q plots from
base models revealed that residuals were normally distributed (Sup-
plementary Methods and Supplementary Fig. 3).

We used ‘Imer’ in the R package ‘Ime4”’ to evaluate linear mixed
models and used the R package ‘effectsize™* to compute pseudo-stand-
ardized coefficients®®and compare effect size across predictors within
models. Coefficients from standardized models are reportedinitalics
(‘b’)to differentiate from coefficientsin original units (‘B’). Due to our
large sample size and the relationship between sample size and likeli-
hood of false positives, we set a threshold for statistical significance
of 0.001. To further ensure the statistically significant findings were
robust and unlikely to be due to chance, we employed Bayesian analy-
ses, which are more conservative and allow researchers to determine
whether evidence is sufficient to accept or reject the null hypothesis.
We used the R package ‘brms™ to confirm results from our main models
with Bayesian statistics. Models were fit with normal priors centered
at 0 (s.d. =2.5). We evaluated practical significance using the ROPE
through the package BayesTestR,* asin ref. 57. Effects were considered
practically significant, thatis, having enoughevidencetoreject the null
hypothesis, when fewer than 2.5% of posterior estimates were in the
ROPE, and the null hypothesis was accepted when more than 97.5% of
posterior estimates were in the ROPE. We report both frequentist and
Bayesian statistics for ease of interpretation, and only make inferences
onfindings that were both statistically significantin frequentist models
andwere practically significant based on Bayesian analyses; complete
results are reported in tables.

We used mediation analysis to ask whether loneliness mediated
the dynamicrelationship between social distancing-related stress and
psychological distress. We evaluated single-level mediation, which
examines associations across individuals, and multilevel mediation,
which examines associations withinindividuals over time. Single-level
mediation was implemented with the ‘mediate’ and ‘test. nodmed’
functions from R toolbox mediation,*® which includes non-parametric
bootstrapping. Bayesian multilevel mediation wasimplemented with
the Rtoolbox ‘bmIm”**° for models without moderators, and through
‘brms’ for models with moderators. We used bootstrapping to evaluate
significance of the mediation effect® and report results of Bayesian
hypothesis testing based on posterior estimates as well as frequentist
statistics. Our mainmodel assumed that social distancing-related stress
was the input variable (X), and psychological distress was the output
variable (V), and we tested for mediation by self-reported loneliness
(M).We also tested whether PPS and social isolation (that is, the effect
of living alone) moderated any paths. Multilevel analyses included
random intercepts and slopes, as well as a within-subjects factor for
time. Results were evaluated using the ‘hypothesis’ function of ‘brms™
(using analphavalue of 0.001, consistent with our other results), results
from ‘Imer’ within the Ime4 package®® and the ‘mediation’ function of
‘bayestestR,*® with the exception of tests for moderated mediation
(that is, associations between the mediation effect a*h and modera-
tors), which were computed using linear regression. Participants were
includedin mediationanalyses ifthey had atleast one time point with

valid data for all three measures. Sample sizes for each analysis are
provided in Extended Data Table 6. We evaluated reverse mediation
models (Supplementary Methods) and report model comparisons
between hypothesized and reverse modelsin Supplementary Results
and Supplementary Table 19.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Participant-level data used for these analyses are available at https://
osf.io/e7jrd/ (ref. 62) in the file ‘final_socmeasures_052824 _n3605.
csv’. The complete dataset can be found at https://dataverse.harvard.
edu/dataset.xhtml?persistentld=doi:10.7910/DVN/L4LRM2 (ref. 63),
which includes data obtained from the NIEHS COVID-19 Pandemic
Vulnerability Index Dashboard.” All data are publicly available without
restrictions.

Code availability

Code, analyses and additional supplementary materials are available
at https://osf.io/e7jrd/. The files ‘dataset creation for covid longitudi-
nal_LYA.R"and ‘CovidAnalyses NMH_revl1 firstscript.Rmd’include code
for data organization, evaluating descriptive statistics and associa-
tions with PPS, and linear mixed models evaluated using frequentist
statistics. The file ‘CovidAnalyses NMH_revl_bayes.Rmd’ includes
code forlinear mixed models evaluated with Bayesian statistics. Code
for analyzing associations with social factors and generating figures
is provided in ‘CovidAnalyses_ NMH_revl1_social_NIEHS_figures.Rmd.
‘CovidAnalyses NMH_rev1_social_NIEHS figures_commdistinv.Rmd’
includes code for visualizing associations with regional distancing.
‘CovidAnalyses NMH_revl_figures.Rmd’ contains code for visualizing
overallassociations between variables. The file ‘CovidAnalyses NMH_
revl_suppanalyses_mediation.Rmd’ contains code for supplementary
analyses and mediation analyses.
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Extended Data Fig.1| Associations between social isolation, distress, and
loneliness. To differentiate between subjective loneliness and objective social
isolation, we measured associations between objective social isolation, distress,
and loneliness. Social isolation was treated both continuously (Household
size) and categorically (Living alone vs Living with others). We report results of
linear mixed models using both frequentist statistics (thresholded at p <.001
two-sided, without multiplicity correction) and Bayesian statistics (practical
significance defined as <2.5% of posterior estimates in region of partial
equivalence [ROPE].”’) Boxplots present medians, first and third quartiles, and
1.5x theinterquartile range (whiskers). Gray circles denote the mean for each
category. A) Histogram of mean household size. 768 participants (21.36%) of
participants reported that they lived alone at baseline; 649 participants reported
living alone at every timepoint throughout their participation. B) Psychological
distress was positively associated with household size (B=0.29, CI=[0.19,
0.40], p<.001), such that an increase of one additional household member was

4

Mean household size

Living alone Living with others
Social isolation status

associated with anincrease of 0.29 units of distress, although this effect was
consistent with the null hypothesis based on Bayesian models (99.8% in ROPE; see
Supplementary Table 8). C) Respondents who lived alone reported less distress
than those who lived with others (B=-0.56, CI=[-0.76,— 0.39], p <.001), and this
effect was of undecided significance based on Bayesian models (10.69% in ROPE;
Extended Data Table 1). Loneliness still predicted distress when controlling for
Household Size or Living Alone (see Extended Data Table 1and Supplementary
Table 8). D) In contrast to Psychological Distress, Loneliness was negatively
associated with household size (B =-0.28, CI=[-0.33,-0.22], p <.001), such that
anincrease of one additional household member was associated with areduction
of 0.28 units loneliness, and this effect was practically significant (0.11%in

ROPE; see Supplementary Table 9). E) Consistent with results of continuous
models, individuals who lived alone reported an increase of 0.49 units loneliness
compared to those living with others (B=0.49, CI=[0.46, 0.52], p<.001), and
differences were practically significant (0% in ROPE; see Extended Data Table 2).
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A. Association with psychological distress
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Extended Data Fig. 2| Impact of social distancing-related stress. We evaluated
associations between self-reported social distancing and mental health during
the pandemic. Each figure depicts arandom subset of 1000 participants.
Although we observed statistically significant associations with numerous
measures of distancing based on linear mixed models using frequentist
statistics (see Supplementary Tables 14-17), the only practically significant
predictor of psychological distress and loneliness based on Bayesian statistics
was individual differences in self-reported stress associated with distancing.
We note that p-values are two-sided and do not include multiplicity correction.
A) Individuals who reported higher average distancing-related stress also
reported higher psychological distress across the pandemic (B=0.5, Cl1=[0.44,

B. Association with loneliness

Between-subject effect of Distancing-related Stress
Random subset of 1000
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0.55], p<.001), such that anincrease in one unit of average distancing-related
stress was associated with 0.5 units higher psychological distress. This effect was
practically significant when modeled alone (0.13 in ROPE; see Supplementary
Table 14) and of undecided significance when controlling for other social
distancing measures (4% in ROPE; see Extended Data Table 2). B) We also
observed positive associations across individuals between mean distancing-
related stress and mean loneliness (B=0.25, CI=[0.23,0.28], p<.001), such
thatanincrease in one unit of average distancing-related stress was associated
with 0.25 units higher loneliness. This effect was practically significant based on
Bayesian models whether or not other distancing measures were included in the
model (0.02% in ROPE; see Extended Data Table 3 and Supplementary Table 15).
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Extended Data Table 1| Longitudinal model of distress as a function of loneliness and social isolation

Coefficient 95% ClI
Term Coefficient 95% Cl (stand.) (stand.) t-statistic df p.value % in ROPE
(Intercept) 6.40 [ 6.23, 6.57] 0 [0.00, 0.00] 75.08 3631 0 0%
Average loneliness 1.00 [0.93, 1.06] 0.44 [0.42, 0.47] 30.91 4278 0 0%
Main PPS 0.78 [0.73, 0.83] 0.42 [0.39, 0.45] 29.48 3985 0 0%
effects Loneliness over time 0.56 [0.52, 0.60] 0.26 [0.24, 0.28] 26.86 2265 0 0%
Living alone -0.56 [-0.76, -0.39] -0.11 [-0.15, -0.08] -6.28 14340 0 10.69%
Average participation date -0.1 [-0.15, -0.04] -0.06 [-0.09, -0.03] -3.95 4161 0 100%
Average loneliness x Living alone x
PPS 0.05 [0.01, 0.10] 0.06 [0.01, 0.10] 249 11430 0.013 100%
Average participation date x
Duration -0.02 [-0.04, -0.01] -0.05 [-0.07, -0.02] -3.84 2784 0 100%
Average participation date x PPS -0.04 [-0.06, -0.01] -0.05 [-0.08, -0.02] -3.23 4246 0.001 100%
Average participation date x Living
alone 0.09 [0.01, 0.17] 0.05 [0.00, 0.10] 2.13 10520 0.033 100%
Duration x PPS -0.02 [-0.04, -0.01] -0.04 [-0.07, -0.02] -3.89 2825 0.000 100%
Average loneliness x Duration 0.03 [ 0.01, 0.04] 0.04 [ 0.02, 0.06] 3.36 2808 0.001 100%
Average loneliness x Loneliness
over time 0.05 [0.02, 0.08] 0.03 [0.01, 0.05] 3.42 2822 0.001 100%
Interactions | Average loneliness x Average
participation date x Duration 0.01 [0.00, 0.02] 0.03 [0.01, 0.06] 2.63 2744 0.009 100%
Average participation date x
Duration x PPS -0.01 [-0.01, 0.00] -0.03 [-0.05, 0.00] -2.29 2789 0.022 100%
Average loneliness x Loneliness
over time x PPS -0.01 [-0.03, 0.00] -0.02 [-0.04, 0.00] -2.06 2957 0.039 100%
Average participation date x
Duration x Living Alone x PPS 0.01 [0.00, 0.02] 0.02 [0.00, 0.05] 1.97 3109 0.048 100%
Average loneliness x Loneliness
over time x PPS x Time within x
Living Alone 0.02 [0.00, 0.03] 0.02 [0.01, 0.04] 2.63 19050 0.009 100%
Loneliness over time x PPS 0.02 [0.00, 0.04] 0.02 [0.00, 0.04] 2.25 2320 0.024 100%
Education: Less than Associates 0.85 [0.26, 1.37] 0.03 [0.01, 0.06] 2.94 3679 0.003 9.88%
Racial identity: AA -0.58 [-1.09, -0.10] -0.03 [-0.05, 0.00] -2.28 3668 0.023 30.23%
Covariates Education: Less than Bachelors 0.52 [0.23, 0.80] 0.04 [0.02, 0.07] 3.56 3586 0 32.87%
Gender: Man -0.48 [-0.71, -0.23] -0.04 [-0.07, -0.02] -3.85 3431 0 42.79%
Ethnicity: Latino 0.45 [0.03, 0.88] 0.03 [0.00, 0.05] 2.12 3480 0.034 49.83%
Age -0.03 [-0.04, -0.03] -0.13 [-0.15, -0.10] -10.58 3433 0 100%

This table reports results of linear mixed models predicting psychological distress as a function of Social Distancing, Time, and Patient Probability Score (PPS), while controlling for
demographic categories in 3584 participants with sufficient data. Social isolation was modeled as a categorical factor, with those who lived with others as the intercept; the term

‘Living alone’ thus accounts for differences in distress as a function of living alone, relative to living with others. We report results that were significant at p < .05 for brevity. Consistent with
Table 2, practically significant factors are bolded, statistically significant factors of undecided practical significance are italicized, and effects that were consistent with the null hypothesis
are reported in plain text. For complete results, including factors whose p-values exceeded p =.05, see Supplementary Table 21. Results were evaluated using the following model: distress
~ Gender + Education + Ethnicity + Racial identity + Setting + Age + Time between*Time within*Loneliness between*Loneliness within*Living Alone*PPS + (1 + Time within + Loneliness within|
SUBJECT_NUMBER).
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Extended Data Table 2 | Longitudinal model of loneliness as a function of social isolation

Coefficient 95% CI % in
term Coefficient 95% CI (stand.) (stand.) t-statistic df p.value ROPE
(Intercept) 5.36 [5.32, 5.53] 0 [0.00, 0.00] 113.14 3569 0%
PPS 0.32 [0.29, 0.34] 0.39 [0.36, 0.42] 24.45 3647 0%
Living alone 0.49 [0.46, 0.52] 0.21 [0.20, 0.23] 31.82 255700 0%
Average

Main effects participation date -0.03 [-0.05, -0.01] -0.04 [-0.08, -0.01] -2.83 3730 0.

Average

participation date x
Living alone 0.0
Living alone x PPS .0
Duration x Living
alone x PPS 0.02 [0.01, 0.03] 0.04 [0.03, 0.06] 5.54 57450
Average
participation date x
Living alone x PPS -0.01 [-0.01, 0.00] -0.02 [-0.04, 0.00] -2.14 226500 0.032 100%
Average
participation date x
Duration x Living
Interactions alone x PPS -0.01 [-0.01, 0.00] -0.03 [-0.04, 0.01] -2.91 43200 0.004 100%
Education: less
than bachelors
degree 0.29 [0.16, 0.47] 0.06 [0.02, 0.09] 3.49 3557 0 7.18%
Education: less
than advanced
degree
Covariates Age

Iolo|jo

o
o
[&]

100%

[0.07, 0.10] 0.11 [0.09, 0.13] 11.31 207300
[0.04, 0.07] 0.0 [0.05, 0.08] 8.26 250500

100%
100%

oo

o

100%

©
-
N

[0.01, 0.25]
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©
=3
1]
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=
©
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This table reports results of linear mixed models predicting loneliness as a function of Time, Patient Probability Score (PPS), and social isolation (see Extended Data Table 1), while controlling
for demographic categories in 3588 participants with sufficient data. We report results that were significant at p < .05 for brevity. Consistent with Table 2, practically significant factors are
bolded, statistically significant factors of undecided practical significance are italicized, and effects that were consistent with the null hypothesis are reported in plain text. For complete
results, including factors whose p-values exceeded p =.05, see Supplementary Table 22. Results were evaluated using the following model: Loneliness ~ Gender + Education + Ethnicity +
Racial identity + Setting + Age + Time between*Time within*Living Alone*PPS + (1 + Time within | SUBJECT_NUMBER).
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Extended Data Table 3 | Psychological distress as a function of social distancing

Coefficient 95% CI t- % in
Term Coefficientf 95% CI (stand.) (stand.) [statistic| df |p.value] ROPE
(Intercept) 6.11 [5.94, 6.28] 0.00 [0.00, 0.00] | 69.88 |3485(0.000 0%
PPS 0.95 [0.90, 1.00] 0.52 [0.49, 0.54] | 38.30 |3498(0.000 0%
IAverage Social Distancing Stress (Social Distancing Stress
. between) 0.50 [0.44, 0.55] 0.30 [0.27,0.33] | 19.06 [3585]0.000 4%
e%ggs Social distancing stress within 0.19 [0.17,0.21] 0.14 [0.12,0.15] | 17.54 |2259]0.000| 100%
IAverage participation date -0.10 [-0.15, -0.06] -0.06 [-0.09, -0.03]| -4.40 [3600]0.000| 100%
IAverage Social Distancing (Social Distancing between) 0.14 [ 0.06, 0.22] 0.05 [0.02,0.08]| 3.53 [3578)0.000| 100%
[Time with others within 0.07 [0.05, 0.09] 0.05 [0.04,0.07] | 6.45 |1910(0.000| 100%
Duration -0.03 [-0.06, -0.01] -0.03 [-0.05, -0.01]| -2.61 [2706]0.009 | 100%
Social distancing within 0.04 [0.00, 0.07] 0.02 [0.00,0.04] | 2.10 |1978[0.036| 100%
IAverage participation date x Duration -0.03 [-0.04, -0.02] -0.05 [-0.08, -0.03]| -5.10 [2610{0.000| 100%
[Social Distancing Stress within x Average Social Distancing
Stress 0.04 [0.03, 0.05] 0.05 [0.04,0.07] | 6.94 |2670(0.000| 100%
Duration x Average Social Distancing 0.04 [0.02, 0.06] 0.04 [0.02,0.06] | 4.21 |2879[0.000| 100%
IAverage Social Distancing x PPS 0.05 [0.02, 0.08] 0.04 [0.01,0.07] [ 3.03 |3517(0.002| 100%
IAverage participation date x PPS -0.03 [-0.05, 0.01] -0.04 [-0.07, -0.01]| -2.88 |3607[0.004 [ 100%
Interactions Duration x PPS -0.02 [-0.04, -0.01] -0.04 [-0.06, -0.02]| -4.41 |2700(0.000 | 100%
IAverage participation date x Duration x PPS x Average Social
Distancing Stress 0.00 [0.00, 0.01] 0.03 [0.00,0.06] | 2.19 |2624(0.029 | 100%
IAverage participation date x Duration x Average Social Distancing| -0.01 [-0.02, 0.00] -0.02 [-0.04, 0.00] | -2.20 [2701/0.028| 100%
Duration x PPS x Social distancing stress within 0.01 [0.00, 0.01] 0.02 [0.00,0.03] | 1.97 [19580[0.049| 100%
Duration x Social Distancing Stress within -0.02 [-0.03,- 0.01] -0.02 [-0.04, -0.01]| -2.98 |19170(0.003 [ 100%
Duration x Time with others within 0.01 [0.00, 0.03] 0.02 [0.00,0.04] [ 2.26 |9811(0.024 | 100%
PPS x Time with others within 0.01 [0.00, 0.02] 0.02 [0.00,0.04] [ 2.41 |1902(0.016 | 100%
Education: Less than Bachelors 0.82 [0.52, 1.13] 0.07 [0.04,0.10] | 5.30 [3600(0.000 1%
Covariates [Education: Less than Associates 1.12 [0.50, 1.69] 0.05 [0.02,0.07]| 3.65 |36840.000 2%
Age -0.04 [-0.05, -0.04] -0.16 [-0.18, -0.13]| -11.85 | 3442[ 0.000 | 100%

This table reports results of linear mixed models predicting psychological distress as a function of Social Distancing, Time, and Patient Probability Score (PPS), while controlling for
demographic categories in 3593 participants with sufficient data. Social distancing was operationalized through three self-reported social distancing measures (Distancing magnitude = ‘How
much have you been social distancing?’; Distancing stress = ‘How stressful has it been for you to maintain social distancing?’; Time with others = ‘How much has your time with other people
changed compared to how you acted before the COVID-19 outbreak?’). Consistent with Table 2, practically significant factors are bolded, statistically significant factors of undecided practical
significance are italicized, and effects that were consistent with the null hypothesis are reported in plain text. For complete results, including factors whose p-values exceeded p =.05, see
Supplementary Table 23. Results were evaluated using the following model: distress ~ Gender + Education + Ethnicity + Racial identity + Setting + Age + Time between*Time within*Social
distancing within*Social Distancing between*PPS + Time between*Time within *Social Distancing Stress within*Social Distancing Stress between*PPS+ Time between*Time within *Time with
others within*Time with others between*PPS+ (1 + Time within + Social distancing within+Social Distancing Stress within+Time with others within| SUBJECT_NUMBER).
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Extended Data Table 4 | Loneliness as a function of social distancing

Coefficienff 95% CI

[Term Coefficient 95% CI (stand.) (stand.) t-statistic df p.value [% in ROPE

(Intercept) 5.41 [5.32,5.49]| 0.00 [0.00,0.00] | 122.84 3545 0.000 0%

lAverage Social distancing stress 0.25 [0.23,0.28]| 0.34 [0.31, 0.38] 19.8 3549 0.000 0.02%

PPS 0.27 [0.24,0.29]| 0.32 [0.29, 0.35] 21.49 3544 0.000 0%
Main effects [Social distancing stress within 0.09 [0.07,0.11]] 0.14 [0.11,0.17] 9.08 2226 0.000 100%

[Time with others within 0.06 [0.04,0.08]| 0.10 [0.06, 0.14] 4.79 2138 0.000 100%

IAverage Time with others 0.11 [0.07,0.14]] 0.1 [0.08, 0.15] 6.29 3553 0.000 100%

Social distancing within 0.05 [0.01,0.08]| 0.05 [0.02, 0.08] 2.84 2183 0.005 100%

IAverage Social distancing x PPS 0.03 [0.01,0.04]| 0.04 [0.02, 0.07] 3.10 3535 0.002 100%

Duration x Social distancing stress within -0.01 [-0.02, -0.01]f -0.04 [-0.05, -0.04] | -17.15 284600 0.000 100%

Duration x Average Social distancing 0.01 [0.00, 0.03] 0.03 [0.00, 0.06] 2.11 2226 0.035 100%

Social distancing stress within x Average

[Social distancing stress 0.01 [0.00,0.02]| 0.03 [ 0.00, 0.05] 2.27 2319 0.024 100%

Duration x Social distancing within x PPS 0.00 [-0.01, 0.00]| -0.01 [-0.02, -0.01] -4.32 282200 0.000 100%
Interactions Duration x Social distancing within x Average

Social distancing 0.00 [0.00,0.00]| -0.01 [-0.02, 0.00] -2.79 284300 0.005 100%

Duration x Social distancing stress within x

IAverage Social distancing stress 0.00 [0.00, 0.00]| -0.02 [-0.02, -0.01] -6.28 283200 0.000 100%

IAverage participation date x Duration x Time

with others within 0.00 [0.00,0.00]] 0.01 [0.00, 0.02] 3.32 282300 0.001 100%

IAverage participation date x Duration x Social

distancing stress within x PPS 0.00 [0.00,0.00]| -0.01 [-0.01, 0.00] -2.40 284500 0.016 100%

IAverage participation date x Duration x Time

with others within x PPS 0.00 [0.00,0.00]] 0.01 [0.00, 0.01] 1.97 282100 0.048 100%

Duration x PPS x Time with others within x

IAverage Time with others 0.00 [0.00,0.00]| -0.01 [-0.02, -0.01] | -4.08 282900 0.000 100%

IAverage participation date x Duration x PPS x

Social distancing stress within x Average

Social distancing stress 0.00 [0.00,0.00]| -0.01 [-0.02, 0.00] -3.06 284000 0.002 100%

IAverage participation date x Duration x Social

distancing within 0.00 [0.00,0.00]] 0.01 [0.00, 0.01] 2.52 282400 0.012 100%

Duration x PPS x Social distancing stress

within x Average Social distancing stress 0.00 [0.00, 0.00] 0.01 [0.00, 0.01] 2.28 282700 0.023 100%

Duration x PPS x Social distancing stress

within 0.00 [0.00,0.00]] 0.01 [0.00, 0.01] 2.23 284600 0.026 100%

Duration x PPS x Time with others within 0.00 [0.00,0.00]| -0.01 [-0.02,-0.01] | -3.53 282200 0.000 100%

[Education: Less than Bachelors 0.29 [0.14,0.46]| 0.06 [0.03, 0.08] 3.75 3550 0.000 10.9%

Racial identity: AAPI 0.41 [0.11,0.69]| 0.04 [0.01, 0.07] 2.88 3539 0.004 8.65%
Covariates  |Gender: Man 0.27 [0.15,0.42]| 0.06 [0.03, 0.08] 4.01 3539 0.000 | 11.75%

[Education: Less than advanced 0.13 [0.2, 0.24] 0.03 [0.01, 0.06] 2.35 3532 0.019 | 90.28%

Age -0.01 [-0.01,0.00]] -0.05 |[-0.08,-0.02] | -3.13 3531 0.002 100%

This table reports results of linear mixed models predicting loneliness as a function of Social Distancing, Time, and Patient Probability Score (PPS), while controlling for demographic
categories in 3588 participants with sufficient data. Factors were identical to Extended Data Table 3, and we use the same reporting conventions: practically significant factors are bolded,
statistically significant factors of undecided practical significance are italicized, and effects that were consistent with the null hypothesis are reported in plain text. Complete results, including
those whose statistical significance exceeded p = .05 are reported in Supplementary Table 24. Results were evaluated using the following model: loneliness ~ Gender + Education + Ethnicity

+ Racial identity + Setting + Age + Time between*Time within*Social distancing within*Social Distancing between-subjects*PPS + Time between*Time within*Social Distancing Stress over
time*Social Distancing Stress between-subjects*PPS+ Time between*Time within*Time with others over time*Time with others between*PPS+ (1 + Time within + Social distancing within+Social
Distancing Stress within +Time with others within| SUBJECT_NUMBER).
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Extended Data Table 5 | Longitudinal model of loneliness as a function of regional social distancing

95% Coefficient 95% CI
Parameter Coefficient Cl (stand.) (stand.) t-statistic df p.value % in ROPE
(Intercept) 5.48 [5.34, 5.58] 0.00 [ 0.00, 0.00] 107.63 3386 0.000 0.00%
Main effects |PPS 0.34 [0.32, 0.38] 0.41 [0.38, 0.45] 24.37 3385 0.000 0.00%

Duration x Regional distancing
within x Average Regional
distancing (Regional distancing
between) 0.64 [0.36, 0.91] 0.02 [0.01, 0.02] 4.63 267600 0.000 0.08%
Duration x Regional distancing
within x Average Regional
distancing x PPS 0.39 [0.27, 0.51] 0.02 [0.02, 0.03] 6.46 267700 0.000 0.06%
lAverage regional distancing x PPS 0.19 [0.00, 0.34] 0.03 [0.00, 0.07] 2.04 3386 0.041 57.37%
lAverage patrticipation date x
Duration x Regional distancing
within x Average Regional

distancing 0.12 [0.02, 0.22] 0.01 [0.00, 0.01] 2.42 274200 0.016 93.35%
Duration x Regional distancing

within 0.13 [0.08,0.17] 0.03 [0.02, 0.04] 5.97 264000 0.000 100%
IAverage participation date x PPS 0.01 [0.00, 0.02] 0.03 [0.00, 0.07] 1.99 3382 0.047 100%

IAverage participation date x
Duration x Regional distancing
within x PPS 0.03 [0.02, 0.03] 0.03 [0.02, 0.03] 7.14 267700 0.000 100%
lAverage participation date x
Duration x Regional distancing

within 0.02 [0.00, 0.03] 0.01 [0.00, 0.01] 4.63 267600 0.000 100%
Duration x Regional distancing [-0.04, -
Interactions _|within x PPS -0.02 0.01] -0.01 [-0.02, 0.00] -2.47 265800 0.014 100%
[Education: Less than Bachelors 0.28 [0.13, 0.44] 0.05 [0.02, 0.09] 3.19 3386 0.001 16.27%
Setting: Urban 0.14 [0.02, 0.27] 0.04 [ 0.00, 0.07] 2.13 3378 0.033 74.91%
Covariates |Age -0.01 [-0.01, 0.00] -0.07 [-0.10, -0.04] -4.16 3375 0.000 100%

This table reports results of linear mixed models predicting loneliness as a function of Regional Distancing (based on regional cell phone mobility data® within US participants; higher values =
less mobility / more distancing), Time, and Patient Probability Score (PPS), while controlling for demographic categories in 3415 participants with sufficient data. We use the same reporting
conventions as Table 2 and Extended Data Tables 1-4: Practically significant factors are bolded, statistically significant factors of undecided practical significance are italicized, and effects
that were consistent with the null hypothesis are reported in plain text. Complete results including non-significant factors (p > 0.05) are reported in Supplementary Table 25. Results were
evaluated using the following model: loneliness ~ Gender + Education + Ethnicity + Racial identity + Setting + Age + Time between*Time within* Regional distancing within* Regional distancing
between*PPS + (1 + Time within + Regional distancing within| SUBJECT_NUMBER).
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Extended Data Table 6 | Mediation models and moderation by Living Alone and PPS

Model Statistic Path a Path b Path ¢’ Path ¢ Path a*b
Coeff 0.35 1.09 0.34 0.73 0.39
No moderators Ci [0.34,0.38] | [1.01,1.16] | [0.29,0.40] | [0.67,0.79] | [0.35, 0.42]
p < 0.001 <.001 <.001 <.001 <.001
) ) . Coeff 0.29 0.67 0.25 0.44 0.19
o Moderators: Controlling for I, [0.27,031] | [0.60,0.74] | [0.2,0.3] | [04,0.49] | [0.17,0.22]
p < 0.001 < 0.001 < 0.001 <0.001 <0.001
I/-\cross participants (i.e., single (With Moderators: Moderation by 8Ioeff [0-0%.,13- 19] [_0__3’ %21 5] [-0.;3-,03.08] [-O.(§)7-?‘(1).16] [0, 1_2;?300]
evel mediation) Living Alone
p < 0.001 n.s. n.s. n.s. 0.042
Coeff 0.00 0.07 -0.01 0.01 -0.08
With Moderators: Moderation by PPS [CI [-0,01, 0.01] | [0.04,0.11] | [-0.04,0.01] | [-0.01, 0.03] | [-0.14, -0.03]
P n.s. <0.001 n.s. n.s. 0.008
With Moderators: Moderation by PPS [Coeff 0.01 0.02 -0.01 0.01 0.00
 Living Alone Ci [-0.01, 0.03] | [-0.06, 0.09] | [-0.07, 0.04] | [-0.04, 0.06] | [-0.04, 0.04]
b n.s. n.s. n.s. n.s. n.s.
Coeff 0.11 0.54 0.14 0.21 0.07
INo moderators Cl [0.10, 0.12] [0.51, 0.58] [0.12, 0.16] [0.19, 0.23] [0.06, 0.08]
p < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Coeff 0.10 0.50 0.15 0.20 0.05
With Moderators: First level Ci [0.09,0.11] | [0.47,0.54] | [0.12,0.17] | [0.18,0.22] | [0.05, 0.06]
p < 0.001 <0.001 <0.001 <0.001 < 0.001
Within participants (i.e.,  With Moderators: Second Level coef 0.04 0.09 002 0.05 0.001
multilevel mediation) ’ Imoderation by Living Alone cl [0.02, 0.06] [0.01,0.15] [:0.03, 0.06] [0.01,0.10] [:0.01, 0.01]
p 0.001 .025 n.s. 0.026 n.s.
With Moderators: Second Level Coeff 0.00 0.04 0.01 0.01 -0.001
Imoderation by PPS ci [0, 0.01] [0.02,0.05] | [0.00,0.02] | [0,0.02] | [-0.003,0.00]
p n.s. < 0.001 n.s. 0.013 0.04
With Moderators: Second Level Coeff 0.00 0.01 -0.01 -0.01 0.002
Imoderation by PPS x Living Alone  [CI [-0.01, 0.01] | [-0.02,0.05] | [-0.03, 0.00] | [-0.04,0.01] |[-0.001, 0.005]
p n.s. n.s. n.s. n.s. n.s.

This table reports results of mediation models evaluating whether loneliness mediates associations between social distancing-related stress (X) and distress (Y). We used single level
mediation to evaluated associations across participants (that is, one value per participant) and multilevel mediation to evaluate dynamic associations within participants over time. For

each approach, Path a evaluates associations between social distancing-related stress and loneliness. Path b evaluates associations between loneliness and distress while controlling

for distancing-related stress. Path c evaluates associations between social distancing-related stress and distress without controlling for loneliness, while c* evaluates relationships when
controlling for loneliness. Path a*b evaluates the overall mediation effect, or indirect pathway through loneliness. All factors except Psychological Distress were centered in all models. For
each mediation approach, we evaluated two mediation models: one that evaluated associations regardless of Living Alone or Patient Probability Score (PPS), and a second that evaluated
whether mediation effects were moderated by Living Alone and/or PPS, thus generating effects while controlling for Living Alone and PPS and tests of which paths varied as a function of
Living Alone and/or PPS. Sample sizes were as follows: 3564 participants in single level mediation without moderators (top row); 3543 participants in single level mediation with moderators
(second rows); 3592 participants in multilevel mediation without moderators (third row); and 3584 participants in multilevel mediation with moderators (bottom rows). See Methods for full
details of mediation analysis significance testing.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No commercial software was used for data collection. Data were collected online through a secure website and database managed by NIH's
Clinical Trials Survey System.

Data analysis Data were analyzed using R (version 4.3.1) with code that is available at https://osf.io/e7jrd/. We used the following packages and versions:
finalfit (version 1.0.6); Ime4 (version 1.1-35.1); effectsize (version 0.8.6); brms (version 2.20.4); bayestestR (version 0.13.1); mediation (version
4.5.0); bmIm (version 1.3.15); mltools (version 0.3.5); tm (version 0.7-14); wordcloud?2 (version 0.2.1)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Participant-level data used for these analyses are available at https://osf.io/e7jrd/60 in the file “ final_socmeasures_052824_n3605.csv”. The complete dataset can
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be found at https://dataverse.harvard.edu/dataset.xhtml?persistentld=doi:10.7910/DVN/L4LRM261, which includes data obtained from the NIEHS COVID-19
Pandemic Vulnerability Index Dashboard49. All data are publicly available without restrictions.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender We analyzed self-reported gender, and controlled for gender in all analyses. We examined interactions with gender,

restricted to men and women in supplementary materials and report positive findings in the main manuscript.

Reporting on race, ethnicity, or A We analyzed self-reported racial identity and gender and included racial identity and ethnicity, as well as setting and

other socially relevant
groupings

Population characteristics

Recruitment

Ethics oversight

education, as covariates in all analyses. We report differences by race, gender, and other social categories in table 1.

In addition to the social categories mentioned above, we report on age and nationality.

Participants were recruited through several routes, as described in Methods: "We initially contacted former research
participants via email from six labs of the National Institute of Mental Health (NIMH) and National Center for Complementary
and Integrative Health (NCCIH) Intramural Research Programs and invited them to participate. The study was also advertised
online through NIMH'’s social media outlets, listservs, clinicaltrials.gov and direct mail postcards." Participants were not
compensated for participation. In our discussion, we address how this might have limited generalizability.

NIH Institution Review Board (NCT04339790). All participants provided informed consent.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Please select the one below
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Behavioural & social sciences study design

All studies must disclose on

Study description

Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

these points even when the disclosure is negative.
Quantitative

3655 volunteers from 41 countries, although the majority (91%) were in the US. Age ranged from 18-87 (M=48.31); most participants
were female (80.5%). Complete demographics are reported in Table 1. The study was open to all participants for a fixed window of
time to capture the first year of the pandemic, and we analyzed data from all respondents. As acknowledged in the Discussion, the
sample was based on self-selection and not representative of the US population.

This was a convenience sample of 3655 participants, including prior participants from NIH and those who learned about the study
through advertisements, postcards, or word of mouth. The study was completely voluntary and uncompensated. As per study design
registered on clinicaltrials.gov (NCT04339790), we enrolled all participants for six months and then ceased enroliment. Power
analyses were not conducted and no sample size calculation was performed. We believe this sample size is sufficient as our sample
size and number of within-person measures surpasses nearly all other longitudinal studies of mental health during the pandemic’s
first year. Limitations are included in our Discussion.

Data were collected online through surveys without identifiable information. Participants received automated emails every two
weeks asking them to complete the next interval. There were no direct interactions with the study team and data were not
identifiable. Participants could omit any intervals they did not wish to complete. Researchers were blind to condition, although
researchers were not present during data collection.

Enrollment took place from April 4, 2020 through November 13, 2020. All participants (n = 3655) were asked to complete surveys
every two weeks for 24 weeks. The final datapoint was collected on May 16 2021. This information is included in Figure 1.

Because the current analyses focused on longitudinal data, participants who did not complete more than one timepoint (n = 306)
were not included in analyses.

Participants could omit any time points they wished to and were not considered drop outs iif they did not complete all
questionnaires. As mentioned above, if participants only completed baseline measures (n = 306), they were not included in analyses.

There were no experimental groups, thus there was no randomization.
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  NCT04339790
Study protocol https://clinicaltrials.gov/study/NCT04339790

Data collection Data collection was conducted through the NIH Clinical Trials Survey System from April 4, 2020 through May 16, 2021. All
participants provided informed consent and the study was approved by the NIH IRB.

Outcomes As preregistered on clinicaltrials.gov (NCT04339790), our primary outcomes were responses on a survey we developed for this
study, including loneliness, as well as mental health measures (DSM-XC, Kessler-5). The current paper evaluates our primary and
secondary objectives, i.e., "Objectives: The primary objective is to describe the relationship between stressors related to COVID-19
and self-rated measures of mental health symptoms and distress among a range of participants including various patient populations
and healthy volunteers. The secondary objectives are to determine whether existing mental health concerns moderates this
relationship and to identify risk and resilience factors among study participants regarding the mental health impact of the COVID-19
pandemic." There were no secondary outcomes.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied-
Authentication Describe-any-atithentication-procedures foreachseed stock-tised-or-novel-genotype generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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