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Abstract

Background

Physical distancing and other COVID-19 pandemic mitigation strategies have negatively
impacted physical activity (PA) levels and mental health in cross-sectional studies. The pur-
pose of this study was to investigate associations between changes in PA and mental health
outcomes during the COVID-19 pandemic, following implementation of mitigation strate-
gies, in a sample of adult twins.

Methods

This was a prospective study of 3,057 adult twins from the Washington State Twin Reg-
istry. Study participants completed online surveys in 2020, at baseline (March 26 —April
5), and three follow-up waves (W1: April 20 —May 3; W2: Jul 16 —Aug 2; W3: Sept 16 —
Oct 1). Physical activity was operationalized as self-reported moderate-to-vigorous PA
(MVPA) and neighborhood walking (minutes/week), and mental health outcomes, oper-
ationalized as self-reported anxiety and perceived stress were assessed in the three
waves of follow-up. Latent growth curve models (LGCMs) were used to assess changes
in PA and mental health outcomes over time. Parallel LGCMs were used to estimate the
cross-sectional, parallel, and prospective associations between PA and mental health
over time. All models took into within-pair correlations and adjusted for age, sex, and
race.

Results

Individuals’ amount of MVPA and walking decreased over time, whereas levels of
anxiety remained stable, and stress increased slightly. Cross-sectional associations
observed between both PA predictors and mental health outcomes were weak. After tak-
ing into account cross-sectional associations between PA and mental health outcomes,
changes in PA over time were not associated with changes in mental health outcomes
over time.
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Conclusions

Over a time period aligned with COVID-19 mitigation strategies and social restrictions,
changes in physical activity was not associated with changes in anxiety or stress levels in
the current sample. Nonetheless, the average decline in PA over time is worrisome. Public
health resources should continue to promote PA as a means to improve physical health dur-
ing the pandemic.

Introduction

The novel coronavirus (severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus
and associated disease COVID-19, abbreviated as COVID-19 throughout) continues to be a
major global health concern [1]. Since the first documented appearance of the virus in Wuhan,
China in December 2019, there have been over 106 million documented cases worldwide,
including over 26 million cases and 464,412 attributable deaths in the United States (U.S.) as
of February 11, 2021 [2]. In response to the outbreak, mitigation strategies including physical
distancing, closing of businesses and activity spaces (e.g., restaurants, schools, gyms, etc.), and
recommendations to wear masks have been enforced nationwide to slow rates of infection and
prevent mortality [3]. While effective in preventing the spread of COVID-19 [4], there is con-
cern that such strategies and their inherent effects on daily life may negatively impact mental
health. Given that social isolation and/or fear of contracting the virus itself may have a negative
impact on mental health [5], it is crucial to identify modifiable factors to potentially improve
such outcomes.

Adequate levels of moderate-to-vigorous physical activity (MVPA) and leisure-time walk-
ing are related to positive mental health outcomes [6, 7] in adults. Specifically, higher physical
activity levels are related to lower severity and prevalence of anxiety and stress disorders
through hypothesized psychological and neurobiological mechanisms, including increased
self-efficacy and central transmission of norepinephrine [6-10]. Regardless of these known
benefits, 52% of U.S. adults do not meet recommendations for aerobic activity [11, 12], and
on average, achieved fewer than 5,000 steps/day [13], prior to the COVID-19 outbreak. When
considering these concerns within the COVID-19 context, restrictions and social distancing
may create additional barriers to physical activity participation through closures of important
activity-promoting businesses and time limitations due to increased child-care and/or house-
hold responsibilities. Decreases in physical activity resulting from COVID-19 restrictions
could further exacerbate negative health outcomes, including mental health and overall well-
being. While a limited number of studies showed that reduced physical activity is associated
with anxiety- and stress-related symptoms since the onset of COVID-19 [14-16], most of
these studies are cross-sectional. Longitudinal studies are needed to understand mental health
outcomes in relation to COVID-19 over a timeline of fluctuating restrictions to inform appro-
priate community resources to promote health and well-being during the pandemic.

Studies in multiple countries, including the U.S., report weight gain and decreases in physi-
cal activity after community-wide implementation of COVID-19 mitigation strategies [17-19].
For example, among a sample of 909 twin pairs (77% identical) primarily living in the U.S., a
cross-sectional study by our group reported that 42% of study participants reported a decrease
in physical activity levels in the two-weeks after COVID-19 restrictions were implemented
statewide (i.e., March 2020) [20]. Perceived decrease in physical activity was associated with
higher stress levels, but the association was confounded by between-family influences shared
between twins from the same family. This means that stress levels did not differ between a pair
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of identical twins with different perceived change in physical activity (i.e., one twin reported no
change, whereas their co-twin reported decrease). On the other hand, the association between
perceived decrease in physical activity and anxiety was mediated by between-family influences,
though the effect was small and confounded by demographic factors. This means that, between
a pair of identical twins, anxiety level was higher for the co-twin who reported less physical
activity, as compared to their co-twin who reported no change in physical activity. As identical
twins raised together share 100% of their genes and have similar familial background, the
observed association between perceived decrease in physical activity and anxiety after control-
ling for between-family confounds can be considered “quasi-causal” [21]. Due to the cross-sec-
tional nature of our previous study, it remains unclear whether the association between
physical activity and mental health outcomes persists and/or changes over time as society navi-
gates the evolving COVID-19 outbreak and related mitigating strategies.

Over the course of 2020, spread of COVID-19, and resulting mandates and restrictions, have
fluctuated and influenced resident’s daily lives. At the beginning of March 2020, Washington
state had the highest number of confirmed cases per capita of any state in the U.S. [2], and the
state’s resulting stay-home order was issued March 23rd [2]. Incidence of new cases began to
decline overall with some phased re-openings beginning in some counties two to three months
later (May/June 2020), then as cases continued to increase into the Fall season more stringent
restrictions were re-implemented in November 2020 [2]. Given the cross-sectional nature of
our previous work, a follow-up is essential to understand how physical activity levels have been
impacted over time as COVID-19 restrictions have evolved, and whether these changes are asso-
ciated with mental health outcomes over the medium to longer term. The objective of the cur-
rent study was to investigate the association between changes in physical activity (i.e., MVPA
and walking) and changes in mental health outcomes (i.e., stress and anxiety) over three-waves
of data collection, representing approximately a six-month span. Twins who completed our
prior cross-sectional study were recruited to complete follow-up surveys. While the current
study took into account within-pair correlations, the extent to which between-family confounds
mediated the association between physical activity and mental health was not addressed due to
limited sample size. We hypothesized that decreases in physical activity would be associated
with lower levels and/or decreases in mental health outcomes over time.

Materials and methods
Participants

Data for the current study was obtained from a sample of twins from the Washington State
Twin Registry (WSTR) who participated in a series of online surveys examining the impact of
COVID-19 mitigation on a number of health-related behaviors and outcomes over the first
seven months of the pandemic. The WSTR is a community-based Registry of twin pairs pri-
marily recruited through Washington State Department of Licensing (DOL) records. Details
about the WSTR’s prior recruitment procedures and additional information are reported else-
where [22-24]. This study was approved by the Washington State University Institutional
Review Board. Consent was assumed upon completion of the online REDCap questionnaire
[25]. Al WSTR members with an email address were invited to participate in the baseline sur-
vey; survey participation was voluntary, and remuneration was not provided.

Baseline surveys were completed in March 2020 by 3,791 twins (909 pairs) as reported by us
previously [20]. Invitations to participate in the follow-up surveys were only sent to those who
completed the baseline survey. To date, three waves of follow-up surveys were administered (W1:
April 20 -May 3, n = 3,057; W2: Jul 16 ~Aug 2, n = 2,608; W3: Sept 16 -Oct 1, n = 2,491); reten-
tion was over 60% across the three follow-up surveys. The baseline survey assessed perceived
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change in physical activity over the two-weeks following implementation of mitigation strategies
(decreased a lot, decreased somewhat, no change, increased somewhat, increased a lot). In con-
trast, each of the follow-up surveys collected information on self-reported amount of physical
activity (described below). The current study focused only on data collected in the three waves
of follow-up (W1-W3) for physical activity and mental health outcomes (anxiety and stress).

Measures

Physical activity. Physical activity was operationalized as weekly MVPA and neighbor-
hood walking. Participants reported, in the past two weeks, the number of days per week they
engaged in moderate physical activity for at least 30 minutes and vigorous physical activity for
at least 20 minutes. The amount of MVPA (minutes per week) was created by summing the
moderate and vigorous physical activity days by their respective durations. This measure has
been validated with objective physical activity data measured using accelerometers and GPS
data loggers within a subsample of the WSTR (n = 280, r = 0.48, 95% CI = 0.39-0.57,

p < 0.001) [26,27).

For neighborhood walking, participants reported, in the past two weeks, how many days
during a typical week they walked in their neighborhood, with a follow-up question about the
average number of minutes spent in each walking bout [28, 29]. Responses of less than 15 min-
utes were coded as 10 minutes, whereas responses of 90 or more minutes were top coded as 90
minutes. Items on frequency (number of days) and duration were multiplied to obtain the
total amount of walking (minutes per week). Neighborhood walking has been validated against
objective data (r = 0.47, 95% CI = 0.38-0.56, p < 0.001) and correspond to health recommen-
dations [28, 29].

Mental health. Anxiety was assessed using the six-item anxiety subscale in the Brief
Symptom Inventory [BSI; 30]. Participants were asked to indicate how much discomfort each
of six potential “problems” has caused them during the past two weeks (0 = Not at all; 1 = A lit-
tle bit; 2 = Moderately; 3 = Quite a bit; 4 = Extremely). Example “problems” included nervous-
ness/shakiness, feeling suddenly scared, and feeling tense or keyed up. The total summed
anxiety score ranges from 0 to 24, with higher scores reflecting higher levels of anxiety.

Stress was assessed using the 10-item Perceived Stress Scale [PSS; 31]. Participants were
asked about their feelings and thoughts in the last two weeks (0 = Never; 1 = Almost never;

2 = Sometimes; 3 = Fairly often; 4 = Very often). Examples of feelings and thoughts they may
have experienced included frequency of being upset, feeling unable to control important things
in life, and feeling nervous and “stressed”. The total PSS score ranges from 0 to 40, with higher
scores reflecting higher levels of perceived stress.

Covariates. Participants’ age, sex, and race were included as covariates in the statistical
analyses. Age referred to individuals’ age at which they completed the baseline survey, com-
puted based on their reported date of birth upon enrollment with the WSTR. Sex was self-
reported as male or female. Race was assessed by participants’ response to whether they con-
sidered themselves to be one or more of the six response categories (White, American Indian
or Alaska Native, Black or African-American, Native Hawaiian or Pacific Islander, Asian, and/
or Other). In the current sample, due to high prevalence of White respondents (~96%) partici-
pants were coded as White or non-White.

Statistical analysis

We computed Pearson correlations between MVPA/walking and the two mental health indi-
cators (anxiety and stress) separately for W1, W2, and W3. These estimates reflect the cross-
sectional association between the two activity predictors and two mental health outcomes at
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each wave of the follow-up surveys, without considering correlations within twin pairs and/or
within-person correlations.

Four latent growth curve models (LGCMs) were used to estimate the change in walking,
MVPA, anxiety, and perceived stress from W1 to W3 (Fig 1). LGCM is a multivariate statistical
method that allows for the estimation of inter-individual heterogeneity in change over time
[32]. For each LGCM, the latent intercept (I) represents the average levels of MVPA, walking,
anxiety, and stress, respectively at the first follow-up survey (W1), and the latent slope (S)
reflects the average change across the three waves of assessments (W1 to W3) for all partici-
pants. A positive latent slope reflects an increase in the outcome variable, whereas a negative
slope indicates a decrease in the outcome variable from W1 to W3. The covariance between
the latent intercept and slope (Cov(;)) is also estimated, which reflects the extent to which the
initial levels of activity or mental health outcomes are associated with the corresponding
change over time.

Next, four parallel process LGCMs were used to examine the associations between activity
(MVPA and walking) and mental health outcomes (anxiety and stress). An example illustrat-
ing the parallel process between MVPA and anxiety is presented in Fig 2. For each of the two
variables (i.e., MVPA and anxiety), a latent intercept (Interceptp, and Intercept,nx), a latent
slope (Slopep, and Slopeanx), and the covariance between the latent intercept and slope
(Covpa and Covanyx) were estimated. As described above, the latent intercept represents the
average level of MVPA/anxiety at W1, the latent slope indicates the average change in MVPA/

Covariates:
Age, Sex, Race

MVPAW1 MVPAW2 MVPAW3
o )
O MVPAI 0 MvPA2 0 MVPA3

Fig 1. Latent growth curve model estimating the change in moderate-to-vigorous physical activity (MVPA) from
follow-up surveys W1 to W3. I = latent intercept, representing the average level of MVPA at W1. S = latent slope,
reflecting the average change in MVPA from W1 to W3. Covyypa = covariance between the latent intercept and slope.
MVPA = moderate-to-vigorous-physical activity. W1-W3 = follow-up survey waves 1 to 3. Note. The growth
parameters are constrained to 0 (illustrated with the lack of arrow), 3, and 5 to illustrate the number of months
between W1, W2, and W3.

https://doi.org/10.1371/journal.pone.0260218.9001
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UZMVPAI 02 MVPA2 02MVPA3
MVPAW1 MVPAW2 MVPAW3
3 5

Covariates: "
Age, Sex, Race
3 5
ANXW1 ANXW2 ANXW3
S )
0 ANX1 T ANX2 O ANX3

Fig 2. Parallel process latent growth curve model estimating the parallel changes in moderate-to-vigorous
physical activity (MVPA) and anxiety from follow-up surveys W1 to W3. I = latent intercept. S = latent slope.

Cov = covariance between the latent intercept and slope. MVPA = moderate-to-vigorous-physical activity.

ANX = anxiety. W1-W3 = follow-up survey waves 1 to 3. a = cross-sectional association between MVPA and anxiety at
W1. b = parallel association between the change in MVPA and change in anxiety from W1 to W3. cl and

2 = prospective associations between MVPA/anxiety at W1 and change in MVPA/anxiety from W1 to W3. Note. The
growth parameters are constrained to 0 (illustrated with the lack of arrow), 3, and 5 to illustrate the number of months
between W1, W2, and W3.

https://doi.org/10.1371/journal.pone.0260218.9002

anxiety from W1 to W3, and the covariance between the latent intercept and slope reflects the
association between the level of MVPA/anxiety at W1 and corresponding change over time.
Three additional parameters specific to the parallel process LGCM were estimated: 1) the
cross-sectional association (Cov(s pa, 1_anx)), reflecting the association between MVPA and
anxiety levels at W1; 2) the parallel association of change (Cov(s_pa, s_anx))> representing the
association of change in MVPA and change in anxiety over time; and 3) the prospective
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association (Interceptpay — Slopeanx), Intercept anx) — Slope(pa)), which reflects the extent
to which the change in anxiety over time is associated with MVPA at W1 and the change in
MVPA is associated with anxiety at W1, respectively.

All LGCMs account for within-twin pair correlations and control for age, sex, and race.
However, within-pair analyses were not performed due to limited statistical power given the
sample size in the current study. MVPA and walking are modeled as minutes per week in the
univariate LGCMs, but modeled as hours per week in the parallel process LGCMs to allow var-
iables to be on similar scales. As the two mental health indicators are highly skewed, anxiety
and stress are square root transformed in all models. All statistical models were estimated in
Mplus 8.1 [33] using full-information maximum likelihood (FIML) for missing data on
MVPA (n = 61), walking (n = 88), anxiety (n = 26), and/or stress (n = 27).

Results

The final analytic sample included N = 757, N = 563, and N = 547 twin pairs for Waves 1, 2,
and 3 respectively (Table 1). Average follow-up time was 88.4 + 4.8 days between Waves 1
and 2, and 63.3 + 5.8 days between Waves 2 and 3. Across the three survey waves, roughly
30% of the sample were men and 70% were women. The majority of the participants self-
identified as White (~96%). The average age of participants was around 52 years, with a
range of 20-93 years. Socioeconomic status was not assessed in the present study. However,
another recent WSTR COVID-19 related study showed that most participants were in middle
to upper class economic categories [5], which is consistent with the larger WSTR demo-
graphic profile [23, 34].

Table 1. Sample demographic characteristics, physical activity levels, and mental health outcomes over time among twins in the Washington State Twin Registry.

Dates

N
N pairs
Sex
Male (%)
Female (%)
White (%)

Age (years)
*MVPA
*Walking

“Stress

BAnxiety

W1 w2 w3
Apr 20-May 3 Jul 16-Aug 2 Sept 16-Oct 1

3057 2608 2491

757 563 547
29.8% 30.3% 30.1%
70.2% 69.7% 69.9%
95.7% 96.1% 96.0%
M (SD) M (SD) M (SD)

51.3 (16.0) 52.5(16.1) 52.5(16.0)
Range = 20.1-92.3 Range = 21.0-92.5 Range = 21.3-92.7
124.4 (97.8) 121.9 (97.5) 113.8 (96.1)
Range = 0.0-350.0 Range = 0.0-350.0 Range = 0.0-350.0
173.0 (142.3) 156.3 (138.7) 132.9 (128.6)
Range = 0.0-630.0 Range = 0.0-630.0 Range = 0.0-630.0
10.9 (6.9) 11.0 (7.0) 11.5(7.2)
2.9(3.2) 2.8(3.3) 3.0 (3.5)

W1-W3 = follow-up survey waves 1 to 3. M = mean. SD = standard deviation.

MVPA = moderate-to-vigorous physical activity.

*MVPA and Walking are presented as minutes per week.

“Anxiety score ranges from 0 to 24;

PStress score ranges from 0 to 40.

https://doi.org/10.1371/journal.pone.0260218.t001
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The average MVPA levels remained similar between W1 and W2, with a slight decrease of
about 7 minutes per week at W3. The average walking levels showed a slight decline from W1
to W2, with a further decrease of about 25 minutes at W3. Both mental health indicators
remained consistently low across W1 to W3.

There was no significant difference in gender between those who completed all three waves
versus those who completed one or two waves (3> = .06, p = .808). Those who completed all
three waves were older (Est = 3.41, SE = .69, p < .001) than those who completed one or two
waves. After square-root transformation to correct for skewness of the data, those who com-
pleted all three waves were slightly less stressed (Est = -.16, SE = .05, p < .001), with more
MVPA (Est = .86, SE = .32, p < .001) and walking (Est = 1.10, SE = .23, p < .001) than those
who completed one or two waves. Despite being statistically significant, the values transformed
to, on average, less than one point difference in stress, less than 10-minute difference in
MVPA, and less than 17-minute difference in walking between those who completed all three
waves and those who only completed one or two waves.

As shown in Table 2, correlations between the two physical activity predictors and mental
health outcomes were consistently weak across waves (all rs < -.15 for MVPA; all rs < .16 for
walking). Correlations of each measure (MVPA, walking, anxiety, and stress) within individu-
als over time (S1 Table), and twin pair correlations on the outcomes by zygosity (S2 Table), are
included in Supporting Information.

Change in physical activity over time

The estimated parameters from the LCGMs investigating the change in physical activity from
W1 to W3 are shown in Table 3. The latent intercepts reflect the average initial levels of

Table 2. Correlations between physical activity and mental health outcomes over time.

W1 w2 w3
r 95%CI p r 95%CI p r 95%CI p
Associations between MVPA and mental health outcomes
Anxiety -.07 [-.11, -.04] <.001 -.03 [-.07,.01] 112 -.08 [-.12, -.04] <.001
Stress -.11 [-.15, -.08] <.001 -.12 [-.16, -.08] <.001 -.14 [-.18, -.10] <.001
Associations between walking and mental health outcomes
Anxiety -.04 [-.07,0] .036 -.09 [-.13,-.05] <.001 -12 [-.16, -.09] <.001
Stress -.11 [-.15, -.08] <.001 -.16 [-.20, -.12] <.001 -.16 [-.20, -.12] <.001
W1-W3 = follow-up survey waves 1 to 3. r = Pearson correlations. MVPA = moderate-to-vigorous physical activity.
https://doi.org/10.1371/journal.pone.0260218.t002
Table 3. Latent growth curve models examining the changes in physical activity and mental health outcomes from follow-up surveys waves 1 to 3.
Intercept Slope Cov,s)
Est SE p Est SE p Est SE p
MVPA 114.63 2.69 <.001 -7.26 2.14 .001 -162.17 86.60 .061
Walking 150.62 3.78 <.001 -20.63 3.02 <.001 -1172.79 213.25 <.001
Anxiety 1.42 .03 <.001 .04 .02 .105 -.03 .01 .003
Stress 3.17 .03 <.001 .06 .02 .008 -.32 .07 <.001

Cov,y,s) = covariance between the latent intercept (I) and slope (S). Est = unstandardized parameter estimate. SE = standard error. MVPA = moderate-to-vigorous

activity. Note. All models consider within-twin pair correlations and control for age, sex, and race. Anxiety and stress are square root transformed.

https://doi.org/10.1371/journal.pone.0260218.t003
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MVPA (Est = 114.63, SE = 2.69) and walking (Est = 150.62, SE = 3.78) at W1. The latent slopes
represent the average changes in physical activity from W1 to W3; there was a statistically sig-
nificant decrease in MVPA (Est = -7.26, SE = 2.14, p = .001) and walking (Est = -20.63,

SE =3.02, p < .001) over time. On average, there was an approximately seven minutes per
week decrease in MVPA and about 20 minutes per week decrease in walking between the W1
and W3 surveys. The covariance between the latent intercept and slope for the MVPA model
was not statistically significant (Est = -162.17, SE = 86.60, p = .061), suggesting that partici-
pants’ MVPA levels at W1 were not associated with the amount of change in MVPA over time.
On the other hand, the statistically significant covariance between the latent intercept and
slope for walking (Est = -1172.79, SE = 213.25, p < .001) suggests that individuals who
reported more walking at W1 had a larger decrease in walking over time, as compared to
those who reported less walking at W1.

Change in mental health outcomes over time

The estimated latent intercepts reflect the average levels of anxiety and stress at W1. The latent
slope for anxiety was not statistically significant (Est = .04, SE = .02, p = .105), suggesting levels
of anxiety remained stable from W1 to W3. The statistically significant latent slope for stress
(Est = .06, SE = .02, p = .008) suggests a small increase in perceived stress over time. There was
a statistically significant negative covariance between latent intercept and slope for stress (Est
=-.32, SE=.07, p < .001), suggesting that participants with higher stress levels at W1 had a
slower increase in stress over time, compared to those with lower stress levels at W1.

Parallel change in physical activity and anxiety

Results from the parallel process LCGM estimating the parallel changes in physical activity
and anxiety are presented in Table 4. The cross-sectional associations between MVPA and
anxiety (Est = -.10, SE = .03, p =.002) and between walking and anxiety (Est = -.09, SE = .04, p
=.038) were statistically significant, meaning that individuals with more physical activity at
W1 were also less anxious at W1. There was no substantial parallel association between
changes in either measure of physical activity and anxiety. There was no statistically significant
prospective association between MVPA and anxiety, meaning that the average levels of MVPA
and anxiety at W1 were not associated with the change in anxiety and MVPA from W1 to W3.
There was a small negative prospective association between the amount of walking at W1 and
change in anxiety over time (Est = -.05, SE = .01, p < .001); however, the effect was minimal.
The prospective association between the latent intercept of anxiety and latent slope of walking
was not statistically significant, suggesting that the average level of anxiety at W1 was not asso-
ciated with the change in walking over time.

Parallel change in physical activity and stress

The parallel process LCGM estimating the parallel changes in physical activity and stress are
shown in Table 5. There was a statistically significant cross-sectional association between
MVPA and stress (Est = -.20, SE = .03, p < .001), suggesting that individuals with more physi-
cal activity at W1 had lower perceived stress levels at W1. There was a small negative parallel
association between the change in MVPA and change in stress over time (Est = -.003, SE =
.001, p =.001); however, as there was no substantial change in stress levels, this significant
result did not have substantive meaning. There was no statistically significant parallel associa-
tion between walking and stress, meaning that changes in walking from W1 to W3 were not
associated with changes in stress over time. There were no significant prospective associations,
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Table 4. Unstandardized parameter estimates from the parallel latent growth curve model estimating the changes in physical activity and anxiety over time.

MVPA Walking
Est SE p Est SE P

Outcome: PA

Intercept(pa) 2.00 .04 < .001 2.72 .05 < .001

Slope(pa) -.02 .02 491 -.07 .03 .028

Covipa) -.05 .02 .047 -.32 .06 <.001
Outcome: Anxiety

Interceptanx) 1.38 .03 <.001 1.37 .03 <.001

Slopeanx) -.003 .02 .886 -.004 .02 .842

Covianx) -.02 .01 011 -.02 .01 .013
Cross-sectional association *

Intercept(p,), Intercept anx) -.10 .03 .002 -.09 .04 .038
Parallel association °

Slope(pa), Slopeanx) -.001 .001 141 -.001 .001 .408
Prospective association

Interceptpay — Slopeanx) .001 .003 .870 -.05 .01 <.001

Interceptanx) — Slopepa) -.01 .01 440 -.003 .002 .091

MVPA = moderate-to-vigorous physical activity. Est = unstandardized parameter estimate. SE = standard error. PA = physical activity. Cov = covariance.
ANX = anxiety.

* Cross-sectional association can be interpreted as changes in baseline MVPA/walking (h/wk) by one square-root unit changes in baseline anxiety.

® Parallel association can be interpreted as changes in the slope of MVPA/walking (h/wk) by one square-root unit changes in the slope of anxiety.

¢ Prospective association can be interpreted as changes in the slope of MVPA or anxiety by one square-root unit changes in baseline anxiety or MVPA/walking.
Note. All models consider within-twin pair correlations and control for age, sex, and race. Anxiety and stress are square root transformed.

https://doi.org/10.1371/journal.pone.0260218.t1004

Table 5. Unstandardized parameter estimates from the parallel latent growth curve model estimating the changes in physical activity and stress over time.

MVPA Walking
Est SE p Est SE p

Outcome: PA

Interceptpa) 2.00 .04 <.001 2.71 .05 <.001

Slopepa) -.01 .03 .830 -.11 .04 .011

Covipa) -.05 .02 .056 -.31 .06 <.001
Outcome: stress

Intercept(stress) 3.12 .03 <.001 3.11 .03 <.001

Slope(stress) 0 .02 995 -.01 .02 719

Cov(strEss) -.03 .01 .032 -.02 .01 .038
Cross-sectional association *

Intercept(pa), Intercept(srress) -.20 .03 <.001 -.32 .05 <.001
Parallel association ®

Slope(pay, Slope(stress) -.003 001 .001 -.002 .001 .106
Prospective association

Interceptpay — Slopestress) .01 .03 116 -.01 .01 278

Intercept(stress) — Slopepa) -.01 .01 .186 .001 .002 473

MVPA = moderate-to-vigorous physical activity. Est = unstandardized parameter estimate. SE = standard error. PA = physical activity. Cov = covariance.

* Cross-sectional association can be interpreted as changes in baseline MVPA/walking (h/wk) by one square-root unit changes in baseline stress.

® Parallel association can be interpreted as changes in the slope of MVPA/walking (h/wk) by one square-root unit changes in the slope of stress.

© Prospective association can be interpreted as changes in the slope of MVPA/walking (h/wk) by one square-root unit changes in baseline stress or MVPA/walking.
Note. All models consider within-twin pair correlations and control for age, sex, and race. Anxiety and stress are square root transformed.

https://doi.org/10.1371/journal.pone.0260218.t005
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suggesting that the average levels of physical activity and stress at W1 were not associated with
the change in stress and physical activity over time.

Discussion

The current study expands on previous cross-sectional work by using a sample of twin adults
to investigate the association between changes in physical activity and changes in mental
health outcomes over a six-month period during the COVID-19 pandemic (April to October,
2020). Over this period of data collection, COVID-19 restrictions and mandates fluctuated
across the state of Washington with Phase 2 re-opening beginning in some counties May/June
of 2020, and more stringent restrictions (Phase 1) being re-implemented Fall of 2020 due to
continued spread of the virus. In line with previous literature during COVID-19 [15, 16], indi-
viduals who reported more MVPA and walking reported lower anxiety and stress levels com-
pared to those who reported lower levels of physical activity although the effect was minimal,
consistently across the three waves of data. We showed that amount of MVPA and walking
decreased over this time period, and individuals reporting more walking at W1 had a larger
decrease in walking amount over time. Mental health indicators were mostly low and
remained stable over time, although a very small increase in stress was observed. Changes in
walking over time were not related to changes in anxiety or stress levels, and changes MVPA
was not related to changes in anxiety. The amount of walking at baseline was related to a slight
decrease in anxiety over time, after taking into account cross-sectional and parallel correlations
between walking and anxiety. These results did not support our hypothesis that changes in
physical activity would be associated with changes in mental health outcomes over time. Con-
sidering that the cross-sectional associations between physical activity and mental health out-
comes were weak in the current sample, and that the mental health outcomes remained
relatively stable over time, it is possible that our study did not have enough power to detect any
associations between the changes in physical activity and mental health outcomes.

The current findings provided follow-up to our previous study, wherein about 44% of twins
reported a perceived decrease in physical activity since the implementation of COVID-19 miti-
gation strategies in Washington State [20]. Federal guidelines recommend adults participate in
150 minutes of MVPA per week [12], and achieve 10,000 steps (approximately 100 minutes of
walking) per day [35], to promote health and well-being. The current study showed that, at
W1 (April-May 2020), participating twins were below meeting recommendations for weekly
MVPA on average (M = 124.4, SD = 97.8). While it is not clear whether twins were meeting
recommendations for daily walking based on neighborhood minutes of walking per week,
reductions in both modes of physical activity over time, even as COVID-19 restrictions were
modified throughout 2020, are concerning and consistent with previous literature [17]. It is
worth noting that the Pacific Northwest experienced significant hazardous air quality due to
wildfire smoke roughly September 7-19, 2020, which may have led to further reductions in
physical activity levels in the sample.

Present study findings showed that mental health indicators, including anxiety and stress,
were mostly low and remained stable over time among our sample. A slight increase in stress
over the six-month study period was observed, though this change is not clinically significant
(i.e., less than one unit increase of stress score ranging from 0 to 40). Results indicating low lev-
els of anxiety and stress are contrary to previous studies on mental health concerns during the
COVID-19 pandemic. For example, a recent review and meta-analysis of 17 studies reported
consistently heightened symptoms of anxiety, stress, and depression resulting from pandemic-
related concerns [36]. Furthermore, studies have reported numerous subpopulations that may
be most vulnerable to negative changes in mental health outcomes during COVID-19,
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including those in underdeveloped countries [37, 38], women [5, 37], younger adults (aged
21-40 years) [5, 38], and those with high exposure to news/media [38]. Timing of data collec-
tion, age and race/ethnicity of study participants, methods of assessing mental health indica-
tors, and regional variation implementing COVID-19 restrictions may be factors influencing
differences in findings across studies. A longitudinal study conducted in China reported that,
from the time of initial outbreak to four weeks later, respondents had lower levels of psycho-
logical impact, although levels still remained undesirably high, throughout the study period
[39]. That said, results of the current study conducted in a sample of primarily White twins of
at least modest socioeconomic means, mostly residing in Washington State, may suggest that
for some in the U.S., anxiety and stress levels have not necessarily increased over time, but
rather leveled off by October 2020, since the initial COVID-19 shutdown in March. Given
these findings and limitations, future studies should seek to analyze changes in physical activity
and stress among those communities most vulnerable to the negative health impacts of
COVID-19, including minorities and low-income households [40], where stress and anxiety
is likely higher, and activity levels lower, than in the current sample.

The present study did not support the hypothesis that changes in physical activity would be
associated with changes in mental health outcomes over time. At each of three waves of data
collection over the course of 2020 and during fluctuating COVID-19 mandates, we observed
weak negative relationships between physical activity and mental health outcomes. These find-
ings provide a longitudinal follow-up to our baseline study conducted in March 2020, which
reported that a perceived decrease in physical activity was related to higher levels of stress and
anxiety, whereas a perceived increase in physical activity was not associated with mental health
outcomes [20]. The current study adds to the existing literature that, even among a sample of
individuals of low distress during the COVID-19 pandemic, those who reported less physical
activity were slightly more stressed and more anxious than those who reported more physical
activity. Maintaining healthful levels of physical activity while social distancing has been pro-
moted by the Centers for Disease Control and Prevention (CDC) as a necessary means to
lower blood pressure, improve mood and stress levels, and achieve better quality of sleep in the
context of the pandemic [41]. For these reasons, the CDC recommends at-home strategies to
improve physical activity, including active family play time, catching up on household chores
that require walking, spending time outside and exercising while watching television. The cur-
rent study findings combined with previous literature during COVID-19 [15, 16] support that
such activities, particularly those performed at moderate-intensity and higher, may have effi-
cacy to combat pandemic-related stressors.

Strengths and limitations

A primary strength of the present study is its timeliness, specifically that data collection began
immediately after the Washington state “stay home, stay healthy” mandate. Thus, the immedi-
ate and longitudinal impact of physical distancing measures were captured in accordance with
the timeline of these mitigation strategies in a large statewide cohort. Terminology of survey
items assessing physical activity behavior and mental health outcomes were tailored to accom-
modate the quickly changing nature of COVID-19. Specifically, use of “In a typical week” was
changed to include, “Thinking about the last two weeks, in a typical week” while data were col-
lected at multiple time points. Finally, the longitudinal nature of this study allowed us to assess
how physical activity and mental health outcomes have changed over a six-month period dur-
ing the COVID-19 pandemic, as well as the extent to which indicators of physical activity and
mental health changes affect one another over time. The use of LGCM allowed us to account
for inter-person variability when examining changes in each outcome variable over time; the
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parallel LCGM integrated two LGCMs for each outcome variable in order to produce unbiased
estimated of the cross-sectional, prospective, and parallel associations between physical activity
and mental health outcomes.

This study is not without limitations. First, the impact of physical distancing measures may
be difficult to assess, given wide variation in how such measures were implemented by county
in Washington and across states, and individual’s adherence to such recommendations and
requirements. As with any survey study design, self-reported behavioral measures are subject
to recall bias and social desirability, and most survey instruments are only weakly or moder-
ately correlated with objective measures. Despite the inherent limitations in using self-report
activity instruments, our measures were at least moderately correlated with objective activity
measures, thus providing support for the use of our instrument in the present study. As dis-
cussed in the previous cross-sectional study [20], the sample may have been biased in that
those experiencing lower anxiety/stress may have been more likely to participate in the survey.
Additionally, there was low retention from baseline to W3 overall (65.7% of individuals, 60.1%
of pairs), and those with lower anxiety/stress may have been less likely to drop out of the study
over time. For these reasons, and due to the sample being primarily White and female (95.5%
and 70.2% at baseline, respectively), generalizability of the study findings is limited. Seasonality
of data collection may have independently influenced levels of physical activity and mental
health outcomes. The WSTR relies on the voluntary participation of twins, which could lead to
selection bias, as evidenced by our large proportion of identical and female twins. Relatedly,
participation in this study was limited to twins who had previously completed the baseline sur-
vey, which could lead to additional selection bias. It is unclear whether twins who have more
positive mental health outcomes are more likely to participate in the current studys; it is also
unclear whether the associations between physical activity and mental health outcomes differ
among the non-participants. Finally, within-pair twin analyses were not performed due to lim-
ited sample size. It remains unclear whether the longitudinal associations between physical
activity and mental health outcomes are mediated by between-family confounds.

Conclusions

In conclusion, physical activity was related to mental health outcomes cross-sectionally at each
of three waves of data collection. Findings suggest that changes in MVPA, but not walking, are
negatively associated with changes in stress levels during COVID-19, though the effect was
minimal in this sample with relatively low stress. From April to October 2020, levels of physical
activity decreased whereas mental health outcomes generally remained stable in this sample.
Opverall, the current study results and previous literature support efforts of public health practi-
tioners and the CDC to promote physical activity as a means to improve health and well-being
of individuals during implementation of social distancing restrictions. Moving forward, as vac-
cines to combat COVID-19 become publicly available and social distancing restrictions con-
tinue to lift, it remains necessary to assess inevitable long-term outcomes as a result of
pandemic-related trauma, and determinants of our communities’ physical and mental health.
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