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ABSTRACT

The coronavirus disease 2019 (COVID-19) outbreak introduced unprecedented health-risks, as well as pressure on the economy, society, and psychological well-being
due to the response to the outbreak. In a preregistered study, we hypothesized that the intense experience of the outbreak potentially induced stress-related brain
modifications in the healthy population, not infected with the virus. We examined volumetric changes in 50 participants who underwent MRI scans before and after
the COVID-19 outbreak and lockdown in Israel. Their scans were compared with those of 50 control participants who were scanned twice prior to the pandemic.
Following COVID-19 outbreak and lockdown, the test group participants uniquely showed volumetric increases in bilateral amygdalae, putamen, and the anterior
temporal cortices. Changes in the amygdalae diminished as time elapsed from lockdown relief, suggesting that the intense experience associated with the pandemic
induced transient volumetric changes in brain regions commonly associated with stress and anxiety. The current work utilizes a rare opportunity for real-life natural
experiment, showing evidence for brain plasticity following the COVID-19 global pandemic. These findings have broad implications, relevant both for the scientific

community as well as the general public.

1. Introduction

During 2020, the world has been coping with the outbreak of the
coronavirus disease 2019 (COVID-19) pandemic that infected millions
and resulted in devastating numbers of deaths globally. As an initial re-
sponse to the first wave of the outbreak, countries closed their borders
and implemented a series of ad-hoc laws and orders to restrict the spread
of the disease. Countries with major outbreaks such as China, Italy, and
Spain enforced stringent restriction of movement for a limited period,
referred to here as ‘lockdown’. Although lockdowns along with other
social distancing restrictions contributed to control the health risks of
the outbreak (Vinceti et al., 2020), they also had a negative impact on
the social, financial and mental well-being of the general population
(Han, 2020; Park et al., 2020), leading to one of the sharpest declines in
economic growth over the past decades (Fernandes, 2020; Zhang et al.,
2020; Cutler and Summers, 2020). Considering the intense impact of
social isolation on psychological well-being (Brooks et al., 2020), it is
not surprising that COVID-19 outbreak also led to increased rates of
stress and anxiety. These were often even more prevalent in healthy

young adults, suggesting that the high rate psychological distress was
attributed to implications beyond actual health risk, such as the diffi-
culties of social isolation and financial insecurity due to the response
to the health crisis (Taylor et al., 2020, Salari et al., 2020, Huang and
Zhao, 2020). It is now evident that the indirect consequences of the pan-
demic affected a much larger proportion of the population, having an
impact of no lesser gravity than the actual health risks that were meant
to be prevented (Park et al., 2020; Gruber, 2020; Qiu et al., 2020).

In Israel, a strict lockdown period was issued from mid-March un-
til the end of April 2020. During its peak, most unessential businesses
were closed and civilians’ movement for non-essential destinations was
restricted to a radius of 100 meters from their homes. Prior to COVID-
19, the country had experienced a period of peak economic prosperity
(Bank of Israel Research Department 2020), which was interrupted by
the outbreak, leading to unprecedented unemployment rates (reaching
nearly 30% of the work-force in April 2020) and the collapse of several
sectors such as aviation, tourism, and culture (Bank of Israel Research
Department 2020b; Bank of Israel Research Department 2020a). The
outbreak period was characterized with acute uncertainty and increase
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in anxiety, regarding both the health and socioeconomic effects of the
pandemic (Tzur Bitan et al., 2020).

In light of the comprehensive effects of COVID-19 outbreak and fol-
lowing lockdown, we hypothesized that the intense experience might
be manifested as structural changes in the brain. Over the past years,
several studies demonstrated that exogenous experiences and inten-
tional laboratory interventions, such as learning a new skill or gain-
ing expertise in a profession, induced brain plasticity, detectable using
T1-weighted magnetic resonance imaging (MRI) (Maguire et al., 2000;
Jung et al., 2013; Draganski et al., 2004). However, these works mainly
focused on comparing unique groups of experts to non-experts or exam-
ined brain changes after some intentional training intervention. To this
day, none has been able to track in a longitudinal study a real-world
event that induced consistent structural brain changes in the general
population.

The current work was initiated as a reaction to the outbreak of
COVID-19 in Israel, aiming to study the structural brain plasticity in
the general population following a real-life event. For this purpose,
we examined n = 50 test group participants that were scanned with
T1-weighted MRI prior to the outbreak and returned for a follow-up
scan at the end of the first nation-wide COVID-19 lockdown period,
which was installed from late March to early May 2020 (see methods
for a detailed timeline of post COVID-19 follow-up scans). The struc-
tural changes of the study group (before versus after the outbreak and
lockdown) were compared to those of n = 50 control participants who
were scanned twice before the COVID-19 outbreak. All participants were
healthy, without a history of neurological or psychiatric disorders, did
not show COVID-19 symptoms, and were not diagnosed carrying the
virus (see the methods section for further demographic information).
The unique circumstances imposed due to the COVID-19 lockdown cre-
ated rare settings for a natural experiment to examine the effect of a
real-world intense event on brain plasticity.

Previous neuroimaging studies have commonly linked stress and
anxiety processing with the amygdala, both when examining struc-
tural differences (Ganzel et al., 2008; Holzel, 2009; Rogers et al., 2009;
Schienle et al.,, 2011) and functional reactivity (Mochcovitch et al.,
2014; Bryant, 2008; Stevens et al., 2017); however structural differ-
ences in amygdala often showed inconclusive change patterns, with
some studies showing stress was associated with volumetric increase,
while others showing a decrease in volume (O’Doherty et al., 2015;
Duval et al., 2015; Kennis et al., 2020). Prior to data collection of the
full sample, we ran a preliminary pilot study using the same study de-
sign with N = 16 participants; n = 8 participants were scanned after
lockdown restrictions were lifted and n = 8 participants were randomly
sampled from the data pool used to define the control group. The data
of these 16 participants were used for a power analysis to determine
the minimal sample size for the full study and were not included in the
main analyses. In this pilot study we observed prominent volumetric in-
crease in the Amygdalae. Thus, we hypothesized and preregistered that
the epicenter for volumetric changes in the current study would be in
the Amygdalae. The preregistered hypotheses and general design are
available along with the data and analysis codes online (project page:
https://osf.io/wu37z/; preregistration: https://osf.io/k6xhn/).

2. Results

Fifty participants who were scanned prior to COVID-19 outbreak,
agreed to be scanned again after the relief of COVID-19 lockdown lim-
itation, which were imposed between late March to early May 2020 in
Israel (see methods for detailed timeline of COVID-19 outbreak and data
collection in the current study). Prior to their follow-up MRI scan ses-
sion, we asked participants of the post-lockdown test group to fill in
a short questionnaire regarding their experience during the lockdown
period. Of the participants who agreed to reply, 79.6% reported they
did not leave their home for non-essential needs, 57.1% met no more
than 3 people (including people living with them in the same house-
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hold), 44.9% did not meet their parents at all (avoided all meeting, in-
cluding with masks or other safety precautions), 38.8% indicated an
increased feeling of anxiety following the lockdown, 34.7% anticipated
that their future behavior will change after the lockdown, 46.8% re-
ported they were concerned about their personal future well-being, and
42.9% indicated that their employment status was reduced to part-time
job, unemployment or furlough. In an exploratory factor analysis (EFA;
using Varimax rotation, see methods), we examined which main themes
dominated participants’ reported experience during the lockdown, and
identified two main factors, explaining together 54.0% of the variance in
participants’ responses. The first factor was highly loaded with question-
naire items that described increased social isolation, while the second
was mainly related to increased feelings of anxiety (Fig. 1).

T1-weighted anatomical MRI scans were used as input for de-
formation and surface-based morphometry (SBM) analysis using
the CAT12 toolbox (http://www.neuro.uni-jena.de/cat/, University of
Jena) for SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/,
Wellcome Trust Centre for Neuroimaging). The brain was segmented to
58 regions based on the cortical and subcortical nuclei classifications
of the Hammers atlas (Hammers, 2003). Following surface reconstruc-
tion, each participant’s individual gray matter volume was estimated
for each of the 58 anatomically defined regions of interest (ROIs). This
procedure accounted for the longitudinal nature of the data, perform-
ing the analysis on both scans simultaneously. To avoid voxel-based
multiple comparisons, we performed a region-based analysis (follow-
ing surface projection to the Hammers atlas) and corrected for multiple
comparisons using the Benjamini-Hochberg correction (Benjamini and
Hochberg, 1995) to control for false discovery rate (FDR; Padj. < 0.05).
Validation of the pipeline was performed using simulated data and by
comparing the results with other software (see methods).

Using linear regression models, we examined volumetric changes,
testing for regions with stronger changes for the test group compared
to the control group. Examining the interaction effect of session (base-
line versus follow-up scans) and experimental group (test versus con-
trol) revealed ten anatomical brain regions (composed of bilateral five
unique regions in both hemispheres) in which volumetric increases were
observed uniquely for the test group (Table 1 and Fig. 2). Most promi-
nently, as we expected and pre-registered, we found a robust volumetric
increase effect in the bilateral amygdalae of the test group. We also ob-
served a significant increase in volume bilaterally in the putamen, and
in three anatomical regions within the ventral anterior temporal cortex
adjacent to each other, namely in the medial part of the anterior tem-
poral lobe, the fusiform gyrus, and the parahippocampal gyrus. We did
not observe regions with a significant interaction effect in the opposite
direction (i.e., ROIs in which the test group showed relative volumetric
decrease compared to the control group).

To examine the spatial distribution within significant ROIs and have
better visualization of the results, we performed an additional post-hoc
VBM analysis (Fig. 2a). Examining the post-hoc voxel-based results re-
vealed that volumetric changes occurred throughout the entire surface
of bilateral amygdalae, while in the putamen the effects occurred mainly
in the dorsal area. In the ventral anterior temporal cortices, large con-
nected clusters of volumetric change spanned throughout the three adja-
cent temporal ROIs, thus suggesting that the three ROIs shared a similar
origin. To ensure that the reported effects originated from volumetric
changes in the test group following the COVID-19 outbreak and its re-
lated lockdown period, we tested for ROIs where the significant inter-
action effect was accompanied by a significant effect for the test group
but not for the control group, and was consistent beyond baseline scans
effect or measurement protocol (see methods and supplementary mate-
rials).

To evaluate and control for the effect of time between scans and time
from lockdown, we included in the model two additional covariates - the
time between scans (TBS; which was generally longer for the test group)
and time following lockdown (TFL; calculated only for the test group,
see methods for more details). The two covariates were not correlated
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Fig. 1. Exploratory factor analysis (EFA) of COVID-19 questionnaire.

Exploratory factor analysis of the responses to the questionnaire revealed two main themes characterized the participants. (a) The first factor (‘Social isolation’)
strongly related to the item indicating meeting no more than 3 people, as well as to other two related items of avoiding meeting parents and staying at home during
lockdown. An increased feeling of anxiety dominated the second factor, along with changing future behavior and concerns regarding the long-term effects. X-axis
represents the loading in absolute values of each item with each of the two factors identified in the EFA (color represents loading directionality-positive loading in
blue, negative loading in red). (b) Dispersion of the 49 participants who responded to the questionnaire, across the two factors. Responders were categorized into
binary anxiety (responded they felt an increase in anxiety during lockdown) and isolation groups (reported avoiding meeting their parents or more than three people;
represented by different colors). Points represent unique scores; axes represent loading scores on the two EFA factors; frequency is represented by point size and the
number of participants’ indices around their corresponding data points (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.).

Table 1
Surface based morphology analysis results

Change from baseline M (SE)

Interaction estimate Interaction Test groupsession Test groupsession b
Region Hemi- sphere (95% CI) p(FDR adj.) estimate (95% CI) # p(FDR adj.) Test (%) Control (%)
Amygdala Left 0.09 2.4E7° 0.08 9.8E7° 4.92 -0.56 (0.6)
[0.05, 0.13] (0.001) [0.05, 0.11] (2.1E™) (1.06)
Right 0.08 0.003 0.08 1.6E-5 4.47 0.07 (0.86)
[0.03, 0.13] (0.030) [0.05, 0.11] (2.3 (1.07)
Putamen Left 0.19 4.1E 0.13 4.0E™* 3.31 -0.5(0.7)
[0.09, 0.29] (0.006) [0.06, 0.2] (0.002) (0.83)
Right 0.17 2.4E4 0.14 1.1E° 3.31 -0.01 (0.68)
[0.08, 0.26] (0.005) [0.08, 0.2] (2.1E™) (0.67)
Anterior Left 0.25 1.8E~4 0.15 4.7E4 2.82 -0.7 (0.76)
temporal lobe [0.12, 0.38] (0.005) [0.07, 0.23] (0.003) (0.75)
(medial part) Right 0.21 0.004 0.15 0.004 2.93 -0.37 (0.7)
[0.07, 0.35] (0.030) [0.05, 0.25] (0.023) (1.07)
Parahippocampal  Left 0.09 0.006 0.04 0.029 1.22 -0.5 (0.57)
gyrus [0.03, 0.15] (0.035) [0, 0.08] (0.085) (0.55)
Right 0.11 0.003 0.08 0.002 2.05 -0.08 (0.54)
[0.04, 0.18] (0.030) [0.03, 0.13] (0.009) (0.61)
Fusiform gyrus Left 0.08 0.007 0.06 3.8E4 1.78 -0.4 (0.56)
[0.03, 0.13] (0.036) [0.03, 0.09] (0.003) (0.53)
Right 0.11 0.002 0.05 0.044 1.36 -0.72 (0.57)
[0.04, 0.18] (0.022) [0, 0.1] (0.111) (0.64)

2 Session estimate examined the effect of baseline versus follow-up scan in the post-lockdown test group. This parameter was used to validate that the
interaction effect observed between the group stemmed from a robust effect in the test group (see methods).

b Volumetric change normalized to baseline scan (difference/ baseline).

with each other in our test group sample (r = -0.106, t(48) = -0.74,
p = 0.463). Our reported regions demonstrated significant volumetric
change above and beyond these covariates. After FDR correction, no re-
gion showed an effect of TBS. However, we did find a negative effect of
TFL in the two amygdalae ROIs and the left fusiform gyrus, suggesting
that the volumetric changes in these regions moderated as time follow-
ing lockdown elapsed. Based on these results, we estimated the time
to decay as the estimated number of days from lockdown until volu-
metric changes returned to normal levels, similar to those of the control
group (left amygdala: frp;, = -0.41, t(47) = -3.1, p = 0.003, p,q;. = 0.048,
time to decay = 95 days; right amygdala: fp, = -0.54, t(47) = -4.38,

p = 6.7E-5, p,q;. = 0.002, time to decay = 83 days; left fusiform gyrus:
Brp, = -0.54, t(47) = -4.44, p = 5.5E-5, p,q;. = 0.002, time to decay = 82
days; Fig. 3).

To validate that the reported effects do not stem from potential con-
found in the experimental or analysis design, we run a series of post-hoc
regression analyses, in which we modeled different features of the sam-
ple and potential confounding factors. These analyses assisted in evalu-
ating the robustness of the effect of interest and validate that it remains
significant above and beyond each of the potential confounds (see sup-
plementary materials for a detailed report). Examining the impact of
potential confounds related to the design of the experiment revealed
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Fig. 2. Volumetric changes results.

An interaction effect for time (baseline versus follow-up scan) and group (test versus control) was evaluated on segmented surfaces in an SBM analysis. Significant
interaction effects were observed bilaterally in the amygdala and putamen ROIs, as well as in three ventral temporal cortical ROIs. (a) To examine spatial patterns
within the identified ROISs, a post-hoc voxel-based analysis was conducted within each ROI mask (see supplementary materials for whole brain VBM results). Light
red contours represent segmentation borders of the ROIs. Red-yellow colors represents z-transformed significance of the interaction effect. (b) Individual distribution
of the results in the control group (light colors) and test group (dark colors). For better visualization, units were normalized to baseline (difference/baseline) and
presented in percentage units (see supplementary materials for plot in non-normalized units). Box-plot center, hinges, and whiskers represent the median, quartiles,
and 1.5- IQR from the hinges, respectively. A notch of 1.58- IQR/+/n represent an estimated 95% confidence interval for medians. Dots represent individual
participants. Abbreviated ROI names: AntMedTeLo = anterior temporal lobe (medial part); FusGy = fusiform gyrus, ParHipGy = Parahippocampal gyrus.

that our main effect, the interaction effect of time and group, remained
significant in all 10 ROIs also when including covariate of age, gender,
and most importantly-volumetric values at baseline. The results also re-
mained consistent when evaluating the volumetric change effect in log-
odds units (p,g;, < 0.05 for the interaction effect, p = NS for the other
covariates and sample features, in all 10 reported ROIs).

Several statistical and experimental cofounds that were tested, re-
sulted in a small decrease of statistical significance of the volumetric
change interaction effect (see additional detailed analysis in the supple-
mentary materials). These decreases resulted in some ROIs falling short
of the statistical threshold after FDR correction (p,g;, < 0.1; all signifi-
cant before FDR correction).

In one analysis, excluding in each ROI analysis participants with
extreme volumetric change (2.5 SD from group mean) resulted in
two ROIs dropping below statistical significance after FDR correc-
tion (left parahippocampal gyrus: p,q;, = 0.061, right fusiform gyrus:
Padj. = 0.064). In a second analysis we aimed to validate that the effect
is consistent when accounting for the different initial-experiments that
participants took part in before COVID-19 outbreak. Adding the initial
experiments as an additional independent factor to the regression model
resulted in reduced significance of the interaction effect showing larger
volumetric change in the test group, within 5 ROIs (right amygdala:
Padj. = 0.065, left parahippocampal gyrus: p,q;. = 0.098, right parahip-
pocampal gyrus: p,g;, = 0.073, left Putamen: p,q; = 0.098, left Puta-

men: p,g;. = 0.068; all ps < 0.05 before FDR correction, p,g; = NS for
the initial-experiment confound factor). Including the scan-angle used
in the initial experiment as a factor resulted in similar outcomes, with
six ROIs dropping below statistical significance threshold after FDR cor-
rection (right amygdala: p,q;. = 0.058, right anterior temporal lobe (me-
dial part): p,q;, = 0.058, left parahippocampal gyrus: p,q;. = 0.074, right
parahippocampal gyrus: p,g;, = 0.058, left Putamen: p,q; = 0.074, left
Putamen: p,q; = 0.058; all p <0.05 before FDR correction; p,q;. = NS for
the scan-angle factor).

A potential explanation for this small decrease in significance of the
group-time interaction effect could be due to the imbalanced design. The
pool of participants who were included in the study’s test and control
group consisted of one completed study (Botvinik-Nezer et al., 2020)
and three additional ongoing experiments that have been running be-
fore COVID-19 outbreak. The allocation for test and control group was
highly related to the initial-experiments in which participants took part
in (x?(3) = 54.44, p =9.0E~12, Nagelkerke pseudo-R? = 0.56; logistic re-
gression examining the association of test group allocation and initial-
experiment, see methods). In two of the initial-experiments, participants
scans were aligned to the anterior-commissure posterior-commissure
(AC-PQC) line, while in the other initial experiments, participants were
scanned in 30° angle of the AC-PC line. Nonetheless, the interaction ef-
fect of time and group overall remains consistent (p,g;, < 0.1, before
FDR correction all p < 0.05), while the initial experiments and the scan
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Fig. 3. Time following lockdown effect on volumetric changes.

The time from lockdown relief until the follow-up scan session (TFL) was added as an addition covariate to the model, revealing significant effect in the two amygdalae
and left fusiform gyrus. Points represent individual participants in the post-lockdown test, p-values were FDR adjusted for multiple comparisons. Abbreviated ROIs:
AntMedTeLo = anterior temporal lobe (medial part); FusGy = fusiform gyrus, ParHipGy = Parahippocampal gyrus.

angle confounding factors were always insignificant. Thus, it is unlikely
that the results were driven by these confounds.

Finally, in a post-hoc analysis we reanalyzed the results using CAT12
VBM pipeline. Using voxel-based instead of surface-based analysis re-
sulted in similar results within the amygdalae and temporal cortices
ROIs, while no significant effect was found in the bilateral Putamen
ROIs. A significant effect was observed in the adjacent nuclei of bilat-
eral Pallidum (left Pallidum: By ierqction = 0-185, 95% CI [0.09, 0.291,
t(96) = 3.7, p,gj. = 0.006; right Pallidum: Biyeraction = 0-172, 95% CI
[0.08, 0.26], t(96) = 3.8, p,q;. = 0.005), which was not significant in
a SBM analysis. These results further support the conclusions regarding
the temporal ROIs and amygdala, while destabilizing the conclusiveness
of the results in the Putamen, as changes in gray matter segmentation
or another dissimilarity between the two pipelines diverted the effect in
the Putamen subcortical nuclei.

In an additional exploratory analysis, we examined whether the vol-
umetric brain changes were associated with the psychological constructs
identified in our EFA, based on participants’ self-reports. We used two
linear models to explain the variability in each of the factors, using the
volumetric changes on the 10 identified ROIs as our model features.
Overall, neither one of the factors was well associated with the volu-
metric changes (Factor 1 model: R? = 0.20, F(10,38) = 0.92, p = 0.522;
Factor 2 model: R? = 0.22, F(10,38) = 1.10, p = 0.383). Examining
the contribution of individual ROIs within the models (measured as the
significance of the f estimates), did not reveal a significant association
with the factors for any one of the ROIs (p,q; > 0.05; FDR correction
by the number of features in the model). Also adding the two factors
as covariates to the linear models examining the volumetric change ef-
fect, did not reveal significant contribution of the factor to the models.
Thus, in our work we could not identify a clear association between the
behavioral data and volumetric changes in our detected ROIs.

3. Discussion

Our study demonstrates that volumetric change patterns in the
brain occurred following the COVID-19 initial outbreak period and re-

strictions in a sample of healthy participants, who were not somati-
cally affected by the pandemic. While previous studies demonstrated
brain plasticity using T1-weighted MRI following planned interventions
(Maguire et al., 2000; Jung et al., 2013; Draganski et al., 2004), the
current work outstands in its unique demonstration of stark structural
brain plasticity following a major real-life event.

Our findings show neural changes that were not caused directly due
to COVID-19 infection, but rather related to the societal effect, further
resonating the mental contagiousness aspect of the COVID-19 pandemic
(Valenzano et al., 2020). We show volumetric increase in gray matter
in the amygdalae, putamen, and ventral anterior temporal cortices. The
changes in the amygdalae showed a temporal-dependent effect, related
to the time elapsed from lockdown but not the duration from the base-
line scan. It should be noted that although lockdown restrictions had
initially reduced infection rates in Israel, just one month after the lock-
down was lifted, the number of infected cases started to rise again and
reached higher number of active infected cases by the end of data col-
lection, compared with the peak numbers during the actual lockdown
period (approximately 2,000 daily new cases by the end of July ver-
sus under 750 new daily cases during the peak of the lockdown period
in April (Israel Ministry of Health, 2020), see detailed timeline in the
methods section and Fig. 4). This suggests that the effects observed in
the current study are less likely to be attributed to the concrete health
risks of contracting the virus, but rather to the first wave of the out-
break, characterized with perceived uncertainty and substantial unex-
pected changes in everyday life.

Examining the contribution of study features such as volumetric
measurements at baseline, the initial study, and scan angle, revealed
that the volumetric change effects in the bilateral amygdalae and tem-
poral cortical ROIs, were mostly stable. Although some confirmatory
analysis with confounding covariates slightly reduced the significance
of the group-time interaction effect, this decrease was relatively small
(with significant results before FDR correction), and more importantly,
the confounding factor were not significant in any of the models. Thus,
it is unlikely that a confound related to the study design could account
for the volumetric change effect. Changing the analysis pipeline from
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surface-based to voxel-based morphometry, resulted in non-significant
effect in the Putamen; thus, suggesting that the effect in these nuclei
might be susceptible to differences in analysis pipeline. Putatively, the
results in these regions change due to different segmentation of the nu-
clei, registration or smoothing. Therefore, conclusions regarding volu-
metric change in the Putamen should be more reserved.

The current literature regarding volumetric changes in the amygdala
following stressful events, and especially real-life events, is quite lim-
ited. Some studies found evidence in agreement with our results, such
as one study which showed that a decrease in amygdala volume was
associated with greater stress reduction following mindfulness training
(Holzel, 2009); while others found evidence in the opposite direction,
such as one study which found that smaller amygdala volumes within
participants who were in closer proximity to the World Trade Center
during 9/11 events (Ganzel et al., 2008), and overall meta-analyses
approach often showing contradicting evidence regarding amygdala
volumetric difference within population associated with stress such as
post-traumatic stress disorder (PTSD) and generalized stress disorder
(O’Doherty et al., 2015; Duval et al., 2015). Our results, showing a grad-
ual decline of the volumetric change effect as a function of TFL, could
provide a potential insight into these inconclusive patterns. It is possible
that without time-locking to a strong external event, volumetric change
effect would be more difficult to detect. This point highlights the unique-
ness of our study that included a repeated session design before and after
a real-world event.

The current study was in many aspects unplanned; therefore, we are
left with only partial answers as to which specific behavioral or cognitive
impacts of the COVID-19 outbreak led to the neural changes observed
in the healthy participants who took part in our study. The involvement
of the amygdala may suggest that stress and anxiety could be the source
of the observed phenomenon, due to its well-recorded functional and
structural associations (Ganzel et al., 2008; Holzel, 2009; Rogers et al.,
2009; Schienle et al., 2011; Mochcovitch et al., 2014; Bryant, 2008;
Stevens et al., 2017). Nevertheless, it is hard to draw clear conclusions
as many aspects of life have changed in this time period, and could
have potentially affected different regions in the brain - from limiting
social interactions, increased financial stress, changes in physical activ-
ity, work routine, and many more. The limited behavioral data collected
in the current study did not provide a strong connection to the imaging
results, and thus future work could try to better address the complex
brain-behavioral associations in this real-life experience.

Furthermore, as our study only examined T1-weighted anatomi-
cal scans, we are limited in our scope to gross-anatomy macroscale
changes. Imaging research using additional imaging methods such as
diffusion tensor imaging (DTI) and functional MRI (fMRI), showed that
neural plasticity processes are often characterized by changes of mi-
crostructural scale, commonly expressed in the white matter (Sagi et al.,
2012; Scholz et al., 2009; Sampaio-Baptista et al., 2013; Steele and Za-
torre, 2018) and functional neural activity (Brodt et al., 2018), which
were not examined here. Further research combining both more exten-
sive behavioral and additional imaging measurements might be able
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Fig. 4. Study timeline and outbreak data.

i On February 215, 2020, the first COVID-19 case in Israel
was recorded. Daily new cases were smoothed using 7-days
moving average. Data were retrieved and modified based
on the Israeli Ministry of Health reports (Israel Ministry of
Health, 2020; Ritchie, et al., 2020). A lockdown was issued
on March 25%, which was gradually released until the re-
moval of the 100-meter restriction on May 1%, marking
lockdown onset and relief, respectively (shorter vertical
dashed line). MRI data of the test group were collected be-
tween May 10t to July 29t (longer vertical dashed line).
Short bars on top (in red) represent the number of partici-
pants scanned for the study each day.

to link brain modifications with specific behavioral manifestations of
COVID-19 outbreak.

Despite these limitations, our findings show that healthy young
adults, with no records of mental health issues, were deeply affected by
the outbreak of COVID-19. These findings are both ground-breaking in
showing brain plasticity of subcortical regions following real-life exter-
nal event, as well as in revealing an additional impact of the COVID-19
on the well-being of the general public. Our results emphasize the im-
pact of widescale societal changes and suggest that when forming such
changes, one should take into consideration the indirect impact on the
general well-being of the population, alongside the efficacy of the soci-
etal changes.

4. Materials and methods
4.1. Data and code availability

Our sample size, hypotheses and analyses plan were pre-registered
on the Open Science Framework (OSF), soon after data collection began,
but prior to completion of the data collection and data analysis (project
page: https://osf.io/wu37z/; preregistration: https://osf.io/k6xhn). All
behavioral data, processed imaging data, and analysis codes are shared
on the OSF project page. Uncorrected and small-volume corrected sta-
tistical maps of the voxel-based results described in the current work are
available at https://neurovault.org/collections/8591/.

4.2. Participants

The study included two groups: A test group scanned before and after
COVID-19 lockdown, and a control group, scanned twice before COVID-
19 outbreak. All participants had no background of neurological disor-
ders, did not show symptoms for COVID-19 and were not diagnosed as
carriers of the virus. The study was approved by the ethics committee
of Tel Aviv University and institutional review board (IRB) at the Sheba
Tel-Hashomer medical center. Since the IRB protocol allowed us to scan
the participants several times over a long period of time, we were able to
collect the data from participants who were scanned prior to COVID-19
outbreak and invite them back for a follow-up scan as part of the lon-
gitudinal study they have agreed to take part in. Participants received
monetary compensation for their time and gave their informed consent
to take part in a longitudinal experiment aimed to examine brain plas-
ticity across several sessions, which was initially not directly related to
COVID-19 outbreak.

The test group included n = 50 participants who were scanned be-
fore and after COVID-19 lockdown (A Time between scans: M = 309.3,
SD = 207.5, range = 67 - 1460 days; Age: M = 30.1, SD = 6.65,
range = 21-48; Females: n = 20, prop. = 40%). The lockdown period
began on March 25th and was gradually relieved throughout late April.
We mark here May 1st as the lockdown relief date, as on this day an is-
sued 100 m movement limit for non-essential needs was lifted. The test
group data collection started as soon as lockdown relief took place, for a
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period of approximately 3 months, until the end of July, 2020 (A Time
from lockdown relief: M = 57 days, SD = 24.62, range = 9-89 days; see
Fig. 4 for the study timeline).

We compared the volumetric changes of the test group to those of
a control group of n = 50 participants, who were scanned twice before
COVID-19 outbreak (A Time between scans: M = 126.7, SD = 190.4,
range = 21-886 days; Age: M = 27.4, SD = 5.63, range = 19-42; Females:
n = 23, prop. = 46%).

The participants included in the current study took part in one of four
experiments that started before COVID-19 outbreak in Tel-Aviv univer-
sity imaging center. The first study was the only one completed prior
to COVID-19 outbreak (Botvinik-Nezer et al., 2020), from which n = 29
participants were randomly sampled to be used in our control group
sample (consisting 58% of the control group). Participants in this study
were scanned twice with anatomical, functional and DW imaging in a
study examining neural correlates of preference modification paradigm.
A second study examined the same paradigm used in the first study, and
included structural, functional, and resting state scans. A total of 41 par-
ticipants were sample from this second experiment - n = 11 (22%) for the
control group and n = 30 (60%) for the test group. A third study from
which n = 10 (20%) participants were sampled for the control group
and n = 18 (36%) were scanned in the test group, examined longitudi-
nal changes in structural features of the brain. It included structural and
DW imaging. Finally, n = 2 (4%) were sample for the test group, from
a fourth study which examined network connectivity in the brain using
structural and resting state imaging data.

As this was a unique natural experiment, some data features, includ-
ing affiliation for the prior experiment, could not be balanced across the
experimental groups. There was a strong dependence between the exper-
imental groups (control versus test) and the four prior studies affiliation
(r%@3) = 42.1, p = 3.8E7%; Pearson’s y2 test for independence), which
is also quantifiable using logistic regression with the experiment group
as dependent binary outcome (log-likelihood ratio test: y2() = 54.4,
p = 9.0E712, Nagelkerke pseudo-R? = 0.56).

The final number of participants to be scanned for the current study
was determined based on experimental and health-related considera-
tions. From an experimental point of view, we aimed to minimize the
potential confounding effect of prolonged delay from the lockdown pe-
riod. In addition, the number of available participants became limited
as time progressed - both of potential test group participants who were
scanned not long prior to COVID-19 outbreak, as well as the number
of available control participants who were scanned twice prior to the
outbreak. Finally, towards the end of data collection a second wave of
COVID started to form in the country, with increasing number of new
COVID cases. Due to the increase of health risk for our participants, and
the inevitable anticipated lockdown, we decided to stop data collection
for the study at that time point. The results were not examined before
imaging data collection was completed. No participants were excluded
from analysis following examination of the imaging data.

4.3. Imaging data acquisition

Before COVID-19 outbreak, participants took part in several unre-
lated imaging studies, all performed in Tel-Aviv University’s Imaging
Center. Participants were scanned in Siemens Prisma 3T MRI scanner.
Each scan session (both pre- and post-COVID-19) included high resolu-
tion T1w anatomical scan, with magnetization prepared rapid gradient
echo (MPRAGE) sequence: TR = 1750ms, TE = 2.6ms, TI = 900ms, with
a resolution of 1 x 1 x Imm (Park et al., 2020). These images were
used for volumetric regional analysis by estimating the pial and inner
surfaces of the cortex and projecting those into a Hammer’s atlas system.

Each post-COVID session also included multi-shell diffusion-
weighted echo-planar imaging (DW EPI) sequence and functional MRI
scans of Resting-state data, scanned with a gradient-echo EPI (GE EPI).
The diffusion weighted and functional imaging data were meant to be
used in diffusion tensor imaging (DTI) and resting state connectivity
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analyses, respectively. However, since not all test group participants
were scanned with those two imaging protocols during their baseline
scan session, analyzing these data would require a different approach
than the one we used in the current study to analyze structural changes
with T1w-images. We decided that the analysis of these data is beyond
the scope of the current manuscript and thus have not examined it at
the current time point.

4.4. Statistical modeling

Volumetric change was evaluated separately for each of the 58 rel-
evant ROIs from the Hammers Atlas in a linear regression model. For
simple interpretation and modeling, we used the difference in volume
measurements between the two scans (volumetric change) as the de-
pendent variable. The volumetric change observed for each individual
was modelled using a group indicator (0-Control, 1-Test), Time between
scans (TBS; mean-centered across the entire sample), and the Time fol-
lowing lockdown (TFL; mean-centered across the test group) indepen-
dent variables. Control group participants, for which TFL was not a rel-
evant covariate were assigned with the TFL value of 0 (same as model-
ing TFL as an interaction with group effect, evaluating its contribution
to test-group volumetric change only). Using a difference score as the
dependent variable, effectively allowed us to interpret the model’s in-
tercept as the Time main effect (baseline versus follow-up scan), and
each regressor as the interaction of the independent variable with time.
The analysis is identical to a linear mixed model with a random inter-
cept for each participant, main effect of time and interaction of time
with the other independent variables-e.g. the effect of the group inde-
pendent variable in a model with volumetric change as the dependent
variable, is identical to the group-time interaction term in a mixed ef-
fect regression model. The main regressor of interest was thus the group
independent variable, indicating a significant difference in volumetric
change between test and control group, while accounting for the TBS
covariate in both groups and the TFL covariate in the test group.

To validate that the reported effect originated from the control
group, the data of each ROI were also modelled for the subset of the test
group participants only, using the same mean-centered TBS and mean-
centered TFL covariates. In this analysis the main result of interest was
the intercept term, indicating that the mean volumetric change of the
test group was different than 0, accounting for the other covariates. We
also used this model to estimate the effect of TFL, using only the infor-
mation from the test group.

All p-values were corrected for multiple comparisons us-
ing Benjamini-Hochberg false discovery rate (FDR) correction
(Benjamini and Hochberg, 1995) across the 58 regions examined.
We reported regions for which a significant volumetric change was
observed uniquely for the test group, which had significant group-time
interaction effect (p,q;, < 0.05), as well as a significant time effect
for the test group (p < 0.05, before FDR correction). We decided to
deviate from the pre-registered analysis plan and report two ROIs
which had significant interaction effect after FDR but with significant
effect within the test group only before FDR correction (left parahip-
pocampal gyrus p = 0.029, p,q; = 0.085; and right fusiform gyrus,
p=0.044,p,q; = 0.111), as we thought that it is worth mentioning them
nonetheless due to their strong interaction effect and corresponding
contralateral ROIs.

In addition to these pre-registered statistical models, we also per-
formed several post-hoc analyses of two types. In the first family of anal-
yses, we examined different statistical definitions of volumetric change
as our dependent variable as well as added additional independent vari-
ables such as the baseline scan, in order to further validate our results
and exclude potential confounds (see supplementary materials). In the
second family of models, we aimed to link the volumetric change effect
with our behavioral measurements by including as additional covari-
ates the two factors that were identified in the COVID-19 questionnaire
factor analysis.
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Table 2
COVID-19 lockdown questionnaire.
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Binary (%)

Question Answers (%)
1. Did you stay home during the 0-no (20.4)
lockdown, except for essential needs / did 1-yes (79.6)
not leave at all?

1-yes (79.6)
2. Did the lockdown increase your feeling 0-no (61.2)
of anxiety?

1-yes (38.8)
3. With how many people did you meet 0-none (0)

during the lockdown (including people
you are living with at home)?

1-up to three people (57.1)

0-no (20.4)

1-yes (79.6)
0-no (61.2)
1-yes (38.8)

0-more than three (42.9)

1-up to three (57.1)

2-up to five people (22.4)
3-up to ten people (20.4)

4. Do you think your behavior will change
following the lockdown?

0-no (65.3)
1-yes (34.7)
5. How did your meeting with your

parents’ routine look like during the
lockdown?

1-with precaution measurements:

0-same as before the lockdown (34.7)

0-no (65.3)
1-yes (34.7)

0-as before or with precautions (55.1)

1-did not meet at all (44.9)

distancing, mask, etc. (20.4)
2-did not meet at all (44.9)

6. What was your employment status
during the lockdown?

1-full time working from home (28.6)

0-same as before lockdown (28.6)

0-unemployed / part time (42.9)

1-same as before / full time from home
(57.1)

2-part time working from home (8.2)
3-Furlough / unemployed (34.7)

7. How concerned are you with the
long-term effect of the lockdown,
regarding yourself?

1-not at all (28.6)

2(24.5)
3(30.6)
4(14.3)

5-very concerned (2)

0-low, score 1,2 (53.1)

1-moderate-high, score 3-5 (46.9)

4.5. Post-hoc voxel-based analysis and visualization

To provide a spatial visualization of our data, we used an addi-
tional (not pre-registered) VBM analysis. Raw images were smoothed
with 12mm FWHM smoothing kernel, underwent tissue segmentation
and spatial registration prior to statistical analysis. In the VBM analysis
statistical significance was calculated for an interaction effect, indicat-
ing a different volumetric change in the test group versus control group.
The outputted map of p-values indicating significant interaction effect,
was converted to Z-values map via the normal cumulative distribution
function (CDF), and then thresholded at |Z| > 2.3 (corresponding to p <
0.01).

It is important to note that the resulting map was used for visualiza-
tion and not statistical inference. It does not account for multiple com-
parisons correction, nor does it take into direct account the additional
requirement in our main analysis pipeline, that the difference effect of
the test group would also be significant above 0 (i.e. to report only ef-
fects stemming from an effect in the test group, and not from an opposite
trend in the control group).

In an additional (not pre-registered) analysis, we used the VBM out-
put as an additional validation for the reproducibility of our results.

Participants’ volumetric maps (one for each of the two scans) were seg-
mented according to the Hammers Atlas ROIs. The data were averaged
within each ROI and we repeated the process used to identify signifi-
cant ROIs using voxel-based data, i.e., for each region the significance
of the interaction effect and time effect for the test group were exam-
ined with linear models. Results were then FDR corrected for multiple
comparisons, across the 58 ROIs tested.

4.6. Behavioral data collection

To evaluate participants’ experience in the peak days of the COVID-
19 outbreak, we asked them to think back on their experience during
this time and fill out a 7-items questionnaire regarding their experience
of the COVID-19 lockdown (see Table 2 for a description of the items).
The questionnaires were filled out after the initiation of the study, when
the lockdown’s stringent 100-meters limitation was lifted, thus the re-
sults represents the participants’ recalled experience of the lockdown.
Most participants filled out the questionnaire on the day of the post-
lockdown scan session, some filled it a few days before their second
scanning session. A total of n = 76 participants filled out the COVID-19
questionnaire and comprised the potential pool of test group partici-
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pants for the current study, out of which the first n = 50 who agreed to
come to be scanned, were included in the imaging dataset. One partici-
pant was scanned but did not complete the questionnaire, therefore this
participant’s behavioral data were not used and analyses of the ques-
tionnaire were based on n = 49 valid participants.

4.7. Exploratory factor analysis (EFA)

Responses to the lockdown questionnaire were coded into binary
responses, based on the sample median, splitting the sample into rela-
tively similar sized groups for each item (Table 2). To identify the main
themes in the questionnaire, which could be correlated with the imag-
ing data, we performed an exploratory factor analysis (EFA) on the bi-
narized data, using the “psych” R package (Revelle, 2020).

Since EFA require large number of participants, we used the data
from all available n = 75 participants who completed the questionnaire.
Kaiser-Meyer-Olkin (KMO) factor adequacy test revealed that the ‘em-
ployment’ item had a very low measure of sampling adequacy (MSA;
employment item’s MSA = 0.26; which is far below the suggested min-
imal MSA of 0.528) for EFA. The ‘employment’ was also not loaded to
any of the factors; therefore, we removed it from the final EFA model.
Overall, even after removing low KMO item, our data were found to be
weakly appropriate for factor analysis, with overall MSA = 0.48. Thus,
considering the small sample size and low fit of the data to EFA, the
results of the analysis should be interpreted with caution.

We performed polychoric correlations based EFA, which is suitable
for binary variables, with two factors and Varimax rotation, assuming
orthogonality between the factors. Our selection of number of factors
was based on visual inspection of scree plot of eigenvalues, as well as
by comparing actual data to simulations of random data matrices. Using
Oblimin rotation, which allows for correlation between the factors, re-
vealed very low correlation (r = 0.08), suggesting that Varimax rotation
was an appropriate choice for our model.

In a previous version of this manuscript, we used principal com-
ponent analysis (PCA) to identify our factors of interest, however
this procedure is less appropriate than EFA, and is therefore not
reported here. However, the results using PCA were fairly similar
to the ones we found with EFA (previous version is available at:
https://www.biorxiv.org/content/10.1101/2020.09.08.285007v2).

To examine the association of the behavioral data with the volumet-
ric changes, while maintaining relatively limited number of multiple
comparisons, we used the two factors for these analyses instead of each
of the items. These two factors’ scores for each participant were ex-
tracted and correlated with the change in gray matter volumetric data
in our regions of interest.

Declaration of Competing Interest

The authors declare no competing interests.

Credit authorship contribution statement

Tom Salomon: Conceptualization, Methodology, Software, Formal
analysis, Writing - original draft, Writing - review & editing, Visu-
alization. Adi Cohen: Investigation, Project administration. Daniel
Barazany: Resources. Gal Ben-Zvi: Investigation. Rotem Botvinik-
Nezer: Investigation, Writing - review & editing. Rani Gera: Investiga-
tion, Writing - review & editing. Shiran Oren: Investigation. Dana Roll:
Investigation, Project administration. Gal Rozic: Investigation, Project
administration. Anastasia Saliy: Investigation, Project administration.
Niv Tik: Investigation. Galia Tsarfati: Resources. Ido Tavor: Concep-
tualization, Methodology, Writing - original draft, Writing - review &
editing, Supervision, Funding acquisition. Tom Schonberg: Conceptu-
alization, Methodology, Writing - original draft, Writing - review & edit-
ing, Supervision, Funding acquisition. Yaniv Assaf: Conceptualization,

[m5GeSdc;July 1, 2021;3:7]

Neurolmage xxx (Xxxx) xxx

Methodology, Software, Formal analysis, Writing - original draft, Writ-
ing - review & editing, Supervision, Funding acquisition.

Acknowledgments

Funding This work was supported by the Israeli Science Founda-
tion granted to Yaniv Assaf (ISF 1314/15, ISF 1303/20), Tom Schon-
berg (ISF 2004/15), and Ido Tavor (ISF 1603/18). Rotem Botvinik-Nezer
is an Awardee of the Weizmann Institute of Science - Israel National
Postdoctoral Award Program for Advancing Women in Science. Tom
Salomon was supported by the Nehemia Levtzion fellowship and the
Fields-Rayant Minducate Learning Innovation Research Center.

Data and materials availability

All behavioral data, processed imaging data, and analysis codes
are shared on the OSF project page (https://osf.io/wu37z/). Un-
corrected and small-volume corrected statistical maps of the voxel-
based results described in the current work are available at
https://neurovault.org/collections/8591/.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.neuroimage.2021.118311.

References

Bank of Israel Research  Department, 2020a. Changes in  credit
card purchases as a result of the corona crisis Retrieved from
https://www.boi.org.il/en/NewsAndPublications/PressReleases/Pages/22-4-20.aspx

Bank of Israel Research Department, 2020b. The Decline in Unemployment in Israel
by International Comparison. Bank of Israel Annual Report 2019 Retrieved from
https://www.boi.org.il/en/NewsAndPublications/PressReleases/Pages/27-4-2020.aspx

Bank of Israel Research  Department, 2020c. The  unemployment
rate and its definition during the corona period Retrieved from
https://www.boi.org.il/en/NewsAndPublications/PressReleases/Pages/27-4-2020.aspx

Benjamini, Y., Hochberg, Y., 1995. Controlling the False Discovery Rate: A Practical and
Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society. Series
B 57 (1), 289-300. doi:10.2307/2346101.

Botvinik-Nezer, R., Salomon, T., Schonberg, T., 2020. Enhanced bottom-up and reduced
top-down neural mechanisms drive long-lasting non-reinforced behavioral change.
Cerebral Cortex 30 (3), 858-874. doi:10.1093/cercor/bhz132.

Brodt, S., Gais, S., Beck, J., Erb, M., Scheffler, K., Schonauer, M., 2018. Fast track to the
neocortex: A memory engram in the posterior parietal cortex. Science 362 (6418),
1045-1048. doi:10.1126/science.aau2528.

Brooks, S.K., Webster, R.K., Smith, L.E., Woodland, L., Wessely, S., Greenberg, N.,
Rubin, G.J., 2020. The psychological impact of quarantine and how to re-
duce it: rapid review of the evidence. The Lancet 395 (10227), 912-920.
do0i:10.1016/50140-6736(20)30460-8.

Bryant, R.A., Kemp, A.H., Felmingham, K.L., Liddell, B., Olivieri, G., Peduto, A., ...
Williams, L.M., 2008. Enhanced amygdala and medial prefrontal activation during
nonconscious processing of fear in posttraumatic stress disorder: An fMRI study. Hu-
man Brain Mapping 29 (5), 517-523. doi:10.1002/hbm.20415.

Cutler, D.M., Summers, L.H., 2020. The COVID-19 Pandemic and the $16 Trillion Virus.
JAMA 324 (15), 1495-1496. doi:10.1001/jama.2020.19759.

Draganski, B., Gaser, C., Volker, B., Gerhard, S., Ulrich, B., Arne, M., 2004. Changes in
grey matter induced by training. Nature 427 (6972), 311-312. doi:10.1038/427311a.

Duval, E.R., Javanbakht, A., Liberzon, 1., 2015. Neural circuits in anxiety and stress dis-
orders: A focused review. Therapeutics and Clinical Risk Management 11, 115-126.
doi:10.2147/TCRM.S48528.

Fernandes, N., 2020. Economic effects of coronavirus outbreak (COVID-19) on the world
economy. SSRN 0-29. doi:10.2139/ssrn.3557504.

Ganzel, B.L., Kim, P., Glover, G.H., Temple, E., 2008. Resilience after 9/11: Multimodal
neuroimaging evidence for stress-related change in the healthy adult brain. NeuroIm-
age 40 (2), 788-795. doi:10.1016/j.neuroimage.2007.12.010.

Gruber, J., Prinstein, M.J., Anna;, C.L., Rottenberg, J., Abramowitz, J.S., Albano, A.M.,
... Mckay, D., 2020. Mental health and clinical psychological science in the time
of COVID-19: Challenges, opportunities, and a call to action. American Psychologist
doi:10.1037/amp0000707.

Hammers, A., Allom, R., Koepp, M.J., Free, S.L., Myers, R., Lemieux, L., ... Duncan, J.S.,
2003. Three-dimensional maximum probability atlas of the human brain, with par-
ticular reference to the temporal lobe. Human Brain Mapping 19 (4), 224-247.
doi:10.1002/hbm.10123.


https://www.biorxiv.org/content/10.1101/2020.09.08.285007v2
https://osf.io/wu37z/
https://neurovault.org/collections/8591/
https://doi.org/10.1016/j.neuroimage.2021.118311
https://www.boi.org.il/en/NewsAndPublications/PressReleases/Pages/22-4-20.aspx
https://www.boi.org.il/en/NewsAndPublications/PressReleases/Pages/27-4-2020.aspx
https://www.boi.org.il/en/NewsAndPublications/PressReleases/Pages/27-4-2020.aspx
https://doi.org/10.2307/2346101
https://doi.org/10.1093/cercor/bhz132
https://doi.org/10.1126/science.aau2528
https://doi.org/10.1016/S0140-6736(20)30460-8
https://doi.org/10.1002/hbm.20415
https://doi.org/10.1001/jama.2020.19759
https://doi.org/10.1038/427311a
https://doi.org/10.2147/TCRM.S48528
https://doi.org/10.2139/ssrn.3557504
https://doi.org/10.1016/j.neuroimage.2007.12.010
https://doi.org/10.1037/amp0000707
https://doi.org/10.1002/hbm.10123

JID: YNIMG

T. Salomon, A. Cohen, D. Barazany et al.

Han, E., Tan, M.M.J., Turk, E., Sridhar, D., Leung, G.M., Shibuya, K., ... Legido-Quigley, H.,
2020. Lessons learnt from easing COVID-19 restrictions: an analysis of countries
and regions in Asia Pacific and Europe. The Lancet 396 (10261), 1525-1534.
doi:10.1016/50140-6736(20)32007-9.

Holzel, B.K., Carmody, J., Evans, K.C., Hoge, E.A., Dusek, J.A., Morgan, L., ... Lazar, S.W.,
2009. Stress reduction correlates with structural changes in the amygdala. Social Cog-
nitive and Affective Neuroscience 5 (1), 11-17. doi:10.1093/scan/nsp034.

Huang, Y., Zhao, N., 2020. Generalized anxiety disorder, depressive symptoms and sleep
quality during COVID-19 outbreak in China: a web-based cross-sectional survey. Psy-
chiatry Research 288. doi:10.1016/j.psychres.2020.112954.

Israel Ministry of Health, 2020. Coronavirus in israel - Overview (in Hebrew) Retrieved
August 31, 2020, from https://datadashboard.health.gov.il/ .

Jung, W.H.,, Kim, S.N., Lee, T.Y., Jang, J.H., Choi, C.H., Kang, D.H., Kwon, J.S., 2013.
Exploring the brains of Baduk (Go) experts: Gray matter morphometry, resting-state
functional connectivity, and graph theoretical analysis. Frontiers in Human Neuro-
science 7, 633. doi:10.3389/fnhum.2013.00633.

Kennis, M., Gerritsen, L., van Dalen, M., Williams, A., Cuijpers, P., Bockting, C., 2020.
Prospective biomarkers of major depressive disorder: a systematic review and meta-
analysis. Molecular Psychiatry 25 (2), 321-338. doi:10.1038/541380-019-0585-z.

Maguire, E.A., Gadian, D.G., Johnsrude, L.S., Good, C.D., Ashburner, J., Frackowiak, R.S.J.,
Frith, C.D., 2000. Navigation-related structural change in the hippocampi of taxi
drivers. Proceedings of the National Academy of Sciences of the United States of Amer-
ica 97 (8), 4398-4403. doi:10.1073/pnas.070039597.

Mochcovitch, M.D., Da Rocha Freire, R.C., Garcia, R.F., Nardi, A.E., 2014. A sys-
tematic review of fMRI studies in generalized anxiety disorder: Evaluating
its neural and cognitive basis. Journal of Affective Disorders 167, 336-342.
doi:10.1016/j.jad.2014.06.041.

O’Doherty, D.C.M., Chitty, K.M., Saddiqui, S., Bennett, M.R., Lagopoulos, J., 2015. A sys-
tematic review and meta-analysis of magnetic resonance imaging measurement of
structural volumes in posttraumatic stress disorder. Psychiatry Research - Neuroimag-
ing 232 (1), 1-33. doi:10.1016/j.pscychresns.2015.01.002.

Park, C.L., Russell, B.S., Fendrich, M., Finkelstein-Fox, L., Hutchison, M., Becker, J., 2020.
Americans’ COVID-19 Stress, Coping, and Adherence to CDC Guidelines. Journal of
General Internal Medicine 35 (8), 2296-2303. doi:10.1007/s11606-020-05898-9.

Qiu, J., Shen, B., Zhao, M., Wang, Z., Xie, B., & Xu, Y. (2020). A nationwide
survey of psychological distress among Chinese people in the COVID-19 epi-
demic: Implications and policy recommendations. General Psychiatry, 33(2), 1-4.
https://doi.org/10.1136/gpsych-2020-100213

Revelle, W., 2020. Psych: Procedures for Psychological, Psychometric, and Personality
Researche (p. R package version 2.0.8). p. R package version 2.0.8. Retrieved from
https://cran.r-project.org/package=psych .

Ritchie, H., Ortiz-Ospina, E., Beltekian, D., Mathieu, E., Hasell, J., Macdonald, B., ... Roser,
M. (2020). Coronavirus Pandemic (COVID-19). Retrieved September 1, 2020, from
Our World in Data website: https://ourworldindata.org/coronavirus

10

[m5GeSdc;July 1, 2021;3:7]

Neurolmage xxx (Xxxx) xxx

Rogers, M.A., Yamasue, H., Abe, O., Yamada, H., Ohtani, T., Iwanami, A., ... Kasai, K.,
2009. Smaller amygdala volume and reduced anterior cingulate gray matter density
associated with history of post-traumatic stress disorder. Psychiatry Research - Neu-
roimaging 174 (3), 210-216. doi:10.1016/j.pscychresns.2009.06.001.

Sagi, Y., Tavor, L., Hofstetter, S., Tzur-Moryosef, S., Blumenfeld-Katzir, T., Assaf, Y., 2012.
Learning in the Fast Lane: New Insights into Neuroplasticity. Neuron 73 (6), 1195-
1203. doi:10.1016/j.neuron.2012.01.025.

Salari, N., Hosseinian-Far, A., Jalali, R., Vaisi-Raygani, A., Rasoulpoor, S.S., Moham-
madi, M., ... Khaledi-Paveh, B., 2020. Prevalence of stress, anxiety, depression among
the general population during the COVID-19 pandemic: A systematic review and meta-
analysis. Globalization and Health 16 (1), 1-11. doi:10.1186/512992-020-00589-w.

Sampaio-Baptista, C., Khrapitchev, A.A., Foxley, S., Schlagheck, T., Scholz, J., Jbabdi, S.,
... Johansen-Berg, H., 2013. Motor skill learning induces changes in white matter
microstructure and myelination. Journal of Neuroscience 33 (50), 19499-19503.
doi:10.1523/JNEUROSCI.3048-13.2013.

Schienle, A., Ebner, F., Schifer, A., 2011. Localized gray matter volume abnormalities
in generalized anxiety disorder. European Archives of Psychiatry and Clinical Neuro-
science 261 (4), 303-307. doi:10.1007/s00406-010-0147-5.

Scholz, J., Klein, M.C., Behrens, T.E.J., Johansen-Berg, H., 2009. Training induces
changes in white-matter architecture. Nature Neuroscience 12 (11), 1370-1371.
doi:10.1038/nn.2412.

Steele, C.J., Zatorre, R.J., 2018. Practice makes plasticity. Nature Neuroscience 21 (12),
1645-1646. doi:10.1038/541593-018-0280-4.

Stevens, J.S., Kim, Y.J., Galatzer-Levy, LR., Reddy, R., Ely, T.D., Nemeroff, C.B., ...
Ressler, K.J., 2017. Amygdala Reactivity and Anterior Cingulate Habituation Predict
Posttraumatic Stress Disorder Symptom Maintenance After Acute Civilian Trauma.
Biological Psychiatry 81 (12), 1023-1029. doi:10.1016/j.biopsych.2016.11.015.

Taylor, S., Landry, C.A., Paluszek, M.M., Fergus, T.A., McKay, D., Asmundson, G.J.G.,
2020. COVID stress syndrome: Concept, structure, and correlates. Depression and Anx-
iety (June) 1-9. doi:10.1002/da.23071.

Tzur Bitan, D., Grossman-Giron, A., Bloch, Y., Mayer, Y., Shiffman, N., Mendlovic, S.,
2020. Fear of COVID-19 scale: Psychometric characteristics, reliability and
validity in the Israeli population. Psychiatry Research 289 (May), 113100.
doi:10.1016/j.psychres.2020.113100.

Valenzano, A., Scarinci, A., Monda, V., Sessa, F., Messina, A., Monda, M., ... Cibelli, G.,
2020. The social brain and emotional contagion: Covid-19 effects. Medicina (Lithua-
nia) 56 (12), 1-10. doi:10.3390/medicina56120640.

Vinceti, M., Filippini, T., Rothman, K.J., Ferrari, F., Goffi, A., Maffeis, G., Orsini, N., 2020.
Lockdown timing and efficacy in controlling COVID-19 using mobile phone tracking.
EClinicalMedicine doi:10.1016/j.eclinm.2020.100457.

Zhang, D., Hu, M., Ji, Q., 2020. Financial markets under the global pandemic of COVID-19.
Finance Research Letters (April), 101528 doi:10.1016/j.rl.2020.101528.


https://doi.org/10.1016/S0140-6736(20)32007-9
https://doi.org/10.1093/scan/nsp034
https://doi.org/10.1016/j.psychres.2020.112954
https://datadashboard.health.gov.il/
https://doi.org/10.3389/fnhum.2013.00633
https://doi.org/10.1038/s41380-019-0585-z
https://doi.org/10.1073/pnas.070039597
https://doi.org/10.1016/j.jad.2014.06.041
https://doi.org/10.1016/j.pscychresns.2015.01.002
https://doi.org/10.1007/s11606-020-05898-9
https://cran.r-project.org/package=psych
https://ourworldindata.org/coronavirus
https://doi.org/10.1016/j.pscychresns.2009.06.001
https://doi.org/10.1016/j.neuron.2012.01.025
https://doi.org/10.1186/s12992-020-00589-w
https://doi.org/10.1523/JNEUROSCI.3048-13.2013
https://doi.org/10.1007/s00406-010-0147-5
https://doi.org/10.1038/nn.2412
https://doi.org/10.1038/s41593-018-0280-4
https://doi.org/10.1016/j.biopsych.2016.11.015
https://doi.org/10.1002/da.23071
https://doi.org/10.1016/j.psychres.2020.113100
https://doi.org/10.3390/medicina56120640
https://doi.org/10.1016/j.eclinm.2020.100457
https://doi.org/10.1016/j.frl.2020.101528

	Brain volumetric changes in the general population following the COVID-19 outbreak and lockdown
	1 Introduction
	2 Results
	3 Discussion
	4 Materials and methods
	4.1 Data and code availability
	4.2 Participants
	4.3 Imaging data acquisition
	4.4 Statistical modeling
	4.5 Post-hoc voxel-based analysis and visualization
	4.6 Behavioral data collection
	4.7 Exploratory factor analysis (EFA)

	Declaration of Competing Interest
	Credit authorship contribution statement
	Acknowledgments
	Data and materials availability
	Supplementary materials
	References


