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Previous coronavirus pandemics were associated elevated post-traumatic stress symptoms (PTSS), but the self-report and
neurological basis of PTSS in patients who survived coronavirus disease 2019 (COVID-19) are largely unknown. We conducted a
two-session study to record PTSS in the COVID-19 survivors discharged from hospitals for a short (i.e., about 3 months, Session 1) to
a medium period (i.e., about 6 months, Session 2), as well as brain imaging data in Session 2. The control groups were non-COVID19 locals. Session 1 was completed for 126 COVID-19 survivors and 126 controls. Session 2 was completed for 47 COVID-19 survivors
and 43 controls. The total score of post-traumatic stress disorder (PTSD) checklist for DSM-5 (PCL-5) score was signiﬁcantly higher in
COVID-19 survivors compared with controls in both sessions. The PCL-5 score in COVID-19 survivors was positively correlated with
the duration after discharge (r = 0.27, p = 0.003 for Session 1), and increased by 20% from Session 1 to Session 2 for the survivors
who participated both sessions. The increase was positively correlated with individual’s test-retest duration (r = 0.46, p = 0.03). Brain
structural volume and functional activity in bilateral hippocampus and amygdala were signiﬁcantly larger in COVID-19 survivors
compared with controls. However, the volumes of the left hippocampus and amygdala were negatively correlated with the PCL-5
score for the COVID-19 survivors. Our study suggests that COVID-19 survivors might face possible PTSS deteriorations, and
highlights the importance of monitoring mental wellness of COVID-19 survivors.
Molecular Psychiatry; https://doi.org/10.1038/s41380-021-01223-w

INTRODUCTION
Coronavirus Disease 2019 (COVID-19) was ﬁrst identiﬁed in
Wuhan, Hubei Province, China [1], and the spread of severe acute
respiratory syndrome coronavirus 2 became a global pandemic,
with more than 150 million cases conﬁrmed, and 3.2 million lives
lost in more than 200 countries by the end of April 2021. Although
considered as a respiratory disease, COVID-19 has become
increasing recognized as neurotropic since patients might
experience mild to severe neurological symptoms [2, 3]. Using
magnetic resonance imaging (MRI), previous studies reported that
half of the COVID-19 patients have brain structural abnormalities,
including white matter hyperintensities [4, 5] and frontal-temporal
gray matter volume abnormalities [6].
While the control of epidemic and care of patients are the most
crucial tasks, new research is now suggesting that there may be longterm consequences, such as fatigue or muscle weakness, sleep
difﬁculties, anxiety or depression, in those 60 million people who
recovered from COVID-19 infections [7]. Crucially, COVID-19 survivors
who experienced fear for survival, are vulnerable to develop posttraumatic stress symptoms (PTSS) [8–10]. A recent study found that
COVID-19 survivors in Italy suffered severe PTSS shortly after they
were discharged (e.g., within 1 month) from the hospital [9]. However,
it is still unknown whether COVID-19 survivors suffer longer-term PTSS

(e.g., about 3 months to 6 months), and whether their PTSS are
associated with evident brain abnormalities.
To tap into the above issues, we conducted a two-session
follow-up study using both self-report assessments and brain
imaging techniques. In Session 1, we recruited 126 COVID-19
survivors (about 3 months after discharged from hospitals in
Wuhan, China) and 126 matched non-COVID-19 controls, and
compared their self-report PTSS. In Session 2, 50 COVID-19
survivors (about 6 months after discharged from hospitals) and
43 matched non-COVID-19 controls were recruited from Wuhan,
China. Their self-report PTSS, and structural and functional brain
MRI data were collected. We hypothesized that COVID-19 survivors
(1) would have severe PTSS than the controls; (2) would develop
more severe PTSS along with the duration after discharge; (3)
would have brain structural and functional abnormalities at key
brain regions involved in the processing of PTSS [11] (e.g.,
hippocampus [12] and amygdala [13]).
MATERIALS AND METHODS
Participants and study design
COVID-19 survivors (i.e., cases with a clinical diagnosis and were
discharged from hospitals in Wuhan, China, at the time of the testing)
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and age- and sex-matched non-COVID-19 controls were recruited from the
community. The criteria of diagnosis and discharge of patients were based
on the Polymerase Chain Reaction result according to World Health
Organization guidelines [14]. The ethical protocols for conducting the
current study were approved by the ethics committee of the local hospital.
All participants provided their informed consent at the beginning of
the study.
The present study consisted of two sessions, and the sample sizes were
chosen based on recent studies investigating COVID-19, as well as the
ongoing situation of the pandemic. Session 1 was conducted from April to
May 2020 to collect participants’ self-report PTSS and related questionnaires. In total, 126 COVID-19 survivors (discharged from hospitals
between February and March 2020) and 126 non-COVID-19 controls
completed Session 1. The self-report assessment set included the posttraumatic stress disorder (PTSD) checklist for DSM-5 (PCL-5), General
Anxiety Disorder-7 (GAD-7), and Patient Health Questionnaire-9 (PHQ-9).
Participants also reported their potential exposures during the pandemic
(eTable 1 and eTable 2 in the Supplement).
Session 2 was conducted in August 2020 to collect brain imaging data, as
well as the same set of self-report assessments administered in Session 1. In
total, 50 COVID-19 survivors (discharged from hospitals between February and
March 2020) and 43 non-COVID-19 controls completed Session 2. Data from
three COVID-19 survivors were excluded from the analyses due to large
artifacts of the MRI data. Of 47 COVID-19 survivors who were included in the
analyses, 23 participated in both sessions. None of the controls in Session 2
participated in Session 1. The brain imaging data (i.e., structural and functional
MRI; sMRI and fMRI) of all participants were collected at the radiology
department of the Renmin Hospital of Wuhan University.

Self-report assessments
The PCL-5 was the primary self-report assessment in the present study. The
PCL-5 consists of 20 items tapping into 20 symptoms of PTSD deﬁned by
DSM-5 [15], and all items are clustered into four subscales (i.e., intrusion,
avoidance, cognition/mood, and arousal/reactivity). Each item is rated on a
5-point Likert scale (i.e., 0–4). The total score of PCL-5 was the primary
measure, and four subscale scores in PCL-5 were secondary measures.
Participants also completed GAD-7 [16] and PHQ-9 [17] to measure their
anxiety and depression levels, respectively. Based on the current
participants, Cronbach’s α for PCL-5 was 0.95 (for the patient group was
0.95, and for the control group was 0.92), Cronbach’s α for GAD-7 was 0.92
(for the patient group was 0.93, and for the control group was 0.88), and
Cronbach’s α for PHQ-9 was 0.91 (for the patient group was 0.91, and for
the control group was 0.87), which demonstrated the reliability of our selfreport assessments.

MRI data acquisition
MRI data were acquired using a GE 3.0 Tesla MR750 scanner with a
standard 32-channel head coil. Subjects were asked to stay awake and to
keep their heads still during the scan, with their eyes open and ears
plugged. High resolution brain structural images were acquired with a T1weighted fast-spoiled gradient echo sequence (repetition time = 8.16 ms,
echo time = 3.18 ms, ﬂip angle = 12°, slice thickness = 1 mm, interslice
gap = 1 mm, voxel size = 3 mm × 3 mm × 3 mm, and FOV = 256 mm).
Eight-minute resting-state brain functional images were acquired with a
T2-weighted gradient echo planar imaging (repetition time = 2000 ms,
echo time = 30 ms, ﬂip angle = 90°, slice thickness = 3.5 mm, interslice
gap = 3.5 mm, FOV = 224 mm, and 38 slices).

MRI data analyses
The main outcomes of interest in the MRI data analyses were (1) the brain
structural volumes and (2) functional activity of key brain regions (i.e.,
bilateral hippocampus and amygdala).
Structural MRI images were analyzed using the Computational Anatomy
Toolbox (CAT12; http://www.neuro.uni-jena.de/cat/) in SPM12. Data preprocessing included bias-ﬁeld and noise removal, skull stripping,
segmentation into gray and white matter, and normalization to Montreal
Neurological Institute (MNI) space. The quality of images was assessed with
the built-in image-quality rating and manually checked by the authors.
Gray matter was spatially smoothed using the 8 mm full-width at halfmaximum (FWHM) Gaussian kernel. After preprocessing, we performed the
voxel-based morphometry analysis [18] using the CAT12 toolbox and
voxel-wise estimation of gray matter volume (GMV) for the whole brain of
each participant.

Resting-state fMRI signals were preprocessed using the CONN toolbox
version 19c (https://www.nitrc.org/projects/conn). The ﬁrst ten scans were
removed for signal equilibrium and participants’ adaptation to the
scanner’s noise. Preprocessing steps included a standard pipeline
(functional realignment and unwarp, functional slice-timing correction,
structural uniﬁed segmentation and normalization, functional normalization, functional outlier detection, and functional smoothing with a 8 mm
FWHM Gaussian kernel). The ART algorithm (http://www.nitrc.org/projects/
artifact_detect/) was applied to detect motion during the resting-state
fMRI scan. Time points in subjects’ images were marked as outliers if the
global signal exceeded three standard deviations from the mean or if scanto-scan motion deviation exceeded 0.5 mm. Those outliers, in addition to
the linear and polynomial trends of six head motion parameters, were
included as nuisance regressors during the denoising procedure in the
CONN toolbox. Please note that we did not perform global signal
regression in the analysis, since with and without global signal regression
yielded similar statistical results in the present study. After preprocessing,
we estimated voxel-wise amplitude of low-frequency ﬂuctuation (ALFF)
maps, which quantify the regional intensity of spontaneous ﬂuctuations in
fMRI blood oxygen level-dependent signals by calculating the square root
of power spectrum within the low-frequency range (0.01–0.08 Hz) [19]
using the CONN toolbox. Therefore, we used GMV and ALFF to quantify
structures and functions of localized brain regions, respectively.

Statistical analyses
Statistical analyses for self-report data. In Session 1, self-report scores were
compared using a two-way analysis of covariance (ANCOVA), with group
(i.e., COVID-19 survivors and controls) and sex (i.e., males and females) as
the ﬁxed factors, and age as the covariate. When the group-sex interaction
was signiﬁcant, post-hoc independent-sample t tests were performed, and
p values were Bonferroni corrected. ANCOVA was performed separated for
different self-report assessments. The associations between the PCL-5 total
score and the duration of hospitalization as well as the duration after
discharge for COVID-19 survivors were assessed using the partial
correlation analyses, with age and sex as covariates.
In Session 2, self-report scores were compared using a one-way
ANCOVA, with group (i.e., COVID-19 survivors and controls) as the ﬁxed
factor, and age and sex as the covariates. Sex was omitted as a ﬁxed factor
in the analysis due to the small number of males for both groups (N = 14
and N = 11 for COVID-19 survivors and controls, respectively). For the 23
COVID-19 survivors who participated in both sessions, the changes of their
PCL-5 total score were assessed using a paired-sample t test, and the
association between the changes of PCL-5 total score and the duration
between two sessions was assessed using the partial correlation analysis,
with age as the covariate.
Statistical analyses for MRI data. Mass univariate independent-sample t
tests were conducted to compare the group differences of voxel-wise
GMV, adjusted by total intracranial volume (TIV), age, and sex, resulting in a
map of t statistics and their associated p values. The signiﬁcance threshold
was set as p < 0.005 at the voxel level and pFDR < 0.05 at the cluster level
(false discovery rate correction was performed for multiple comparisons).
Given the adjacency of hippocampus and amygdala, we applied the
bilateral hippocampus and amygdala masks from the automated
anatomical labeling atlas to isolate these two important structures in the
cluster and report their respective peak coordinates/sizes.
After identifying brain regions that were signiﬁcantly differed in the
GMV between COVID-19 survivors and controls, ALFF values within each of
these regions were extracted and compared between the two groups
using the independent-sample t test.
Finally, the associations between the MRI measures (i.e., GMV and ALFF)
in the identiﬁed brain regions and the PCL-5 total score for COVID-19
survivors were assessed using the partial correlation analyses, with age and
TIV as covariates.

RESULTS
Self-report results in session 1
In Session 1, COVID-19 survivors were hospitalized for 12.6 ±
5.0 days and completed the self-report assessments 50.6 ±
13.2 days after discharge (Table 1). The age [t250 = 0.24,
p = 0.81] and the sex-ratio (χ2 = 0, p = 1.00) were not signiﬁcantly
different between COVID-19 survivors (mean ± SD age, 52.4 ± 13.5
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years; 40 males and 86 females) and controls (mean ± SD age, 52.0
± 13.3 years; 40 males and 86 females).
ANCOVA results showed main effects of group (F1, 247 = 23.5,
p < 0.001, η2 = 0.09) and sex (F1, 247 = 5.5, p = 0.02, η2 = 0.02),
without a signiﬁcant interaction effect (F1, 247 = 0.56, p = 0.46,
η2 = 0.002), on PCL-5 total score (Table 2; Fig. 1A). COVID-19
survivors had signiﬁcantly higher PCL-5 total scores than controls
(COVID-19 survivors: 11.8 ± 11.9; controls: 5.8 ± 6.9; difference, 6.3
[95% CI, 3.8–8.9]; t250 = 4.9, p < 0.001), and females had signiﬁcantly higher PCL-5 total scores than males (females: 9.8 ± 10.0;
males: 6.7 ± 10.2; difference, 3.1 [95% CI, 0.5 to 5.7]; t250 = 2.4,
p = 0.02). Moreover, the PCL-5 total score of COVID-19 survivors
Table 1. Demographics and clinical characteristics of COVID-19
survivors and controls in Session 1.
Characteristics

Session 1
Covid-19
survivors

Controls

Age (years, SD)

52.4 ± 13.5

52.0 ± 13.3

Sex (female/male)

86/40

86/40

Clinical records (n, %)

126, 100%

Fever (n, %)

81, 64%

Cough (n, %)

69, 55%

Hospitalization duration (days)

12.6 ± 5.0

Underlying diseases, (n %)
Hypertension

29, 23%

Diabetes

8, 6%
117, 93%

Severe type

9, 7%

Critical type

0, 0%

Treatment (n, %)
Oxygen therapy

26, 21%

Anti-viral therapy

81, 64%

Potential exposure (n, %)
Close people had Covid-19

74, 59%

15, 12%

Received intensive care

12, 10%

0, 0%

Witnessed death

33, 26%

2, 2%

Witnessed others receive
intensive care

32, 25%

2, 2%

Hopeless feeling

92, 73%

37, 29%

Table 2.

Self-report results in Session 2
In Session 2, the age (t250 = 0.27, p = 0.79) and sex-ratio
(χ2(1, 90) = 0.20, p = 0.66) were not signiﬁcantly different between
COVID-19 survivors (mean ± SD age, 51.8 ± 11.3 years; 14 males and
33 females) and controls (mean ± SD age, 52.5 ± 11.0 years; 11 males
and 32 females). ANCOVA results revealed a signiﬁcant main effect of
group (F1, 86 = 17.8, p < 0.001, η2 = 0.16) on PCL-5 total score (Fig. 2A).
COVID-19 survivors had signiﬁcantly higher PCL-5 total scores than
controls (COVID-19 survivors: 15.0 ± 12.0; controls: 7.0 ± 5.6; difference,
8.2 [95% CI, 4.4 to 12.1]; t88 = 4.2, p < 0.001).
For the 23 COVID-19 survivors who participated in both
sessions, the duration between the two sessions was 97.4 ±
11.8 days. The PCL-5 total score of these COVID-19 survivors was
increased by ~20%, although not signiﬁcant (from 10.8 ± 8.1 to
13.0 ± 9.8; difference, 2.1 [95% CI, −1.3 to 5.6]; t22 = 1.29, p = 0.21)
(Fig. 2B). Moreover, the changes of the PCL-5 total score were
signiﬁcantly positively correlated with the duration between the
two sessions (r = 0.46, p = 0.03; Fig. 2B).
MRI results in Session 2
COVID-19 survivors had signiﬁcantly higher GMVs in the left amygdala
(peak coordinate: x = −23, y = 0, z = −27; peak t value = 3.46; cluster
size = 66), left hippocampus (peak coordinate: x = −30, y = −8, z =
−18; peak t value = 3.39; cluster size = 84), right amygdala (peak
coordinate: x = 27, y = 0, z = −27; peak t value = 3.36; cluster size =
46), and right hippocampus (peak coordinate: x = 30, y = −14, z =
−20; peak t value = 3.41; cluster size = 329) (Fig. 2C). The volumes of
the left amygdala and left hippocampus were signiﬁcantly negatively
correlated with the PCL-5 total score in COVID-19 survivors (r = −0.37,
p = 0.01 for left amygdala; r = −0.31, p = 0.04 for left hippocampus;
Fig. 2C) but not in controls (r = −0.08, p = 0.62 for left amygdala; r =
−0.10, p = 0.53 for left hippocampus). The functional brain activities,
represented as ALFF (Fig. 2D), were also signiﬁcantly higher in COVID19 survivors as compared to controls in the left amygdala (t88 = 2.65,
p = 0.01, Cohen’s d = 0.56), left hippocampus (t88 = 3.13, p = 0.002,
Cohen’s d = 0.67), right amygdala (t88 = 2.92, p = 0.005, Cohen’s d =
0.62), and right hippocampus (t88 = 2.90, p = 0.005, Cohen’s d = 0.61).

Clinical type (n, %)
Mild type

was signiﬁcantly positively correlated with the duration from
discharge to the date of participating in Session 1 (Fig. 1B; r = 0.27,
p = 0.003), but not correlated with the duration of hospitalization
(r = −0.13, p = 0.14).
For four subscales of PCL-5 and the total scores of GAD and
PHQ, signiﬁcant group differences were identiﬁed (COVID19 survivors > controls) (Table 2). Moreover, females had
signiﬁcantly higher scores in the PCL-arousal, GAD-7, and PHQ-9
than males (Table 2).

Descriptive statistics and group–sex effect in self-report scores in Session 1.
Female
controls

Male
controls

Female
survivors

Male
survivors

(n = 86)

(n = 40)

(n = 86)

(n = 40)

ANCOVA
Group

Sex
F

Interaction

M

SD

M

SD

M

SD

M

SD

F

p

F

p

PCL-total

7.1

7.8

3.1

3.4

12.5

11.3

10.4

13.1

23.5

<0.001

5.5

p
0.020

0.56

0.455

PCL-intrusion

1.9

2.3

0.9

1.0

2.5

3.3

2.1

3.5

6.2

0.014

2.6

0.110

0.96

0.329

PCL-avoidance

0.5

1.0

0.1

0.5

0.9

1.6

0.8

1.5

10.1

0.002

1.7

0.196

0.59

0.443

PCL-cognition/mood

0.02

0.2

0.03

0.2

0.1

0.3

0.1

0.3

6.9

0.009

0.5

0.498

0.27

0.602

PCL-arousal/reactivity

2.5

2.8

1.2

1.5

4.6

3.7

3.6

4.3

25.8

<0.001

7.6

0.006

0.07

0.799

GAD

3.4

3.1

1.6

2.3

5.8

4.6

4.0

4.5

22.5

<0.001

13.5

<0.001

0.01

0.913

PHQ

3.7

3.6

1.9

2.6

6.5

5.1

4.9

5.1

25.4

<0.001

11.0

0.001

0.01

0.909

PCL = Posttraumatic-Stress Disorder (PTSD) Checklist for DSM-5; GAD = total score for the items of Generalized Anxiety Disorder Screener; PHQ = total score
for the items of Patient Health Questionnaire-Depression Module (PHQ).
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Fig. 1 PCL-5 total score of COVID-19 survivors and controls in Session 1. A. COVID-19 survivors had signiﬁcantly higher scores than controls,
and females had signiﬁcantly higher scores than males. B. The score of COVID-19 survivors was signiﬁcantly positively correlated with the duration
from discharge to the date of participating in Session 1. Error bars represent the standard error of the mean. Asterisks represent p < 0.05.

DISCUSSION
In this two-session follow-up study, we assessed PTSS of COVID-19
survivors in Wuhan after they were discharged from hospitals for
about 3–6 months. The current results suggested that (1) compared
to non-COVID-19 controls, COVID-19 survivors self-reported more
PTSS at both sessions; (2) the severity of PTSS in COVID-19 survivors
was correlated with the duration after they were discharged (i.e., r =
0.27, p = 0.003, in Session 1), and increased along with the days
between two sessions (i.e., the increase rate was around 20% from
Session 1 to Session 2); and (3) females self-reported more PTSS than
males. Brain imaging results suggested that COVID-19 survivors had
larger GMVs and higher functional activities in bilateral hippocampus
and amygdala, as compared to controls. However, the GMVs of the
left hippocampus and amygdala were negatively correlated with the
severity of PTSS for COVID-19 survivors.
A recent study demonstrated that severe PTSS could be a
disabling short-term consequence (i.e., within one month) for
COVID-19 survivors after they were discharged from hospitals [9].
Beyond this ﬁnding, we showed that COVID-19 survivors had
signiﬁcantly higher PCL-5 scores than non-COVID-19 community
dwellers for a longer period (about 3–6 months) after discharge.
Crucially, the PCL-5 total scores of COVID-19 survivors were
signiﬁcantly positively correlated with the duration from discharge
to the date of assessment in Session 1. Moreover, as per COVID-19
survivors who participated in both sessions, their total scores of
PCL-5 increased by ~20%, and the increases were positively
correlated with the duration between two sessions. Our results
highlight that COVID-19 survivors may develop more severe PTSS
without early intervention. These results contrasted the previous
ﬁndings based on the general public; as per the general
populations, results showed a statistically signiﬁcant longitudinal
reduction of PTSS after COVID-19 outbreak [20]. As note, COVID-19
survivors might experience social isolation, discrimination, unemployment, and economic losses in a long time after they were
discharged from hospitals. Moreover, since COVID-19 is still an
ongoing pandemic, they might still in an acute stress state from a
long-term perspective. Therefore, their mental health problems
may show a different trajectory as the general public.
Importantly, we also observed that females (regardless if they
were COVID-19 survivors or controls) suffered more PTSS than
males. This ﬁnding is in line with previous epidemiological studies
of mental health on healthcare workers and the general
populations during the COVID-19 pandemic [21, 22]. Essentially,
regardless of being infected by the virus or not, females had
higher rates of affective symptoms compared to males and may
develop more mental health problems during the pandemic.

Governments and relevant social authorities need to consider
providing additional care for females during the pandemic.
The amygdala and hippocampus are the two most well-studied
brain regions that may be involved in the pathophysiology of PTSS
[11]. The amygdala is critical in the process of fear response,
conditioning, and generalization [23], and facilitates responses to
stressful experience [24]. Hippocampus interacts with the amygdala during the encoding of emotional memories, which is highly
relevant to trauma and PTSS [25]. Previous neuroimaging studies
frequently reported that the volumes of the amygdala and
hippocampus were smaller in patients suffering from PTSS (e.g.,
combat veterans or individuals with childhood trauma)
[12, 13, 26, 27]. Nevertheless, the current results suggested that
both the GMVs and functional brain activities in bilateral amygdala
and hippocampus were signiﬁcantly larger in COVID-19 survivors.
In contrast to literatures studying past trauma, COVID-19
pandemic should be considered as an ongoing traumatic event
as the elevated anxiety and stress levels have been noted during
both the severe and remission stages [28]. In other words, COVID19 survivors might still experience negative feelings (e.g., fear and
anger). Hence, the amygdala and hippocampus could be still
hyper-activated among COVID-19 survivors, and the enlarged
structural volumes of these brain regions could be a functional
compensation to cope with the acute stress and the ongoing
COVID-19 related trauma [29]. By looking into the relationship of
GMV and severity of PTSS, we found negative correlations for the
left amygdala and hippocampus in COVID-19 survivors but not in
controls. This result was consistent with previous observations of
the neurological impairments in the amygdala and hippocampus
in patients suffering from PTSS [13, 30, 31].
This study has several limitations. First, we only followed up a
short to medium period. The PTSS course of COVID-19 survivors in
long terms needs further investigation. Second, we only recruited
participants (i.e., COVID-19 survivors in both sessions) from Wuhan
(i.e., the center of outbreak at the beginning of 2020). Cohort
studies from other cities and countries are necessary for
validation. Third, only 23 COVID-19 survivors participated in both
sessions. Therefore, the trajectory of PTSS in COVID-19 survivors
requires further conﬁrmation by studies with a larger sample size.
Fourth, we did not consider gender effect in the MRI analysis due
to the small number of males for both groups. Last, we could not
completely rule out the possible effects of COVID-19 infection and
medications on abnormal brain structures.
In conclusion, our results suggest that COVID-19 survivors have
been coping with PTSS, and the severity of PTSS may be aggravated
after discharge. The present study highlights the importance of
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Fig. 2 Self-report and MRI results in Session 2. A. COVID-19 survivors had signiﬁcantly higher PCL-5 total scores than controls. B. For the 23
COVID-19 survivors completed both sessions, the PCL-5 total score was increased by approximately 20% from Session 1 to Session 2. The
changes of the score were signiﬁcantly positively correlated with the duration between the two sessions. C. COVID-19 survivors had
signiﬁcantly higher gray matter volumes in bilateral hippocampus and amygdala than controls. The volumes of the left amygdala and left
hippocampus were signiﬁcantly negatively correlated with the PCL-5 total scores. D. ALFF values in bilateral hippocampus and amygdala were
signiﬁcantly higher in COVID-19 survivors than controls. Hipp: hippocampus, Amy: amygdala. Error bars represent the standard error of the
mean. Asterisks represent p < 0.05.

monitoring the mental wellness of COVID-19 survivors and calls for
mental supports and early intervention.
CODE AVAILABILITY
The codes for analyzing MRI data can be found in the CAT12 toolbox (http://www.
neuro.uni-jena.de/cat/) and CONN toolbox (version 17f, https://www.nitrc.org/
projects/conn). No customized codes were used in this study.

DATA AVAILABILITY
Data in the present study can be request from the corresponding author with clear
research aims.
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