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A B S T R A C T

Psychiatric sequelae substantially contribute to the post-acute burden of disease associated with COVID-19,
persisting months after clearance of the virus. Brain imaging shows white matter (WM) hypodensities/hyper-
intensities, and the involvement of grey matter (GM) in prefrontal, anterior cingulate (ACC) and insular cortex
after COVID, but little is known about brain correlates of persistent psychopathology.

With a multimodal approach, we studied whole brain voxel-based morphometry, diffusion-tensor imaging, and
resting-state connectivity, to correlate MRI measures with depression and post-traumatic distress (PTSD) in 42
COVID-19 survivors without brain lesions, at 90.59 � 54.66 days after COVID. Systemic immune-inflammation
index (SII) measured in the emergency department, which reflects the immune response and systemic inflam-
mation based on peripheral lymphocyte, neutrophil, and platelet counts, predicted worse self-rated depression
and PTSD, widespread lower diffusivity along the main axis of WM tracts, and abnormal functional connectivity
(FC) among resting state networks. Self-rated depression and PTSD inversely correlated with GM volumes in ACC
and insula, axial diffusivity, and associated with FC.

We observed overlapping associations between severity of inflammation during acute COVID-19, brain struc-
ture and function, and severity of depression and post-traumatic distress in survivors, thus warranting interest for
further study of brain correlates of the post-acute COVID-19 syndrome. Beyond COVID-19, these findings support
the hypothesis that regional GM, WM microstructure, and FC could mediate the relationship between a medical
illness and its psychopathological sequelae, and are in agreement with current perspectives on the brain structural
and functional underpinnings of depressive psychopathology.
1. Introduction

Consistent prospective clinical studies affirm that neuropsychiatric
sequelae substantially contribute to the post-acute burden of disease
associated with COVID-19 (Nalbandian et al., 2021; Mazza et al., 2020).
Over 30% of COVID-19 survivors show clinical depression and
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post-traumatic distress that persist for months after virus clearance and
discharge from the hospital, and leads to the need for psychiatric inter-
vention and psychotropic medication (Taquet et al., 2020, 2021; Mazza
et al., 2021). In the first months after recovery from the acute phase,
psychopathology associates with neurocognitive impairment in multiple
domains, both predicted by the systemic inflammation during the acute
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phase and by its pattern of change over time (Mazza et al., 2020, 2021;
Benedetti et al., 2021; Yuan et al., 2020). Beyond COVID, influenza and
viral pneumonia are recognized among common physical diseases pre-
ceding the onset of a major depressive episode (Kaplan et al., 2009;
Okusaga et al., 2011), and persistent low-grade inflammation in the
absence of active medical illness is increasingly recognized as a core
biological underpinning of depressive psychopathology in ‘endogenous’
mood disorders, such as major depressive disorder (MDD) and bipolar
disorder (BD), affecting both pathogenesis and therapy outcomes
(Branchi et al., 2021; Benedetti et al., 2020; Miller and Raison, 2016).

The brain magnetic resonance imaging (MRI) correlates of depressive
psychopathology have been extensively studied (Spellman and Liston,
2020). During a major depressive episode, patients show abnormalities
in neural response to emotional stimuli (Matt et al., 1992; Chamberlain
and Sahakian, 2006; Elliott et al., 2000, 2002; Lepp€anen, 2006), while
recovery from depression associates with the normalization of brain
cortico-limbic neural responses and functional connectivity in brain areas
implicated in the control of emotions and in the cognitive generation of
affect (Davidson et al., 2002, 2003; Benedetti et al., 2007, 2009; Vai
et al., 2015, 2016). Abnormal neural responses are paralleled by reduced
regional grey matter (GM) volumes at MRI voxel-based morphometry
(VBM), affecting in particular the anterior cingulate cortex (ACC) (Mat-
suo et al., 2019; Vai et al., 2020; Wise et al., 2017; Bora et al., 2012), and
by abnormal resting state functional connectivity suggesting circuit
dysfunction mainly involving the default mode network (DMN), dorso-
lateral prefrontal cortex, orbitofrontal cortex, ACC, insula, amygdala,
hippocampus, basal ganglia, thalamus, and cerebellum (Spellman and
Liston, 2020; Scalabrini et al., 2020; Vai et al., 2019). Consistent findings
in patients with post-traumatic stress disorder (PTSD) also affirm aber-
rant GM reduction (Li et al., 2014; Meng et al., 2016) and resting-state
connectivity (Koch et al., 2016; Sheynin et al., 2021) in corticolimbic
structures, largely overlapping with those implicated in mood disorders.
Moreover, GM volume reduction and altered connectivity associate with
neuropsychiatric symptoms in inflammatory medical conditions (Schrepf
et al., 2018; Schweinhardt et al., 2008), suggesting that regional GM
microstructure and function could mediate the relationship between a
medical illness and its psychopathological sequelae.

A consistent literature also associates mood disorders and PTSD with
white matter microstructure as studied with Diffusion Tensor Imaging
(DTI), associating both conditions with a decrease in fractional anisot-
ropy of water diffusion (FA) in both conditions, and a decrease in
diffusivity along the main axis of the fibers (axial diffusivity, AD) with an
increase in mean and radial diffusivity (MD, RD) in mood disorders (Siehl
et al., 2018; Benedetti and Bollettini, 2014; Ju et al., 2020; Favre et al.,
2019), spread in large brain regions and including cortico-limbic cir-
cuitries. These measures reflect the myelination, orientational coherence,
andmicrotubular axonal structure of fibers, and associate with peripheral
markers of inflammation in mood disorders, suggesting disruption of
myelin sheaths and axonal pathology (Benedetti et al., 2016, 2020).

Notwithstanding the consistent literature about brain correlates of
neurological symptoms in patients who suffered brain damage during the
acute phase of COVID-19 illness, little is known about the brain correlates
of depression and post-traumatic distress in COVID-19 survivors (Nal-
bandian et al., 2021). Beyond the abnormalities in the olfactory system,
systematic reviews showed diffuse cerebral WM hypodensities/hyper-
intensities, and the involvement of prefrontal, ACC and insular cortex
(Egbert et al., 2020; Najt et al., 2021): these regions have been consis-
tently implicated in mood and anxiety disorders, thus raising the hy-
pothesis that psychopathological symptoms after COVID-19 could
correlate with their structure and function. A very recent study associated
PTSD after COVID with reduced volumes of the left hippocampus and
amygdala (Tu et al., 2021). With a multimodal brain imaging approach,
here we studied whole brain VBM, DTI, and resting-state connectivity, to
correlate MRI measures with psychopathological ratings in COVID-19
survivors.
2

2. Material and methods

2.1. Participants and data collection

We studied 50 participants surviving COVID-19, from January 7 to
July 13, 2021, during an ongoing prospective cohort study on COVID-19
sequelae at IRCCS San Raffaele Hospital in Milan (De Lorenzo et al.,
2020). Diagnosis of COVID-19 was made after clinical and radiological
findings at the admission to the Emergency Department, as confirmed by
positive real-time reverse-transcriptase polymerase chain reaction from a
nasopharyngeal and/or throat swab. To keep a naturalistic study design,
exclusion criteria were limited to exceeding age range 18–70, having
needed Intensive Care Unit treatment during the acute phase; and the
presence of coarse brain disorder prior to the onset of COVID-19, or
recent brain lesions typical of COVID such as multifocal cortical infarcts
or microhaemorrhagic lesions (Pezzini and Padovani, 2020). Written
informed consent was obtained from all participants, and the institu-
tional review board approved the study in accordance with the principles
in the Declaration of Helsinki.

Depressive psychopathology was self-rated on the Zung Self-Rating
Depression Scale (ZSDS) (Zung, 1965), which thanks to its behavioral
and somatic orientation in assessing depressive symptomatology proved
a valid instrument to differentiate depressed from non-depressed groups
in the general population (Sepehry and Michalos, 2014), including
COVID-19 survivors (Mazza et al., 2020, 2021; Benedetti et al., 2021;
Yuan et al., 2020; Nie et al., 2020), and on the 13-item Beck Depression
Inventory (BDI). Post-traumatic symptomatology was self-rated on the
Impact of Event Scale- Revised (IES-R) (Creamer et al., 2003), which is
reliable and valid to measure subjective distress in the dimensions of
intrusion, avoidance, and hyperarousal after traumatic experiences
(Kolokotroni and Michalos, 2014), and to detect acute and persistent
distress in COVID-19 survivors (Mazza et al., 2020, 2021). MRI was ob-
tained within one week after the clinical assessment.

Inflammatory markers at hospital admission and discharge during
acute COVID-19 were extracted from charts levels: C-reactive protein
(CRP), and systemic immune-inflammation index (SII) (SII ¼ platelets X
neutrophils/lymphocytes), which previous prospective research associ-
ated with severity of psychopathology up to three months after hospital
discharge (Mazza et al., 2021; Benedetti et al., 2021).

2.2. MRI data processing and statistical methods

All imaging was performed on a 3.0 T scanner (Ingenia CX, Philips,
The Netherlands) using a 32-channel sensitivity encoding (SENSE) head
coil. T1 and T2-weighted FLAIR images were visually inspected as part of
the quality check procedure. WM hyperintensities were first observed
upon visual inspection and later confirmed via the SPM12 toolbox LST (v.
3.0.0), using the Lesion growth algorithm LGA (Schmidt et al., 2012)
with the default threshold 0.3. Brain atrophy was observed and quanti-
fied via the FSL 6 package Sienax v. 2.6 (Smith et al., 2002).

For VBM, structural T1-weighted MRI scans were acquired at baseline
using a T1-weighted magnetization-prepared rapid gradient-echo (MP-
RAGE) sequence (TR 2500 ms, TE 4.6 ms, yielding 220 transversal slices
with a thickness of 0.8 mm), and processed with the CAT12 toolbox (htt
p://dbm.neuro.uni-jena.de/cat), integrated in the SPM12 software
package (Statistical Parametric Mapping, Institute of Neurology, London,
UK). Voxel-based morphometry (VBM) statistics were carried out within
the general linear model (GLM) framework, to associate markers of
inflammation and severity of psychopathology with regional GM vol-
umes. Age, sex, and total intracranial volume were added as nuisance
covariates. We searched the whole brain for differences surviving a
threshold, family-wise error (FWE) corrected for multiple comparisons,
of pFWE<0.05 at the cluster level.

For DTI, we used SE Echo-planar imaging (EPI) and the following
parameters: TR/TE¼ 5900/78ms, FoV (mm) 240 (ap), 129 (fh), 232 (rl);
acquisition matrix 2.14� 2.73� 2.30; 56 contiguous, 2.3 mm thick axial
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Table 1
Clinical and demographic characteristics of the sample; severity of depressive
symptoms and post-traumatic distress; and medical comorbidities and cardio-
vascular risk factors.

Variables Statistics
Age 54.86 7.89
Sex (M/F) 29/13
Hospitalized (managed at home) 37/5
Duration of hospitalization 17.96 � 16.67
CRP at hospitalization / discharge 80.03 � 76.86 / 7.50 � 10.39
SII at hospitalization / discharge 1912.63 � 1461.88 /

809.59 � 570.32
Time from COVID-19 symptoms onset to MRI
scan

90.59 � 54.66

Total Intracranial Volume (ml) 1386.83 � 158.21
Normalized Brain Volume (ml) 1385.02 � 52.45
White Matter Hyperintensities Volume (ml) 0.70 � 0.90
White Matter Hyperintensities Number 5.88 � 3.97
New antidepressant treatment (n - %) 6–14.3%
Chronic antidepressant treatment (n - %) 1–2.4%

ZSDS Index �50 (n - %) 13–30.9%
ZSDS Index score 44.99 � 12.52
BDI score �9 (n - %) 8–19%
BDI score 4.95 � 5
IES-R score �33 (n - %) 15–35.7%
IES-R total score 27.57 � 22.91
IES-R hyperarousal subscale mean score 1.23 � 1.14
IES-R Avoidance subscale mean score 1.44 � 1.49
IES-R Intrusion subscale mean score 1.26 � 1.16

Overweight (BMI>25) / Obese subjects
(BMI>30)

26 (61.9%) / 7 (16.7%)

Current or former Smokers 18 (42.9%)
Hypertension 15 (35.7%)
Coronary artery disease 4 (9.5%)
Dyslipidemia 4 (9.5%)
Diabetes Mellitus, type 2 3 (7.1%)
Gout 1 (2.4%)
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slices reconstructed with in-plane pixel size 1.88 � 1.88 � 2.30 mm;
SENSE acceleration factor ¼ 2; 1 b0 and 40 non-collinear directions of
the diffusion gradients; b value ¼ 1000 s/mm2. Fat saturation was per-
formed to avoid chemical shift artifacts. Image analyses and tensor cal-
culations were done using the “Oxford Center for Functional Magnetic
Resonance Imaging of the Brain Software Library” (FSL 6.0; www.fmrib.
ox.ac.uk/fsl/index.html) (Smith et al., 2004; Woolrich et al., 2009).
Anisotropy of water diffusion was estimated through the application of
diffusion-sensitizing gradients and calculation of elements of the diffu-
sion tensor matrix, i.e. the three eigenvalues λ1, λ2 and λ3 (Le Bihan,
2003; Taylor et al., 2004; Basser et al., 1994), representing the tendency
to diffuse along the principal direction of the fiber (axial diffusivity, AD,
λ1); perpendicular to axonal walls and myelin sheaths (radial diffusivity,
RD, the average of λ2 and λ3); independent of tissue directionality
(average molecular motion: mean diffusivity, MD, average of λ1, λ2 and
λ3). Fractional anisotropy (FA) was calculated as the square root of the
sum of squares (SRSS) of the diffusivity differences, divided by the SRSS
of the three diffusivities. Estimated FA, eigenvector, and eigenvalue maps
(least-square fits) were skeletonized and transformed into a common
space as used in Tract-Based Spatial Statistics (TBSS). All volumes were
nonlinearly warped to the FMRIB58_FA template, and normalized to the
Montreal Neurological Institute (MNI) space, to create a mean FA skel-
eton and warping individual FA values onto it. The resulting tract
invariant skeletons were fed into voxelwise permutation-based cross--
subject statistics. Multiple regressions on DTI measures were performed
with voxelwise nonparametric permutation-based testing, with markers
of inflammation and severity of psychopathology as factors, and with
age, sex, and time elapsed from COVID diagnosis to the MRI scan as
covariates. Threshold-free cluster enhancement (TFCE) (Smith and
Nichols, 2009) was used to avoid defining arbitrary cluster-forming
thresholds and smoothing levels. Data were tested against an empirical
null distribution generated by 5000 permutations for each contrast, thus
providing statistical maps fully corrected for multiple comparisons across
space. Corrected p < 0.05 in a minimum cluster size of k ¼ 100 was
considered significant.

Scanning sessions for resting-state fMRI images comprised 200
sequential T2*-weighted volumes (interleaved ascending transverse sli-
ces covering whole brain, tilted 30� downward with respect to bicom-
missural line to reduce susceptibility artifacts in orbitofrontal region),
acquired using an EPI pulse sequence (TR ¼ 2000 ms; TE ¼ 30 ms; flip
angle ¼ 85�; field of view ¼ 192 mm; number of slices ¼ 38; slice
thickness ¼ 3.7 mm; matrix size ¼ 64 x 62 reconstructed up to 96 x 96
pixels). Six dummy scans before fMRI acquisition allowed obtaining
longitudinal magnetization equilibrium. Total time acquisition was 6min
and 56 s. We studied whole-brain functional connectivity (FC) patterns
with multivariate pattern analysis (MVPA), which can detect
neuroimaging-based biomarkers of mood disorders (Zeng et al., 2012)
and the effects of biomarkers of brain damage (Thompson et al., 2016), as
implemented in the CONN Toolbox (http://web.mit.edu.sanraffaele.
idm.oclc.org/swg/software.htm), to create multivariate connectivity
maps for each subject by deriving seeds based on the data, and computing
functional connectivity patterns for each voxel via a principal component
analysis (PCA) on the connectivity patterns between each single voxel to
all other voxels. We performed separate analyses exploring effects of SII,
CPR, ZSDS, BDI, IES-R. All models included age, sex, (and days after
blood draw for inflammatory markers) as nuisance covariates. Analyses
were thresholdet at peak level: p < 0.001, uncorrected; cluster level:
p < 0.05 FWE-corrected). This estimates between-subject variance in
connectivity patterns in relation to severity of psychopathology and in-
flammatory markers, performed across all voxels' connectivity patterns,
to identify clusters of voxels that displayed a similar between-subject
variance of their spatial connectivity. Post-hoc analysis using signifi-
cant MVPA clusters as seeds was performed to test which areas of the
brain change their connectivity in relation to the independent variables.
Considering the sample size, 4 PCA components were kept for each voxel.

Finally, to test their effects on severity of psychopathology, and
3

considering the a priori expected significant interaction of independent
factors (biomarkers of systemic inflammation, age, sex) and the non-
normal distribution of inflammatory biomarkers, independent variables
were entered into a Generalized Linear Model (GLZM) analysis of ho-
mogeneity of variances with an identity link function (McCullagh and
Nelder, 1989). Parameter estimates were obtained with iterative
re-weighted least squares maximum likelihood procedures (Agresti,
1996; Dobson, 1990). The quality of the statistical model was checked
using the entropy maximization principle of the Akaike information
criterion (AIC) (Akaike, 1974).

3. Results

Clinical and demographic characteristics of the studied sample are
resumed in Table 1. Eight patients were excluded from the study after
MRI acquisitions: 2 because of multifocal cortical lesions, suggestive of
micro-thromboses during acute COVID-19; 3 because of signs of cere-
brovascular disease with a diffuse pattern of WM hyperintensities (WMH
volumes of the excluded subjects: 8.7 ml, 10.13 ml, 10.34 ml; average
WMH volume of the included sample: 0.7 � 0.9 ml); 2 because of brain
atrophy; 1 because of movement artifacts.

Severity of current psychopathology associated with regional GM
volumes at VBM (Fig. 1). Both ZSDS, BDI, and IES-R scores negatively
associated with GM in large clusters in bilateral ACC, encompassing
Brodmann areas (BA) 24 and 32 (Table 2). BDI and IES-R scores also
associated with GM in bilateral insular cortex. IES-R also associated with
precuneus, the effects being driven by the hyperarousal and intrusion
symptom dimensions, which correlated with GM in the same areas, while
avoidance showed no effect.

Inflammatory markers in the ED predicted post-acute psychopathol-
ogy. A GLZM analysis of variance on ZSDS scores showed that in the best

http://www.fmrib.ox.ac.uk/fsl/index.html
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Fig. 1. Brain areas where severity of psychopathology associated with regional grey matter volumes. Top: Zung Self-rating Depression Scale (ZSDS); Middle: Beck
Depression Inventory (BDI); Bottom: Impact of Event Scale (IES-R).
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fitting model (forward entry/backward removal, AIC criterion) SII at
hospital admission positively (b ¼ 0.411, Wald W2 ¼ 9.02, p ¼ 0.0027),
and its decrease during treatment negatively (b ¼ �0.469, Wald
W2 ¼ 7.85, p ¼ 0.0051) predicted them; accordingly, a highly significant
effect was detected for SII at hospital discharge (b ¼ 0.337, Wald
4

W2¼ 13.07, p¼ 0.0003). Similar opposite effects were detected for IES-R
scores: a positive effect of SII at hospital discharge (b ¼ 0.479, Wald
W2 ¼ 7.967, p ¼ 0.0048), and a negative effect of delta SII (b ¼ �0.053,
Wald W2 ¼ 3.997, p ¼ 0.0456). In all these models, female sex robustly
associated with worse severity (ZSDS: W2 ¼ 10.842, p ¼ 0.0010; IES-R:



Table 2
Results of VBM analysis. In all the listed brain areas, severity of psychopathology,
as rated on ZSDS, BDI, and IES-R total and subscale scores, negatively associated
with GM volumes. L ¼ left; R ¼ right; L/R ¼ bilateral.

Region Brodmann
Area (BA)

Peak MNI
Coordinates

Cluster
size
(voxels)

t Z pFWE

ZSDS index scores
L/R ACC 32, 24 þ0 þ32 þ26 1546 5.66 4.76 0.004
BDI scores
L/R ACC 32, 24 þ2 þ30 þ27 1239 4.72 4.14 0.011
R Insula 13 þ38 -3 -6 1105 4.50 3.98 0.017
L Insula 13 -30 þ12 þ3 785 4.42 3.92 0.053
IES-R total score
L/R ACC 32, 24 þ6 þ32 þ27 1628 6.23 5.10 0.003
L Insula 13 -30 þ9 þ4 1637 5.11 4.40 0.003
R Insula 13 þ38 -3 -3 1216 5.03 4.35 0.012
Precuneus 31 0 -63 þ21 892 4.68 4.11 0.035
IES-R - hyperarousal subscale score
L/R ACC 32, 24 þ8 þ32 þ27 1458 6.66 5.34 0.005
L Insula 13 -30 þ10 þ3 2102 5.49 4.65 0.001
R Insula 13 þ38 -3 -3 2081 5.09 4.39 0.001
Precuneus 31 -9 -60 þ28 1061 5.31 4.53 0.020
IES-R - intrusion subscale score
L/R ACC 32, 24 þ2 þ30 þ27 1532 6.12 5.04 0.004
L Insula 13 -30 þ9 þ4 1520 4.95 4.30 0.005
R Insula 13 þ38 -3 -3 1497 5.01 4.33 0.005
Precuneus 31 þ2 -63 þ21 1009 4.88 4.24 0.024
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W2 ¼ 9.332, p¼ 0.0023). Effects in the same direction were observed for
CRP at hospital admission on ZSDS (Wald W2 ¼ 7.954, p ¼ 0.0048), but
not on IES-R.

Inflammatory markers showed no significant effect on VBM, but
predicted DTI measures of WM microstructure (Fig. 2). SII showed sig-
nificant negative brain widespread associations with measures of water
Fig. 2. Widespread effects of biomarkers of inflammation at the admission in the eme
skeleton (TBSS analysis). Voxels surviving the statistical threshold of corrected p < 0.
in glass brains.

5

diffusion (AD, MD), with maximal effects in proportionally reducing AD
in large portions of the WM skeleton. CRP also negatively associated with
AD in spread brainWM tracts, with effects overlapping to those of SII (see
detailed effects in Supplementary Table S1).

Severity of psychopathology also associated with WM microstructure
in the same direction of inflammatory biomarkers. IES-R scores nega-
tively associated with AD in several WM tracts in both hemispheres, with
signal peaks in superior and posterior corona radiata and superior lon-
gitudinal fasciculus, but also involving Inferior longitudinal fasciculus,
external capsule, anterior thalamic radiation. BDI negatively associated
with AD in a small cluster including left superior corona radiata, superior
longitudinal fasciculus, and posterior corona radiata (Fig. 3) (see detailed
effects in Supplementary Table S2).

Inflammatory markers also influenced resting state FC (Table 3,
Fig. 4). MVPA identified 5 seeds where SII significantly associated with
rs-FC, located in left dorsolateral prefrontal cortex (salience network),
inferior parietal sulcus (dorsal attentional network), cerebellum, right
parietal lobe, and precentral gyrus (dorsal attentional network). Severity
of inflammation negatively associated with rs-FC between these seeds
and target clusters in the default mode network, language and fronto-
parietal networks; and positively associated with FC in dorsal attentional,
salience, and sensorimotor network; with an opposite connectivity
pattern for the seed in the cerebellum. CRP was negatively associated
with rs-FC between right caudate and two clusters in right temporal
cortex in the language network (see detailed effects in Supplementary
Tables S3 and S4).

Moreover, MVPA identified a seed in the dorsal cingulate cortex
where severity of post-traumatic distress (IES-R score) negatively asso-
ciated with connectivity to medial prefrontal cortex, and positively
influenced connectivity to bilateral posterior cingulate cortex/precuneus
in DMN, superior temporal cortex in sensorimotor network, and right
middle frontal gyrus (see detailed effects in Supplementary Table S5).
rgency department (Left: SII; Right: CRP) on axial diffusivity in the white matter
05 at TFCE are overlaid in radiologic projection on the 152 MNI T1 template and



Fig. 3. Negative association between severity of psychopathology (A, top: IES-R; B, bottom: BDI) with axial diffusivity in the white matter skeleton (TBSS analysis).
Voxels surviving the statistical threshold of corrected p < 0.05 at TFCE are shown in a 3D rendering and in glass brains.
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4. Discussion

This is the first study to detect robust associations between anxiety
and depression in the post-acute COVID-19 syndrome, inflammatory
markers during acute COVID, brain regional GM volumes, DTI measures
of WM microstructure, and resting-state functional connectivity. The
main findings are that severity of depressive psychopathology associates
with decreasing GM volumes in the ACC, while post-traumatic symptoms
associate with decreasing GM volumes both, in the ACC and in bilateral
insular cortex; and both associate withWMmicrostructure. Inflammation
during acute COVID-19 predicted both, WM microstructure and current
psychopathology several weeks after clearance of the virus. Moreover,
resting-state FC associated both, with inflammation and psychopathol-
ogy, confirming the brain functional implication of the structural effect.

These findings support the hypothesis that regional GM and WM
microstructure and functional and structural connectivity could mediate
the relationship between a medical illness and its psychopathological
sequelae, and are in agreement with current perspectives on the brain
structural and functional underpinnings of depressive psychopathology.

At the core of cortico-limbic structures involved in the control of
emotions, in the cognitive generation of affect, and in the attribution of
6

salience, the ACC and the insular cortex have been widely implicated in
mood and post-traumatic stress disorders. In healthy subjects the ACC
associates with the detection of unfavourable outcomes, response errors,
response conflict, and decision uncertainty (Ridderinkhof et al., 2004).
Smaller ACC volumes robustly associate with major depressive disorder
(Matsuo et al., 2019; Vai et al., 2020; Wise et al., 2017; Bora et al., 2012),
but are also proportional to the severity of mild depressive symptoms in
the general population, as self-rated on the BDI (Webb et al., 2014), or
observed (Hayakawa et al., 2014). Smaller ACC and insula GM volumes
consistently associate with PTSD (O'Doherty et al., 2015; Bromis et al.,
2018), are negatively impacted by the cumulative exposure to stress
(Clausen et al., 2017; Butler et al., 2017), and can predict the occurrence
of PTSD after mild brain trauma (Stein et al., 2021), with insular volumes
decreasing over time together with PTSD worsening (Zantvoord et al.,
2021). Our data now suggest that GM volumes in these structures also
associate with post-acute COVID psychopathology, leading to the
development of both, depressive and post-traumatic symptoms.

Previous prospective studies by our group showed that markers of
inflammation during hospitalization predicted anxiety and depression up
to three months after virus clearance (Mazza et al., 2021; Benedetti et al.,
2021). Here we confirmed the same effects, with higher SII and CRP at



Table 3
Resting-State seed regions significantly influenced by severity of psychopathol-
ogy or inflammatory biomarkers according to the MVPA analyses, and related FC
network according to the FSL Harvard-Oxford and AAL atlas.

Variable
of
Interest

MNI
coordinates
(x,y,z)

Anatomical
Label

Resting-
State
Network

Cluster
size
(voxels)

pFWE

IES-R -8 -22 þ32 Cingulate
Gyrus,
anterior and
posterior
division

– 77 0.016

PCR þ14 þ18
þ16

Caudate
nucleus, Right

– 77 0.015

SII þ38 -28þ30 Frontal and
Parietal lobe,
Right

– 143 <0.001

-22þ24þ28 Middle and
superior
Frontal Gyrus
Left

Salience
network

135 <0.001

-26 -68 þ64 Lateral
Occipital
Cortex,
superior
division Left

Dorsal
Attention
network

106 0.002

-28 -88 -32 Cerebellum
Crus I/II, Left

Posterior
Cerebellar
Networks

103 0.002

þ30 -4 þ56 Precentral
Gyrus Right

Dorsal
Attention
network

80 0.012

Fig. 4. Effects of inflammatory biomarkers (SII, CRP) and severity of post-traumatic d
connectivity from MVPA seeds to target clusters. (For interpretation of the referenc
this article.)
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hospitalization predicting the severity of both, persistent depressive
symptoms and post-traumatic distress.

These same markers predicted widespread lower AD, with over-
lapping effects in several WM tracts. Effects were spread in large
portions of the WM skeleton, as observed in patients with mood dis-
orders (Siehl et al., 2018; Benedetti and Bollettini, 2014; Ju et al.,
2020; Favre et al., 2019), in particular for the effects of inflammatory
biomarkers on WM microstructure (Benedetti et al., 2016). Axial
diffusivity represents the water diffusivity parallel to the axonal fibers,
reflecting the greater freedom of water to diffuse along the principal
fiber axis rather than to travel across the surrounding myelin sheaths.
Both myelin and axonal microstructure, including microtubules and
neurofilaments (Kinoshita et al., 1999), contribute to this diffusion
anisotropy, with studies on neurodevelopment associating AD with
fiber diameter or organization (Takahashi et al., 2000), and animal
models associating a reduction of AD with axonal injury (Song et al.,
2003; Sun et al., 2006; Boretius et al., 2012). We previously showed
that neurons, and their axons, suffer during COVID-19, as revealed by
higher blood levels of neurofilament light chain (NfL), a cytoskeletal
intermediate filament protein of central and peripheral neurons which
is released during disease progression in a variety of neurological
diseases, and which can mark fatal brain damage during COVID-19 (De
Lorenzo et al., 2021). It is then tempting to surmise that our obser-
vation of inverse relationship between AD post-COVID, and the
severity of previous acute inflammation in the ED, could be the
consequence of a slowly recovering axonal damage due to acute
COVID-19. Further research and modelling, also using MRI techniques
capable of discerning intra-from extra-neurite water diffusion (Pieri
et al., 2021), are needed to clarify this issue.
istress (IES-R score) in reducing (blue) or enhancing (red) resting-state functional
es to colour in this figure legend, the reader is referred to the Web version of
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These measures of WMmicrostructure also associated with severity of
psychopathology. Both depressive symptoms and post-traumatic distress,
as self-rated on BDI and IES-R, again associated with reduced AD. This
observation supports the hypothesis that reduction in axonal integrity or
directionality of WM tracts could influence post-COVID psychopathol-
ogy, by mediating at the level of the brain the effects of inflammation on
behavior. In patients with mood disorders the spread disruption of WM
microstructure can change in parallel to the severity of depression and
ameliorate after successful antidepressant treatment (Melloni et al.,
2020). Further research will clarify if recovery from post-COVID symp-
tomatology will be associated with changes in AD.

Effects of inflammation on DTI measures of WM microstructure were
paralleled by effects on functional connectivity. Inflammation increased
rs-FC within the dorsal attentional and salience networks, and between
these networks and the sensorimotor network, which have all been
implicated in depression and in PTSD. Interestingly, increased connec-
tivity within Salience and Sensorimotor Networks has been previously
associated to persistent physical pain and medical illness (Hegarty et al.,
2020; Kutch et al., 2017), possibly reflecting an increased reliance of
body ‘threat assessment’(83) and underpinning effects of persistent
medical and psychopathological symptoms after COVID.

Higher SII also associated with a reduction of rs-FC between (i) DMN,
language and frontoparietal networks, and (ii) the salience and dorsal
attentional networks. Salience and dorsal attentional network exert an
inhibitory influence on the DMN, inducing anticorrelations (Zhou et al.,
2018), whereas frontoparietal system has been shown to mediate their
interactions (Vincent et al., 2008; Spreng et al., 2010). Our results sug-
gest that peripheral inflammatory status may be associated to an inhi-
bition of DMN activity. Reduced rs-FC in this network was consistently
associated to psychopathological conditions such as depression and PTSD
(Koch et al., 2016; Yan et al., 2019). In line with these findings, in our
sample post-traumatic symptomatology was associated with higher rs-FC
between PCC/precuneus in the DMN and the mid portion of cingulate
cortex, including dorsal ACC, a crucial brain region of the salience
network (Seeley et al., 2007). Abnormal rs-FC in these regions was pro-
posed as core neural underpinning of with PTSD (Koch et al., 2016),
where increased FC in PCC/precuneus, rated soon after the traumatic
experience, also predicted the onset of PTSD and its symptom severity
several weeks after trauma (Lanius et al., 2010; Wang et al., 2012).

Finally, we detected that high level of CPR was associated to a
reduced rs-FC between caudate and temporal cortex. Previous findings
detected an inverse association between this inflammatory index and
striatum rs-FC among patients with major depressive disorder (Felger
et al., 2016), this effect may parallel the reduction of striatal dopamine
release induced by inflammatory cytokines, as demonstrated in a monkey
model of cytokine-induced depression (Felger et al., 2013).

Strengths of the present study include a focused research question,
state-of-the-art imaging methods, a whole-brain study approach, and
straightforward effects, but our results must be viewed in light of some
methodological limitations. The relative small sample size and the
monocentric recruitment in a single ethnic group, could affect the pos-
sibility of population stratifications limiting the generalizability of the
findings. The widely heterogeneous drug treatments administered during
the course of the illness could have influenced MRI measures. We ob-
tained an excellent power to study the association of single psycho-
pathological measures with MRI, but not to investigate their interaction
with clinical and pharmacological variables. Finally, a word of caution is
needed because of the correlational nature of neuroimaging studies,
hampering interpretation of the neurobiological basis of GM and WM
MRI measures (Furlan et al., 2019).

In conclusion, these limitations do not bias the main finding of
overlapping associations of severity of inflammation during acute
COVID-19, brain structure and function, and severity of depression and
post-traumatic distress in survivors, thus warranting interest for further
study of brain correlates of the post-acute COVID-19 syndrome. Beyond
COVID-19, our results support current perspectives on the association
8

between inflammation and depression, and on the usefulness of multi-
modal brain imaging to investigate its underpinnings.
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