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CLINICAL MEDICINE

Long-term follow-up of dynamic
brain changes in patients recovered
from COVID-19 without neurological
manifestations
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BACKGROUND. After the initial surge in COVID-19 cases, large numbers of patients were discharged
from a hospital without assessment of recovery. Now, an increasing number of patients report
postacute neurological sequelae, known as “long COVID” — even those without specific neurological
manifestations in the acute phase.

METHODS. Dynamic brain changes are crucial for a better understanding and early prevention of
“long COVID.” Here, we explored the cross-sectional and longitudinal consequences of COVID-19 on
the brain in 34 discharged patients without neurological manifestations. Gray matter morphology,
cerebral blood flow (CBF), and volumes of white matter tracts were investigated using advanced
magnetic resonance imaging techniques to explore dynamic brain changes from 3 to 10 months
after discharge.

RESULTS. Overall, the differences of cortical thickness were dynamic and finally returned to the
baseline. For cortical CBF, hypoperfusion in severe cases observed at 3 months tended to recover
at 10 months. Subcortical nuclei and white matter differences between groups and within subjects
showed various trends, including recoverable and long-term unrecovered differences. After a
10-month recovery period, a reduced volume of nuclei in severe cases was still more extensive and
profound than that in mild cases.

CONCLUSION. Our study provides objective neuroimaging evidence for the coexistence of
recoverable and long-term unrecovered changes in 10-month effects of COVID-19 on the brain. The
remaining potential abnormalities still deserve public attention, which is critically important for a
better understanding of “long COVID” and early clinical guidance toward complete recovery.

FUNDING. National Natural Science Foundation of China.

Introduction
The ongoing process of responding to and recovering from COVID-19 has been a global focus since its
onset and has brought an unprecedented challenge to public health (1, 2). In particular, the highly infectious
SARS-CoV-2 has an organotropism beyond the respiratory tract (3), setting the stage for the development of
short-term and long-term clinical sequelae in multiple organs.

SARS-CoV-2 is neurotropic (4) and has caused numerous neurological abnormalities in acute and
chronic stages, such as encephalopathy, encephalitis, stroke, peripheral neuropathy, anosmia, dysgeusia,
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amnesia, and psychosis (3, 5-7). After the initial surge of infection, large numbers of hospitalized patients
were discharged without assessment of recovery. Now, an increasing number of patients are reporting
postacute neurological sequelae (8, 9) — even those without specific neurological manifestations in the
acute phase; this is known as “long COVID” (10). Early prevention, recognition, and management of
COVID-19-related neurological disorders are both crucial and challenging. Moreover, it is equally import-
ant and meaningful for patients without clear neurological manifestations (11), since they account for a
large proportion of the pandemic; however, their increased risk of suffering from “long COVID” (5, 12)
has been more easily ignored. Particularly, scientists should investigate and explore the pathophysiology
of “long COVID” to ensure that discharged patients receive early diagnosis and timely appropriate treat-
ments, especially for the elderly patients who are associated with higher comorbidity and hospitalization
rates and poorer prognoses (13).

So far, the potential pathogenesis of “long COVID” remains unclear. A comprehensive snapshot of
the neurological disorders during the acute and chronic stages of COVID-19 has demonstrated complex
and long-term brain damage. Further neuroimaging studies have contributed to the differential prediction
or diagnosis of COVID-19-related neurological effects and are essential for determining the underlying
neuropathogenesis that will guide intervention treatments. Our previous 3-month follow-up study based
on magnetic resonance imaging (MRI) emphasized the long-term changes of microstructures and cerebral
blood flow (CBF) in discharged elderly patients without neurological manifestations (14). However, little
is known of the longer follow-up and longitudinal consequences of COVID-19 on the brain. Longitudinal
follow-up studies are required to ascertain the long-term neurological effects of the COVID-19 pandemic
and shed light on related mechanisms.

We performed a second follow-up study to explore the long-term neuroimaging changes in discharged
elderly patients without clear neurological manifestations based on our previous 3-month follow-up study (14).
Thirty-four 50- to 70-year-old patients were reevaluated by quantitative MRI and state-of-the-art postprocessing
protocols at 10 months after discharge. A clearer understanding of the brain dynamics of COVID-19 after
discharge contributed to revealing the neuropathogenesis and recovery mechanisms of long-term injury in
COVID-19 patients, and this may be critically important for early clinical guidance toward complete recovery.

Results

A flow diagram of the experimental design is succinctly shown in Figure 1. Five data sets were acquired
in follow-up studies, including: (a) normal control (NC) group; (b) mild group at 3 months after discharge
(MG1); (c) mild group at 10 months after discharge (MG2); (d) severe group at 3 months after discharge
(SG1); and (e) severe group at 10 months after discharge (SG2). The 3-month consequences of COVID-19
on the brain have been published in our former study (14). This study further explored: (a) paired com-
parisons performed within the different recovered periods of MG and SG; (b) 10-month consequences of
COVID-19 on the brain of discharged patients compared with the NC group; and (c) differences in brain
alterations between SG and MG at 10 months after discharge.

Demographics and clinical characteristics. Demographic and clinical characteristics data are listed in Table
1. The interval between the 2 time points was 202.31 + 14.42 days (mean * SD). The mean duration from
discharge to the second follow-up was 302.70 * 15.58 days. Thirty-one age-, sex-, and education-matched
non—COVID-19 volunteers were enrolled in the NC group. There were significant differences in age, his-
tory of hypertension, and history of diabetes between some group comparisons. To compensate for the
influence of these chronic diseases on the brain, it was important to include them as covariates for further
analysis. For inflammatory markers, we found significant elevations in C-reactive protein (CRP), procalci-
tonin (PCT), IL-6, and IL-2 receptor (IL-2R) in the SG compared with the MG.

Cortical thickness and CBF comparisons. For the cortical thickness analysis, there were only significant
differences in paired comparisons (threshold-free cluster enhancement [TFCE], P < 0.05 family-wise error
corrected). Compared with MG1, MG2 exhibited thicker gray matter in the left limbic areas, right parahip-
pocampus, bilateral frontal cortex, and left temporal-parietal cortex (Figure 2A). Meanwhile, compared
with SG1, SG2 displayed not only gray matter atrophy in the right sensorimotor areas and right tempo-
ral-parietal cortex (Figure 2B), but also thicker gray matter in the left limbic areas and left temporal-frontal
cortex (Figure 2C). Detailed information regarding clusters is provided in Supplemental Methods (sup-
plemental material available online with this article; https://doi.org/10.1172/jci.insight.155827DS1). No
significant differences were observed in NC-MG2, NC-SG2, and MG2-SG2 comparisons.
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Figure 1. Flow diagram of the experimental design. Five data sets were acquired in follow-up studies. Green color, relative data have been published in
our former work (14); blue color, research content focused in this study. BRAVO, brain volume; DTI, diffusion tensor imaging; MG1, mild group at 3 months
after discharge; MG2, mild group at 10 months after discharge; NC, normal control; pcASL, pseudocontinuous arterial spin labeling; SG1, severe group at 3
months after discharge; SG2, severe group at 10 months after discharge.

For statistical comparisons of cortical CBF, significant differences were observed between NC and SG2
(TFCE, P < 0.05 family-wise error corrected). SG2 showed extensive lower CBF values in the brain (Figure
3), especially in bilateral frontal cortices and temporal cortices. Compared with the previous 3-month find-
ings (14), the cortical areas of hypoperfusion were reduced; however, the peak value was still observed in the
left insula (Montreal Neurological Institute [MNI] coordinates: —43, -7, 4, NC > SG2, ¢ test value = 6.28).

Subcortical nuclei volume and CBF comparisons. For the subcortical nuclei analysis, 14 nuclei were obtained
from preprocessing in bilateral caudate, putamen, thalamus, globus pallidus, hippocampus, amygdala, and
accumbens. After FDR correction, no surviving results were observed in subcortical nuclei volume and
CBF analysis. Considering that this is an exploratory study (not a confirmatory study) with a small sample
size, even if the results cannot pass the strict correction, an uncorrected threshold (P < 0.05) was still used to
show the significance trends. The volumes of right globus pallidus (r =—-3.00, P = 0.0029) and left amygdala
(t=-2.40, P = 0.0186) were significantly lower in MG2 than MG1 (Figure 4A). SG2 showed significantly
lower volumes in the right caudate ( = —1.91, P = 0.0325) and right putamen (¢ = -2.22, P = 0.0176) com-
pared with MG2 (Figure 4B), as well as the left putamen (¢ = —-1.77, P = 0.0409), right putamen (¢t = -2.22,
P =0.0152), left thalamus (r = -1.88, P = 0.0350), and right accumbens (+ = —-1.70, P = 0.0480) compared
with NC (Figure 4C). No significant differences were observed in NC-MG2 and SG2-SG1 comparisons.

For the subcortical nuclei CBF alterations, significant differences were only observed between NC and
patients. Compared with NC, MG2 exhibited significantly reduced CBF values in the left thalamus (+ =
—1.70, P = 0.0487), right thalamus (¢ = -2.29, P = 0.0132), right hippocampus (¢ = -2.12, P = 0.0198), and
right accumbens (¢ = —1.90, P = 0.0305) (Figure 5A). Compared with NC, SG2 showed significantly lower
CBF values in the right caudate (t = —2.63, P = 0.0143), right putamen (¢ = —2.63, P = 0.0147), right globus
pallidus (¢ = —1.71, P = 0.0482), right amygdala (r = —-1.75, P = 0.0447), left accumbens (r = -1.83, P =
0.0389), and right accumbens (¢ = -2.64, P = 0.0073) (Figure 5B). No significant differences were observed
in MG2-SG2, MG2-MG1, and SG2-SG1 comparisons.

White matter tract analysis. After FDR correction, no surviving results were observed in the white
matter tract analysis. As mentioned above, an uncorrected threshold (P < 0.05) was still used to show
the significance trends.

Compared with MG1, MG2 showed a significantly greater volume in the left anterior thalamic
radiation (ATR) (¢ = 2.04, P = 0.0274) and lower volumes in the right corticospinal tract (CST) (¢ =
—1.99, P = 0.0354) and left vertical occipital fasciculus (VOF) (r = — 2.38, P = 0.0178) (Figure 6A).
Compared with SG1, SG2 exhibited significantly greater volumes in the right acoustic radiation (AR)
(¢t =5.34, P=0.0002), right fornix (FX) (¢ = 2.15, P = 0.0256), and right superior longitudinal fascic-
ulus I (SLF1) (¢ = 2.20, P = 0.0164), as well as lower volumes in the left CST (¢ = -2.16, P = 0.0252),
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Table 1. Demographics and clinical characteristics of patients with COVID-19 at 10 months after discharge and the control group

Clinical characteristics

Age, years
Sex, male/female
Education, years
Handedness, right/left
PSQI general score
State anxiety score
Trait anxiety score
BDI score
Underlying diseases, n (%)

Hypertension

Diabetes

Coronal heart disease
Symptoms, 1 (%)

Cough

Fever

Dyspnea

Diarrhea

Headache

Fatigue

Myalgia

Chest tightness
Inflammatory markers

CRP

PCT

IL-6

IL-8

IL-2R

TNF

COVID-19 group (n = 34) NC (n =31) P (MG2-NC) P (SG2-NC) P (MG2-5G2)
MG2 (n=13) SG2 (n =21)

5815+ 5.67 62.76 £ 5.36 60.58+ 6.42 0.222% 0.200* 0.027*
6/7 10/1 18/13 0.469° 0.458° 0.934°
11.31+£343 1.24 +2.76 10.48 + 3.51 0.448* 0.417% 0.951*

13/0 21/0 31/0 NA NA NA
9.00 +4.62 8.63 +4.06 719 £4.83 0.306* 0.284* 0.826*
35.70 £10.48 36.79 £12.77 32.68 +8.84 0.420* 0.2574 0.819%
34.70 £10.02 37.37 £12.29 35.53+754 0.804* 0.581% 0.560*
11.00 + 8.97 9.21+8.54 6.94 £ 6.54 01274 0.294* 0.602*
2 (15%) 11(52%) 11(35%) 0.163° 0.265° 0.031°
2(15%) 6(29%) 2(6%) 0.366° 0.0348 0.378°
1(8%) 3(14%) 1(3%) 0.5338 01528 0.562°

10 (77%) 19 (91%) NA NA NA NA

9 (69%) 20 (95%) NA NA NA NA

2 (15%) 6 (29%) NA NA NA NA

4 (31%) 5 (24%) NA NA NA NA

1(8%) 5 (24%) NA NA NA NA

4 (31%) 14 (67%) NA NA NA NA

2 (15%) 4 (20%) NA NA NA NA

4 (31%) 11(52%) NA NA NA NA
11.66 + 20.30 76.52 £+ 57.51 NA NA NA 0.000%
0.03+0.02 012+0.09 NA NA NA 0.001%
5.25+10.03 16.10 £19.47 NA NA NA 0.047*
9.38 £5.17 12.73 £6.77 NA NA NA 0.140%
363.00 +162.19 695.61+ 505.22 NA NA NA 0.016*
7.01+2.84 842 +4.88 NA NA NA 0.3174

BDI, Beck Depression Inventory; CRP, C-reactive protein; MG2, mild group at 10 months after discharge; NA, not applicable/not measured; NC, normal
control; PCT, procalcitonin; PSQI, Pittsburgh Sleep Quality Index; SG2, severe group at 10 months after discharge. Data are mean + SD. ASignificance of
2-sample t test. BSignificance of y* test.

right superior thalamic radiation (STR) (¢ = -2.15, P = 0.0258), left VOF (¢t = — 2.56, P = 0.0098), and
right VOF (¢ = — 1.84, P = 0.0440) (Figure 6B).

Compared with NC, MG2 showed significantly lower volumes in the left AR (¥ =-1.82, P = 0.0414),
right CST (r = -2.04, P = 0.0255), right frontal aslant tract (FAT) (r = -1.96, P = 0.0292), right inferior
longitudinal fasciculus (ILF) (r = —1.77, P = 0.0395), right middle longitudinal fasciculus (MDLF) (¢
= —2.08, P =0.0226), and right VOF (¢ = -2.00, P = 0.0224) (Figure 7A). Meanwhile, SG2 displayed
significantly lower volumes than NC in the right CST (r = — 2.52, P = 0.0084), right FAT (+ =-1.99, P=
0.0273), forceps major (FMA) (¢t =-2.00, P = 0.0253), forceps minor (FMI) (r = -2.06, P = 0.0233), right
ILF (¢t =-2.30, P=0.0110), and right VOF (¢t = — 1.71, P = 0.0449) (Figure 7B).

Discussion

To our knowledge, this is the first neuroimaging study that explores dynamic brain changes in dis-
charged patients with COVID-19 without clear neurological manifestations at the acute stage. Our
findings showed 10-month cross-sectional and longitudinal consequences of COVID-19 on the brain.
Overall, cortical thickness differences changed dynamically and finally returned to the baseline. For
cortical CBF, the hypoperfusion in SG observed at 3 months tended to recover at 10 months. Subcor-
tical nuclei and white matter differences between groups and within subjects showed various trends,
including recoverable and long-term unrecovered differences. After a 10-month recovery period, a
decreased nuclei volume in the SG was still much more extensive and profound compared with that in
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Figure 2. Cortical thickness analyses. (A-C) There were only significant differences in paired comparisons. L, left; MG1, mild group at 3 months after discharge;
MG2, mild group at 10 months after discharge; R, right; SG1, severe group at 3 months after discharge; SG2, severe group at 10 months after discharge.

the MG. These cross-sectional and longitudinal brain changes may help clinicians to better understand
the potential neuropathogenesis of “long COVID.”

Cortical differences in comparisons. There were no significant differences in cortical thickness between NC
and patients at 10 months after discharge, both in MG and SG. Only an uptrend in cortical thickness in
a few areas was found in the MG2 compared with the MG1. For cortical thickness in SG, different brain
regions showed diverse alteration patterns during recovery periods. This may mean that cortical thickness
differences changed dynamically and finally returned to the baseline. The diverse course of change may
indicate various forms of recovery.

For cortical CBEF, there were no significant effects on MG — possibly linked to mild disease status.
There was a reduction in hypoperfusion areas in the SG2 than in the SG1 — both compared with the NC.
This may indicate that hypoperfusion in some areas has slowly recovered from COVID-19. The hypoperfu-
sion of remaining cortices in SG may implicate potential unrecovered abnormalities from 3 to 10 months
after discharge. Furthermore, the peak hypoperfusion value was still observed in the left insula. The insula
is hidden under dense arterial and venous blood vessels (15) and is susceptible to pneumonia-induced
hypercoagulability, ischemia, and hypoxia, which, as a result, easily leads to obvious hypoperfusion. The
hypoperfusion in cortices, especially in the insula, may not only, over time, increase susceptibility to cere-
brovascular events, but it may also impair sensory, affective, and cognitive processing (15).

Subcortical nuclei differences in comparisons. There were no significant differences in subcortical nuclei
volume between MG and NC during any follow-up time periods. Compared with MG1, only the right
globus pallidus and left amygdala showed a downward trend in the MG2, implying dynamic but finally
recoverable alterations in mild cases. For nuclei volume in SG, atrophy in the left putamen and thalamus
observed at 3 months was still found at 10 months, supporting potential unrecovered alterations in these
areas. Additionally, newly emerging significant atrophy was observed in the right putamen and accumbens
at 10 months after discharge in SG. Compared with the 3-month study, a decreased nuclei volume in the
SG was still much more extensive and profound than that in the MG, even after a longer recovery period.

For nuclei CBF in MG, no difference from the NC was reported at the 3-month follow-up. However,
compared with the NC, potentially delayed hypoperfusion was noted in some nuclei at 10 months after
discharge. For nuclei CBF in SG, significant hypoperfusion in the left caudate, left putamen, and right
hippocampus at 3 months after discharge was not observed at 10 months, possibly revealing slow recovery
in these nuclei. In addition, compared with the NC, potential unrecovered hypoperfusion was still found in
some nuclei in SG at 10 months after discharge.

The high metabolic rate of subcortical nuclei explains the preponderance of subcortical damage in hypox-
ic-ischemic brain injury and correlates with acute and long-term neurologic syndromes (16, 17). There are
spatial relationships among the small arteries and basal nuclei (18). Cerebral small vessel disease is commonly
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SG2 showed extensive lower CBF values in the brain.
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right; SG2, severe group at 10 months after discharge.

seen in aging and has been associated with subcortical nuclei abnormalities (19). Structural abnormalities in
the putamen and thalamus may be potential early markers of major depression (20). Long-term hypoperfu-
sion of subcortical nuclei may also impair the learning of cognitive-motor sequences in response to environ-
mental stimuli (21). Furthermore, the amygdala, accumbens, and hippocampus are putative targets for fear,
extinction memory impairment, and emotional dysregulation (22, 23). Potential nuclei abnormalities should
be monitored over the long-term to respond to occurrences regarding cerebral small vessel disease, cognitive
anomalies, or mental status alterations in many discharged patients with COVID-19 (24).

White matter differences in comparisons. A part of the tracts showed significant differences only
between the 3-month postdischarge and NC or in the paired tests, without significant differences
between the 10-month reexaminations and NC. Although different dynamic patterns were shown, the
final results were consistent; they all returned to the baseline. Furthermore, compared with the NC,
we found potential unrecovered differences in many tracts during the follow-up, both in MG and SG.
Overall, widespread changes were found when different groups were compared. This may indicate that
the impact of COVID-19 on white matter is, to a certain extent, sensitive and profound. White matter
tracts carry important signals for communicating between different brain areas. Our findings may help
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Figure 4. Subcortical nuclei with significant volumetric differences between groups. (A-C) Significant (P < 0.05) volumetric differences in subcortical nuclei
were found in MG paired, SG2-MG2, and SG2-NC comparisons. L, left; MG1, mild group at 3 months after discharge; MG2, mild group at 10 months after dis-
charge; NC, normal control; R, right; SG2, severe group at 10 months after discharge.
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NC in many subcortical nuclei. CBF, cerebral blood flow; L, left; MG2, mild group at 10 months after discharge; NC, normal control; R, right; SG2, severe
group at 10 months after discharge.

increase awareness of a sustained or delayed risk for possible postinfectious neurodegeneration and
demyelinating diseases.

Plasticity-related recovery mechanism. Regardless of cortices, subcortical nuclei, or white matter tracts, we
observed dynamic yet reversible outcomes in some areas both in SG and MG. These may be synthesized
to indicate the self-recovery that occurred at various levels of the central nervous system. There were some
areas, to varying degrees, that showed a downtrend in the early 3-month stage, presenting with atrophy or
hypoperfusion, which may be potentially caused by a natural defense mechanism in order to limit viral
replication and signal an adaptive immunological response (25). Meanwhile, there was also an uptrend in
some areas indicative of a slight compensatory increase against hypoxic-ischemic injury and inflammation.
In order to maintain dynamic equilibrium during recovery, neuroplasticity — which refers to functional
and structural alterations in the brain that enable adaptation to changing environments, senescence, or
pathological insults (26) — contributes crucially to the reorganization of the brain. Ultimately, it may give
rise to shifts from the early confrontation or compensatory stage to the late recovery stage. This previously
unexplored plasticity-related recovery may demonstrate a powerful route (27), through which COVID-19
shapes the brain under long-term aggravation.

Potential mechanism of unrecovered brain abnormalities. Except for direct virus infection (28),
COVID-19 may also adversely affect the brain via multiple indirect pathophysiological pathways driv-
en by systemic inflammation and immune dysregulation (4). Additional inflammation induced by the
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SG2, severe group at 10 months after discharge; SLF1, superior longitudinal fasciculus I; STR, superior thalamic radiation; VOF, vertical occipital fasciculus.

immune response (29) or hypoxia (30) causes potential neurodegeneration, neuronal loss, and cellular
senescence (31). White matter injury is potentially related to ischemia-hypoxia or immunomediated
inflammatory demyelination (31). Hypercoagulability (32) related to hypoperfusion may result from
endothelial damage, systemic inflammation, and maladaptive immune response (4). Ischemia-hypoxia
damage may also result in chronic CBF reduction. Post—-SARS-CoV-2 infection causes maladjustment
to varying degrees, which may be an important reason for chronic and long-term abnormalities over
time. In this study, these long-term potential brain changes may provide objective MRI evidence for
prolonged and delayed neurological sequelae reported to date (33, 34).

Deleterious long-term impact of comorbidities on the brain. SARS-CoV-2 infects people of all age groups.
However, the elderly, especially those aged above 60 years, usually accompanied by comorbidities such
as diabetes, cardiovascular diseases, hypertension, and cerebral small vessel disease, are at a higher risk
of developing neurological sequelae and have a poorer prognosis (35). Diabetes is related to cognitive
impairment, which is often accompanied by abnormal structural and functional MRI of the brain (36).
The roles of the immune system and the observed phenomenon of microangiopathy in patients with
severe COVID-19 may exacerbate diabetic emergencies and underlying pathophysiology (37). Patients
with cardiovascular disease have greater brain atrophy (38) and higher thromboembolism (39). The det-
rimental effects of cardiovascular disease include acute cerebrovascular disease, cerebral small vessel
disease (e.g., microbleeds and white matter hyperintensities in important regions of the brain), and cir-
culatory failure, contributing to early cognitive decline and vascular dementia (40). Among the influenc-
es of COVID-19 on cardiovascular and cerebrovascular systems, RAAS is a representative aspect (41).
Hypertension-induced brain damage includes cerebral apoplexy, transient ischemic attack, and vascular
dementia. Importantly, hypertension appeared consistently as the most prevalent risk factor in patients
with COVID-19, presumably related to RAAS (42).

Most current reports have only briefly described the susceptibility of comorbidities to COVID-19, as
well as the relationship between comorbidities and increased mortality in patients with COVID-19. The
underlying brain changes for these associations are still largely obscure. In this exploratory study, although
histories of hypertension, coronal heart disease, and diabetes were regarded as potential confounders and
were corrected in our analysis, it will be interesting and valuable to further explore the interactive effects of
SARS-CoV-2 and comorbidities on the brain in a large sample.

Limitations. There are several limitations in the present study. First, in order to avoid cross-infection,
head MRI was not performed at the acute phase, which contributed to a lack of understanding of brain
changes from the acute phase to 3 months after discharge. Second, only a small number of patients were
willing to participate in the research due to fear of COVID-19 infection and hospitals, and the sample size
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Figure 7. White matter tracts with significant volumetric differences in patients compared with NC. (A and B) Both MG2 and SG2 showed significantly
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NC, normal control; R, right; SG2, severe group at 10 months after discharge; VOF, vertical occipital fasciculus.

was inevitably lost again in the longitudinal follow-up. The lack of longitudinal data from healthy controls
is another obvious limitation of our study. Additionally, the SG were sicker — having comorbid conditions
that are known to affect the brain. A relatively small sample size, imperfect matching, and comparisons of
control participants mean that our preliminary findings require further scrutiny, verification, and valida-
tion. Next, we acknowledge that the participants lacked professional cognitive measurements, which hin-

ders clinicians from considering some real-world consequences. Finally, this is an exploratory study; even

if the nuclei and white matter tract analysis results did not pass the strict multiple comparison correction, a
truly uncorrected threshold (P < 0.05) was still used to show a significance trend. The future of COVID-19
survivors remains uncertain. We desire a confirmatory study that will be followed by this exploratory study.
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Conclusion. Cross-sectional and longitudinal follow-up studies characterized dynamic brain changes with-
in 10 months after discharge in patients with COVID-19 without neurological manifestations. In cortices,
subcortical nuclei, and white matter tracts of discharged patients, dynamic but recoverable changes coexisted
with other long-term potential unrecovered changes. Recovery showed various forms, which revealed a plas-
ticity-related mechanism. However, the remaining potential abnormalities deserve public attention, in order
to determine the resolution of risk for “long COVID.” Brain imaging should be considered for long-term
monitoring and the assessment of patient recovery, which is critically important for a better understanding of
the ongoing neurological effects of COVID-19 and early clinical guidance toward complete recovery.

Methods

Participants. Fifty-one patients who recovered COVID-19 enrolled in our previous 3-month follow-up study
(14) were recruited again at 10 months after discharge, and overall, 34 patients revisited our study, including
13 mild type and 21 severe type patients. All patients were recruited from the Department of Infectious
Disease in Tongji Hospital of Tongji Medical College of Huazhong University of Science and Technology,
Wauhan, China. Detailed inclusion criteria were as follows: (a) patients were 50-70 years old; (b) patients
were diagnosed and hospitalized in March 2020; (c) mild- or severe-type COVID-19 was diagnosed accord-
ing to the World Health Organization interim guidance, without an intensive care unit stay; (d) no clear
neurological manifestations were apparent during the acute stage, such as seizures, smell/vision/hearing/
taste/memory loss, and impaired mobility; (€) no clear neurological manifestations and no obvious lesion
on the conventional MRI were apparent for 10 months after discharge; (f) no history of stroke, head trau-
ma, brain tumors, or epilepsy were apparent. Clinical information and inflammatory markers of patients
with COVID-19 were recorded during hospitalizations. Sex-, age-, and education-matched healthy volun-
teers were enrolled from the community. All participants finished the questionnaires prior to head MRI
scan, including handedness, sex, age, education years, underlying diseases, Pittsburgh Sleep Quality Index
(PSQI), State-Trait Anxiety Inventory (STAI), and Beck Depression Inventory (BDI).

MRI scan. The MRI scan was performed using a 3.0T MR scanner (Discovery MR750, GE Healthcare)
with a 32-channel head array coil. The protocol included conventional MRI, structural 3D T1-weighted
images (3D-T1WIs), 3D pseudocontinuous arterial spin labeling (3D-pcASL), and high-resolution diffu-
sion tensor imaging (DTI). All scanning parameters, image quality control, and data preprocessing were
the same as our previous study (14). More detailed information can be found in our previous study (14). A
brief description of preprocessing was provided as follows.

Cortical and subcortical morphology evaluation. The T1 images were first denoised by a spatially adaptive
filter, and the field inhomogeneity was corrected (43). Then, the T1 images were fed into the morphology
evaluation pipeline implemented by Advanced Normalization Tools (ANTs; https://github.com/ANTsX/
ANTs; commit ID 6f07ac5) (44). The pipeline was performed for T1 anatomical brain processing using the
following steps: (a) brain extraction; (b) brain 7-tissue segmentation (cerebrospinal fluid, gray matter, white
matter, ventricle, subcortical nuclei, brain stem, cerebellum); (c) cortical thickness evaluation; (d) registra-
tion to MNI template.

pcASL preprocessing. According to the kinetic model proposed by Alsop and Detre (45), all raw pcASL
images were transferred to the workstation (Advantage Workstation 4.6, GE Medical Systems) to obtain
the native CBF map (45). Additionally, we performed a term for the finite labeling duration and corrected
the incomplete recovery of the tissue signal (46). The quantitative CBF maps equation was introduced in
detail in our previous article (14). Then, all quantitative CBF images were aligned to the T1 images and
normalized to the MNI space. The gray matter mask and subcortical nuclei masks obtained from the pre-
vious tissue segmentation in brain morphology evaluation were used to extract the cortical and subcortical
nuclei CBF, respectively, and the white matter mask was also utilized to avoid contamination between gray
matter and white matter (47, 48).

White matter XTRACT analysis. The DTI images were preprocessed using the FDT and XTRACT pipe-
line implemented in FSL (49). Briefly, the approach included the following steps: (a) images were distor-
tion corrected (eddy); (b) diffusion tensors were fitted on the corrected data (dtifit); (c) the probabilistic
diffusion model on corrected data was fitted (bedpostx); (d) the b0 map and other maps were all registered
to T1 image and MNI template; () probabilistic tractography was run on the output of bedpostx (prob-
trackx); and (f) the XTRACT pipeline was performed to automatically extract a set of carefully dissected
tracts in the subject’s native space using probabilistic diffusion tractography. XTRACT is a new, powerful,
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and reproducible tool, which allows automatic extraction of white matter tracts in the human brain and
respects the underlying anatomical variation and individual differences (49). For a given tract, XTRACT
(49) produces several postanalysis statistics. Specifically, the volume suggests the most accurate and sensi-
tive statistics in a given tract and is taken as the optimal quantitative statistic. In this study, the final outputs
of white matter XTRACT analysis were the volumes of 42 white matter tracts in the MNI space.

Statistics. All statistical inferences were conducted using nonparametric permutation tests (5000 ran-
dom shuffles of subject group labels, P < 0.05) by Permutation Analysis of Linear Models (PALM) (50).
The multiple comparisons correction of voxel-wise cortical thickness comparisons and CBF comparisons
were performed using the TFCE (P < 0.05, family-wise error corrected). The statistical multiple compar-
isons correction of subcortical nuclei volumes, CBFs and white matter tracts volumes was performed by
FDR correction (P < 0.05). In particular, considering that this is a small sample-sized exploratory study
and not a confirmatory study, even if the results did not pass the strict multiple comparisons correction, an
uncorrected threshold (P < 0.05) was still used to show significant trends.

In addition, demographics and clinical characteristics were compared using a 2-tailed Student’s ¢ test,
and categorical data were compared using the y* test. A P value less than 0.05 was considered significant.
Age, sex, and histories of hypertension, coronal heart disease, and diabetes were regarded as potential con-
founds and regressed in all group comparisons.

Study approval. This human study was approved by the Clinical Institute Ethics Committee of Tongji
Hospital, Tongji Medical College, Huazhong University of Science and Technology, and written informed
consent was obtained from each participant.
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