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Abstract
Background and Objectives
Post-COVID condition (PCC) is common and often involves neuropsychiatric symptoms.This study
aimed to use blood oxygenation level–dependent fMRI (BOLD-fMRI) to assess whether participants
with PCC had abnormal brain activation during working memory (WM) and whether the abnormal
brain activation could predict cognitive performance, motor function, or psychiatric symptoms.

Methods
The participants with PCC had documented coronavirus disease 2019 (COVID-19) at least
6 weeks before enrollment. Healthy control participants had no prior history of COVID-19
and negative tests for severe acute respiratory syndrome coronavirus 2. Participants were
assessed using 3 NIH Toolbox (NIHTB) batteries for Cognition (NIHTB-CB), Emotion
(NIHTB-EB), andMotor function (NIHTB-MB) and selected tests from the Patient-Reported
OutcomesMeasurement Information System (PROMIS). Each had BOLD-fMRI at 3T, during
WM (N-back) tasks with increasing attentional/WM load.

Results
One hundred sixty-nine participants were screened; 50 fulfilled the study criteria and had
complete and usable data sets for this cross-sectional cohort study. Twenty-nine participants with
PCCwere diagnosed with COVID-19 242 ± 156 days earlier; they had similar ages (42 ± 12 vs 41
± 12 years), gender proportion (65% vs 57%), racial/ethnic distribution, handedness, education,
and socioeconomic status, as the 21 uninfected healthy controls. Despite the high prevalence of
memory (79%) and concentration (93%) complaints, the PCC group had similar performance
on the NIHTB-CB as the controls. However, participants with PCC had greater brain activation
than the controls across the network (false discovery rate–corrected p = 0.003, Tmax = 4.17),
with greater activation in the right superior frontal gyrus (p = 0.009, Cohen d = 0.81, 95% CI
0.15–1.46) but lesser deactivation in the default mode regions (p = 0.001, d = 1.03, 95% CI
0.61–1.99). Compared with controls, participants with PCC also had poorer dexterity and
endurance on the NIHTB-MB, higher T scores for negative affect and perceived stress, but lower
T scores for psychological well-being on the NIHTB-EB, as well as more pain symptoms and
poorer mental and physical health on measures from the PROMIS. Greater brain activation
predicted poorer scores on measures that were abnormal on the NIHTB-EB.

Discussion
Participants with PCC and neuropsychiatric symptoms demonstrated compensatory neural pro-
cesses with greater usage of alternate brain regions, and reorganized networks, to maintain normal
performance during WM tasks. BOLD-fMRI was sensitive for detecting brain abnormalities that
correlated with various quantitative neuropsychiatric symptoms.

MORE ONLINE

COVID-19 Resources
For the latest articles,
invited commentaries, and
blogs from physicians
around the world

NPub.org/COVID19

From the Diagnostic Radiology and Nuclear Medicine (L.C., M.C.R., H.L., X.Z., E.C., J.W., E.H.H., T.M.E.), and Department of Neurology (L.C.), University of Maryland School of Medicine;
Department of Neurology (L.C., T.M.E.), Johns Hopkins University School of Medicine, Baltimore; Program in Neuroscience (L.C., M.C.R.), Institute of Human Virology (L.C., E.W., S.K.),
and Division of Infectious Disease (E.W., S.K.), Department of Medicine, University of Maryland School of Medicine, Baltimore.

Go to Neurology.org/N for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

Copyright © 2023 American Academy of Neurology e2409

Copyright © 2023 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://dx.doi.org/10.1212/WNL.0000000000207309
mailto:lchang@som.umaryland.edu
http://NPub.org/COVID19
https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000207309


Post-COVID condition (PCC) or long COVID syndrome is
highly prevalent (;42% based on a recent meta-analysis1),
and the symptoms may persist for 2 years or longer.2–4

Neuropsychiatric symptoms are particularly common, in-
cluding fatigue, inability to concentrate or brain fog, head-
aches, hyposmia/dysgeusia, sleep disorders, anxiety, and
depression.3,5 Although the pathophysiology or mechanisms
underlying these persistent symptoms remain unclear, neu-
ropathology of patients with coronavirus disease 2019
(COVID-19) who died within 2 months of illness found
microvascular injury with leakage of fibrinogen, along with
activated microglia and hypertrophic astrocytes within the
olfactory bulb and brain stem.6 Patients who died on average
28 days after hospitalization showed neuronal loss in the
cerebellum, axonal swelling and neuronal degeneration in the
pons, and widespread activation of glia and immune cells.7

Nonhuman primates infected with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) showed similar
neuroinflammatory changes and Purkinje cell death in the
cerebellum on necropsy.8 However, without postmortem brain
tissue, whether evidence of brain injury persists in patients with
PCC and ongoing neuropsychiatric symptoms after acute
COVID-19 illness remains unknown.

Several neuroimaging studies evaluated brain abnormalities in
patients with postacute COVID-19. PET studies showed de-
creased glucose metabolism in cortical and subcortical regions
that correlated with poorer cognitive function and other func-
tional complaints within the first few months of recovery from
COVID-19.9–11 However, 6 months after acute COVID-19,
glucose metabolism and cognition were normal despite mem-
ory and attention complaints.12 On MRI, 3 months after acute
COVID-19, recovered participants showed enlarged gray mat-
ter volumes in bilateral olfactory cortices, hippocampi, insula,
Heschl gyrus, Rolandic operculum, and cingulate gyri.13 In
contrast, a larger longitudinal MRI study found that recovered
participants with COVID-19 had greater decreases in cortical
thickness than controls in multiple brain regions, including the
orbitofrontal cortex and the parahippocampal gyrus, 2 brain
regions related to olfaction.14 Several diffusion tensor imaging
studies found variable abnormalities in brain diffusivity and
fractional anisotropy,13,15–17 indicating disruption of micro-
structural integrity, which persisted in previously hospitalized
patients at 1-year follow-ups.18 However, task-activated blood
oxygenation level–dependent fMRI (BOLD-fMRI) has not

been used to evaluate how brain function is affected in indi-
viduals with persistent neuropsychiatric symptoms after re-
covery from acute COVID-19.

We aimed to evaluate whether participants with long COVID
symptoms at least 6 weeks after their acute illness have
abnormal brain function on quantitative neurobehavioral
measures and abnormal brain activation on task-activated
BOLD-fMRI. We hypothesized that compared with controls,
these recovered patients with long COVID syndrome would
show persistent cognitive deficits and neuropsychiatric symp-
toms on 3 NIH Toolbox (NIHTB) batteries, including the
Cognitive Battery (NIHTB-CB), Emotional Battery (NIHTB-
EB), andMotor Battery (NIHTB-MB), andmore symptoms for
pain and poorer physical and mental health on the Patient-
Reported Outcomes Measurement Information System
(PROMIS).We also expected that participants with PCCwould
require greater brain activation than healthy controls, indicating
greater usage of alternate brain regions to compensate for the
residual brain injury or ongoing neuroinflammation. In addition,
we expected that the greater brain activation in participants with
PCC would be related to deficits on measures that were ab-
normal on the NIHTB batteries and PROMIS.

Methods
All participants were recruited through referrals from our
medical center and flyers distributed locally. To minimize
potential sources of bias or confounds, healthy controls were
recruited to match the age range, self-reported gender, and
racial/ethnic proportions of the PCC group. Self-reported
race and ethnicity classifications were in accordance with US
Census data.

Participant inclusion criteria for both groups included men or
women of any race or ethnicity, 18–75 years of age, who were
able and willing to provide informed consent. Participants
with PCC were required to have a confirmed COVID-19
diagnosis from medical records, a documented positive PCR
test for SARS-CoV-2 at least 6 weeks before enrollment (to
minimize risk for ongoing infection and ensure that they no
longer require hospitalization), and had at least 1 persistent
post-COVID symptom. Healthy controls were required to
have no history of COVID-19 symptoms or illness and a

Glossary
AD = Alzheimer disease; BOLD-fMRI = blood oxygenation level–dependent fMRI; COVID-19 = coronavirus disease 2019;
DMN = default mode network; FDR = false discovery rate; ISP = Index of Social Position; NIHTB = NIH-Toolbox Battery;
NIHTB-CB = NIHTB for Cognition Battery; NIHTB-EB = NIHTB for Emotion Battery; NIHTB-TB = NIHTB for Motor
Function Battery; PCC = post-COVID condition; PCG = posterior cingulate gyrus; PROMIS = Patient-Reported Outcomes
Measurement Information System; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2; SFG = superior frontal
gyrus; SPM = Statistical Parametric Mapping; TE = echo time; TI = inversion time; TR = repetition time; WM = working
memory.
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negative PCR test within 7 days or a negative SARS-CoV-2
antigen test on the study day. Exclusion criteria for both
groups included (1) significant comorbid psychiatric illness
that may confound study measures; (2) any confounding
neurologic disorders, including significant prior head trauma
with loss of consciousness >60 minutes; (3) taking medica-
tions that could significantly alter functional brain imaging
studies; (4) any current or history (within the past 2 years) of
severe substance use disorder (according to theDiagnostic and
Statistical Manual of Mental Disorders-5); tobacco use was
allowed; (5) positive urine toxicology screen on the day of
assessments; (6) pregnancy or breastfeeding (self-report);
and (7) contraindications for MR studies (e.g., metallic ob-
jects, electronic implants, or severe claustrophobia).

Each participant was assessed using a standardized neuro-
psychiatric evaluation, including substance use history, ECG,
urine toxicology, and screening blood tests (complete blood
count and comprehensive metabolic panel) from medical
records within 1 year or collected at the screening visit. The
participants with post–COVID-19 also completed a survey
regarding their acute COVID-19 symptoms and treatments,
any premorbid conditions, and current long COVID symp-
toms and severities (Table 1).

Standard Protocol Approvals, Registrations,
and Patient Consents
Written informed consent was obtained from all participants
according to the Declaration of Helsinki using a protocol
approved by the University of Maryland, Baltimore, In-
stitutional Review Board (Human Research Protections Of-
fice at the University of Maryland, Baltimore; protocol
number HP-00092062).

Quantitative Neurocognitive Tests and
Psychiatric Symptom Assessments
Each participant was evaluated with 3 NIHTB batteries and
selected PROMIS measures. The NIHTB-CB19 assessed 7
cognitive domains: (1) attention/executive functioning, (2)
episodic memory, (3) working memory (WM), (4) language,
(5) executive function, (6) processing speed, and (7) imme-
diate recall. The NIHTB-EB20 assessed 4 domains: (1) nega-
tive affect, (2) psychological well-being, (3) stress and self-
efficacy, and (4) social relationships. TheNIH-MB21 assessed 5
domains: (1) dexterity, (2) strength, (3) balance, (4) endur-
ance, and (5) locomotion. The PROMIS measures were se-
lected from 4 domains to assess symptoms related to
depression, anxiety, fatigue, and pain, which derived scores for
Global Physical Health and Global Mental Health.22 Findings
regarding these measures were reported previously in a larger
cohort,23 but the current subsets of the participants’ data are
presented here.

Activation Paradigm, Image Acquisition,
and Processing
Each participant performed 3 N-back WM tasks (0-back,
1-back, and 2-back) during BOLD-fMRI using a block

design (30-second task period alternating with a 30-second
rest period, 4 repeats over 4 minutes for each task, with 4 or
5 targets presented at random times per 30-second task
block) as described.24,25 Briefly, during the 0-back task,
participants pressed a button with their dominant hand
thumb whenever a number flashed on the screen, and during
the 1-back and 2-back tasks, the participant responded
whenever the target letter was the same as the previous
screen (1-back) or 2 screens previously (2-back). The rest
period involved passive viewing of various symbols pre-
sented sequentially.

All scans were acquired on a 3T MR Scanner (Siemens
Prisma). Structural MRI included a sagittal 3Dmagnetization-
prepared rapid gradient echo (repetition time/echo time
[TR/TE]/inversion time [TI] 2,200/4.47/1,000 millisec-
onds, 1-average, 256 × 256 × 160 matrix) and an axial fluid-
attenuated inversion recovery sequence (TR/TE/TI 59,100/
84/2,500 milliseconds, 1-average, 204 × 256 × 44 matrix). A
board-certified neuroradiologist (E.H.H.) and an experienced
board-certified neurologist (L.C.) both reviewed all structural
MRIs, blinded to the COVID status of the participants, to
exclude those with major structural abnormalities. BOLD-
fMRI used a single-shot gradient-echo echo-planar sequence
(TE/TR = 30/3,000 milliseconds, ;42 axial 3-mm slices,
3-mm resolution, 80 excitations) with real-time motion cor-
rection.26 TheMRI trigger pulse was synchronized to custom-
stimulus software written in MATLAB (The MathWorks,
Inc., Natick, MA). Participants responded with a button push
during the task periods, providing reaction time and accuracy.
Only fMRI data with <1.5 mm translations and <1.5° rota-
tions during each scan and ≥70% performance accuracy were
included in the final analyses.

fMRI scans were acquired from 53 participants, but scans
from the 2-back task were excluded for 5 participants in the
post-COVID group due to excess motion (n = 1) or <70%
accuracy (n = 4), whereas scans from 6 controls were removed
due to significant medical issues discovered after the scans (n
= 2) or <70% accuracy (n = 4); see details in eFigure 1 (links.
lww.com/WNL/C748). Data were processed using Statistical
Parametric Mapping (SPM) 12. To avoid potential bias, all
fMRI data were preprocessed by an engineer blinded to the
participants’COVID status. For each task, a mask was created
by combining activationmaps (1-sample t test) for each group
at p ≤ 0.05.

Sample Size Estimate and Statistical Analyses
We estimated that with 20 participants per group, assuming
α = 0.05 and variability with an SD of 50% in each group,
we had 89% power to detect a 1.5-fold change in outcome
variables between groups. Of note, similar sample sizes per
group yielded significant group effects in our prior fMRI
studies.27–29

Statistical analyses were performed in R (version 4.1.2). De-
mographic data were compared between groups using t tests,
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Table 1 Participant Characteristics

Post-COVID (n = 29) Healthy controls (n = 21) p Value

Age, y, mean ± SD 42.4 ± 12.3 41.5 ± 12.2 0.81a

Sex, men/women, n (%) 10 (34.5%)/19 (65.5%) 9 (42%)/12 (57%) 0.55b

Race/ethnicity, White/Hispanic/Asian/Black/Biracial, n 19/1/0/8/1 8/3/2/8/0 0.12b

Handedness, right/left, n 27/2 20/1 0.75b

Education, graduate/undergraduate/some college/high school, n 8/8/8/5 11/7/1/2 0.10b

Body mass index, mean ± SD 30.7 ± 8.0 26.5 ± 6.2 0.05a

Index of social position, mean ± SD 30.4 ± 14.1 27.4 ± 14.8 0.46a

Substance use history, n

Lifetime/past-month tobacco use 10/1 6/1 0.89b/1c

Lifetime/past-month marijuana used 14/3 6/2 0.27b/1c

Lifetime/past-month alcohol use 23/23 18/18 0.83b/0.83b

Comorbid medical illnesses before COVID-19 or vaccination status at study, n

Hypertension 6 1 0.09b

Diabetes 4 0 0.11c

Overweight/obese 9/13 4/6 0.96b

Chronic obstructive pulmonary disease 4 0 0.25c

Vaccination status for SARS-CoV-2, yes/no/unknown 16/13/0 17/1/3 0.06b

Post–COVID-19 participant history and symptoms

Days since diagnosis, mean ± SD (range) 242 ± 156 (42–484)

Hospitalized/nonhospitalized, n 9

No. of participants who received COVID-19 treatments, n

Hi-flow/BiPAP, ventilation, ECMO, steroid,e remdesivir + apixaban 1

Hi-flow/BiPAP, steroide + remdesivir 2

Ventilation + steroide 1

Nasal cannula O2, steroid
e + antibioticsf 1

Nasal cannula O2, steroid
e + remdesivir 3

Steroide + antibioticf 3

Steroide + monoclonal antibodyg 1

Monoclonal antibodyg/steroide/nasal cannula O2 1/4/2

No treatment 10

Neurologic post-COVID symptoms Total (mild/moderate/severe), %

Concentration problems 92.9 (14.3/53.6/25.0)

Memory problems 78.6 (17.9/39.3/21.4)

Confusion 64.3 (42.9/14.3/7.1)

Headaches 57.1 (7.1/35.7/14.3)

Dizziness 57.1 (28.6/14.3/14.3)

Gait disturbance 50.0 (28.6/17.9/3.6)

Visual disturbances 50.0 (21.4/21.4/7.1)

Continued

e2412 Neurology | Volume 100, Number 23 | June 6, 2023 Neurology.org/N

Copyright © 2023 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


χ2 tests, and Fisher exact test. Group differences on NIHTB
and PROMIS measures were assessed using unpaired t tests
for fully corrected T scores (adjusted for age, gender, educa-
tion, and race/ethnicity) or analyses of covariance for raw
scores (with adjustments for age, gender, and Index of Social
Position [ISP] calculated from the Hollingshead Four Factor
Index of Socioeconomic Status).30 Cohen d effect sizes with
95% CIs were calculated using the R package effsize.

Group differences in BOLD activation throughout the brain
were compared in SPM12, using 2-sample t tests (with the
appropriate mask), thresholded at ≥100 voxel clusters and T
≥1.7. Only corrected p values at the cluster level, with a false
discovery rate (FDR) ≤0.05, were considered significant.
Because portions of the WM network may also be involved in
emotional regulation,31 linear regression was used to explore
whether the abnormal brain activation predicted neuro-
behavioral outcome measures that were abnormal on the
NIHTB or PROMIS. BOLD signals were also extracted at the
3 cluster maxima (6 × 6 × 6 mm = 216 mm3) for each task to
perform post hoc analyses.

Data Availability
The data that support the findings of this study are available
from the corresponding author on reasonable request.

Results
Participant Characteristics
Between February 2021 and February 2022, 169 potential
participants were prescreened by telephone, 61/169 (36%)
were enrolled for additional onsite screening, and 57/61
(93%) fulfilled the study criteria and completed the behav-
ioral studies and 53/61 (87%) completed the fMRI scans
(Table 1). Fifty participants (29 post-COVID and 21 con-
trols) with usable fMRI scans are reported (see Participant
Flow Diagram, eFigure 1, links.lww.com/WNL/C748).

The participants with PCC were diagnosed 219 ± 137 days
(;7 months) earlier and had similar age, gender pro-
portion, racial and ethnic distribution, handedness, educa-
tion, and socioeconomic status (from the ISP) as the
healthy controls. Although the PCC group tended to have
higher body mass indices than the controls, the proportions
of participants in the overweight/obese categories were not
different between groups. The 2 groups also had similar
proportions that used tobacco, marijuana, or alcohol and
similar prevalence of comorbid illnesses, including hyper-
tension, diabetes, and chronic obstructive pulmonary dis-
ease. Vaccination status for SARS-CoV-2 was also not
different between groups.

Table 1 Participant Characteristics (continued)

Neurologic post-COVID symptoms Total (mild/moderate/severe), %

Paresthesia 42.9 (17.9/10.7/14.3)

Coordination problems 39.3 (14.3/25.0/0.0)

Hyposmia 28.6 (14.3/10.7/3.6)

Dysgeusia 28.6 (14.3/7.1/7.1)

Postural instability 14.3 (3.6/7.1/3.6)

Other neurologic 14.3 (10.7/3.6/0.0)

Psychological/other post-COVID symptoms

Fatigue 85.7 (10.7/28.6/46.4)

Depression or anxiety 67.9 (21.4/32.1/14.3)

Sleep disturbances 64.3 (17.9/21.4/25.0)

Myalgia 60.7 (21.4/32.1/7.1)

Lightheadedness 46.4 (17.9/17.9/10.7)

Urinary problems 25.0 (17.9/3.6/3.6)

Abbreviations: COVID = coronavirus disease; ECMO = extracorporeal membrane oxygenation
The Index of Social Position was calculated from the Hollingshead Four Factor Index of Socioeconomic Status.30
a t test.
b χ2 test.
c Fisher exact test.
d Includes 2 post-COVID using cannabidiol.
e Dexamethasone, prednisone, methylprednisolone, or hydrocortisone.
f Azithromycin or ceftriaxone
g Bamlanivimab or etesevimab
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Among the participants with PCC, 9/29 were hospitalized, and
19/29 required 1 or more treatments during their acute illness,
which included supplemental oxygen (n = 11, nasal cannula O2,
Hi-Flow/BiPAP, ventilation, or extracorporeal membrane oxy-
genation), steroids (n = 15, dexamethasone, prednisone, meth-
ylprednisolone, or hydrocortisone), remdesivir (n = 5),
monoclonal antibodies (n = 3, bamlanivimab and etesevimab),
antibiotics for secondary infections (n = 5, azithromycin and
ceftriaxone), and/or apixaban for deep vein thrombosis (n = 1).
See Table 1 for the number of participants who received 1 or
more of these treatments.

Of the 50 usable fMRI datasets, 9 participants (6 post-
COVID and 3 controls) had minor abnormalities on their
structural MRIs that were not exclusionary. Five (3 par-
ticipants with PCC and 2 controls) had slightly more than
age-related white matter lesions, 2 (1 in each group)
had lacunar infarcts, 1 control had microhemorrhages,
and 1 control had both a small (6-mm) old infarct and a
microhemorrhage.

Neuropsychiatric Symptoms in Participants
With Post–COVID-19 Condition
The participants with PCC endorsed a high prevalence of
cognitive complaints (concentration problems [92.9%], mem-
ory problems [78.6%], and confusion [64.3%]) and neurologic
symptoms, including headaches [57.1%], visual disturbances
[50%], gait disturbance [50%], paresthesia [42.9%], and co-
ordination problems [39.3%]) (Table 1, Figure 1A). The
common acute symptoms of hyposmia and dysgeusia persisted
in 28.6% of participants with PCC. They also had a high prev-
alence of new-onset psychiatric and other symptoms, including
fatigue (85.7%), depression/anxiety (67.9%), sleep disturbance
(64.3%), myalgia (60.7%), lightheadedness (46.4%), and uri-
nary problems (27.6%, including frequency, dysautonomia, and
recurrent urinary tract infections).

NIH Toolbox Batteries and PROMIS Measures
Despite the high prevalence of neurocognitive complaints,
the participants with PCC had normal performance on all
7 cognitive domains of the NIHTB-CB (data not shown, but
similar to those reported in the larger cohort23). However, on
the NIHTB-MB, the participants with PCC performed poorer
than controls on locomotion (4-m walk, Cohen d = −0.74,
95%CI −0.14 to −1.34, p = 0.01), endurance (2-MinuteWalk,
d = −0.93, 95% CI −0.31 to −1.55, p = 0.003), and dominant
hand dexterity (9-Hole Pegboard test, d = −0.79, 95% CI
−0.19 to −0.38, p = 0.007) (Figure 1B). The 2 groups’ per-
formance was similar on the Standing Balance Test and the
nondominant hand Pegboard.

In addition, on the NIHTB-EB (Figure 1C), the participants
with PCC showed markedly poorer psychological well-being
than controls, including lower positive affect (d = −1.02, 95%
CI −0.41 to −1.63, p = 9 × 10−4) and general life satisfaction
(d = −1.20, 95% CI −0.57 to −1.82, p = 1.3 × 10−4) and much
higher perceived stress (d = 0.95, 95% CI 0.34–1.56,

p = 0.002) and negative affect measures, including anger (d =
0.93, 95% CI 0.33–1.54, p = 0.002), sadness (d = 0.85, 95%CI
0.25–1.56, p = 0.004), fear somatic arousal (d = 2.23, 95% CI
1.50–2.96, p = 5 × 10−10), and fear affect (d = 1.04, 95% CI
0.43–1.65, p = 7 × 10−4).

PROMIS measures corroborated with the NIHTB-EB. The
participants with PCC had much higher T scores than con-
trols for mental health symptoms, including depression and
anxiety, as well as for physical health symptoms, with more
fatigue and pain measures, leading to poorer overall mental
(d = −1.37, 95% CI −0.73 to −2.00, p = 2 × 10−5) and physical
health (d = −2.59, 95% CI −1.81 to −3.37, p = 6 × 10−12)
(Figure 1D).

BOLD-fMRI During WM Tasks
Across all participants, brain activation showed the typical
load-dependent increases in the WM network with increasing
task difficulty.24,25 Participants with PCC and controls
showed no group differences in brain activation during the
0-back and 1-back tasks (Figure 2A). However, participants
with PCC had greater brain activation than controls (T = 4.17,
FDR-corrected p = 0.003) on the 2-back task for a large
cluster in the WM network, with 3 subcluster maxima cen-
tered at the right posterior cingulate gyrus (PCG: 2, −50, 26
and 8, −56, 28) and right superior frontal gyrus (SFG: 36, 2,
28) (Figures 2B, 3, and 4).

Using extracted BOLD signals at the cluster maxima, we de-
lineated that the greater BOLD signals in the participants with
PCC than the controls were due to greater activation in the SFG
region, but lesser deactivation in the PCG regions (Figure 3A).
The extracted BOLD signals across the 3 tasks further demon-
strate that the group differences increased parametrically (linear
mixed-effects model p values = 0.002–0.018), with only the
2-back task showing significant group differences on post hoc
analyses (post hoc p = 0.001–0.009) (Figure 3B). Despite these
group differences in brain activation, the 2 groups had similar
accuracy and reaction times for each task (Figure 3C). Further-
more, an anticorrelation between deactivation on the 2-back task
in the PCG (the default mode region) and activation in the SFG
was observed only for the control but not the post-COVID group
(Figure 3C, bottom).

Several brain regions showed lesser activation on the 2-back
task at the uncorrected cluster level in participants with post-
COVID than controls (Figure 4). The 2 large clusters with
lesser activation included the subcluster maxima in the left
hemisphere for the postcentral gyrus, insula, precentral gyrus,
and inferior parietal lobule (red regions, Figure 4). By con-
trast, all brain regions with greater activation on the 2-back
task in the post-COVID group than controls were in the right
hemisphere (green regions, Figure 4).

For the 2-back task, when comparing COVID-19 severity
during the acute phase, subjects with PCC who were hospi-
talized with more severe illness showed lesser activation than
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the nonhospitalized individuals in several frontal regions
(right and left subgyral and left SFG, FDR-corrected p = 0.001
[cluster level]). The extracted BOLD signals from these
cluster maxima are shown (Figure 5, A–C). We further
evaluated for possible gender-specific differences (COVID-
19-by-gender, covaried for age and ISP) but found no
gender-specific effects on brain activation.

Furthermore, BOLD signals in the WM network on the
2-back task predicted T scores on the NIHTB-EB measures
that showed significant group differences (eTable 1, links.lww.
com/WNL/C750). Specifically, we found similar relation-
ships for both groups in the right SFG and right parietal
regions, where higher BOLD signals correlated with lower
positive affect and more perceived stress (right SFG: r = 0.49,

Figure 1 Prevalence of Neuropsychiatric Symptoms and the Assessment Scores From theNIHTBBatteries and the PROMIS

(A) Self-reported neuropsychiatric symptoms by the participants with COVID-19. (B) NIH ToolboxMotor Battery. (C) NIH Toolbox Emotion Battery. (D) PROMIS.
COVID-19 = coronavirus disease 2019; PROMIS = Patient-Reported Outcomes Measurement Information System.
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p < 0.001, β = −6, 95% CI −10 to −2; right parietal: r = 0.50,
p < 0.001, β = 14, 95% CI 6–23; Figure 5, D and E). However,
we also found differences (interactions) in the correlations
between the 2 groups: only the COVID-19 group with higher
BOLD signals at the right extranuclear region had greater
anger affect (r = 0.69, p < 0.001, β = 15, 95% CI 6–25), higher
BOLD signals at the right superior temporal gyrus correlated
with more sadness (r = 0.68, β = 15, 95% CI 8–23, p < 0.001),
and higher BOLD signals at the left frontal white matter
correlated with lower psychological well-being (r = −0.68, β =
−24, 95% CI −35 to −14, p < 0.001) (Figure 5, F–H).

Similarly, BOLD signals in the WM network on the 2-back
task predicted the scores on PROMIS measures that showed
significant group differences (eTable 1, links.lww.com/WNL/
C750). Greater brain activation in the left frontal lobe on the
2-back task predicted more psychiatric symptoms and poorer
mental health on the PROMIS (eFigure 2, links.lww.com/
WNL/C749). Specifically, across all participants, greater
BOLD signals in the left anterior cingulate gyrus predicted
higher levels of anxiety (r = 0.51, p = 0.001, β = 18, 95% CI
10–27, eFigure 2A), greater BOLD signals in the left insular-
subgyral region predicted more depressive symptoms

(r = 0.78, p < 0.001, β = 31, 95% CI 20–42, eFigure 2B), and
greater BOLD signals in the left inferior frontal gyrus pre-
dicted poorer global mental health (r = −0.51, p < 0.001,
β = −7, 95% CI −10 to −3, eFigure 2C).

Last, on the NIHTB-MB, participants with prior COVID-19
had poorer dexterity than controls across the age spectrum
(dominant hand, d = −0.85, group p = 0.007, 95% CI −1.50
to −0.20, Figure 6A) and poorer endurance (2-Minute Walk,
d = −0.83, 95%CI 1.48 to −0.17, group p = 0.002), especially in
the older participants (β = 0.8, 95% CI 0.2–1.5, group-by-age
p = 0.02, Figure 6B). In brain regions that showed non-
significant lesser activation in the participants with PCC than
controls, lower BOLD signals in the left postcentral gyrus
predicted poorer dexterity on the Pegboard dominant hand T
scores only for the Participants with PCC (r = 0.58, p = 0.003,
β = 11, 95%CI 5–18, Figure 6C), whereas lower BOLD signals
in another region in the left postcentral gyrus predicted poorer
endurance on the 2-Minute Walk across all participants (r =
0.51, p < 0.001, β = 16, 95% CI 8–24, Figure 6D). Although
participants with PCC also had slower locomotion on 4-Meter
Walk than the controls, none of the activated brain regions
showed a correlation with the performance on this test.

Figure 2 Group fMRI Activation Maps and Group Comparison During the N-Back Tasks

(A) The 0-back and 1-back task paradigms, as shown sequentially on the presentation computer during the fMRI, are illustrated on the left, and the typical
activation maps for each group are shown in 3 orientations. No group differences were found on these tasks (hence, the group comparison data are not
shown). (B) The 2-back task paradigm is illustrated on the left, and the group activationmaps show the typicalWMactivation patterns, including activation
in the bilateral dorsolateral or inferior prefrontal cortices, the anterior cingulate cortex, the precuneus and bilateral posterior parietal and occipital
regions, and the cerebellum. Note the higher Tmax scores on the color scale for the 2-back task than the 0-back and 1-back tasks shown above. Cortical
surfacemaps and an axial image below show the brain regionswith greater activation in participants with post–COVID-19 comparedwith healthy controls
on the 2-sample t tests (covaried for age, gender, and Index of Social Position). Clusters with corrected p ≤ 0.05 and ≥100 voxels are shown, with cluster
maxima shown in the posterior cingulate gyrus and the superior frontal gyrus (see also Figure 3). COVID-19 = coronavirus disease 2019; WM = working
memory.
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Figure 3 Brain Activation Differences (and %BOLD Signals) on the 2-Back Task and Performance During the N-Back Tasks

(A) On the 2-back task, participants with post-COVID-19 condition had greater BOLD signals than uninfected controls, and subcluster maxima are shown
in 2 subregions of the PCG and the SFG. Group comparisons were evaluated with analysis of covariance (covaried for age, gender, and ISP) at the cluster
level p-corrected = 0.003, 7,770 voxels, and Tmax = 4.17. The bar graphs below show the % BOLD signal extracted from a 27-voxel region of interest (red
circles) center at each of the 3 clustermaxima shownon themap, showing less deactivation in the PCG regions but greater activation in the SFG. (B) In each
of the cluster maxima shown in A, BOLD signals from 0-back, 1-back, and 2-back tasks were extracted to illustrate that the 2 groups were different (on the
linearmixed-effectsmodel), and the differences aremaximal and significant only with the 2-back task (post hoc p values are shown). (C) Performancewith
% accuracy and reaction times during the 3 N-back tasks show no group differences. Bottom graph: greater deactivation (more negative % BOLD signals)
in the PCG predicted greater activation in the SFG only in the controls, whereas participants with post-COVID condition showed onlyminimal deactivation
and greater activation in PCGwas related to greater activation in PCG. BOLD = blood oxygenation level dependent; COVID-19 = coronavirus disease 2019;
PCG = posterior cingulate gyrus; SFG = superior frontal gyrus.
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Discussion
Participants with PCC, on average 7 months after their
COVID-19 diagnosis, reported a high prevalence of neuro-
psychiatric symptoms, including brain fog and concentration or
memory problems. Despite these subjective complaints, the
participants with PCC had relatively normal performance on
objective cognitive testing with the NIHTB-CB, including at-
tention andWM, and during the fMRI tasks. However, they had
poorer dexterity and endurance on the NIHTB-MB relative to
both the healthy controls and the normative database, especially
the older individuals with PCC. In addition, the greater emo-
tional distress and negative affect endorsed on the NIHTB-EB
and the mental health symptoms assessed on the PROMIS
concurred with the post-COVID participants’ complaints. Fur-
thermore, our participants with postacute COVID-19 had
poorer global physical health, attributed by significantly more
fatigue and pain symptoms.

This task-activated BOLD-fMRI study evaluated recovered
patients with COVID-19. Although the participants with PCC
had normal and similar accuracy and reaction times as the
controls, they had greater brain activation, with lesser de-
activation in the right PCG and greater activation in the right
SFG within the WM network on the more difficult 2-back
task. These findings indicated a reorganized WM network,

with greater or compensatory usage of the nondominant brain
regions, but less usage of the parietal default mode resources,
to maintain normal performance. Furthermore, greater brain
activation predicted more severe neuropsychiatric symptoms
in these recovered patients.

The normal performance in our participants with post-
COVID assessed objectively in 7 cognitive domains on the
NIHTB-CB is consistent with the normal Mini-Mental State
Examination in 443 mainly nonhospitalized individuals, ;9
months after their SARS-CoV-2 infection, relative to 1,328
matched controls.32 Another study evaluated 31 participants
with long COVID, 202 ± 58 days after acute illness, who had
neurocognitive complaints of impaired attention, memory,
and multitasking abilities; these participants also had normal
scores on neuropsychological tests and on the Montreal
Cognitive Assessment.12 More sensitive tests that can assess
fatigue and cognitive endurance are needed.

However, the post-COVID participants’ higher T scores on
psychological and emotional symptoms, perceived stress, and
negative affect and their lower T scores on psychological well-
being and general life satisfaction on the NIHTB-EB are
consistent with their subjective complaints and were further
corroborated by the higher levels of depressive and anxiety
symptoms and poorer mental health on the PROMIS. These

Figure 4 Regional Group Differences on Activation During the 2-Back Task

The activationmaps show both brain regions that are greater (green) or lesser (red) in the post-COVID condition group compared with the controls. The table
on the right shows theMNI coordinates of where the group differences are located both with the corrected p values with FDR and the uncorrected p values at
the cluster level, as well as the maximum T scores in each of the subclusters. The 3 significant clusters (at the FDR-corrected level) that are greater in post-
COVID than controls are also shown in Figures 2 and 3. BOLD = blood oxygenation level dependent; COVID-19 = coronavirus disease 2019; FDR = false
discovery rate; MNI = Montreal Neurological Institute; PCG = posterior cingulate gyrus; SFG = superior frontal gyrus.
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findings concur with ameta-analysis report that evaluated 10,530
patients and found a high prevalence of these symptoms in those
with post-COVID syndrome at mid (3–6 months) to long-term
(>6 months) follow-ups, which suggested that these symptoms
might become even more prevalent over time.33

In addition, the elevated T scores on pain measures (behavior,
quality, intensity, and interference) in the participants with

PCC are also consistent with a comprehensive review of 54
reports that found a high prevalence of pain in 21,668 patients
with COVID-19, including 33.9% who had headaches, 47.1%
had a sore throat, 61.0% had myalgia or arthralgia, 17.7% had
chest pain, and 14.5% had abdominal pain.34

Relative to the controls, our participants with post-COVID
had poorer dexterity in their dominant hands across the age

Figure 5Hospitalized Effect on Regional % BOLD Signals and Regional Brain Activation Predicted Emotional Symptoms on
the NIHTB-Emotion Battery

(A–C) Comparison of COVID-19 severity on brain activation during the 2-back task. The scatterplots show the %BOLD signals extracted from the cluster
maxima in brain regions showing significantly less activation (FDR-corrected p = 0.001, cluster level) in hospitalized participants with post–COVID-19 (purple)
than thosewhowere not hospitalized (green), in the right and left subgyral region, and the left SFG across the age range. (D and E) Across all participants, those
with higher % BOLD signals in the right SFG had lower scores for positive affect, and those with higher % BOLD signals in the right parietal region endorsed
more perceived stress. (F–H) Lower regional activation predicted higher T scores on anger and sadness and lower level of psychological well-being only in the
post–COVID-19 group. BOLD = blood oxygenation level dependent; COVID-19 = coronavirus disease 2019; FDR = false discovery rate; NIHTB = NIH Toolbox
Battery; SFG = superior frontal gyrus; WM = working memory.
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spectrum and lower endurance on the 2-Minute Walk test.
The slower performance on the 2-Minute Walk test is
similar to that reported in 37/66 (56%) hospitalized pa-
tients with COVID at 3–6 months of follow-up,35 but the
abnormality persisted in only 14/161 (8.7%) hospitalized
patients 1 year later.35 Similarly, lower endurance on the
6-Minute Walking Test was reported in 79% of hospitalized
patients with COVID at 6-week follow-up36 and in only
29% of those at 6-month follow-up.37 Although two-thirds
of our participants with PCC were not hospitalized, they
showed relatively lower endurance, especially the older
participants.

During WM tasks, men typically activate bilaterally or pre-
dominantly the right hemisphere network, whereas women
typically show greater activation lateralized to the left
hemisphere.27 However, although two-thirds of our partici-
pants with PCC were women, they had greater activation in
the nondominant right hemisphere, which indicates a

reorganized neural network, with suboptimal activation in
the normal network but greater activation in alternate brain
regions, to maintain normal performance during the N-back
tasks, and likely on the NIHTB-CB. Such a reorganized
neural network was also observed in people with HIV, who
showed similar adaptation of their neural network during
task-activated BOLD-fMRI, even in cognitively asymptom-
atic individuals.28,29

The cluster maxima in the PCG coincided with the well-
described medial parietal node in the default mode network
(DMN), showing that greater activation in this region resulted
from lesser deactivation in the COVID-19 group than the con-
trol group. Such diminished or deficits in task-induced de-
activation in the DMN were also found in individuals with mild
Alzheimer disease (AD),38 those with only the APOE-«4 genetic
risk for AD,39 and middle-aged individuals with subclinical
cognitive decline.40 Other brain disorders with lower than nor-
mal deactivation in theDMN include schizophrenia,41 idiopathic

Figure 6 PoorerMotor PerformanceWas Related to Lower%BOLD Signals in the Left Postcentral Gyrus (the Sensorimotor
Cortex)

(A and B) Participants with post–COVID-
19 (red dots) had slower performance
on manual dexterity (9-Hole Pegboard
dominant hand) and poorer endurance
(2-Minute Walk) as shown by their
lower T scores on these tasks com-
pared with the healthy controls (blue
dots) across the age spectrum, espe-
cially for the older participants on the 2-
Minute Walk task. (C) Only participants
with post–COVID-19 who had lesser
brain activation in the left postcentral
gyrus had poorer dexterity in their
dominant hand; no such relationship
was found in the healthy controls. (D)
Across all participants, those with
lesser brain activation in another re-
gion of the left postcentral gyrus had
poorer endurance. BOLD = blood oxy-
genation level dependent; COVID-19 =
coronavirus disease 2019; FWE = fam-
ily-wise error.
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generalized epilepsy,42 attention deficit/hyperactivity disorder,43

and obsessive-compulsive disorders.44 Less deactivation in the
DMN suggests less brain reserve because the deactivation
might provide reallocation of neural resources for other brain
regions or networks. The relatively greater SFG activation in our
participants with PCC is consistent with greater attentional
modulation of the top-down dorsal attentional network. Greater
activation in this region of the brain is often observed with brain
injury in those with chronic neuroinflammation, such as that
seen in persons withHIV infection25,28,29 ormild traumatic brain
injury.45 Because the anti-correlation between greater de-
activation in the DMN and the greater activation in SFG was
seen only in the controls, the participants with post-COVID
might have deficits in the DMN due to COVID-19–induced
brain injury, requiring compensatory usage of alternative brain
regions in the contralateral right hemisphere, such as the greater
activation in the SFG.

Greater activation in the WM network predicted less posi-
tive affect and more perceived stress across all participants,
but more symptoms of anger and sadness, and poorer
psychological well-being only in the participants with post-
COVID. The associations across all participants might be
due to the greater stress from the pandemic, whereas the
associations between greater left frontal activation and the
psychological symptoms might reflect the greater severity of
these symptoms in the participants with PCC. Although the
exact pathophysiology of PCC remains unclear, peripheral
immune markers such as C-reactive protein and peripheral
inflammatory markers including lymphocytes and platelets
correlated with greater severity of depressive symptoms in
patients with PCC.46,47 Future studies evaluating both pe-
ripheral and CSF immune markers may provide further
insights into these relationships. The altered brain activa-
tion was observed only with the higher attentional/WM
load, suggesting that higher cognitive demand in their daily
lives could further contribute to the negative psychological
and psychiatric symptoms in participants with PCC.

Last, lesser brain activation on the 2-back task within the left
dominant postcentral sensorimotor gyrus predicted poorer
dominant hand dexterity in the participants with PCC and
lower endurance with the 2-Minute Walk across all partic-
ipants. These findings further delineate the relationships
between the sensorimotor cortex and motor function.

Our study has several limitations. First, the moderate
sample size precluded the evaluation of further subgroup
analyses, such as gender-specific effects, group differences
in age-dependent changes, or more detailed evaluation of
disease severity, in relation to the symptoms associated
with PCC. Second, this study was conducted primarily
during the Delta variant phase in the United States;
therefore, how the new variants might affect the brain could
not be assessed. Third, without SARS-CoV-2 antibody
testing, we cannot exclude the remote possibility of prior

asymptomatic infections in the controls. Furthermore,
longitudinal follow-ups are needed because some long
COVID symptoms decreased at 2-year follow-up,48

whereas psychiatric or cognitive function may worsen over
time,33 especially in older survivors of COVID-19.49 Last,
due to the study’s cross-sectional design, the abnormal
brain activation in the post-COVID group cannot be
causally attributed to COVID-19.

In summary, the NIHTB and PROMIS measures quantified
the post-COVID participants’ neuropsychiatric symptoms,
including high levels of fatigue, pain and emotional symp-
toms, and motor deficits, but demonstrated normal cogni-
tive function. On BOLD-fMRI, these participants with
post–COVID-19 had a reorganized network with less ac-
tivation indicating suboptimal functioning in the normal
network, but greater brain activation in the contralateral
hemisphere, likely to maintain normal performance during
the WM tasks and on the NIHTB-CB. The abnormal brain
activation predicted poorer motor dexterity and endurance,
as well as neuropsychiatric symptoms, which might support
the WM network’s involvement in emotional regulation.31

Task-activated BOLD-fMRI is sensitive and objective for
evaluating post-COVID brain abnormalities, especially
with a parametric design using increasing cognitive load
(i.e., a brain stress test). Future longitudinal follow-ups
using these quantitative measures and task-activated
BOLD-fMRI may allow us to delineate whether or when
these altered brain activation patterns and the neuropsy-
chiatric symptoms will normalize. Finally, correlations be-
tween immune or neuronal injury markers and other brain
imaging biomarkers (e.g., MR spectroscopy50) are needed
to further delineate the possible relationship between im-
mune activation and persistent brain injury in participants
with post-COVID condition.
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