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Background. The aim of this study was to determine whether neurometabolite abnormalities indicating neuroinflammation 
and neuronal injury are detectable in individuals post–coronavirus disease 2019 (COVID-19) with persistent neuropsychiatric 
symptoms.

Methods. All participants were studied with proton magnetic resonance spectroscopy at 3 T to assess neurometabolite 
concentrations (point-resolved spectroscopy, relaxation time/echo time = 3000/30 ms) in frontal white matter (FWM) and 
anterior cingulate cortex–gray matter (ACC-GM). Participants also completed the National Institutes of Health Toolbox 
cognition and motor batteries and selected modules from the Patient-Reported Outcomes Measurement Information System.

Results. Fifty-four participants were evaluated: 29 post–COVID-19 (mean ± SD age, 42.4 ± 12.3 years; approximately 8 months 
from COVID-19 diagnosis; 19 women) and 25 controls (age, 44.1 ± 12.3 years; 14 women). When compared with controls, the 
post–COVID-19 group had lower total N-acetyl compounds (tNAA; ACC-GM: −5.0%, P = .015; FWM: –4.4%, P = .13), FWM 
glutamate + glutamine (–9.5%, P = .001), and ACC-GM myo-inositol (−6.2%, P = .024). Additionally, only hospitalized patients 
post–COVID-19 showed age-related increases in myo-inositol, choline compounds, and total creatine (interaction P = .029 to 
<.001). Across all participants, lower FWM tNAA and higher ACC-GM myo-inositol predicted poorer performance on several 
cognitive measures (P = .001–.009), while lower ACC-GM tNAA predicted lower endurance on the 2-minute walk (P = .005).

Conclusions. In participants post–COVID-19 with persistent neuropsychiatric symptoms, the lower-than-normal tNAA and 
glutamate + glutamine indicate neuronal injury, while the lower-than-normal myo-inositol reflects glial dysfunction, possibly 
related to mitochondrial dysfunction and oxidative stress in Post-COVID participants with persistent neuropsychiatric symptoms.
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The clinical syndrome coronavirus disease 2019 (COVID-19) 
ranges from asymptomatic infections to severe life-threatening 
pneumonia and multiorgan involvement [1]. Furthermore, de
pending on disease severity and vaccination status, 10% to 70% 
of patients with COVID-19 may develop post–COVID-19 con
ditions (PCCs), or “long COVID,” with highly variable symp
toms involving multiple organs or systems, which may persist 
beyond 2 years [2]. Neuropsychiatric symptoms are common 

in PCCs, including hypogeusia, hyposmia or anosmia, dizzi
ness, headaches, and fatigue, as well as complaints of both 
cognitive problems (“brain fog”) and psychiatric symptoms 
(anxiety, depression) [2]. Despite the high prevalence of 
PCCs, the neurologic sequelae [3] and the extent of recovery re
main unclear.

Acutely, severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) infection is associated with a proinflammatory 
cytokine response, including a “cytokine storm” of interleukins 
(IL-2, IL-6, and IL-7), acute phase reactants (C-reactive protein 
and ferritin), chemoattractants, and effector molecules [4]. 
However, the pathogenic factors mediating PCCs remain un
clear [3]. Autopsy studies of patients and nonhuman primates 
with COVID-19 show prominent neuroinflammation and acti
vated microglia [5–8]. A mouse model evaluated acute and long 
COVID-19 seven weeks after infection and found persistent 
microglial activation, white matter (WM) myelin loss, and 
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elevated cerebral spinal fluid (CSF) cytokines and chemokines 
[9]. Additionally, patients with acute COVID-19 showed ele
vated plasma glial fibrillary acidic protein (GFAp; glial activa
tion marker) and neurofilament light chain protein (NfL; 
neuronal damage marker) [10–12]. In recovered patients with 
COVID-19, plasma GFAp or NfL levels remained elevated at 
4 months [12, 13] but normalized by 7 months [11].

Since glial and neuronal metabolites can be assessed noninva
sively with proton magnetic resonance spectroscopy (1H-MRS), 
we used 1H-MRS to evaluate possible neuronal and glial 
metabolite abnormalities in patients with post–acute 
COVID-19 who had persistent neuropsychiatric symptoms. 
Neuronal injury or loss is associated with reduced neuronal me
tabolites: total N-acetyl-compounds (tNAA; N-acetylaspartate +  
N-acetylaspartyl-glutamate) and glutamate + glutamine (Glu +  
Gln). Neuroinflammation is typically shown by elevated glial 
marker myo-inositol (mI) and often concomitantly elevated cho
line compounds (Cho) and total creatine (tCr) [14], due to their 
higher concentrations in glia than neurons [15]. Multiple 
1H-MRS studies not only showed age-related increases in glial 
metabolites [16] but delineated neuronal injury and neuroin
flammation in various viral infections, including HIV, John 
Cunningham virus, hepatitis C virus, Epstein-Barr virus, and cy
tomegalovirus [14]. These metabolite abnormalities in patients 
with HIV [17] or hepatitis C virus [18] often predicted disease 
severity and correlated with clinical variables.

Based on findings of neuroinflammation and neuronal inju
ry in clinical and postmortem studies of patients with 
COVID-19 [5, 6, 9–13] and in many patients with neuropsychi
atric disorders [19], we hypothesized that, when compared with 
healthy controls, participants post–COVID-19 would show (1) 
evidence of neuronal injury with lower neuronal markers 
(tNAA and Glu + Gln) and (2) persistent neuroinflammation 
with elevated glial metabolites (mI, Cho, and tCr). 
Furthermore, since COVID-19 is typically more severe in older 
and hospitalized patients, we secondarily analyzed how age and 
prior hospitalization might affect brain metabolite concentra
tions. Finally, we explored whether neuronal and glial metabo
lite levels would predict neuropsychiatric symptom severity.

METHODS

Participants

Participants were recruited via local community advertise
ments and referrals. An overall 169 interested participants 
were screened by telephone: 60 were ineligible, 26 were not in
terested, 7 were lost to follow-up, and 15 were not matched 
controls. Hence, 61 (36%) were screened in person and provid
ed written informed consent (Supplementary Figure 1). Each 
had a structured physical and neuropsychiatric evaluation, 
urine toxicology to screen for substance use disorders, and elec
trocardiogram and blood tests to evaluate overall health and 

exclude confounding medical conditions. After this screening, 
2 more were ineligible, 2 were no longer interested, and 3 could 
not complete the 1H-MRS. The final sample included 54 partic
ipants who fulfilled all study criteria and completed the behav
ioral assessments and magnetic resonance imaging (MRI) with 
1H-MRS: 29 patients post–COVID-19 and 25 healthy controls 
matched by age, sex, and education. Participants were studied 
between February 2021 and February 2022. The study was ap
proved by the Institutional Review Board of the University of 
Maryland School of Medicine.

Inclusion criteria were men or women aged 18 to 75 years 
who were willing and able to provide informed consent. 
Participants post–COVID-19 had at least 1 neuropsychiatric 
symptom that emerged after COVID-19 and documented 
COVID-19 diagnosis ≥6 weeks earlier. Healthy controls had 
no prior COVID-19 symptoms or diagnosis, a negative poly
merase chain reaction test result for SARS-CoV-2 within 1 
week, or a negative rapid antigen test result on the day of eval
uation. Exclusion criteria were as follows: any significant con
founding neurologic or psychiatric disorder (eg, stroke, 
encephalitis from any cause except COVID-19, neurodegener
ative disorder, schizophrenia, uncontrolled major depression 
or anxiety disorder requiring medication prior to COVID-19, 
traumatic brain injury with loss of consciousness for >1 hour 
requiring hospitalization), severe substance use disorders (per 
the DSM-5) except for tobacco or cannabis use, or any contra
indication for MRI and 1H-MRS.

All 54 participants were assessed by using quantitative neu
robehavioral measures from the National Institutes of Health 
(NIH) Toolbox–Cognition Battery and Motor Battery [20] 
and selected surveys from the Patient-Reported Outcomes 
Measurement Information System (PROMIS) [21]. All partici
pants post–COVID-19 completed a standardized symptom se
verity questionnaire (Table 1).

Neuroimaging and Brain 1H-MRS Data Acquisition

All 54 participants completed MRI and 1H-MRS on a 3-T Prisma 
MRI scanner (Siemens) with a 64-channel phased array 
head-neck coil. Structural MRI included a T1-weighted volume- 
navigated 3-dimensional MP-RAGE sequence (magnetization- 
prepared rapid gradient echo; relaxation/echo/inversion 
time = 2500/2.88/1060 ms, flip angle = 8°, slab thickness =  
176 mm, isotropic resolution = 1 mm, in-plane acceleration =  
2) and a T2-weighted fluid-attenuated inversion recovery se
quence. All structural scans were reviewed by a board-certified 
neuroradiologist (independent of the study) and a board- 
certified neurologist (L. C.). T1-weighted images were used for 
MRS voxel placement and post hoc segmentation of gray matter 
(GM), WM, and CSF within each voxel, as covariates for partial 
volume effects on brain metabolite concentrations.

Localized 1H-MRS data were acquired in the anterior 
cingulate cortex (ACC) with predominantly GM (ACC-GM; 
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Table 1. Participant Characteristics and Post–COVID-19 Symptoms

Post–COVID-19 (n = 29) Controls (n = 25) P Value

Age, y 42.4 ± 12.3 44.1 ± 12.3 .61a

Sex

Men 10 (34.5) 11 (44) .47b

Women 19 (65.5) 14 (56)

Race/ethnicity: Asian, Biracial, Black, Hispanic, White 0, 1, 8, 1, 19 2, 0, 10, 4, 9 .08b

Education: graduate, undergraduate, some college, high school 8, 8, 8, 5 12, 7, 3, 3 .34b

Body mass index 30.7 ± 8.0 27.3 ± 6.7 .10a

Index of Social Positionc 30.4 ± 14.1 29.0 ± 14.6 .73a

Substance use history: lifetime, past month

Tobacco use 10, 1 10, 1 >.99,b >.99d

Marijuana usee 14, 3 5, 1 .04,b .36d

Alcohol use 23, 23 21, 21 >.99,b >.99b

Comorbid medical illnesses pre–COVID-19 or vaccination status at study

Hypertension 6 1 .11d

Diabetes 4 0 .12d

Overweight/obese 9/13 6/8 .91b

Chronic obstructive pulmonary disease 4 0 .12d

SARS-CoV-2 vaccination: yes, no, unknown 16, 13, 0 20, 2, 3 .05b

Post–COVID-19 participant history and symptoms

Days since diagnosis 242 ± 156 (42–484)

Hospitalized, nonhospitalized 9, 20

COVID-19 treatments received

Nasal cannula O2, hi-flow, or BiPAP 5, 3

Ventilation, ECMO 2, 1

Steroid,f remdesivir, monoclonal antibodyg 15, 5, 3

Other treatments (apixaban, antibioticsh) 1, 5

Post–COVID-19 symptoms, %: total (mild, moderate, severe)

Neurologic

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)

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

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)

Data are presented as mean ± SD (range) or No. (%) unless noted otherwise.  

Abbreviations: BiPAP, bilevel positive airway pressure; ECMO, extracorporeal membrane oxygenation; hi-flow, high-flow oxygen.  
aT test.  
bChi-square test.  
cIndex of Social Position calculated from the Hollingshead Four Factor Index of Socioeconomic Status.  
dFisher exact test.  
eIncludes 2 post–COVID-19 using cannabidiol.  
fDexamethasone, prednisone, methylprednisolone, or hydrocortisone.  
gBamlanivimab or etesevimab.  
hAzithromycin or ceftriaxone.
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30 × 25 × 25 mm3) and frontal WM (FWM; 20 × 30 × 25 mm3; 
Figure 1A). The ACC-GM was chosen because this is a major 
node for the attention network, which is required for all cogni
tive tasks, while the FWM was selected since this brain region 
often shows neuroinflammation in other viral neuroinfections 
(eg, HIV, John Cunningham virus, and hepatitis C virus) [14]. 
Metabolite concentrations in each voxel were measured with 
point-resolved spectroscopy [22] (relaxation/echo time =  
3000/30 ms, 128 averages) plus 7 water acquisitions at variable 
echo time for quantitation [23]. A fast-shimming routine was 
performed with a mapping projection technique. 1H-MRS 

acquisitions in 2 controls (1 FWM and 1 ACC-GM) with 
poor shim initially were repeated within the same scanning 
session.

MRS Data Processing

Spectral data were processed through the Linear Combination 
Model program (LC Model 6.3) to determine the peak areas 
for tNAA, tCr, Cho, mI, and Glu + Gln. The amplitude from 
the brain water acquisition (interpolated to echo time = 0) 
was used as a reference to calculate metabolite concentrations 
corrected for the percentage CSF in each voxel. Quality 

Figure 1. Voxel locations, typical magnetic resonance spectra, and brain metabolite concentrations (mean  ± SE) in participants post–COVID-19 and healthy controls. A, 
Axial and sagittal magnetic resonance imaging scans show the 2 voxel locations in the ACC-GM and FWM regions. Typical spectra for each brain region are shown below the 
scans. B, Metabolite concentrations of each group: healthy control (blue and left bar of each pair) and post–COVID-19 (orange and right bar of each pair). The corresponding P 
values are from group comparisons for each metabolite concentration (covaried for age, sex, and percentage gray matter in each voxel as needed). ACC-GM, anterior cin
gulate cortex–gray matter; Cho × 3, choline compounds *3 (choline + phosphocholine + glyceryl phosphorylcholine); FDR, false discovery rate; FWM, frontal white matter; 
Glu + Gln, glutamate + glutamine; mI, myo-inositol; NA, N-acetyl compounds; tCr, total creatine (creatine + phosphocreatine); tNAA, N-acetyl compounds. #Red indicates 
significant group differences after FDR correction.
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assurance was based on visual inspection to exclude spectra 
with visible artifacts and automated rejection of spectra with 
a tCr line width >0.07 ppm or Cramer-Rao lower bound 
>15% (see Figure 1A for typical spectra). Overall, the tCr 
line widths were excellent and similar between groups 
(Supplementary Table 1). Additionally, the MP-RAGE scans 
were segmented in Gannet [24] to calculate percentage GM 
and WM in each voxel. To avoid potential processing bias, 
each participant’s status was blinded, and the LC Model fitting 
was automated.

Sample Size and Statistical Analyses

With 20 subjects per group and assuming α = .05 and a stan
dard deviation of 50% per group, we would have 89% power 
to detect a 1.5-fold change in outcome variables between 
groups. Similar sample sizes yielded significant group effects 
in prior 1H-MRS studies [14, 25–27].

Statistical analyses were performed in R (version 4.1.2). 
Metabolite concentrations were analyzed through stepwise re
gression based on the Akaike information criterion. We includ
ed post–COVID-19 status, age, and their interaction as primary 
independent variables and sex and percentage GM in each vox
el as covariates. If the COVID-19 status × age interaction or co
variates in the initial model did not meet P < .1, a reduced 
model without nonsignificant terms was applied. We per
formed additional analysis of covariance in the post– 
COVID-19 group to assess hospitalization status on metabolite 
concentrations, with sex and percentage GM as covariates. We 
also assessed whether the days since COVID-19 diagnosis pre
dicted metabolite concentrations. Statistical significance for 
these main analyses was defined per the Benjamini-Hochberg 
procedure based on a false discovery rate (FDR) of 0.05. 
Furthermore, we explored whether metabolite levels predicted 
neurobehavioral T-scores (NIH Toolbox–Cognition Battery 
and Motor Battery, PROMIS), fully adjusted for age, sex, 
race/ethnicity, and education, using analysis of covariance (co
varied for percentage GM).

RESULTS

Participant Characteristics

By design, the post–COVID-19 and control groups had similar 
age, sex, self-reported race/ethnicity proportion, education, 
and Index of Social Position (Table 1) [25]. They also had com
parable prevalence of prior comorbid medical illnesses and 
past-month tobacco, marijuana, or alcohol use. The post– 
COVID-19 group was evaluated at a mean ± SD 242 ± 156 
days (median, 183; range, 42–484) after acute illness. Nine pa
tients post–COVID-19 were hospitalized and required supple
mental oxygen, extracorporeal membrane oxygenation, and/or 
ventilation. Fifteen received steroids, 5 had remdesivir, and 3 
had monoclonal antibodies. More controls than patients were 
vaccinated against SARS-CoV-2.

The commonest post–COVID-19 neuropsychiatric com
plaints were problems with concentration (92.9%) and memory 
(78.6%), significant fatigue (85.7%), and depression or anxiety 
(67.9%). Of the 4 participants post–COVID-19 reporting severe 
anxiety or depression, 2 required prescription medications to 
manage symptoms (1 used duloxetine; 1 used levomilnacipran 
and bupropion).

NIH Toolbox and PROMIS

Despite the high prevalence of concentration and memory 
complaints, participants post–COVID-19 had similar 

Table 2. T-Scores From the NIH Toolbox Batteries and Selected Modules 
From PROMIS

Post–COVID-19 
(n = 29)

Controls  
(n = 25) P Value

NIH Toolbox: Cognition Battery

Flanker Inhibitory Control and 
Attention Test

44.7 ± 10.7 47.7 ± 11.5 .33

Picture Sequence Memory Test 51.3 ± 10.5 53.6 ± 9.2 .40

List Sorting Working Memory 
Test

51.9 ± 8.6 49.1 ± 9.8 .26

Picture Vocabulary Test 51.5 ± 9.6 52.0 ± 13.4 .86

Dimensional Change Card Sort 
Test

52.0 ± 12.4 50.5 ± 13.5 .67

Pattern Comparison Processing 
Speed Test

57.6 ± 12.8 55.2 ± 16.4 .55

Oral Symbol Digit Test 84.3 ± 18.5 84.0 ± 17.0 .96

Auditory Verbal Learning Test 
(Rey)

25.7 ± 5.5 24.8 ± 7.7 .62

Oral Reading Recognition Test 52.6 ± 8.2 54.4 ± 7.2 .38

Fluid Cognition 52.1 ± 10.8 51.5 ± 12.9 .86

Crystallized Cognition 52.6 ± 9.1 53.4 ± 10.1 .74

Total Cognition 52.9 ± 10.1 52.9 ± 9.4 .99

NIH Toolbox: Motor Battery

4-Meter Walk Gait Speed Test 1.1 ± 0.3 1.4 ± 0.3 .01

2-Minute Walk Endurance Test 31.1 ± 12.9 43.4 ± 11.0 .001

Grip Strength

Dominant 49.1 ± 9.2 51.2 ± 11.0 .45

Nondominant 48.0 ± 9.9 48.7 ± 11.7 .81

9-Hole Pegboard Dexterity Test

Dominant 45.3 ± 10.2 52.1 ± 9.1 .01

Nondominant 44.8 ± 9.4 47.9 ± 8.1 .21

Standing Balance Test 47.0 ± 8.4 42.0 ± 13.5 .12

PROMIS

Depression 55.1 ± 9.4 45.6 ± 7.0 .0001

Anxiety 58.1 ± 10.1 47.0 ± 8.6 8.04 × 10−5

Fatigue 57.6 ± 9.2 39.7 ± 8.0 6.66 x10−10

Pain

Interference 56.7 ± 9.3 41.6 ± 6.0 5.81 × 10−9

Intensity 46.2 ± 8.9 34.1 ± 5.8 3.41 × 10−7

Quality 47.4 ± 8.4 32.7 ± 5.8 1.17 × 10−9

Behavior 55.8 ± 8.1 41.1 ± 8.3 2.58 ×10−8

Global Health

Mental 40.6 ± 10.0 53.3 ± 8.6 8.24 ×10−6

Physical 36.5 ± 7.5 57.8 ± 8.3 1.34 × 10−13

Data are presented as mean ± SD. Bolded P-values indicate significance (P < .05).  

Abbreviations: NIH, National Institutes of Health; PROMIS, Patient-Reported Outcomes 
Measurement Information System.
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performance as controls for all domains assessed by the NIH 
Toolbox–Cognition Battery (Table 2). However, on the NIH 
Toolbox–Motor Battery, the post–COVID-19 group had poor
er endurance on the 2-Minute Endurance Walk Test (−28.3%, 
P = .001) and were slower on the 4-Meter Walk Gait Speed Test 
(−21.4%, P = .01) and 9-Hole Pegboard Dexterity Test (domi
nant hand, −13.0%, P = .01). Furthermore, on the PROMIS 
surveys, patients post–COVID-19 endorsed more symptoms, 
including depression, fatigue, anxiety, and pain, which led to 
poorer global mental and physical health scores. We previously 
reported similar NIH Toolbox and PROMIS findings, includ
ing the NIH Toolbox–Emotional Battery, in a larger sample 
[26]; the current subset is presented for correlation with the 
1H-MRS data.

Brain Metabolite Concentrations

The post–COVID-19 group had lower tNAA than controls in 
ACC-GM (−5.0%, P = .015) and FWM (−4.4%, P = .013), 
with both significant after FDR correction (Figure 1B, left; 
Figure 2A and 2B, Supplementary Table 1). Likewise, FWM 
Glu + Gln was lower in participants post–COVID-19 (−9.5%, 
P = .001; Figure 1B, right; Figure 2C). tNAA and Glu + Gln in 
the FWM both declined with age independent of COVID-19 
status (Figure 2B and 2C).

Additionally, as compared with controls, the post–COVID-19 
group showed trends for lower mI in the ACC-GM (−6.2%, 
P = .024) and FWM (−6.6%, P = .11; Figures 1B and 2D). The 
ACC-GM mI demonstrated the expected age-related increases 
in controls (r = 0.52, P = .01) but not subjects post–COVID-19 
(r = 0.21, P = .28, interaction P = .095; Figure 2D). However, 
none of the metabolite levels correlated with days since 
COVID-19 diagnosis (not shown).

Among participants post–COVID-19, interactions between 
hospitalization status and age were observed for Cho and mI 
in both brain regions and for ACC-GM tCr (interaction 
P = .029 to <.001). Specifically, these glial metabolite levels in
creased with age only in hospitalized participants (Figure 3A–C). 
The interactions for ACC-GM Cho, ACC-GM mI, and FWM 
Cho remained significant after FDR correction.

Furthermore, nonhospitalized patients post–COVID-19 
(∼70% of post–COVID-19 group) had even lower levels of 
brain metabolites than controls (−6.1% to -10.5%), especially 
in FWM (Figure 4A). While controls showed normal 
age-related increases in ACC-GM glial metabolites mI and 
tCr, nonhospitalized participants post–COVID-19 lacked 
age-related increases in mI (interaction P = .007) and tCr (in
teraction P = .048; Figures 4B and 4C).

Brain Metabolite Levels Predicted Cognitive and Motor Performance and 
Pain Measures

On our exploratory analyses, regardless of COVID-19 status, 
lower FWM tNAA predicted poorer cognitive performance 

on the Pattern Comparison Processing Speed Test (r = 0.30, 
P = .028), Oral Symbol Digit Test (r = 0.36, P = .008), and 
overall Fluid Cognition (r = 0.29; P = .031; Figure 5A). 
Furthermore, lower ACC-GM tNAA predicted poorer endur
ance on the 2-Minute Walk Endurance Test (r = 0.44, 
P = .001; Figure 5B). Conversely, higher ACC-GM mI predicted 
lower performance on the List Sorting Working Memory Test 
(r = −0.35, P = .01; Figure 5C). Finally, lower ACC-GM Glu +  
Gln predicted greater pain intensity only in participants with 
COVID-19 (r = −0.40, P = .036, interaction P = .022; 
Figure 5D).

DISCUSSION

This first 1H-MRS study in participants post–COVID-19 with 
persistent neuropsychiatric symptoms found lower neuronal 
(tNAA, Glu + Gln) and glial (mI) metabolite concentrations 
as compared with controls. The lower neuronal markers indi
cate neuronal injury or loss, whereas the lower mI suggests glial 
dystrophy or dysfunction, rather than neuroinflammation, in 
the frontal brain regions of these patients post–COVID-19. 
The lower-than-normal neurometabolite levels were even 
more pronounced in nonhospitalized patients post– 
COVID-19. Furthermore, the altered neurometabolite concen
trations remained detectable approximately 8 months after 
acute illness.

Persistently Lower Neuronal Markers Post–COVID-19

The lower-than-normal tNAA in both brain regions and Glu +  
Gln in the FWM are consistent with our hypothesis and pro
vide evidence of neuronal injury in these participants post– 
COVID-19. tNAA and Glu + Gln are reduced in many 
neurologic disorders, such as Alzheimer disease [27], advanced 
stages of HIV-associated neurocognitive disorders, and multi
ple sclerosis [14]. Since N-acetylaspartate, the major compo
nent of the tNAA peak, is synthesized in mitochondria [28], 
lower tNAA in our patients with COVID-19 might have result
ed from mitochondrial dysfunction. An edited MRS study in 
our post–COVID-19 group revealed reduced frontal lobe 
glutathione, indicating decreased antioxidant capacity and 
oxidative stress, another indicator for mitochondrial dysfunc
tion [29].

The markedly reduced FWM Glu + Gln in our post– 
COVID-19 group provides further evidence for neuronal inju
ry, since most neurons (∼80%) are glutamatergic. Also, the Glu  
+ Gln peak observed on MRS is dominated by Glu, which has a 
2- to 3-fold higher concentration than Gln [30]. Similarly, re
duced Glu + Gln levels were found in the early stages of other 
brain disorders, including Alzheimer disease [14] and 
HIV-associated neurocognitive disorders [31]. Since 
N-acetylaspartyl-glutamate serves as a reservoir for glutamate 
[32], the lower tNAA might have contributed to the lower 
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Glu + Gln in our participants post–COVID-19. Our MRS evi
dence for neuronal injury is consistent with findings from post
mortem studies of patients with COVID-19 that consistently 
demonstrated neuronal damage, likely because of systemic in
flammation with synergistic contributions from hypoxia and 
ischemia due to acute respiratory distress syndrome [6, 33]. 
Furthermore, NfL, a neuronal injury marker, was elevated in 
patients with acute COVID-19—both younger (12–25 years) 
[10] and older (31–73 years) individuals [11, 12, 33, 34].

While our participants post–COVID-19 with or without 
prior hospitalization had similarly reduced tNAA, other studies 
suggest that neuronal injury may be related to COVID-19 se
verity. For instance, during acute COVID-19, CSF NfL 
levels were elevated only in patients with significant CNS disor
ders (ie, encephalitis, encephalopathy, acute disseminated en
cephalomyelitis, or stroke), whereas plasma NfL levels were 
elevated in patients with central or peripheral nervous system 
disorders (ie, Guillain-Barre syndrome) and in hospitalized pa
tients [34]. Another study found persistently elevated plasma 
NfL levels only in patients with COVID-19 who developed 
acute respiratory distress syndrome and required oxygen 
therapy, again suggesting that brain injury is more related 

to COVID-19 severity (and hypoxia) than viral neuroinvasive
ness [33].

Altered Glial Metabolites in Participants Post–COVID-19

Contrary to our hypothesis, the post–COVID-19 group had 
lower-than-normal glial marker mI and lacked the normal age- 
dependent increases of ACC-GM mI. These findings suggest 
that our participants post–COVID-19 approximately 8 months 
after acute illness, especially the nonhospitalized participants, 
lacked significant glial activation. Glial markers mI and, to a 
lesser extent, Cho and tCr are typically elevated in neurodegen
erative disorders associated with neuroinflammation, including 
Alzheimer disease, neuroinfectious disorders (eg, HIV, hepati
tis C virus, John Cunningham virus), and multiple sclerosis 
[14]. Therefore, the lower-than-normal mI in patients post– 
COVID-19 is an uncommon finding but was reported in elder
ly patients with schizophrenia [35]. The reduced glial metabo
lites suggest glial dysfunction or glial dystrophy, which was 
observed on neuropathology of Alzheimer disease, Lewy 
body disease, vascular dementia [36], and schizophrenia [35, 
37]. Whether PCC is associated with glial dystrophy or dys
function warrants further investigation.

Figure 2. Lower-than-normal brain metabolite concentrations for each participant across the age span. A–D, Participants post–COVID-19 show lower brain metabolite 
levels than healthy controls. B, C, The neuronal metabolite concentrations of tNAA and Glu + Gln in FWM declined with age. D, The glial metabolite ACC-GM mI increased 
with age for all participants. However, the age-related increase in ACC-GM mI is attenuated in those with a post–COVID-19 condition. ACC-GM, anterior cingulate cortex– 
gray matter; FWM, frontal white matter; Glu + Gln, glutamate + glutamine; mI, myo-inositol; tNAA, N-acetyl compounds.
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One mechanism that can cause glial dysfunction is iron dys
homeostasis–mediated oxidative damage [36, 38]. Consistent 
with this hypothesis, our participants with COVID-19 with 
lower-than-normal FWM mI had lower-than-normal levels 
of the antioxidant glutathione in this brain region, suggesting 
oxidative damage [29]. Oxidative stress can also lead to dysre
gulation of the osmotic control in astrocytes, which is accom
panied by markedly reduced mI, taurine, and hypotaurine, as 
demonstrated by 1H-MRS and carbon (13C) MRS in glial and 
neuronal cultures [39]. Furthermore, brain diffusion tensor im
aging demonstrated higher-than-normal fractional anisotropy 
in participants post–COVID-19 [40, 41], again suggesting 
greater magnetic susceptibility, likely from higher iron content 
in ferritin, an acute-phase reactant of COVID-19 [4].

Last, the reduced mI in patients post–COVID-19 may be a 
compensatory response to glial swelling (ie, cytotoxic edema). 
Since mI is a major intracellular osmolyte, reducing mI would 
lower the intracellular water content, thereby partially reducing 
swelling. Residual swelling could lead to the reduced 

diffusivities observed on brain diffusion tensor imaging of pa
tients post–COVID-19 [40, 41].

Altered Glial Metabolite Levels Varied by COVID-19 Severity

The small subset of our hospitalized patients post–COVID-19 
had higher FWM mI than the nonhospitalized patients and 
greater age-related increases in mI in both brain regions; hence, 
the hospitalized group attenuated the lower-than-normal mI 
across the entire post–COVID-19 group. The relatively higher 
mI in the hospitalized patients suggests that neuroinflamma
tion with glial activation remained prominent, consistent 
with the neuropathology reporting increased microglial activa
tion in patients with severe COVID-19 [5, 7, 8]. However, the 
nonhospitalized patients with post–COVID-19 had even lower 
FWM mI, without age-related increases in mI in both brain re
gions, as well as more pronounced reductions of neurometabo
lites that are abundant in glia (ie, tCr and Cho). Therefore, the 
nonhospitalized patients post–COVID-19 likely had glial dys
trophy, which might be an important contributory factor to 
the persistent neuropsychiatric symptoms.

Metabolite Abnormalities Did Not Vary With Duration Since COVID-19 
Diagnosis

The abnormal brain metabolites did not normalize in those fur
ther from COVID-19 diagnosis, suggesting that neuronal inju
ry or loss and glial abnormalities are either irreversible or still 
present. These findings are somewhat discordant with those 
from plasma or CSF studies. For instance, during acute infec
tion, plasma GFAp levels increased early and preceded increas
es in NfL, and both elevated levels correlated with COVID-19 
disease severity [11, 12, 42]. However, GFAp and NfL levels 
normalized 4 to 7 months after acute infection despite persis
tent neurologic symptoms in some patients with post– 
COVID-19 [11, 12]. Four months after COVID-19 diagnosis, 
elevated NfL was present only in those with moderate to severe 
COVID-19 [12], while higher GFAp was observed in patients 
who had long COVID-19 with persistent neurologic symptoms 
[13]. Together, these findings suggest that ongoing neuronal in
jury and inflammation may persist in those with moderate to 
severe COVID-19 and, based on our 1H-MRS data, 
patients with post–COVID-19 who were hospitalized. 
However, neuronal injury with glial dysfunction appeared to 
persist even in patients with long COVID-19 who had a milder 
clinical course without hospitalization. Based on prior NfL and 
GFAp findings, acute or subacute neuronal injury processes 
may stop after approximately 6 months, without further leak
age of NfL and GFAp into the CSF or plasma, whereas the neu
ronal damage and glial dysfunction remain detectable around 8 
months after COVID-19 diagnosis with highly sensitive In 
Vivo 1H-MRS. Future longitudinal studies are needed to deter
mine whether these altered neurometabolite levels may 
normalize.

Figure 3. Age-related glial metabolite levels in hospitalized and nonhospitalized 
patients post–COVID-19. As compared with nonhospitalized participants (orange), 
hospitalized participants (purple) had greater age-related increases in (A) ACC-GM 
and FWM mI, (B) ACC-GM and FWM Cho, and (C ) ACC-GM tCr. #Group × age in
teraction P values remained significant after FDR correction for ACC-GM Cho (P  
= .002), FWM Cho (P = .030), and ACC-GM mI (P = .031). ACC-GM, anterior cingu
late cortex–gray matter; Cho, soluble choline compounds (choline + phosphocho
line + glyceryl phosphorylcholine); FDR, false discovery rate; FWM, frontal white 
matter; mI, myo-inositol; tCr, total creatine (creatine + phosphocreatine).
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Brain Metabolite Levels Predicted Cognition, Motor Function, and Pain

Our exploratory analyses showed that regardless of COVID-19 
status, lower FWM tNAA predicted poorer performance on 
several cognitive measures, indicating that lower neuronal 
marker levels might negatively affect cognition. In addition, 
the poorer physical endurance (2-Minute Endurance Walk 
Test) in those with lower ACC-GM tNAA is consistent with 
a similar association found in patients with multiple sclerosis 
[43]. Furthermore, despite the overall lower-than-normal mI 
in our participants post–COVID-19, those with higher 
ACC-GM mI had poorer results on the List Sorting Working 
Memory Test. These findings are consistent with prior 
1H-MRS studies in healthy controls [44] and persons with 
HIV [17, 45] or mild cognitive impairment [46]. Last, in the 
post–COVID-19 group, lower ACC-GM Glu + Gln predicted 
greater pain intensity, as reported in other pain syndromes 

[14], including spinal cord injury [47], low back pain [48], 
and major depression [49]. However, given the many explor
atory analyses performed, these findings can indicate only 
trends for such relationships.

Limitations

This study has several limitations. First, the cross-sectional de
sign does not provide a causal inference that our findings are 
due to COVID-19. Second, we cannot predict whether some 
of the brain metabolite alterations in these participants post– 
COVID-19 might normalize over time. Third, to determine 
whether these findings are unique to long COVID-19, a second 
control group of patients post–COVID-19 without persistent 
neuropsychiatric symptoms could clarify our findings. 
Finally, given the range of neuropsychiatric symptoms, having 
multiple symptoms might lead to interactive or synergistic 

Figure 4. Lower-than-normal levels of, and lack of normal age-related increases in, glial metabolites in nonhospitalized patients post–COVID-19. A, As compared with 
healthy controls (blue and left bar of each pair), nonhospitalized participants post–COVID-19 (orange and right bar of each pair) showed even lower levels of brain metabolites 
than those observed across all patients post–COVID-19. Mean values are adjusted per the covariates as needed; error bars indicate SE. B and C, Nonhospitalized patients 
post–COVID-19 showed a lack of normal age-related increases in ACC-GM mI and ACC-GM tCr. #Indicates significant group differences after FDR correction. ACC-GM, an
terior cingulate cortex–gray matter; Cho × 3, choline compounds *3 (choline + phosphocholine + glyceryl phosphorylcholine); FDR, false discovery rate; FWM, frontal white 
matter; Glu + Gln, glutamate + glutamine; mI, myo-inositol; tCr, total creatine (creatine + phosphocreatine); tNAA, N-acetyl compounds.
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effects on neurometabolite abnormalities; however, our sample 
size precluded us from performing further subanalyses.

This study has several strengths. First, the main findings re
mained significant after FDR correction for multiple compari
sons. Second, we enrolled only participants who had long 
COVID-19 with neuropsychiatric symptoms. Third, we per
formed a standardized battery of computerized cognitive, mo
tor, and emotional, measures that yielded T-scores adjusted for 
age, sex, race/ethnicity, and education. Fourth, rather than 
measuring metabolite ratios (eg, relative to tCr), we used a cus
tomized MRS protocol to measure concentrations, corrected 
for the proportion of CSF and GM-WM in each voxel for var
iations in the water T2 value.

CONCLUSIONS

The findings from this study suggest that SARS-CoV-2 infection 
may cause neuronal injury or loss, as well as glial dysfunction or 
dystrophy, in frontal brain regions, which may contribute to the 
lingering neuropsychiatric symptoms in patients with PCCs. 
These alterations are still evident approximately 8 months after 
the acute infection. However, participants with severe 
COVID-19 that required hospitalization, especially older indi
viduals, may have residual neuroinflammation.

Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online. Consisting of data provided by the 
authors to benefit the reader, the posted materials are not copy
edited and are the sole responsibility of the authors, so ques
tions or comments should be addressed to the corresponding 
author.
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