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Abstract

Objective: Persisting neurological symptoms after COVID-19 affect up to 10%

of patients and can manifest in fatigue and cognitive complaints. Based on

recent evidence, we evaluated whether cerebral hemodynamic changes contrib-

ute to post-COVID syndrome (PCS). Methods: Using resting-state functional

magnetic resonance imaging, we investigated brain perfusion and oxygen level

estimates in 47 patients (44.4� 11.6 years; F:M= 38:9) and 47 individually

matched healthy control participants. Group differences were calculated using

two-sample t-tests. Multivariable linear regression was used for associations of

each regional perfusion and oxygen level measure with cognition and sleepiness

measures. Exploratory hazard ratios were calculated for each brain metric with

clinical measures. Results: Patients presented with high levels of fatigue (79%)

and daytime sleepiness (45%). We found widespread decreased brain oxygen

levels, most evident in the white matter (false discovery rate adjusted-p-value

(p-FDR)= 0.038) and cortical grey matter (p-FDR= 0.015). Brain perfusion did

not differ between patients and healthy participants. However, delayed patient

caudate nucleus perfusion was associated with better executive function

(p-FDR= 0.008). Delayed perfusion in the cortical grey matter and hippocampus

were associated with a reduced risk of daytime sleepiness (hazard ratio (HR)

= 0.07, p= 0.037 and HR= 0.06, p= 0.034). Decreased putamen oxygen levels

were associated with a reduced risk of poor cognitive outcome (HR= 0.22,

p= 0.019). Meanwhile, lower thalamic oxygen levels were associated with a

higher risk of cognitive fatigue (HR= 6.29, p= 0.017). Interpretation: Our

findings of lower regional brain blood oxygen levels suggest increased cerebral

metabolism in PCS, which potentially holds a compensatory function. These

hemodynamic changes were related to symptom severity, possibly representing

metabolic adaptations.
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Introduction

Coronavirus disease 2019 (COVID-19) can present with

neurological complications during the acute infection,1

but also lead to lasting neurological manifestations

(>3 months). Known as post-COVID syndrome (PCS),

recent studies found that these long-term symptoms

include clinically relevant fatigue,2–5 and sleep

disorders.3,6 Cognitive functions were also frequently

affected in PCS on both screening2 and extensive neuro-

psychological testing, with marked cognitive slowing7 and

impairments of memory, attention, executive functions

and language.3,6,8

To develop targeted treatment strategies, it is essential

to understand the neurobiological underpinnings of PCS.

During the acute infection, pathological effects of

increased vascular inflammation, system-wide vascular

dysfunction and COVID-19 spike protein-binding sites in

intracranial blood vessels leading to blood–brain barrier

dysfunction are thought to play a role.9

In PCS, potential brain mechanisms include vascular

dysfunction, hypoxemia, hypometabolism and functional

changes in brain networks.8,10–12 Recently, COVID-19-

related effects on the cerebral blood system have gained

more attention in the attempt to explain post-COVID

symptoms.13 For instance, endothelial damage observed

in acute COVID-19 infection and PCS14 can result in

perturbations of cerebral perfusion and oxygen levels.

An overall reduced cerebral blood flow has also been

found in patients with non-COVID chronic fatigue

syndrome.15

Information about cerebral haemodynamics, including

tissue perfusion, can be extracted noninvasively from

resting-state functional MRI (rs-fMRI) without requiring

exogenous contrast agents. Cerebral perfusion is reflected

in delays in systemic low-frequency oscillations (sLFOs)

of the blood oxygenation level-dependent (BOLD) signal

between the brain parenchyma and a reference region,

such as the dural venous sinuses.16 Other properties of

these sLFOs are closely related to blood oxygenation and

cerebral blood volume.17

Given that post-COVID patients frequently have neu-

rological sequelae, robust MRI measures are needed to

monitor persistent symptoms and gain further insight

into long-term outcomes. In this exploratory study, we

therefore aim to (1) characterise the cerebrovascular

effects of PCS using rs-fMRI and (2) examine how

changes to cerebral perfusion and estimated blood oxy-

gen levels relate to clinical measures, including

post-COVID cognitive symptoms, fatigue and daytime

sleepiness.

Methods

Participants

The CAMINO study3 recruited 50 patients from two neu-

rological post-COVID outpatient clinics at Charité–Uni-
versitätsmedizin Berlin and 51 age-, sex- and

education-matched healthy participants (HP) without

previous COVID-19 infection or history of neurological

or psychiatric diseases between April and November 2021.

Inclusion criteria for PCS patients were (1) a confirmed

SARS-CoV-2 infection, (2) post-infectious neurological

symptoms ≥3 months and (3) no history of relevant neu-

rological or psychiatric disease prior to COVID-19. Three

patients and four HP were excluded from the analysis

due to lack of fulfilling all inclusion criteria (Table 1),

resulting in a final cohort of 47 PCS patients and 47 HP.

The study was approved by the local ethics committee

(EA2/007/21) and conducted in accordance with the Dec-

laration of Helsinki. All participants received neuropsy-

chological testing and MRI scanning on the same clinical

visit date and provided written informed consent.

Cognitive, daytime sleepiness and fatigue
assessments

We evaluated neuropsychiatric and cognitive functions as

detailed previously,3 including the Montreal Cognitive

Assessment (MoCA) as a screening tool for cognitive

impairment and the Trail Making Test-B (TMT-B) for

executive function and visual attention. Additionally, we

assessed self-reported daytime sleepiness using the

Epworth Sleepiness Scale (ESS) and fatigue using the

Fatigue Scale for Motor and Cognitive Function (FSMC).

Table 1. Exclusion criteria for participants.

Reason for exclusion Study group N

MRI quality issues Healthy

participants

3

Incomplete clinical data Healthy

participants

1

Received neurological diagnosis relevant to

current analysis during study participation

Patient 1

Post-COVID neurological symptoms for less than

3months

Patient 1

No resting-state fMRI scan Patient 1

fMRI, functional magnetic resonance imaging; MRI, magnetic reso-

nance imaging.
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MRI analysis

Image acquisition and preprocessing

MRI sequences were acquired on a 3T Siemens Magne-

tom PRISMA scanner (Erlangen, Germany) using a

64-channel head coil, including (1) a high-resolution 3D

T1-weighted magnetization prepared rapid gradient echo

(MPRAGE) and (2) a multiband resting-state fMRI,18–20

and two spin-echo sequences for field map distortion cor-

rection (Table 2).

Preprocessing of rs-fMRI data were performed with

FSL (https://fsl.fmrib.ox.ac.uk/fsl) and AFNI (https://afni.

nimh.nih.gov/afni), which included discarding the first

four volumes for magnetization equilibrium, realigning

the volume to time series mean and regressing the effect

of three rigid body translations and three rotations out of

the data. Subsequently, images were despiked, spatially

smoothed (6 mm Gaussian kernel) and band-pass filtered

(0.01–0.15 Hz).

Brain perfusion maps

For extracting rs-fMRI blood perfusion and oxygen level

estimates, we used ‘rapidtide’, a set of Python tools for

finding time-lagged correlations (https://github.com/

bbfrederick/rapidtide), to generate the BOLD delay maps.

Each voxel of the BOLD delay maps was assigned the

value of the time shift that achieves maximum

cross-correlation (MCC) between the BOLD signal in the

large venous sinuses (the reference signal) and the voxel’s

time series.21 In these maps, the coefficient reflects the

degree of similarity between a voxel’s BOLD signal and

the BOLD signal in venous blood. Rapidtide sets

significance thresholds for the cross-correlation using a

shuffling procedure (10,000 times) to calculate the distri-

bution of null correlation values. To determine the high-

est cross-correlation coefficient, we shifted the time

course from �5 to +5 s, where the peak of the correlation

function between these lag times is fitted. This time

course encompasses physiological to minimally pathologi-

cal hemodynamic lags in the BOLD signal.16

As BOLD delay is a measurement of the time, it

requires for the BOLD sLFOs to reach a region in the

brain in comparison with the venous sinus signal, we nor-

malised each participant’s regional delay time to their

own cortical grey matter BOLD delay time using the fol-

lowing equation:

Normalised regional BOLD delay time sð Þ
¼ cortical grey matter BOLD delay time sð Þ
� regional BOLD delay time sð Þ (1)

Each regional BOLD delay time measure per person is

in relation to the individual’s perfusion time, giving the

opportunity for better group comparison evaluations, as

inter-individual fluctuations are minimized.

The cortical grey matter BOLD delay time is then natu-

rally not subtracted by itself, rather it is effectively used as

a threshold for the rest of the regional BOLD delay times.

Thus, negative BOLD delay times are observed when the

BOLD signal is detected in a region slower than its detec-

tion in the cortical GM (i.e. perfusion of blood reaches a

region after reaching the cortical GM). To keep the sign

convention (i.e. negative delay times= slower arrival of

blood), we multiplied all cortical GM values by �1 to

allow for consistent interpretation of BOLD delay times.

Therefore, for the rest of the study, we refer to more neg-

ative delay times as ‘slower’ and more positive delay times

as ‘faster’ perfusion.

Oxygen level estimates (OLE)

The MCC coefficient between the reference signal and the

voxel’s time series reflects the degree of similarity between

the voxel’s BOLD signal and the BOLD signal in venous

blood (from the venous sinus reference region).22

Voxel-wise maps of MCC coefficients were created from

rapidtide. The MCC coefficients would be the equivalent

of the ‘R’ value in a linear regression model. Thus, as a

method to evaluate the goodness of fit of the BOLD delay

signal with the venous blood BOLD delay signal, we

extracted maps of the MCC coefficient values from each

voxel.

Squaring the MCC metric is the equivalent to an R2

value, or goodness of fit, between the voxel and reference

time series. These squared values were then multiplied by

Table 2. Magnetic resonance imaging acquisition details.

Sequence Imaging parameters

3D T1-weighted magnetisation

prepared rapid gradient echo

(MPRAGE)

0.9 mm isotropic voxel resolution,

matrix size= 256 × 256, 192

slices, TR= 2200ms, TE= 2.3 ms,

TI= 900ms, flip angle= 8 degrees

Resting-state fMRI (BOLD) 2 mm isotropic voxel resolution,

matrix size= 104 × 104, 72 slices,

TR= 800ms, TE= 37ms, FA= 52

degrees, 720 volumes, multiband

acceleration factor= 8

Spin echo Two acquisitions with opposite

phase encoding directions, voxel

size= 2 × 2 × 2mm,

TR= 8000ms, TE= 66ms, flip

angle= 90

BOLD, blood oxygen level dependent; fMRI, functional magnetic reso-

nance imaging; TE, echo time; TI, inversion time; TR, repetition time.
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100% (Equation 2) to give a relative percent estimate of

oxygen in the blood vessels in each brain region and is

referred to in this study as the ‘oxygen level estimate’

(OLE).

OLE=MCC coefficient2 � 100% (2)

OLE measures how closely related the regional blood

oxygen signal and the venous blood oxygen signal are. It

is therefore closely related to the proportion of deoxygen-

ated blood signal in that voxel. Calculating mean OLE

per parcellation represents the percent signal of deoxygen-

ated blood in each parcellation. Therefore, in this study,

we refer to higher mean OLE values as ‘less oxygenated’

and lower mean OLE values as ‘oxygenated’.

Brain parcellation and co-registration

Following reorientation and co-registration of the

MPRAGEs to MNI-152 standard space with fslreorient2std

and FSL flirt, we parcellated whole brain white (WM) and

grey matter (GM) using CAT12 (https://neuro-jena.

github.io/cat/) and deep grey matter structures using FSL

flirt. We used these parcellations and fslutils to create

masks of the cortical grey matter and total deep grey mat-

ter (DGM, also included the brainstem).

Lastly, we calculated field maps (fsl_prepare_fieldmap),

applied EPI distortion correction to each individual

BOLD delay and OLE maps. These were subsequently

co-registered to each MPRAGE, and extracted regional

mean metrics for BOLD delay (in seconds) and OLE (as

percentages) were calculated (Fig. 1).

Statistical analysis

Cohort demographics were statistically evaluated using

the appropriate parametric and nonparametric tests.

Regional BOLD delay and OLE metrics were compared

between groups using Welch two-sample t-tests and

Wilcoxon rank-sum tests using Cohen’s d as effect size.

To test for associations, we used multivariable linear

regression models with age and sex as covariates. Addi-

tionally, we examined whether these associations differed

between patients and HP using group as interaction

effect and report pgroup. Two-tailed p-values were

adjusted for multiple comparisons using false discovery

rate (p-FDR).

Figure 1. MRI preprocessing and analysis steps for extraction of BOLD delay and OLE metrics from rs-fMRI and MPRAGE images. The colour bar

unit for BOLD delay maps is seconds, while the colour bar for OLE maps are unitless, as it indicates goodness of fit with deoxygenated blood

(MCC2 × 100%). BOLD, blood oxygen level dependent; GM, grey matter; OLE, oxygen level estimate; rs-fMRI, resting-state functional MRI.
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Explorative multivariable Cox regression analyses were

performed to determine which imaging metrics were asso-

ciated with an increased risk of one of the following in

post-COVID patients: (1) high daytime sleepiness (ESS

≥ 13), (2) high fatigue (FSMC ≥ 53+ 1SD, cognitive

≥ 34 + 1SD, motor ≥ 32+ 1SD), (3) poor MoCA scores

(≤28),23 or (4) poor attention (TMT-B≥ 59 s+ 1SD).24

Hazard ratios were first calculated separately for only

BOLD Delay (HRD) and only OLE (HRo), to evaluate

each regional mean metric without possible overlaps in

regional metrics (i.e. collinearity) prior to investigating

full hazard ratio (HR) models using all significant metrics

from the HRD and HRo analyses.

For explorative multivariable Cox regression analyses,

initial Cox proportional hazards regression models were

performed with post-acute COVID infection duration (in

months) as the time dependent strata, using the Andersen

and Gill method.25

h tð Þ= h0 tð Þ � exp b1x1 þ b2x2 þ . . .þ bzxzð Þ, (3)

where t is the post-acute COVID infection duration, h0 is

the baseline (healthy group) hazard, h(t) is the hazard

function determined by a set of z covariates (x1, x2, . . .,

xz) and the coefficients (b1, b2, . . ., bz) measure the effect

size of covariates (hazard ratios).

The hazard ratios (HRs) of each covariate multiply the

effects on the baseline hazard. Thus, each HR is calculated

by holding all covariates constant versus the covariate of

interest.26

For the full HR models, regional oxygen levels were

binarised to give labels based on OLE values greater than

the mean OLE of the patient cohort (less oxygenated)

and OLE of less than or equal to the mean were denoted

as normal (oxygenated). This is also performed in the

same way for BOLD delay binarised labels. Regional

BOLD delay normalized values greater than the regional

mean BOLD delay of the patient cohort was deemed to

be ‘faster’ perfused (less delayed) versus lower or equal to

the mean regional BOLD delay values were denoted as

‘slower’ (more delayed).

Patients with missing clinical scores were excluded

from each Cox regression modelling. For all analyses,

p< 0.05 was considered statistically significant.

All data were analysed and plotted using Rv4.3.0

(https://www.r-project.org/).

Results

Cohort demographics

Table 3 illustrates the well-matched PCS patient and HP

cohorts. No significant differences in group-wise compari-

sons of sex or age were found. However, higher levels of

fatigue and sleepiness scores were found in PCS compared

to HP. It is evident by the percentages of hospitalizations

and oxygen treatment, that some of our PCS patients did

suffer a severe clinical disease course, however in line with

other larger studies.27,28 PCS symptoms in our cohort,

during the post-recovery stage, showed relatively average

incidence of dyspnoea and a high percentage of patients

with dysosmia.27,29

Oxygen level estimates (OLE) and brain
perfusion

Group comparisons

Compared to HP, patients with PCS showed higher OLE

values, that is, decreased oxygen levels, in the whole brain

WM, cortical GM, whole DGM, hippocampus, thalamus

and putamen (Fig. 2A,B). With FDR-correction for

Table 3. Cohort descriptive clinical information.

PCS patients (n= 47) Healthy participants (n= 47) Statistics

Age [years] (mean� SD) 44.4� 11.6 44.3� 13.7 t= 0.178, p= 0.859

Sex [F:M] (%) 38:9 (81:19) 36:11 (77: 23) W= 1152, p= 0.620

Hospitalization due to COVID-19 [n] (%) 7 (15) NA

ICU admittance due to COVID-19 [n] (%) 3 (6.4) NA

Received oxygen treatment for COVID-19 [n] (%) 3 (6.4) NA

On ventilator due to COVID-19 [n] (%) 1 (2.1) NA

Post-COVID-19 dyspnoea [n] (%) 11 (23.4) NA

Post-COVID-19 dysosmia [n] (%) 23 (48.9) NA

FSMC total score [median� SD] 77� 15.5 36� 13.5 W= 1836, p= 4.20e-13

ESS [median� SD] 11� 5.5 5� 3.1 W= 1553, p= 3.15e-6

Time since infection [months] (mean� SD) 8.4� 3.0 NA

Bolded text indicates statistical significance.

COVID, coronavirus disease 2019; ESS, Epworth sleepiness scale; FSMC, fatigue scale for motor and cognitive functions; ICU, intensive care unit;

MRI, magnetic resonance imaging.
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multiple comparisons, significant group differences

remained for whole brain WM (two-sample t-test, t(78.7)

= 2.77, p-FDR= 0.038, d= 0.572) and cortical GM (t(87.7)

= 3.30, p-FDR= 0.015, d= 0.681). However, the putamen

OLE measures showed a moderate effect size difference

between the two groups (t(78.7)= 2.50, p-FDR= 0.05,

d= 0.52). Thus, on a group level, PCS patients seem to

show more decreased blood oxygen levels in several brain

regions compared to HP. Meanwhile, perfusion (BOLD

delay) did not differ significantly between groups before

FDR-adjustment (except in the cortical GM, please see

Fig. S1 for details on all comparisons).

Associations with post-COVID
symptoms

Cognitive symptoms

Decreased whole DGM and thalamic oxygen levels were

associated with better MoCA scores (ß= 0.29, p= 0.031,

p-FDR= 0.111 and ß= 0.30, p= 0.022, p-FDR= 0.111,

respectively). We observed the same pattern for the cau-

date nucleus (MoCA: ß= 0.30, p= 0.036, p-FDR= 0.111)

and brainstem (MoCA: ß= 0.29, p= 0.040, p-FDR= 0.111;

TMT-B: ß=�0.35, p= 0.025, p-FDR= 0.277), although

Figure 2. Cerebral regions of interest related to cognitive and daytime sleepiness in patients with post-COVID syndrome and healthy participants.

(A, B) Regional OLE increases indicating lower oxygen level found in post-COVID patients compared to healthy participants. Post-COVID patient

brain regional BOLD delay and/or OLE measurements (positively or negatively) associated with the (C) MoCA score, (D) with TMT-B times and (E)

with the ESS score. (F) Regional OLE measures and BOLD delay times (positively or negatively) associated with the FSMC total score and/or ESS in

healthy participants. Colours in the image are based on different regional parcellations from different atlases, for example, different WM tracts or

different cortical GM regions. It should be noted that the atlas regions were not necessarily used in our study, and the MRI data were often not

parcellated to such fine detailed regions in this study. BOLD, blood oxygen level dependent; ESS, Epworth sleepiness scale; FSMC, Fatigue Scale

for Motor and Cognitive Functions; GM, grey matter; MoCA, Montreal Cognitive Assessment; OLE, oxygen level estimate; TMT-B, Trail Making

Test-B; WM, white matter.
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these regions did not differ between patients and HP.

Meanwhile, slower perfusion times of the putamen

(ß=�0.38, p= 0.014, p-FDR= 0.078) and caudate nucleus

(ß=�0.50, p= 0.0007, p-FDR= 0.008, Fig. 3A) were asso-

ciated with better attention (TMT-B).

No significant associations with MoCA remained after

FDR-adjustment of the multivariable linear regression

models. While we observed no significant differences

between group associations of MoCA scores with oxygen

levels or perfusion times (pgroup), the interaction effects

between caudate BOLD delay times and TMT-B were sig-

nificantly different between groups.

PCS patients with lower putamen oxygen levels had a

reduced risk of experiencing poor MoCA scores (≤28)
during their post-COVID disease course (HRO= 0.22,

95% CI 0.06–0.78, p= 0.019). The Cox regression HR

analysis for BOLD delay revealed a relationship between

slower putamen perfusion and an increased risk of

poor MoCA scores (HRD= 3.53, 95% CI 1.29–9.70,
p= 0.035).

Figure 3. Association of oxygen levels and brain perfusion with clinical symptoms in patients with post-COVID syndrome. In a multivariable linear

regression model, (A) oxygen levels of the globus pallidus are related to daytime sleepiness and (B) perfusion levels of the putamen and caudate

are associated with performance on a test of visual attention and executive function. Statistics are shown for post-COVID patients (p and p-FDR)

with interaction effect of group (patients vs. healthy participants) in each association (pgroup).
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Risk analysis did not show any regional BOLD delay or

OLE measures with significant HRs relating to poor

TMT-B.

Daytime sleepiness

Fourteen out of 42 (33%; 5 missing) patients reported

high levels of daytime sleepiness (ESS ≥ 13). Decreased

putamen oxygen levels were associated with lower ESS in

patients (ß=�0.35, p= 0.014, p-FDR= 0.124, Fig. 3B,

Table 4). Additionally, higher globus pallidus OLE were

associated with less sleepiness in patients (ß=�0.33,

p= 0.023, p-FDR= 0.124, Fig. 3B), but not in HP. How-

ever, the globus pallidus and putamen associations were

not different between groups (pgroup= 0.251 and

pgroup= 0.250, respectively). ESS was associated with age

and sex in the multivariable linear regression models,

which did not survive FDR multiple comparisons adjust-

ment. However, significant associations of the

post-COVID OLE measures in the globus pallidus and

putamen with ESS were observed, increasing the fit of the

full model (R2
adj= 0.254 and R2

adj= 0.271, respectively).

Pertaining to brain perfusion, BOLD delay times in the

WM were associated with ESS in patients prior to

FDR-adjustment (β=�0.31, p= 0.038, p-FDR= 0.415,

pgroup= 0.047); while in HPs, whole DGM (ß= 0.42,

p= 0.005, p-FDR= 0.034, pgroup= 0.251), nucleus accum-

bens (ß= 0.38, p= 0.015, p-FDR= 0.056, pgroup= 0.877),

putamen (ß= 0.33, p= 0.030, p-FDR= 0.082,

pgroup= 0.65) and thalamus (ß= 0.42, p= 0.006,

p-FDR= 0.034, pgroup= 0.418) Normalized BOLD delay

times were found to be associated with ESS scores. Only

in the WM were the group associations of BOLD delay

times with ESS significantly different. Associations

between daytime sleepiness and whole DGM and thala-

mus regional BOLD delay times in HPs remained signifi-

cant after FDR p-adjustment for multiple comparisons,

however did not significantly differ from post-COVID

patient associations.

Decreased nucleus accumbens, putamen, brainstem and

cortical GM oxygen levels also showed a reduced risk of

daytime sleepiness (Table 5). Conversely, increased age,

female sex and decreased oxygen levels in the whole

DGM complex showed an increased HR for higher day-

time sleepiness.

We also observed a lower risk of experiencing high

levels of daytime sleepiness in patients with more negative

BOLD delay times in the cortical GM (HR= 0.066, 95%

CI 0.005–0.85, p= 0.037) and hippocampus (HR= 0.06,

95% CI 0.005–0.81, p= 0.034, Fig. 4).

Table 4. Multivariable linear regression

model statistics for ESS against regional

brain OLE in post-COVID patients.

OLE Age Sex Full model fit

Brainstem ß=�0.16,

p= 0.300

ß= 0.44,

p= 0.009*
ß= 0.49,

p= 0.006*
R2adj= 0.168

Deep grey matter ß=�0.25,

p= 0.085

ß= 0.43,

p= 0.010*
ß= 0.49,

p= 0.004*
R2adj= 0.209

Amygdala ß=�0.14,

p= 0.348

ß= 0.46,

p= 0.007*
ß=�0.44,

p= 0.010*
R2adj= 0.163

Nucleus

accumbens

ß=�0.27,

p= 0.065

ß= 0.47,

p= 0.005*
ß= 0.42,

p= 0.010*
R2adj= 0.218

Hippocampus ß=�0.16,

p= 0.271

ß= 0.47,

p= 0.007*
ß= 0.44,

p= 0.009*
R2adj= 0.171

Thalamus ß=�0.23,

p= 0.115

ß= 0.44,

p= 0.009*
ß= 0.48,

p= 0.005*
R2adj= 0.198

Globus pallidus ß=�0.33,

p= 0.023*
ß= 0.39,

p= 0.016*
ß= 0.47,

p= 0.004*
R2

adj= 0.254*

Putamen ß=�0.35,

p= 0.014*
ß= 0.39,

p= 0.015*
ß= 0.43,

p= 0.007*
R2

adj= 0.271*

Caudate nucleus ß=�0.14,

p= 0.381

ß= 0.42,

p= 0.013*
ß= 0.47,

p= 0.007*
R2adj= 0.161

Total white

matter

ß=�0.13,

p= 0.366

ß= 0.46,

p= 0.008*
ß= 0.46,

p= 0.008*
R2adj= 0.164

Cortical grey

matter

ß=�0.23,

p= 0.097

ß= 0.47,

p= 0.005*
ß= 0.43,

p= 0.010*
R2adj= 0.204

Note that p-values are not adjusted for multiple comparisons for false discovery rate in this table.

Bolded text indicates statistically significant associations (*p< 0.05).

ESS, Epworth Sleepiness Scale; OLE, oxygen level estimate.
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In contrast, decreased oxygen levels of the whole DGM

was found to be related to an increased risk of experienc-

ing high daytime sleepiness during the PCS disease course

(HRO= 76.48, 95% CI 1.81–3,226, p= 0.023), even when

accounting for perfusion factors in the full HR model

(HR= 1,300, 95% CI 3.95–410,000, p= 0.015, Fig. 4).

Fatigue

Out of 43 patients, 37 (86%; 4 missing) reported severe

fatigue (FSMC ≥ 63). No associations were found between

any OLE or BOLD delay regional metrics with motor

fatigue scores. Also, multivariable linear models did not

show any significant associations between any fatigue

scores and oxygen levels or perfusion in PCS patients

or HP.

Increased risk of experiencing high fatigue during the

post-COVID disease course was related to slower BOLD

delay times in the cortical GM (HRD= 8.61, 95% CI

1.47–50.39, p= 0.017), putamen (HRD= 115.10, 95% CI

2.44–5,435, p= 0.016) and hippocampus (HRD= 56.02,

95% CI 2.46–1,276, p= 0.012).

Patients with higher thalamic OLE showed an increased

risk of experiencing cognitive fatigue (cognitive FSMC

≥ 28, HR= 6.29, 95% CI 1.39–28.52, p= 0.017).

However, higher OLE of the nucleus accumbens was

related to a reduced risk (HR= 0.20, 95% CI 0.06–0.76,
p= 0.018).

Discussion

Our exploratory study used rs-fMRI to evaluate oxygen

level estimates (OLE) and cerebral perfusion in PCS and

led to several new findings.

1 PCS patients showed higher OLE (lower oxygen levels)

in the total white and cortical grey matter, with impli-

cations of decreased oxygen levels in the thalamus,

putamen and hippocampus, compared to healthy par-

ticipants (HP) at a median of 8.4 months after first

COVID-19 diagnosis.

2 These widespread cerebral metabolic differences were

related to neurological symptoms. Higher OLE mea-

sures in the globus pallidus and putamen of PCS

patients were associated with lower daytime sleepiness

scores in the ESS. Faster BOLD delay times in the puta-

men and caudate nucleus were related to worse TMT-B

scores. While no group differences were seen in

regional BOLD delay times (blood perfusion) between

patients and HP, the association of faster putamen per-

fusion with worse TMT-B scores were significantly dif-

ferent than that in healthy participants. Thus,

indicating that this association is unique to

post-COVID and likely disease-induced.

3 Interestingly, slower cortical GM and hippocampal per-

fusion times, potentially representing an adaptive

increase in metabolism, were associated with a reduced

risk of daytime sleepiness. Patients with lower putamen

oxygen levels showed a reduced risk of daytime sleepi-

ness and along with less risk of cognitive impairment

(MoCA). In contrast, higher whole deep GM OLE mea-

sures were associated with increased risk of high daytime

sleepiness. Also, lower thalamic oxygen levels pointed to

a higher risk of experiencing cognitive fatigue.

Impaired blood flow is hypothesised as one pathome-

chanism in PCS, given the strong evidence that internali-

sation of angiotensin-converting enzyme-2 induced by

acute SARS-CoV-2 infection causes a cascade of protein

activations related to capillary constriction.30

The often higher OLE we observed in post-COVID

patients suggests that cerebral oxygen metabolism could

be increased due to adaptation of blood perfusion

changes in specific regions. We found evidence of lower

oxygen levels in the white matter, deep and cortical grey

matter. This is in-line with other smaller studies using

positron emission tomography (PET) observing altered

glucose metabolism in the DGM. Metabolic changes (both

hyper- and hypometabolism) measured on PET scans

Table 5. Cox proportional hazard model statistics for ESS and

regional brain OLE (HRO) in post-COVID patients.

Z-score 95% CI

Hazard

ratio p-value

Age 2.985 1.145–1.922 1.484 2.84e-3*
Sex 2.034 1.164–3.548e3 64.27 0.042*
Brainstem �2.671 0.011–0.499 0.074 7.56e-3*
Deep grey

matter

2.272 1.813–3.226e3 76.48 0.023*

Amygdala 1.724 0.968–1.652 1.265 0.085

Nucleus

accumbens

�2.621 0.570–0.922 0.725 8.77e-3*

Hippocampus �0.795 0.520–1.319 0.828 0.427

Thalamus �1.599 0.307–1.127 0.588 0.110

Globus pallidus 1.050 0.772–2.355 1.348 0.294

Putamen �2.518 0.210–0.823 0.416 0.012*
Caudate nucleus �0.577 0.631–1.285 0.901 0.563

Total white

matter

1.440 0.902–1.960 1.330 0.150

Cortical grey

matter

�2.855 0.167–0.717 0.346 4.30e-3*

Note that p-values are not adjusted for multiple comparisons for false

discovery rate in this table. Bolded text indicates statistically significant

associations (*p< 0.05).

CI, confidence interval; ESS, Epworth Sleepiness Scale; HRO, hazard

ratio calculated from Cox proportional hazard models using only OLE

metrics; OLE, oxygen level estimate.
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persisted over time based on inflammation status31 and

were related to cognitive impairment and functional

complaints.12

Our results show higher OLE (or more signal from

deoxygenated blood was detected) largely in the DGM,

including the putamen, thalamus and hippocampus.

Potential hypermetabolism in these regions may lead to

decreased oxygen levels in the white matter and cortical

GM (patients had a mean increase of 4% and 6% in OLE

compared to HP in those regions, respectively). As

dynamic changes in brain metabolism are linked to levels

of oxygen concentration, our findings could indicate that

higher sustained metabolism occurs in PCS patients com-

pared to HP even during the resting state. Autopsies of

COVID-19 patient brains have shown that astrocytes

infected by the virus had higher oxygen consumption32

and upregulation of inflammatory substrates in perivascu-

lar brainstem regions were found.33 A recent small study

found 8 out of 34 (24%) PCS patients, had cerebral hyp-

oxia measured by frequency domain near-infrared spec-

troscopy, relating to reduced oxyhaemoglobin and

cognitive function.34 As even slight exposure to hypoxia

Figure 4. Cox proportional hazard full model analysis for ESS. Brain perfusion and oxygen levels of deep and cortical grey matter structures are

associated with the risk of experiencing high daytime sleepiness (ESS ≥ 13) during the post-COVID disease course.
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of the human brain leads to cerebral blood flow

changes,35 but not to increased oxygen consumption in

healthy people,36 it stands to reason that decreased

regional oxygenation found in PCS may be due to a

disease-specific mechanism.

No overall BOLD delay differences were found between

PCS and healthy participants in our study. Meanwhile,

another study using arterial spin labelling MRI found

PCS with significant hypoperfusion in the frontal, parietal

and temporal cortices compared to healthy controls.37

However, this smaller study included patients suffering

from moderate-to-severe COVID-19 disease and a mini-

mum of 4 weeks after a positive polymerase chain reac-

tion test for the virus. This is a more severe disease

course and shorter time period post-COVID than our

cohort, possibly indicating our findings relate more to the

longer term adaptations in PCS patients.

Interestingly, we found in our patients that slower

blood perfusion in the caudate nucleus and the putamen

were associated with better visual attention. The TMT

also evaluates processing speed, working memory and

executive functions, that is, cognitive abilities linked to

the dorsal striatum.38 Our findings could therefore indi-

cate retained normal vasodilation or recovery from capil-

lary damage, resulting in better TMT-B scores.

Meanwhile, those with faster perfusion, possibly due to

reduced oxyhaemoglobin or compensatory vascular reac-

tivity based on reduced tissue oxygenation,39 fared less

well on this task.

We observed a reduced risk of daytime sleepiness in

patients with slower cortical GM and hippocampal perfu-

sion. This could indicate that perfusion is altered to effec-

tively deliver oxygen to DGM regions and faster than

normal perfusion is required to maintain wakefulness.

Interestingly, another study showed that sleep deprived

HP have increased cerebral blood flow in the deep and

cortical GM,40 suggesting a normal vascular mechanism

in adults, where lack of sleep drives increased perfusion

and oxygen metabolism.

Moreover, the risk of experiencing severe fatigue during

the disease course was related to perfusion times in the

cortical GM, putamen and hippocampus. Lower thalamic

oxygen levels were specifically associated with an

increased risk of cognitive fatigue. A previous study of

the same cohort observed reduced diffusion-related integ-

rity, volume loss and shape changes of the thalamus,

putamen and pallidum, underlying fatigue symptoms.3

Aside from structural changes, altered brain blood perfu-

sion and oxygen metabolism could also contribute to

post-COVID symptoms.

Our study has some limitations, including the lack of

physiological data monitoring during the scan, for example,

pulse oximetry and respiratory measurement, which may

have helped in interpreting the results. While BOLD delay

has been established as a measure of perfusion in several

clinical contexts,20,41 rs-fMRI-based oxygen level estimates

(OLE) are a relatively novel postprocessing method. Never-

theless, we were able to find consistent differences between

patients and well-matched HPs. Our study shows that the

correct application of this method provides a useful tool to

assess blood oxygen metabolism in the brain, particularly in

patients that may have no clinically pathological MRI find-

ings, but with subtle vascular changes.13 Other in vivo

imaging modalities that probe metabolism in the brain,

such as positron emission tomography (PET)-MRI,

PET-single photon emission computed tomography, or

magnetic resonance spectroscopy may aid in evaluating

energetics in PCS.42,43 Although these techniques are prom-

ising, clinical availability/applicability of these methods are

lacking.44 Thus, our use of the BOLD rs-fMRI signal as an

indicator of vascular health is more accessible45 to many

clinics and the open-source software from our analysis

pipeline may lead to better replication of our findings in

other PCS patients. Finally, with a relatively small cohort,

the full HR models should be interpreted cautiously. The

extremely large HR we calculated for the association

between less oxygenated DGM with high daytime sleepiness

indicates that there is most likely some overfitting of the

Cox proportional hazard models. As there were many cov-

ariates included in the analyses, including categorical split-

ting to create binary labels, the possibility of overfitting

may not be negligible. However, looking at the regions that

are indicated in our analyses, and understanding that Cox

proportional hazard models calculate compounded effects

of each variable on the outcome measure (high daytime

sleepiness); one could postulate that in our older, female

PCS patients, increased oxygen metabolism in subregions of

the DGM (e.g. the nucleus accumbens, amygdala and puta-

men), may lead to a less oxygenated whole DGM structure,

which relates to higher risk of daytime sleepiness. Thus, our

findings will allow for more hypothesis-driven research in

the highlighted brain regions of PCS patients, especially in

terms of cerebral blood perfusion and oxygen levels.

In conclusion, our study shows widespread reductions

in cerebral blood oxygen levels in PCS that are related to

symptoms of daytime dysfunction and cognitive impair-

ment. Changes in oxygen metabolism and blood perfu-

sion may serve as an adaptive mechanism to mediate

brain vascular damage and/or as a mode of maintaining

normal daily functioning.
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