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Abstract

Background: The coronavirus disease 2019 (COVID-19) pandemic has had an

unprecedented impact on the healthcare system, economy, and society. Studies

have reported that COVID-19 may cause various neurologic symptoms, includ-

ing cognitive impairment. We aimed to assess the causal effect of COVID-19

on neurodegenerative diseases using two-sample Mendelian randomization

(MR) study. Methods: Genetic variants were obtained from genome-wide asso-

ciation studies (GWAS) summary-level data and meta-analyses. We used the

inverse variance–weighted (IVW) method as the primary analysis to estimate

causal effects. Sensitivity analyses were performed to make the conclusions

more robust and reliable. Results: We found that the COVID-19 infection phe-

notype was associated with a higher risk of AD and inverse associated with the

risk of ALS and MS. The hospitalized COVID-19 phenotype was associated

with the risk of AD and wasn’t associated with ALS and MS. We also found

that the severe COVID-19 (main analysis) phenotype was associated with the

AD outcome from UK biobank datasets but was not associated with other out-

comes. The severe COVID-19 infection phenotype, the severe COVID-19 (sub-

type analysis) phenotype and the hospitalization risk of COVID-19 were not

associated with each outcome. Conclusion: This MR study suggests a potential

association between genetically predicted COVID-19 and a higher risk of AD

and a reduced risk of ALS and MS. Further elucidations of this association and

underlying mechanisms may inform public health messages to prevent COVID-

19 and AD.

Background

The coronavirus disease 2019 (COVID-19), caused by sev-

ere acute respiratory syndrome coronavirus 2 (SARS-

CoV-2), has been a global pandemic and resulted in sub-

stantial morbidity and mortality, especially among the

elderly.1,2 Due to its rapid spread and lack of effective

therapy methods, COVID-19 has brought an enormous

economic burden globally. Although the typical symp-

toms of COVID-19 are respiratory complications, there is

growing evidence that SARS-CoV-2 infection involves

central nervous system (CNS) damage.3 Recent studies

have revealed that patients infected with SARS-CoV-2

showed shrinkage in brain size, cognitive decline, and

damage to brain regions related to smell.4 In addition,

studies have observed the CNS invasion of SARS-CoV-2

in the postmortem brain of COVID-19 patients and ani-

mal models.5,6 However, the long-term impact on neu-

rodegenerative diseases during this pandemic is unclear.

Alzheimer’s disease (AD), a common neurodegenerative

disease mainly affecting the elderly, is characterized by

cognitive decline and brain degeneration.7,8 The patho-

genesis of AD is still unclear. Prevalent theories include

the amyloid hypothesis, the tau hypothesis, and the neu-

roinflammation hypothesis. Additionally, previous studies

have shown that specific viral infections could impact the

neuropathology of AD.9 AD patients depend solely on

caregivers and family members in the middle-late stage.10

As the COVID-19 pandemic requires isolation and quar-

antine management, it adds an extra burden on AD
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patients, caregivers, and families. Amyotrophic lateral

sclerosis (ALS) is an idiopathic and fatal neurodegenera-

tive disease characterized by the degeneration of both

upper and lower motor neurons.11 The typical symptoms

of ALS are related to motor dysfunction (such as muscle

weakness, spasticity, respiratory failure, and dyspha-

gia).12,13 Also, cognitive and behavioral impairment is a

vital feature of ALS.14 During the COVID-19 pandemic,

isolation management has challenged the diagnosis, clini-

cal care, and outpatient follow-up visits for ALS

patients.15 Moreover, a recent study indicates COVID-19

may accelerate the disease progression in ALS patients.16

Multiple sclerosis (MS) is a chronic autoimmune neu-

rodegenerative disease characterized by selective primary

demyelination, axonal damage, and reactive astrocytic

gliosis.17 Clinically, MS displays muscle weakness, sensory

loss, cognitive impairment, and fatigue.18 As the COVID-

19 pandemic continues, SARS-CoV-2 infection poses a

particularly concerning threat to MS patients, especially

those with disease-modifying therapies (DMTs), which

may increase the risk of infections. Furthermore, recent

studies have assessed the safety and response of the

COVID-19 vaccine in MS patients.19,20

To date, researchers have been concerned about the

correlation between COVID-19 and neurodegenerative

diseases,21,22 but accurate data on SARS-CoV-2 infection

in neurodegenerative disease patients are unavailable.

Also, it is limited in observational studies to investigate

causality because of the possible bias due to confounding

and reverse causation. Mendelian randomization (MR)

study can minimize these biases by using genetic variants

as instrumental variables (IVs) to evaluate the causal rela-

tionship between exposure (COVID-19) and outcome

(AD, ALS, and MS).23,24 Here, we used the MR method

to assess the causal effect of COVID-19 on the risk of

AD, ALS, and MS (Fig. 1).

Methods

Selection of instrumental variables

IVs from summary data

Summary data of COVID-19 phenotypes were obtained

from recent Genome-Wide Association Studies (GWAS)

by the COVID-19 host genetics initiative (RELEASE 5).25

We used genetic variants associated with three different

COVID-19 phenotypes in individuals of European ances-

try (1) COVID-19 infection, (2) hospitalized COVID-19

(hospitalized vs. population), and (3) severe COVID-19

infection (very severe respiratory confirmed vs.

Figure 1. (Top) Previous observational studies have found that patients infected with SARS-CoV-2 may experience central nervous system (CNS)

damage. (Bottom) Our 2-sample MR analyses show a causal role of COVID-19 on the neurodegenerative diseases. MR study relies on three

assumptions: (i) the instrumental variables (IVs) should be associated with the exposure (COVID-19). (ii) the IVs should not be related to con-

founders. (iii) the IVs should influence the outcome (NDs) risk via the exposure, not through other pathways.
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population). As genetic IVs, single-nucleotide polymor-

phisms (SNPs) were selected with genome-wide signifi-

cance (5 9 10�8). We also calculated the proportion of

variance explained by each of the genetic instruments

using the following formula: R2 = 2 9 EAF 9 (1-EAF) 9

(Beta2)/SD, where Beta is the beta coefficient for the asso-

ciation of the IVs with the exposure, SD is the variance

of the exposure, and EAF is the effect allele frequency of

the IVs. Then, SNPs were not in linkage disequilibrium

(LD, r2 > 0.001) and had an F statistic greater than 10.

Finally, ambiguous and palindromic SNPs were removed

in the harmonizing process.

IVs from meta-analysis

We also obtained genetic IVs associated with three

COVID-19 phenotypes from two genome-wide associa-

tion meta-analyses26,27 of European ancestry: (1) severe

COVID-19 (main analysis, hospitalization with respiratory

support), (2) severe COVID-19 (subtype analysis, hospi-

talization with mechanical ventilation), and (3) hospital-

ization risk with COVID-19. Information on SNPs used

as IVs is presented in Table S1 and S2.

Outcome sources

Summary-level data for AD were obtained from a large

genome-wide meta-analysis contributed by the Alzhei-

mer’s disease working group of the Psychiatric Genomics

Consortium (PGC-ALZ), the International Genomics of

Alzheimer’s Project (IGAP), the Alzheimer’s Disease

Sequencing Project (ADSP), and UK biobank, including

clinically diagnosed AD and AD-by-proxy of European

ancestry.28 Then, we validated our results using recently

published GWAS summary-level data, including 954 AD

cases and 487,331 controls from the UK Biobank.29 The

details of the data were described in the original study.

Additionally, summary-level data for ALS were obtained

from a recent GWAS, including 20,806 ALS patients diag-

nosed with ALS and 59,804 neurologically normal control

individuals of European ancestry.30 Furthermore, GWAS

summary-level data for MS outcome was obtained from

the International Multiple Sclerosis Genetics Consortium

with a sample size of 47,429 multiple cases and 68,374

control subjects.31

MR analysis

We used multiplicative random-effects inverse-variance

weighted (IVW-RE) as the primary analysis to estimate

the causal effect. A Bonferroni-corrected significance p-

value threshold of 0.05/9 = 0.0056 was used to correct

multiple comparisons of exposures. A significant

association was suggested for p < 0.0056, and a suggestive

association for p < 0.05. As sensitivity analyses, we also

used MR Egger,32 weighted median (WM),33 and the

MR-Robust Adjusted Profile Score (MR-RAPS)34 methods

to strengthen causal evidence. In addition, Mendelian

Randomization Pleiotropy RESidual Sum and Outlier

(MR-PRESSO)35 and Cochrane’s Q test36 were conducted

to assess heterogeneity, and the MR-Egger intercept was

used to evaluate directional pleiotropy. Then, we per-

formed MR-Steiger to determine the direction of the cau-

sal effect.37 Power calculations were done for the MR

study using online tools at http://cnsgenomics.com/shiny/

mRnd/.38

All analyses were performed using R Version 4.1.2 with

the R package “TwosampleMR,” “MendelianRandomiza-

tion,” and “MRPRESSO.”35,39,40 All the data used for the

current study are publicly available.

Results

The MR estimates from different methods of assessing the

causal effect of COVID-19 on neurodegenerative diseases

are presented in Table S3 and Figures 2–4. The results of

power calculations are presented in Table S4.

COVID-19 and AD

For the AD and AD-by-proxy outcome, we found a

significant association between the COVID-19 infection

phenotype (ORIVW-RE = 1.047 [95%CI: 1.037, 1.058];

P = 3.73 E-19) and a higher risk of AD. The association was

consistent in fixed-effects IVW (IVW-FE), WM, MR-PRAS,

and MR-PRESSO but inconsistent in MR-Egger. We also

found that the hospitalized COVID-19 phenotype

(OR IVW-RE = 1.024 [95%CI: 1.008, 1.041]; p = 0.0034) was

associated with the risk of AD. A consistent association was

observed in IVW-FE and MR-RAPS but inconsistent in

WM, MR-Egger, and MR-PRESSO. There was no associa-

tion between the severe COVID-19 infection phenotype

(OR IVW-RE = 1.011 [95%CI: 0.999, 1.021]; p = 0.071) and

the risk of AD. The null association was consistent in sensi-

tivity analyses. Additionally, using IVs from meta-analyses,

no significant association was found between the severe

COVID-19 (main analysis and subtype analysis) pheno-

types (OR IVW-RE (main analysis) = 1.012 [95%CI: 0.998,

1.025]; p = 0.088, OR IVW-RE (subtype analysis) = 1.012 [95%CI:

0.998, 1.025]; p = 0.088) and the hospitalization risk with

COVID-19 (OR IVW-RE = 1.006 [95%CI: 0.998, 1.014];

p = 0.152) and the risk of AD.

For the UK Biobank database outcome, we found that

the COVID-19 infection phenotype (OR IVW-RE = 1.0014

[95%CI: 1.0003, 1.0025]; p = 0.015) was associated with

the risk of AD. The association was consistent in IVW-
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Figure 2. Forest plot of primary analysis for association between each phenotype of COVID-19 and AD.

Figure 3. Forest plot of primary analysis for association between each phenotype of COVID-19 and ALS.

Figure 4. Forest plot of primary analysis for association between each phenotype of COVID-19 and MS.
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FE, WM, and MR-RAPS but inconsistent in MR-Egger

and MR-PRESSO. Then, suggestive evidence was observed

in the hospitalized COVID-19 phenotype (OR

IVW-RE = 1.0009 [95%CI: 1.00008, 1.0017]; p = 0.032).

The association was consistent in IVW-FE, WM and MR-

RAPS but inconsistent in MR-Egger and MR-PRESSO.

We also found suggestive evidence that the severe

COVID-19 infection phenotype (OR IVW-RE = 1.0004

[95%CI: 1.00007, 1.00082]; p = 0.019) was associated with

the risk of AD. However, the association was inconsistent

in sensitivity analyses. The result of IVW-RE showed a

suggestive association between the severe COVID-19

(main analysis) phenotype (OR IVW-RE = 1.0005 [95%CI:

1.0001, 1.0008]; p = 0.010) and higher risk of AD. Esti-

mates were similar in IVW-FE and MR-RAPS analyses.

Using IVW-RE method, we found a suggestive association

between the severe COVID-19 (subtype analysis) pheno-

type (OR IVW-RE = 1.0003 [95%CI: 1.00002, 1.0006];

p = 0.037) and the risk of AD. However, the association

was inconsistent in sensitivity analyses. The result of

IVW-RE showed an inverse association between the hos-

pitalization risk with COVID-19 (OR IVW-RE = 0.9996

[95%CI: 0.9994, 0.9998]; p = 9.15 E-06) and the risk of

AD. But the result was inconsistent in sensitivity analyses.

COVID-19 and ALS

An inversely association was observed between the

COVID-19 infection phenotype (ORIVW-RE = 0.844 [95%

CI: 0.802, 0.888]; p = 7.23 E-11) and the risk of ALS. The

result was consistent in IVW-FE, WM, and MR-PRESSO

analyses but inconsistent in MR-RAPS and MR-Egger

methods. We found that the hospitalized COVID-19 phe-

notype (OR IVW-RE = 1.028 [95%CI: 0.913, 1.157];

p = 0.652), the severe COVID-19 infection phenotype

(OR IVW-RE = 1.002 [95%CI: 0.937, 1.072]; p = 0.947)

and the hospitalization risk with COVID-19

(OR IVW-RE = 0.972 [95%CI: 0.861, 1.097]; p = 0.644)

were not associated with the risk of ALS. The null

association was consistent in sensitivity analyses. Using

IVW-RE method, we found that the severe COVID-19

(main analysis and subtype analysis) phenotypes

(OR IVW-RE (main analysis) = 0.943 [95%CI: 0.935, 0.951];

p = 1.13 E-39, OR IVW-RE (subtype analysis) = 0.963 [95%CI:

0.944, 0.981]; p = 1.00 E-04) were associated with the risk

of ALS. However, the association was inconsistent in sup-

plementary sensitivity analyses.

COVID-19 and MS

An inversely association was observed between the

COVID-19 infection phenotype (ORIVW-RE = 0.786 [95%

CI: 0.698, 0.885]; p = 6.71 E-05) and the risk of MS. The

association was consistent in IVW-FE, MR-RAPS, and

MR-PRESSO methods but inconsistent in WM and MR-

Egger. We did not find that the hospitalized COVID-19

phenotype (OR IVW-RE = 1.023 [95%CI: 0.907, 1.155];

p = 0.708), the severe COVID-19 infection phenotype

(OR IVW-RE = 1.001 [95%CI: 0.917, 1.094]; p = 0.978),

the severe COVID-19 (subtype analysis) phenotype (OR

IVW-RE = 0.923 [95%CI: 0.818, 1.042]; p = 0.194) and the

hospitalization risk with COVID-19 (OR IVW-RE = 1.010

[95%CI: 0.943, 1.083]; p = 0.769) were associated with

the risk of MS. The null association was consistent in the

sensitivity analyses. There was a suggestive association

between the severe COVID-19 (main analysis) phenotype

(OR IVW-RE = 0.863 [95%CI: 0.753, 0.989]; p = 0.034)

and the risk of MS. Estimates were consistent in the

IVW-FE, WM, and MR-RAPS analyses, but inconsistent

in MR-Egger. However, the result of the Q test suggested

heterogeneity across instrument SNP effects (p = 0.039).

No directional pleiotropy or heterogeneity was detected

in the current study by Cochrane’s Q test, MR-Egger

intercept test, and MR-PRESSO global test.

Discussion

To the best of our knowledge, this is the first MR study

to assess the causal relationship between COVID-19 and

neurodegenerative diseases. Our findings indicate that

genetically predicted COVID-19 may contribute to the

higher risk of AD and may be inversely associated with

the risk of ALS and MS. The sensitivity analyses were

overall consistent with the primary analysis. However,

there was no evidence that very severe respiratory con-

firmed COVID-19 may be associated with AD, ALS, and

MS risk.

MR design rests on three key assumptions: (1) the

genetic variants are robustly associated with the exposure;

(2) the genetic variants are not associated with other con-

founders of the exposure-outcome association; and (3)

the genetic variants are associated with the outcome only

through the investigated exposure.41 For the first assump-

tion, we have selected SNPs with genome-wide signifi-

cance (5 9 10�8) used as IVs from summary data. Then,

F statistics for every IV were greater than 10, indicating

the small possibility of weak instrumental variable bias.

The second and third assumptions might be violated if a

genetic variant used as an IV is also associated with other

outcome risk factors. Pleiotropy refers to genetic variants

associated with multiple risk factors, which may lead to

biased effect estimates for MR analysis. However, the

MR-Egger regression and MR-PRESSO global test showed

no evidence of pleiotropic effects in the current analysis.

Furthermore, according to the existing knowledge, there

is no obvious evidence that SNPs in our study affect each
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outcome through other pathways, demonstrating the

validity of our MR analysis. Besides, violation of MR

assumptions may also occur in population stratification

that the population under investigation is a mixture of

individuals of different ethnic origins. Thus, we restricted

the study population to European ancestry to alleviate the

bias from population stratification.

Studies have shown the negative influence of SARS-

CoV-2 infection on cognitive function. A retrospective

observational study in China that included 214 hospital-

ized patients with COVID-19 found that 14.8% had

impaired consciousness.42 Data from 50 hospitalized

patients with COVID-19 from a retrospective study in

Chicago, United States, showed that 24% had short-term

memory loss.43 In a cross-specialty surveillance study, 6

of 23 patients with altered mental status showed a neu-

rocognitive (dementia-like) syndrome.44 In an observa-

tional study in Strasbourg, France, 26 of 40 patients were

shown to have confusion according to the Confusion

Assessment Method for the intensive care unit (ICU).45 A

recently published study showed that risks of cognitive

deficit and dementia were still increased after a 2-years

follow-up period.46 Given this evidence, we speculate that

SARS-CoV-2 infection might contribute to the initiation

or acceleration of neurodegenerative diseases.

We found evidence that COVID-19 was associated with

a higher risk of AD. Studies have demonstrated that the

COVID-19 virus may access the CNS via the indirect

hematogenous or direct neural route,47 which could con-

tribute to neurological complications. A recent 3D

microfluidic model study has found that the SARS-CoV-2

protein destabilizes the blood–brain barrier (BBB) and

triggers a pro-inflammatory response in brain endothelial

cells.48 Moreover, patients with COVID-19 have shown

an inflammatory response and a rise in systemic cytokine

levels. Inflammation has been proven to impact cognitive

function and contribute to neurodegenerative progres-

sion.49 Furthermore, SARS-CoV-2 can directly activate

the NOD-, LRR-, and pyrin domain-containing protein 3

(NLRP3) inflammasome,50 which is involved in the

changes of amyloid-beta (Ab) deposition in the brain.51

In addition, a recent genotyping analysis revealed an SNP

in oligoadenylate synthetase 1 (OAS1) linked to AD in

the same locus that predisposes to COVID-19-related crit-

ical illness.52 The biological mechanisms underlying the

association between COVID-19 and the risk of AD

remain to be disclosed in longitudinal and multifaceted

studies. SARS-CoV-2 infections might be involved in AD

pathogenesis in complex ways. We speculated that CNS

damage might have ongoing activity well past the acute

infection despite the short duration of the COVID-19

infection. Moreover, it is possible that there are shared

genetic factors that affect the diseases independently.

Interestingly, we found evidence that COVID-19 was

inversely associated with the risk of ALS. A recent study

showed that the COVID-19 pandemic might accelerate

the early progression of ALS.15 However, studies on the

impact of COVID-19 on ALS are still limited. The under-

lying mechanisms of COVID-19 in ALS are unclear. We

speculated that establishing protective immunity after

SARS-CoV-2 infection might reduce the risk of ALS.

However, this remains an area of future study to investi-

gate the exact impacts of COVID-19 on ALS.

Similarly, we found evidence that COVID-19 was

inversely associated with the risk of MS. COVID-19 pan-

demic poses a challenge to MS patients concerning their

risk for SARS-CoV-2 infection and guiding disease-

modifying treatment (DMT). Studies have proved the

safety of the COVID-19 vaccine for MS patients, includ-

ing patients with DMT.19,20 Also, the underlying effects of

COVID-19 on MS are worth further studies.

Due to the COVID-19 pandemic having been ongoing

for <4 years, it is difficult to identify the long-term

sequela of SARS-CoV-2 infection. Although previous

studies have shown that SARS-CoV-2 infection impaired

cognitive function, indicating that COVID-19 may play a

potential role in the risk of neurodegenerative diseases,

there is still insufficient evidence to support the causal

association. Using genetic variants as IVs, the MR

approach could overcome the limitations of traditional

observational studies. Our MR analysis suggests that

COVID-19 may increase the risk of AD and may be

inversely associated with the risk of ALS and MS. These

findings may provide evidence for the long-term conse-

quence of COVID-19 and pivotal information for public

health and prevention guidelines. However, further stud-

ies still need to be conducted to clarify this association in

the future.

Strength and Limitation

The main strength of this study is the MR design using

genetic variants to proxy COVID-19 exposure, which

could reduce typical bias for observational research.

Moreover, selection bias could occur when considering

genetic associations with a disease outcome in an elderly

population, as a participant can be recruited if they have

survived to old age.53 The current MR design uses the lar-

gest GWAS data, including clinically diagnosed AD and

AD-by-proxy participants could avoid selection bias, as

the diagnosed cause of death is unlikely to influence

whether proxy data are available for analysis. In addition,

we used 2 separate sets of AD outcome data to validate

our findings. However, our study also has several limita-

tions. First, the SARS-CoV-2 virus identified at the end of

2019 has evolved and emerged with various variants.
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There are no available published GWAS data for these

variants, so we were not able to explore the association

between COVID-19 variants and neurodegenerative dis-

eases. Second, horizontal pleiotropy cannot be completely

expelled, although we have conducted various sensitivity

analyses to minimize the impact of pleiotropy. Third, the

summary GWAS data used in the current study was

merely obtained from European population ancestry, so

our results should be interpreted with caution when gen-

eralizing to the whole population. Fourth, we could not

estimate the overlap of participants between exposure and

outcome studies. However, the use of strong instruments

can minimize bias from sample overlap.54 Fifth, sensitivity

analysis based on different assumptions may increase the

possibility of getting inconsistent or contrary results, lead-

ing to obscured conclusions. Nonetheless, each method

has its strengths. The IVW method assumes that all SNPs

are valid IVs or are invalid in such a way that the overall

bias is zero, and this method has been regarded as the

most efficient analysis method.55 Therefore, we used the

IVW as the primary analysis method.

Conclusion

In conclusion, our MR results suggest a positive associa-

tion between genetically predicted COVID-19 and a

higher risk of AD and an inverse association between

genetically predicted COVID-19 and the risk of ALS and

MS. During the COVID-19 pandemic, our research may

contribute to predictions for the prevention, diagnosis,

and treatment of neurodegenerative diseases. Further

studies are needed to provide more evidence of our find-

ings and explore the underlying biological processes.
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