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Abstract

Objective: Comorbid anxiety occurs often in MS and is associated with disability

progression. Polygenic scores offer a possible means of anxiety risk prediction but

often have not been validated outside the original discovery population. We aimed

to investigate the association between the Generalized Anxiety Disorder 2-item scale

polygenic score with anxiety in MS.Methods: Using a case–control design, partici-
pants from Canadian, UK Biobank, and United States cohorts were grouped into

cases (MS/comorbid anxiety) or controls (MS/no anxiety, anxiety/no immune

disease or healthy). We used multiple anxiety measures: current symptoms, life-

time interview-diagnosed, and lifetime self-report physician-diagnosed. The poly-

genic score was computed for current anxiety symptoms using summary statistics

from a previous genome-wide association study and was tested using regression.

Results: A total of 71,343 individuals of European genetic ancestry were used:

Canada (n = 334; 212 MS), UK Biobank (n = 70,431; 1,390 MS), and the USA

(n = 578 MS). Meta-analyses identified that in MS, each 1-SD increase in the

polygenic score was associated with ~50% increased odds of comorbid moderate

anxious symptoms compared to those with less than moderate anxious symptoms

(OR: 1.47, 95% CI: 1.09–1.99). We found a similar direction of effects in the other

measures. MS had a similar anxiety genetic burden compared to people with anxi-

ety as the index disease. Interpretation: Higher genetic burden for anxiety was
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associated with significantly increased odds of moderate anxious symptoms in MS

of European genetic ancestry which did not differ from those with anxiety and no

comorbid immune disease. This study suggests a genetic basis for anxiety in MS.

Introduction

Anxiety disorders are an important cause of disability

worldwide,1 and together with depressive disorders cost

approximately $90 billion annually in personal health

spending in the United States alone.2 Comorbid anxiety dis-

orders occur more often in persons with multiple sclerosis

(PwMS) than in the general population (incidence rate ratio:

1.47, 95% CI: 1.34–1.61),3 and are associated with greater

annual disability progression,4 and cognitive dysfunction.5

Elevated anxiety symptoms are also common in PwMS6,7

and are associated with work and cognitive impairment.8 In

PwMS, in general, anxiety is underdiagnosed and

undertreated.9 Thus, improved identification of PwMS with

a high risk for comorbid anxiety would be desirable to facili-

tate screening, earlier diagnosis, and intervention.

The etiology underlying MS and comorbid anxiety is

unknown but is thought to be related to genetics and envi-

ronment based on studies within the general population or

because of MS-related pathology or a combination of these.

Factors associated with anxiety disorders in PwMS include

female sex,10 having comorbid depression,10 lower

education,11 and smoking.11 Anxiety occurs prior to MS

symptoms or following a diagnosis,12 highlighting the need

to study anxiety in MS regardless of the timing of onset of

the anxiety disorder. Whether genetic variation affects the

risk of anxiety in PwMS differently than in individuals with-

out MS is unknown. In the general population, the single

nucleotide polymorphism (SNP)-based heritability of anxi-

ety, as measured either as a continuous or categorical anxiety

phenotype, ranges from 5.6% to 9.5%.13,14 Anxiety is a poly-

genic disorder,13 and previous studies in MS have investi-

gated only a limited number of genetic variants in

association with anxiety in PwMS. One candidate gene study

found an association between pro-inflammatory cytokine

(IL-1b) genetic variation and anxiety in both PwMS and in

healthy controls, highlighting a role for immune factors in

the development of anxiety, but this was not specific to

MS.15 A Mendelian randomization study did not find any

causal relationship between MS and anxiety, although only

five instrumental variables for anxiety were used in the

analyses.16

Polygenicity, as measured by a polygenic score (PGS),

is the cumulative genetic burden as indexed by the num-

ber of common genetic variants associated with a trait,

weighted by their effect sizes from previous genome-wide

association studies. Genetic variants included in the PGS

are largely determined at birth making them a useful

exposure to investigate in an association with an outcome

as it can exclude reverse causation as an explanation for

the association. Recent genome-wide analyses of current

anxiety symptoms as measured by the Generalized Anxi-

ety Disorder 2-item scale (GAD-2) included 199,611 indi-

viduals of European genetic ancestry from the US-based

Million Veterans Program and identified five genome-

wide significant loci (P < 5 9 10�8).13 While this study

identified common genetic variation associated with anxi-

ety symptoms in a large population, the findings may not

translate to PwMS for a number of reasons including that

they did not assess comorbid immune diseases nor the

female preponderance noted with MS. An association

between the GAD-2 PGS and anxiety has not been shown

before in the MS population and would be important to

evaluate the postulated association. Thus, we aimed to

examine the association between the GAD-2 PGS and the

presence of anxiety specifically in PwMS. We performed

site-specific analyses and then meta-analyzed data from

individuals from Canada, the United Kingdom, and the

United States. We hypothesized that higher GAD-2 PGS

would be associated with a greater likelihood of comorbid

anxiety in PwMS compared to those without anxiety, as

defined by multiple measures of anxiety.

Methods

Study design and samples

We applied a case–control study design using three exist-

ing cohorts from Canada, the United Kingdom, and the

United States. Further details can be found in Data S1.

1394 ª 2024 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Polygenicity of Anxiety in Multiple Sclerosis K. Kowalec et al.



Canada (IMID study)

A prospective 3-year, longitudinal study of persons with

immune-mediated inflammatory diseases (IMID) was

utilized.17 Briefly, participants residing in Manitoba, Can-

ada were recruited between November 2014 and July

2016. Multiple recruitment methods were used such as

advertisements placed in private medical clinics, hospitals,

and educational institutions. Participants had to be suffi-

ciently proficient in English to complete study question-

naires and were ≥18 years old. In this study, we included

three groups of participants: (1) PwMS, (2) a lifetime his-

tory of anxiety disorders but no immune disease, and (3)

healthy controls.

United Kingdom (UK Biobank)

The UK Biobank (UKB) is a population-based cohort of

~500,000 individuals aged 37–73 years from the UK,

recruited from 2006 to 2010.18 At an assessment center,

participants answered touchscreen questionnaires about

diseases, which was then followed by a research nurse-led

interview for further details regarding the diseases

reported. Linkage to hospital records was also included to

capture ICD-10 diagnoses, with a subset also completing

a mental health questionnaire. From this cohort, we

selected the same three groups of participants as the Can-

ada study.

USA (CombiRx trial)

The CombiRx trial was a randomized, multi-center, Phase

III clinical trial of combination MS disease-modifying

therapies (interferon-b1a and glatiramer acetate vs. either

agent alone; ClinicalTrial.gov: NCT00211887 funded by

the National Institute of Neurologic Disorders and Stroke

[phase III study: UO1NS045719]).19 Completion of the 3-

year core study was then extended to include an addi-

tional 4 years (maximum of 7 years total follow-up). As

this was an MS clinical trial, only PwMS were included

who were na€ıve to disease-modifying therapy at entry,

with and without a medical history of anxiety.

Participant measures and definitions

Our outcome was comorbid anxiety. From the Canada

and UKB participants, we defined one case group (PwMS

and anxiety) and three control groups: (1) PwMS and no

anxiety, (2) anxiety and no immune disease, and (3)

healthy. For excluding immune diseases in Group 2, we

excluded those with inflammatory bowel disease, MS,

rheumatoid arthritis, celiac disease, psoriasis, and

Sj€ogren’s syndrome.17 In the USA cohort, which was an

MS clinical trial, only PwMS and anxiety (cases) and

PwMS and no anxiety (control) could be used. Our out-

come was comorbid anxiety. Anxiety was assessed after

the MS diagnosis by multiple measures: current symp-

toms, lifetime interview-diagnosed, and lifetime self-

report physician-diagnosed.

Canada

The following were details captured at the baseline visit

using a self-reported questionnaire: date of birth, sex,

annual household income (Canadian dollars: <$50,000,
≥$50,000, or “decline to answer”), physician-diagnosed

comorbidities, highest level of education attained (high

school or lower which includes elementary school, junior

high school, high school diploma/GED vs. above high

school: college, technical/trade, university vs. other) and

years of education, and smoking history (smoked ≥100 cig-

arettes in their lifetime).17 Weight and height were mea-

sured by a research assistant to compute BMI (kg/m2).

PwMS had neurologist-confirmed MS. Anxiety was

defined four ways: (1) current symptoms: the GAD-7, a vali-

dated 7-item self-reported tool that assesses anxiety symp-

tom severity over the previous 2 weeks and employs a

validated cutoff for the presence of at least moderate anxiety

symptoms (GAD-7 ≥ 10),20 (2) current symptoms: employ-

ing the first two questions of the GAD-7, referred to as the

GAD-2, to align with that of the genome-wide association

study of GAD-2,13 (3) lifetime anxiety disorders: assessed

using the gold standard structured clinical interview for

diagnostic and statistical manual of mental disorders, version

5 (SCID-DSM-5),21 and (4) lifetime self-report of anxiety

disorder diagnosed by a physician, which was derived from a

questionnaire validated for use in PwMS.22 The SCID-DSM-

IV was used as this was the prevailing version at the time the

Canadian study was designed;21 but obsessive-compulsive

disorder and posttraumatic stress disorder were then

excluded to better reflect anxiety disorders defined using

DSM-5 (current diagnostic criteria).23 Anxiety was defined

the same way in PwMS and in persons without an immune

disease. Healthy controls did not have any chronic medical

condition (Table S1), a known cognitive impairment, any

positive response to the SCID-DSM screening questions for

depressive or anxiety disorders, any head injury associated

with loss of consciousness or amnesia, or chronic medication

use with the exceptions of contraceptives, hormone replace-

ment therapy, transient antibiotic use, or multivitamins.

United Kingdom

Self-report questionnaires captured similar information to

that of the Canadian cohort, with further details in the

Supplement. PwMS were defined using ≥2 of the
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following: primary or secondary hospital admission code

(International Classification of Disease (ICD)-version 10:

G35), lifetime self-reported condition (data-field 20002:

1261) or lifetime self-reported MS disease-modifying ther-

apy (any of interferon-b/interferon-b-1b or 1a/avonex/

betaferon, glatiramer/Copaxone).24 Newer MS disease-

modifying therapies were not included as the recruitment

period predated their use.

Four definitions of anxiety were like that of the Cana-

dian cohort, including (1) GAD-7 ≥ 10, (2) GAD-2 score,

(3) self-reported lifetime anxiety, (4) lifetime anxiety

diagnosis using a combination of the presence of primary

or secondary hospital admission codes for anxiety (ICD-

10: F40 or F41) or Composite International Diagnostic

Interview-short form (CIDI-SF) based anxiety disorder,

which is a fully structured interview.25 For healthy con-

trols, we excluded those with chronic medical conditions

using hospital admission ICD-10 codes or self-reported

conditions (Table S1).

USA

Clinical and demographic details were collected at the

enrolment visit for the CombiRx clinical trial, including

sex, age, BMI, highest level of education attained (high

school/more than high school), and smoking history

(ever/never). This cohort was composed of neurologist-

confirmed PwMS. Self-reported anxiety was assessed by

querying medical history (at trial enrollment) during a

clinician interview and the use of concomitant medica-

tions (indication was not collected) during enrollment

and follow-up.26 In this sample, there were no structured

clinical interviews for psychiatric disorders, no linkage to

hospital records, and no anxiety symptom measures.

Genotyping, quality control, and PGS
computation (exposure)

Genotype data were available for 409 Canadian, 599 USA,

and 487,410 UK participants. This was after site-specific

quality control, and then imputation which is a standard

practice in genetics to infer genetic markers that were not

directly genotyped.27 Sample genotyping and processing

are described in detail elsewhere for all samples18,28,29 and

are summarized in Data S1. Using principal components

analysis, we selected only those participants with Euro-

pean genetic ancestry to match with that of the individ-

uals included in the GAD-2 genome-wide association

study (Data S1).13 This decision was made to optimize

PGS association and is supported by studies finding that

including non-European participants can result in

reduced PGS association of diseases because of differences

in allele frequencies, linkage disequilibrium, and causal

effect sizes between populations.30,31 Further to this, we

had a limited number of MS participants of non-

European genetic ancestry (African: N = 11, South Asian

N = 6, all other ancestries: N < 5). From all three

cohorts, genotyped and imputed genetic variants were

subject to site-specific quality control. The exposure (i.e.,

PGS) was calculated using summary statistics from the

recent genome-wide association study of GAD-213 as the

sum of the risk allele scores, weighted by the effect size

(Data S1) using the genetics software PLINK (v1.90). We

standardized all PGS to a mean of 0 (SD = 1) for ease of

interpretation. For well-powered PGS association analysis,

it is recommended to include a minimum of 100 individ-

uals in the target set and a PGS only if the trait has an

SNP-based heritability (h2snp) >0.05,32 which for the

GAD-2 exceeds (h2snp = 0.055813).

Statistical analyses

Characteristics of the three cohorts (Canada, UKB, USA)

were described using median (IQR), mean (SD), or

frequency (%).

We tested whether the GAD-2 PGS (exposure) was

associated with four anxiety phenotypes (outcomes) in

Canada and UKB and one outcome in the USA cohort.

The outcome was any of three categorical measures (yes/

no): current GAD-7 ≥ 10, lifetime DSM-5 anxiety disor-

ders, or lifetime self-reported physician-diagnosed anxiety,

and one outcome was treated as a continuous variable

(current GAD-2 score). We used multivariable logistic

regression (binary outcome) or linear regression (continu-

ous measure) and reported the results as odds ratios

(95% confidence intervals, 95% CI) or beta estimates

(standard error) per 1-SD increase in PGS. We included

the following covariates in all models: age at baseline

(continuous), sex, and the first five genetic ancestry prin-

cipal components, with the addition of a disease group

indicator variable when the outcome was continuous.

When the outcome was categorical, we compared

PwMS-comorbid anxiety (cases) to (1) PwMS/no comor-

bid anxiety (primary analyses), (2) anxiety/no comorbid

immune disease, and (3) healthy controls. When the out-

come was continuous (i.e., GAD-2 score), all participants

were included, with a disease group indicator variable.

The results for each comparison were performed by

cohort and then meta-analyzed across samples using a

fixed-effect inverse variance-weighted model, when

between study heterogeneity33 [I2] was ≤50% or random-

effect inverse variance-weighted model when I2 > 50%.34

Last, as the relative effect of MS on the increasing inci-

dence of anxiety is greater in men than women,35 we per-

formed exploratory sex-stratified analyses comparing

PwMS/anxiety (case) to PwMS/no anxiety (control), with
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the inclusion of a sex 9 GAD-2 PGS interaction term in

the unstratified analyses.

Statistical significance level was set at P ≤ 0.05. Missing

data were limited and were not imputed (other than the

genetic data). Cell sizes <5 were suppressed. Analyses were

performed using R for Statistical Computing (v.4.1.2)36

with the following packages: tidyverse, cowplot (figures),

and metafor.

Standard protocol approvals, registrations,
and patient consent

All participants provided informed consent. The relevant

site provided ethical approval for this study (University of

Manitoba Health Research Ethics Board and Shared

Health/Winnipeg Regional Health Authority; CombiRx

[USA] respective collecting institutions; and Karolinska

Institutet Ethics Committee for access to the UKBB data).

This research has been conducted using the UK Biobank

Resource under Application Number “22224.”

Results

A total of 71,343 European genetic ancestry participants

from Canada (N = 334; 212 MS), UKB (N = 70,431;

1,390 MS), and USA (N = 578 MS) were included in the

study (Table 1). In the USA cohort, PwMS were younger

at study enrolment than those in the Canadian and UKB

cohorts. As a population-based cohort with a known

“healthy volunteer” bias, the UKB had lower rates of self-

reported anxiety in PwMS (4.7%), compared with the

Canadian (21.2%) and USA samples (20.5%), which were

collected from MS clinics and clinical trials. Across all

three sites, 229 (10.5%) PwMS self-reported lifetime anxi-

ety, 101 (4.6%) PwMS met the criteria for a lifetime

DSM-5 anxiety disorder, and 70 (3.2%) PwMS reported

Table 1. Participant characteristics.

Canada, n = 334 UKB, n = 70,431 USA, n = 578

MS, anxiety

MS, no

anxiety

Anxiety,

no immune

disease Healthy MS, anxiety

MS, no

anxiety

Anxiety

no immune

disease Healthy MS, anxiety

MS, no

anxiety

N 45 167 76 46 65 1325 14,820 54,221 119 459

Females1 41 (91.1) 132 (79.0) 65 (85.5) 29 (63.0) 52 (80) 963 (72.7) 9840 (66.4) 27,954 (51.6) 93 (78.2) 324 (70.6)

Age, years2 47.4 (13.7) 52.5 (12.1) 43.4 (13.4) 43.9 (18.0) 53.1 (7.5) 55.5 (7.5) 55.2 (7.6) 52.6 (7.9) 37.3 (9.3) 38.8 (9.4)

Highest education1

≤High school 15 (33.3) 56 (33.5) 20 (26.3) 12 (26.1) 28 (43.1) 545 (41.3) 5766 (38.9) 21,888 (40.4) 24 (20.2) 62 (13.5)

>High school 30 (66.7) 105 (62.9) 53 (69.7) 32 (69.6) 35 (53.8) 559 (42.2) 8039 (54.2) 26,831 (49.4) 83 (69.7) 337 (73.4)

Other 0 6 (3.6) 3 (3.9) 2 (4.4) 2 (3.1) 201 (15.2) 923 (6.3) 5,078 (9.4) 0 0

Declined 0 0 0 0 0 20 (1.5) 92 (0.6) 424 (0.8) 12 (10.1) 60 (13.1)

Education,

years2
14.4 (3.1) 14.1 (2.5) 15.2 (2.9) 16.3 (2.9) 15.5 (4.7) 13.9 (5.0) 15.4 (4.7) 14.8 (4.9) N/A N/A

Income1

<$50,000

CAD

18 (40) 50 (29.9) 29 (38.2) 12 (26.1) 25 (39.1) 629 (51.4) 5641 (39.1) 15,797 (29.9) N/A N/A

≥$50,000

CAD

23 (51.1) 97 (58.1) 43 (56.6) 32 (69.6) 36 (56.2) 469 (38.5) 7824 (54.4) 32,209 (61.2) N/A N/A

Declined 4 (8.9) 20 (12) 4 (5.3) 2 (4.4) 3 (4.7) 120 (9.9) 928 (6.4) 6,215 (11.5) N/A N/A

Ever smoker1 27 (60) 96 (57.5) 39 (51.3) 8 (17.4) 33 (50.8) 702 (53.0) 6,940 (46.8) 20,470 (37.8) 64 (12.6) 191 (33.0)

BMI (kg/m2)2 29.9 (7.7) 28.4 (7.2) 28.0 (6.5) 24.9 (3.5) 26.2 (5.1) 26.3 (5.1) 26.8 (4.8) 26.0 (3.9) 27.8 (6.0) 28.9 (6.7)

Overweight1 15 (33.3) 57 (34.1) 22 (28.9) 16 (34.8) 22 (33.8) 440 (33.2) 5871 (39.6) 22,828 (42.1) 40 (33.6) 142 (30.9)

Obese1 18 (40.0) 48 (28.7) 27 (35.5) 6 (13.0) 13 (20) 256 (19.3) 3075 (20.7) 7,594 (14.1) 36 (30.3) 169 (36.8)

DSM-5 lifetime

anxiety

disorder1

27 (60) 27 (16.2) 70 (92.1) 0 0 13 (0.98) 242 (1.6) 0 N/A N/A

Self-reported

anxiety1
45 (100) 0 76 (100) 0 65 (100) 0 14,820 (100) 0 119 (100) 0

GAD-2 score2 2.6 (1.9) 1.5 (1.6) 4.0 (1.6) 0.3 (0.7) 1.8 (1.9) 0.7 (1.23) 1.41 (1.7) 0.30 (0.7) N/A N/A

GAD-7 score2 7.3 (5.5) 4.0 (4.4) 12.1 (5.5) 0.7 (1.5) 5.6 (5.7) 2.4 (3.5) 4.35 (4.8) 1.01 (1.8) N/A N/A

GAD-7 ≥ 101 17 (37.8) 27 (16.2) 52 (68.4) 0 11 (16.9) 15 (1.13) 1991 (13.4) 62 (0.1) N/A N/A

GAD-2 PGS2 �0.02 (0.1) �0.1 (0.1) 0.27 (0.9) �0.14 (0.6) �0.04 (1.0) 0.02 (0.9) 0.03 (1.0) �0.04 (1.0) 0.04 (1.1) �0.01 (1.0)

Anxiety as a participant category is defined using self-reported anxiety for all samples as this was the measure available across all three cohorts.

Missing N: Canada BMI: N = 6, USA ever smoker: N = 72, UKB BMI: N = 351, UKB ever smoker: N = 320. BMI, body mass index; PGS, Polygenic

score.
1Categorical variable reported as n (%).
2Continuous variable reported as mean (SD).
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current moderate anxious symptoms (GAD-7 ≥ 10,

Table S3). The overlap between the three categorical anxi-

ety measures varied (Figure S1), but a similar proportion

of Canadian (10.9%) and UKB (9.2%) participants with

MS had comorbid anxiety or elevated anxiety symptoms

as defined by all three categorical measures.

We assessed whether there was an association between

the GAD-2 PGS and the three categorical measures and

one continuous measure of lifetime or current anxiety.

Our primary analyses included a comparison between

PwMS/anxiety to PwMS/no comorbid anxiety. Our multi-

variable regression meta-analyses of the two cohorts with

GAD-7 scores (Canada, UKB) identified that in European

genetic ancestry PwMS, each 1-standard deviation (SD)

increase in the GAD-2 PGS was associated with a ~50%
increased odds of having comorbid moderate anxiety

symptoms (GAD-7 ≥ 10) compared to those with less

than moderate symptoms among PwMS (OR per 1-SD

increase in GAD-2 PGS: 1.47, 95% CI: 1.09–1.99, Table 2).
When we examined either lifetime DSM-5 anxiety disor-

der or self-reported physician-diagnosed anxiety as the

categorical outcomes, the multivariable regression effects

were in a similar direction to that of current moderate

anxiety symptoms, although they were not statistically sig-

nificant (Table 2 and Table S3).

In our secondary analyses, comparing PwMS/anxiety to

healthy controls, we found a 1-SD GAD-2 PGS increase

was associated with similar odds of comorbid moderate

anxiety to that of the primary (OR per 1-SD increase in

GAD-2 PGS: 1.45, 95% CI: 1.05–1.98, Table S4). Last,

when we compared the GAD-2 PGS between anxiety

occurring as a comorbidity in PwMS to that where anxi-

ety was the index disease (i.e., anxiety without an

immune disease) we did not observe a statistically signifi-

cant difference (Table S4).

Stratifying the primary comparison of PwMS/anxiety

compared to PwMS/no anxiety by sex yielded similar pro-

portions of males and females in each sample by anxiety

measure (Table S5). The sex-stratified meta-analyses for

the current moderate anxiety symptoms (GAD-7 ≥ 10)

revealed a larger effect for males compared to females

(OR = 3.89 for males vs. OR = 1.43 for females), but this

effect was not significant in males. In addition, the formal

tests for effect modification (sex 9 GAD-2 PGS interac-

tion term) were not significant (Table S6).

We also investigated the association between GAD-2

PGS and the first two questions of the GAD-7 scale (i.e.,

the GAD-2) as a continuous score, including all possible

samples in the Canadian and UK cohorts (N = 334 Can-

ada, N = 45,195 UK). We found each 1-SD increase in

the GAD-2 PGS was associated with higher GAD-2 scores

(b = 0.08, SE = 0.01, P < 0.001, Table 3). We included

interaction terms for the GAD-2 PGS by disease type and

sex in both the Canadian and UK cohorts (Table 3 foot-

note) but did not find replication of any significant inter-

action in either cohort. However, a significant interaction

for the GAD-2 PGS in the anxiety/no immune disease

participant group was detected in the UKB cohort

(b = 0.07, P < 0.001). There was no difference upon

stratifying these results by sex, with results in the same

direction and magnitude as that of the full results

(Table 3).

Discussion

Using a large sample of >70,000 individuals from three

countries and multiple control groups, we confirmed our

hypothesis that the GAD-2 PGS is associated with comor-

bid anxiety in MS. A 1-SD increase in the GAD-2 PGS

was associated with ~50% increased odds for moderate

anxious symptoms in PwMS compared to those with less

than moderate anxiety symptoms. Results in the same

direction, albeit with smaller effects, were noted for the

categorical measures of lifetime anxiety. We also found

that the association of GAD-2 PGS did not differ when

comparing anxiety among PwMS to individuals without

an immune disease. Thus, we had no data to reject the

hypothesis that based on our current knowledge of

Table 2. Multivariable logistic regression analyses investigating the

association between the GAD-2 polygenic score and comorbid anxiety

in multiple sclerosis compared to persons with multiple sclerosis/no

anxiety.

Binary

outcome

Sample

Meta-analysisCanada UK USA

Current

GAD-7 ≥ 10

1.24

(0.84–1.81);

0.9

2.03

(1.2–3.4);

0.006

N/A 1.47

(1.09–1.99),

0.02,

58.2%1

Lifetime

DSM-5

anxiety

disorders

1.35

(0.95–1.90);

0.08

1.03

(0.76–1.40);

0.9

N/A 1.16

(0.93–1.45),

0.18,

29.8%

Lifetime

self-

reported

physician

diagnosed

anxiety

1.17

(0.82–1.67);

0.1

0.93

(0.71–1.21);

0.7

1.20

(0.98–1.47),

0.08

1.07

(0.93–1.23),

0.35,

29.6%

Data represented as odds ratio (95% CI), P-value, I2 (for meta-

analyses). Bolded P-value indicates P ≤ 0.05. The outcome is multiple

sclerosis/anxiety (case) compared with multiple sclerosis/no anxiety

(control). Each anxiety measure is assessed as a separate model and

includes the polygenic score for GAD-2, the first five genetic ancestry

principal components, age, and sex.
1Random-effect inverse variance-weighted model, whereas others

used a fixed effect.
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anxiety genetic variation, PwMS appear to have a similar

genetic architecture of anxiety to that of those without

MS or other immune diseases.

In two large cohorts from Canada and the UK, we

found that a higher cumulative genetic burden for current

anxiety symptoms was associated with increased odds for

moderate anxiety symptoms in PwMS. These results were

similar when stratified by sex. A previous study found a

similar effect for a PGS for self-reported anxiety in associ-

ation with comorbid anxiety in a target sample of 3369

individuals with bipolar disorder (OR = 1.15, 95% CI:

1.05–1.27, P = 0.0034).37

While past studies found no association between family

psychiatric history and anxiety in PwMS,38,39 the present

study provides evidence for a biological basis of anxiety

symptoms in PwMS. Similarly, a genetic basis for comor-

bid depression in PwMS was also uncovered by our

research team recently.29 Our methods used a direct mea-

sure of genetic variation association with current anxiety

symptoms, whereas family history captures both genetic

and environmental impacts.

We also found that PwMS were not at elevated odds of

anxiety due to common genetic variation above that of

persons without an immune disease including MS and

other immune diseases. In other words, excess genetic

burden did not account for the higher rates of anxiety in

MS. Thus, the reason for the elevated rate of anxiety dis-

orders in PwMS compared with the general population

may be due to a multitude of factors, such as improved

detection with increased healthcare use, rare genetic varia-

tion associated with anxiety, fundamentally different

anxiety genetic variation specific to MS, the mental bur-

den of a debilitating chronic neurological disease, the

impact of the MS on social and physical health, or shared

environmental factors such as adverse childhood

experiences.40

The measure utilized in the present study for identify-

ing the cumulative genetic burden associated with anxiety

captures a dynamic, brief clinical process, whereas anxiety

disorders are formal diagnoses. Not surprisingly, in our

study, the GAD-2 PGS was significantly associated with

GAD-2 scores and its parent symptom scale (GAD-7). In

our study, the GAD-2 PGS was also not significantly asso-

ciated with lifetime anxiety disorders as defined by either

the DSM-5 anxiety disorders criteria or with self-reported

physician-diagnosed anxiety. This could be due to the

GAD-2 PGS capturing the genetic variability of a different

construct (current anxious symptoms) rather than a life-

time formal anxiety diagnosis or other anxiety disorders

such as panic disorder. This is also reflected in the recent

genome-wide association study of anxiety, whereby the

genetic correlation between GAD-2 and self-reported phy-

sician diagnosis of an anxiety disorder was strong but not

equal to 1 (rg = 0.87).13

Our findings support further work into understanding

genetic variation and PGS associated with psychiatric dis-

orders in PwMS. They may also support the potential

identification of those with newly diagnosed MS who are

likely to experience moderate or greater levels of anxiety

symptoms. PGS may present as a useful tool in the iden-

tification of anxiety that occurs comorbid to MS, given

the overlap in somatic symptoms between anxiety and

Table 3. Linear regression analyses investigating the association between the GAD-2 polygenic score and higher anxiety symptoms (GAD-2) as a

continuous measure in the Canadian and UKB samples, including participants with MS, anxiety, and no immune disease and healthy controls.

Canada UKB Meta-analyses

All

(N = 334)

Sex-stratified
All

(N = 45,195)

Sex-stratified
All

(N = 45,529)

Sex-stratified

Female Male Female Male Female Male

GAD-2 PGS 0.15

(0.09);

0.09

0.12

(0.10);

0.25

0.27

(0.21);

0.27

0.08 (0.01),

<0.001
0.09

(0.01),

<0.001

0.07

(0.01),

<0.001

0.08 (0.01),

<0.001, 0%
0.09 (0.01),

<0.001, 0%
0.07 (.01),

<0.001, 0%

Disease group:

multiple

sclerosis

1.64

(0.26),

<0.001

1.64

(0.32);

<0.001

1.51

(0.47);

<0.001

0.56 (0.07),

<0.001
0.62

(0.01),

<0.001

0.42

(0.14),

<0.01

0.63 (0.07),

<0.001,
94%1

0.62 (0.01),

<0.001,
90.1%

0.51 (.13),

<0.001,
79.3%

Disease group:

anxiety

3.64

(0.29),

<0.001

3.52

(0.36);

<0.001

4.14

(0.59);

<0.001

1.10 (0.02).

<0.001
1.09

(0.02),

<0.001

1.11

(0.02),

<0.001

1.11 (0.02),

<0.001,
98.7%1

1.09 (0.02),

<0.001, 97%
1.11 (0.02),

<0.001,
96.2%

The outcome in all models is the GAD-2 as a continuous measure. The exposures include all factors listed in addition to the first five genetic

ancestry principal components, age, and sex. Results are reported as beta estimate (SE), P-value. Bolded P-value indicates P ≤ 0.05. PGS, polygenic

score.
1Random-effect inverse variance-weighted model, whereas others used a fixed effect. For the disease group variable, the reference category is the

healthy controls. We also included the following interaction terms to the full model in the Canada sample: GAD-2 PGS 9 anxiety (b = �0.01,

P = 0.9), GAD-2 PGS 9 MS (b = �0.07, P = 0.7), GAD-2 PGS 9 sex (b = 0.17, P = 0.4), and in UKB sample: GAD-2 PGS 9 anxiety (b = 0.07,

P =< 0.001), GAD-2 PGS 9 MS (b = 0.14, P = 0.06), GAD-2 PGS 9 sex (b = 0.01, P = 0.5).
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MS. Future use of PGS in screening requires further eval-

uation in other populations where its sensitivity and spec-

ificity can be established. The utility of PGS for this

purpose is expected to improve as more genetic factors

are identified. Understanding the proportion of disease

risk due to genetic factors could also illuminate what pro-

portion of disease risk may be due to modifiable factors.

Identifying these modifiable factors can be facilitated by

controlling for genetic differences in the risk of study par-

ticipants. Although using the GAD-2 PGS to screen for

anxiety has not been assessed in clinics yet, it is theoreti-

cally possible that PGS could be a useful tool to screen

subgroups where the base anxiety rate is higher than the

general population, such as PwMS. Based on a recent sys-

tematic review, the US Preventative Services Task Force

recommended screening for anxiety disorders in adults.41

Those PwMS at higher risk for anxiety may be offered

preventative strategies, such as cognitive behavioral ther-

apy, to strengthen resilience. In children with a family

history of an anxiety disorder, none of those completing

an 8-week family-based cognitive behavioral therapy

intervention developed anxiety compared with one-third

of those who did not.42

Our study had many strengths, including a large,

multi-country sample with multiple measures that exam-

ined both lifetime history and current levels of anxiety,

which helped to establish the generalizability and replica-

tion of our findings. However, our study also had its lim-

itations. We included the UKB in our study due to its

size and extensiveness, however, there is a known healthy

volunteer bias in the UKB (i.e., those in UKB are, on

average, “healthier”),43 which likely led to the lower anxi-

ety rates compared to our MS clinic cohorts from Canada

and the USA and was apparent from the effect size for

self-reported anxiety in the UKB. We attempted to bal-

ance the limitations of the UKB with its advantages,

including its size and extensive phenotype measures,44

while including other cohorts that supplemented our

cohort of PwMS. Another limitation relates to the hetero-

geneous nature of anxiety disorders and our lack of anxi-

ety subtype information or in the case of the US cohort

which lacked a structured anxiety measure.

Our findings highlight that future studies deciphering

the genetic heterogeneity of anxiety in PwMS will be use-

ful and further understanding of the pathophysiology of

anxiety in PwMS may benefit from investigating the sub-

types of anxiety disorders, including panic disorders. Fur-

ther to this, investigating MS-specific anxiety traits could

also assist with unraveling the heterogeneity of comorbid

anxiety in MS, for which our sample size may have been

limited to identify. Our findings also suggest that future

studies investigating the etiology of anxiety in MS should

control for genetic factors. Our results were also only

generalizable to PwMS of European genetic ancestry as

we excluded the small number of non-European genetic

ancestry samples from PwMS to ensure high transferabil-

ity from the original GAD-2 genome-wide association

study to maximize PGS association in our target

samples.13,30 There is a need for targeted recruitment of

non-European ancestry participants with MS45,46 and col-

lection of extensive phenotype information for future

studies and determining the applicability of PGS between

ancestries. We were unable to exclude PwMS from the

previous GAD-2 genome-wide association study,13 how-

ever, a previous study using a larger version of the cohort

used in the genome-wide study reported the number of

individuals with MS to be low (0.8%).47

Collectively, we observed that in PwMS of European

genetic ancestry, for each standard deviation increase in

the GAD-2 PGS, there was a ~50% increase in the occur-

rence of moderate anxiety symptoms. This effect did not

differ by sex and whether the anxiety symptoms occurred

as a comorbid symptom of MS or in individuals with no

immune disease. Future studies assessing these findings in

other European ancestry MS cohorts and in individuals of

non-European genetic ancestry will be important to estab-

lish the generalizability of this finding. In conclusion, our

findings indicate a genetic basis of anxiety in PwMS

which is like that seen in individuals with no immune

disease.
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Data S1. Supplementary methods.

Figure S1. Overlap in the three categorical definitions of

anxiety used in the (A, B) Canadian and (C, D) UK Bio-

bank (UKB) samples.

Table S1. List of conditions and corresponding ICD-10

codes and survey question number for use in defining

healthy controls in UKB and Canada samples.

Table S2. Variance explained in anxiety outcome by the

GAD-2 polygenic score as measured by Nagelkerke

pseudo-R2, expressed as a percentage.

Table S3. Number of participants included in the meta-

analyses.

Table S4. Multivariable logistic regression analyses inves-

tigating the association between the GAD-2 polygenic

score with multiple sclerosis (MS) and comorbid anxiety

and (A) anxiety and no comorbid immune disease and

(B) healthy controls.

Table S5. Number of females and males included in

sex-stratified regression of MS/anxiety compared to MS/

no anxiety, as defined by three categorical anxiety

measures.

Table S6. Sex-stratified multivariable logistic regression

investigating the association between the polygenic score

for GAD-2 and comorbid anxiety in multiple sclerosis.
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