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Abstract

Background: Prospective population-based studies investigating multiple determinants of pre-vaccination antibody
responses to SARS-CoV-2 are lacking.

Methods: We did a prospective population-based study in SARS-CoV-2 vaccine-naive UK adults recruited between
May 1 and November 2, 2020, without a positive swab test result for SARS-CoV-2 prior to enrolment. Information

on 88 potential sociodemographic, behavioural, nutritional, clinical and pharmacological risk factors was obtained
through online questionnaires, and combined IgG/IgA/IgM responses to SARS-CoV-2 spike glycoprotein were deter-
mined in dried blood spots obtained between November 6, 2020, and April 18, 2021. We used logistic and linear
regression to estimate adjusted odds ratios (aORs) and adjusted geometric mean ratios (@GMRs) for potential determi-
nants of SARS-CoV-2 seropositivity (all participants) and antibody titres (seropositive participants only), respectively.

Results: Of 11,130 participants, 1696 (15.2%) were seropositive. Factors independently associated with higher risk

of SARS-CoV-2 seropositivity included frontline health/care occupation (aOR 1.86, 95% Cl 1.48-2.33), international
travel (1.20, 1.07-1.35), number of visits to shops and other indoor public places (> 5 vs. 0/week: 1.29, 1.06-1.57,
P-trend =0.01), body mass index (BMI) > 25 vs.< 25 kg/m? (1.24, 1.11-1.39), South Asian vs. White ethnicity (1.65, 1.10-
2.49) and alcohol consumption >15 vs. O units/week (1.23, 1.04-1.46). Light physical exercise associated with lower
risk (0.80, 0.70-0.93, for > 10 vs. 0-4 h/week). Among seropositive participants, higher titres of anti-Spike antibodies
associated with factors including BMI > 30 vs. < 25 kg/m? (@GMR 1.10, 1.02-1.19), South Asian vs. White ethnicity (1.22,
1.04-1.44), frontline health/care occupation (1.24, 95% Cl 1.11-1.39), international travel (1.11, 1.05-1.16) and number
of visits to shops and other indoor public places (> 5 vs. 0/week: 1.12, 1.02-1.23, P-trend = 0.01); these associations
were not substantially attenuated by adjustment for COVID-19 disease severity.

Conclusions: Higher alcohol consumption and lower light physical exercise represent new modifiable risk factors
for SARS-CoV-2 infection. Recognised associations between South Asian ethnic origin and obesity and higher risk of
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SARS-CoV-2 seropositivity were independent of other sociodemographic, behavioural, nutritional, clinical, and phar-
macological factors investigated. Among seropositive participants, higher titres of anti-Spike antibodies in people of
South Asian ancestry and in obese people were not explained by greater COVID-19 disease severity in these groups.

Keywords: SARS-CoV-2, Serology, Ethnicity, Diet, Micronutrients, Lifestyle, Exercise, Obesity, Alcohol, Occupation

Background

The COVID-19 pandemic has caused more than
220 million recorded infections and over 4.5 million
recorded deaths [1], with these figures representing
only a portion of the true burden [2]. Large population-
based studies have identified various risk factors for
SARS-CoV-2 infection, including non-White ethnic-
ity and lower educational attainment [3-5]. However,
the vast majority of studies have been based on routine
real-time reverse transcription PCR (RT-PCR) test-
ing in healthcare settings or in the community; con-
sequently, they are potentially open to collider bias, as
the probability of being tested for infection can itself
depend on the risk factors under investigation [6].
Access to testing has also changed across the course of
the pandemic [7], meaning earlier studies were more
likely to focus on people with symptomatic disease or
a history of travel, or on specific populations such as
healthcare workers.

Serological population-based studies offer a differ-
ent approach by testing members of a population uni-
formly, including people who might not be captured by
routine testing. This approach not only reduces the risk
of collider bias but also can uncover previously unde-
tected asymptomatic infections. Inclusion of asymp-
tomatic SARS-CoV-2 infections in the analysis of risk
factors is crucial, as asymptomatic individuals have
been found to be as infectious as those with symptoms
[8]. Serology studies also offer the opportunity to iden-
tify determinants of anti-SARS-CoV-2 antibody titres,
which are a recognised correlate of protection against
future infection [9, 10].

The largest population-based serology studies done to
date have explored several sociodemographic and clini-
cal risk factors, but have not considered risk factors
related to lifestyle, diet, or levels of physical activity
[3-5, 11, 12]. These studies have focused on IgG anti-
bodies alone [11, 12] or relied on immunoassays with
low sensitivity [12], potentially missing infections. They
have also tended to be cross-sectional in design, so that
reverse causality could potentially explain associations
between symptomatic seropositivity and modifiable
risk factors. Additionally, studies investigating determi-
nants of antibody titres have focused on specific popu-
lations such as healthcare workers [13, 14], limiting the
generalisability of their findings.

We therefore undertook a prospective population-
based study to uncover determinants of SARS-CoV-2
seropositivity and antibody titres, combining high
statistical power with detailed assessment of sociode-
mographic, clinical and behavioural risk factors, and
supported by an assay with proven sensitivity for detec-
tion of SARS-CoV-2 antibodies in non-hospitalised
adults with mild or moderate COVID-19 [15].

Methods

Study design and participants

COVIDENCE UK is a prospective, longitudinal, pop-
ulation-based observational study of COVID-19 in
the UK population (www.qmul.ac.uk/covidence) [16].
Inclusion criteria were age 16years or older and UK
residence at enrolment, with no exclusion criteria. Par-
ticipants were invited via a national media campaign to
complete an online baseline questionnaire to capture
information on potential symptoms of COVID-19 expe-
rienced since February 1, 2020, results of any COVID-
19 tests, and details of a wide range of potential risk
factors for COVID-19 (Additional file 1: Table S1).
Online monthly follow-up questionnaires captured
incident test-confirmed COVID-19 and symptoms of
acute respiratory infection (Additional file 1: Table S2).
The study was launched on May 1, 2020.

The antibody study described here was introduced
as an approved protocol amendment (amendment
3; November, 2020). Participants enrolled before the
amendment were invited via email to participate in the
antibody study and to give additional consent. As part
of the antibody study, participants were invited to par-
ticipate in serology testing from November, 2020. For
this analysis, we included all participants who enrolled
in the study between May 1 and November 2, 2020,
partaking in serology testing who were not vaccinated
against COVID-19 or who provided their dried blood
spot sample on or before the date of their first COVID-
19 vaccination. This paper reports findings from analy-
sis of data collected up to April 18, 2021.

COVIDENCE UK was sponsored by Queen Mary
University of London and approved by Leicester South
Research Ethics Committee (ref 20/EM/0117). It is reg-
istered with ClinicalTrials.gov (NCT04330599).


http://www.qmul.ac.uk/covidence
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Procedures

Antibody study participants were sent a kit containing
instructions, lancets, and blood spot collection cards,
to be posted back to the study team. Once returned,
the samples were logged by the study team and sent in
batches to the Clinical Immunology Service at the Insti-
tute of Immunology and Immunotherapy of the Univer-
sity of Birmingham (Birmingham, UK). Up to two more
test kits were offered to participants whose initial sam-
ples were found to be insufficient for testing. Blood spot
samples were taken from November 6, 2020, to April 18,
2021.

Semi-quantitative determination of antibody titres in
dried blood spot eluates was done using a commercially
available ELISA that measures combined IgG, IgA, and
IgM (IgGAM) responses to the SARS-CoV-2 trimeric
spike glycoprotein (product code MK654; The Binding
Site [TBS], Birmingham, UK). The SARS-CoV-2 spike
used is a soluble, stabilised, trimeric glycoprotein trun-
cated at the transmembrane region [17, 18]. This assay
has been CE-marked with 98.3% (95% CI 96.4—99.4)
specificity and 98.6% (92.6-100.0) sensitivity follow-
ing RT-PCR-confirmed mild-to-moderate COVID-19
that did not result in hospitalisation [15]. A cut-off ratio
relative to the TBS cut-off calibrators was determined by
plotting 624 pre-2019 negatives in a frequency histogram.
A cut-off coefficient was then established for IgGAM
(1.31), with ratio values classed as positive (>1) or neg-
ative (< 1). Dried blood spots were pre-diluted at a 1:40
dilution with 0.05% PBS-Tween using a Dynex Revelation
automated absorbance microplate reader (Dynex Tech-
nologies; Chantilly, VA, USA). Plates were developed
after 10min using 3,3',5,5'-tetramethylbenzidine core
and orthophosphoric acid used as a stop solution (both
TBS). Optical densities at 450nm were measured using
the Dynex Revelation. Results of ELISA for detection of
anti-Spike antibodies in dried blood spot eluates have
previously been shown to have almost perfect agreement
with those performed on serum (Cohen’s kappa=10.83)
[15].

Outcomes

Study outcomes were presence versus absence of anti-
bodies against SARS-CoV-2 (binary outcome assessed in
all participants who did not report having tested positive
for SARS-CoV-2 infection via RT-PCR or lateral flow test
before enrolment) and antibody titres (continuous out-
come measured in all seropositive participants).

Independent variables
Eighty-eight putative risk factors for SARS-CoV-2 infec-
tion were selected a priori, covering sociodemographic,
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occupational and lifestyle factors; longstanding medical
conditions and prescribed medication use; Bacille Cal-
mette Guérin and measles, mumps, and rubella vaccine
status; and diet and supplemental micronutrient intake
(Additional file 1: Tables S1, S2). These factors, which
were obtained from the baseline questionnaire, were
included as independent variables in our models. To pro-
duce patient-level covariates for each class of medications
investigated, participant responses were mapped to drug
classes listed in the British National Formulary or the
DrugBank and Electronic Medicines Compendium data-
bases if not explicitly listed in the British National For-
mulary, as previously described [16]. Index of Multiple
Deprivation (IMD) 2019 scores were assigned according
to participants’ postcodes, and categorised into quar-
tiles. Duration of follow-up was defined as the number of
days between the date of enrolment and the date of dried
blood spot collection.

Statistical analysis

Using the Stata powerlog program, we estimated that
a minimum sample size of 10,964 would be required to
detect a difference of at least 2% in the proportion of
exposed vs. unexposed participants experiencing a given
binary outcome [equivalent to an odds ratio (OR) of
1.08], with 90% power, for a binary exposure with maxi-
mum variability (probability 0.50 changing to 0.52) and a
moderate correlation (R*=0.4) with other variables in a
logistic regression model, using a two-sided test and 5%
significance. The antibody study was a pragmatic study
including all participants meeting the inclusion criteria,
with no sample size specified.

Logistic regression models were used to estimate ORs
and 95% CIs for potential determinants of SARS-CoV-2
seropositivity. Linear regression models with robust
standard errors were used to estimate geometric mean
ratios (GMRs) and 95% ClIs for potential determinants
of log-transformed antibody titres in seropositive par-
ticipants. We first estimated ORs and GMRs in minimally
adjusted models, and carried forward factors indepen-
dently associated with each outcome at the 10% signifi-
cance level to fully adjusted models. Both the minimally
adjusted and fully adjusted models were controlled for
age (<30years, 30 to <40vyears, 40 to <50years, 50 to
<60years, 60 to <70vyears, and > 70years), sex (male vs.
female) and duration of follow-up (days). We calculated
p for trend for ordinal variables by re-running the regres-
sions treating each ordinal variable in turn as continuous.
Analyses were done for all participants with available
data; missing data were not imputed. Correction for mul-
tiple comparisons was not applied, on the grounds that
we were testing a priori hypotheses for all risk factors
investigated [19].
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In a sensitivity analysis, we excluded participants from
the seropositivity analysis who were classified as having
had probable COVID-19 before enrolment on the basis
of self-reported symptoms, using the symptom algorithm
described and validated by Menni and colleagues [20].

As antibody titres have been found to be associated
with disease severity [13, 21], we did an exploratory
analysis to investigate the extent to which COVID-19
severity might explain associations between independ-
ent variables and antibody titres, by including this as
an explanatory variable in the titre analysis. COVID-19
severity was classified into three groups: ‘asymptomatic’
(non-hospitalised seropositive participants, who either
did not report any symptoms of acute respiratory infec-
tion or whose symptoms were classified as having <50%
probability of being due to COVID-19, using the symp-
tom algorithm by Menni and colleagues [20]), ‘sympto-
matic non-hospitalised’ (non-hospitalised seropositive
participants who reported symptoms of acute respiratory
infection that were classified as having > 50% probability
of being due to COVID-19, using the symptom algorithm
[20]) and ‘hospitalised’ (seropositive participants who
were hospitalised for treatment of COVID-19).

We present descriptive statistics as # (%), mean (SD), or
median (IQR). Statistical analyses were done using Stata
(version 14.2; StataCorp, College Station, TX, USA).

Role of the funding source
The study funders had no role in the study design, data
analysis, data interpretation, or writing of the report.

Results

Serology data were available for 12,294 of the 15,853 par-
ticipants who consented to participate in the antibody
study. We excluded data from 1074 participants who
had been vaccinated against SARS-CoV-2 before provid-
ing their dried blood spot sample (Fig. 1). Of the 11,220
participants included, 1774 (15.8%) tested positive for
SARS-CoV-2 antibodies. For the analysis of determi-
nants of seropositivity, we excluded 90 (0.8%) partici-
pants who reported a positive RT-PCR or lateral flow test
result for SARS-CoV-2 infection before enrolment, leav-
ing a sample size of 11,130 participants with 1696 sero-
positive cases (Fig. 1). Selected baseline characteristics of
included participants are shown in Table 1. 70.1% of par-
ticipants were female, and 95.7% identified their ethnicity
as White, with median age of 62.3years (IQR 52.9-68.7;
Table 1).

After adjustment for age, sex and duration of follow-
up, 25 factors were independently associated with risk of
SARS-CoV-2 seropositivity with p<0.10 (Table 2). Addi-
tional file 1: Table S3 shows factors with no evidence of
association. When the former factors were included
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together in a fully adjusted model, we observed that
South Asian ethnicity (vs. White), working as a front-
line worker in a health or care setting (vs. not working
as a frontline worker), recent travel to a place of work
or study, number of public transport journeys, visits to
shops and other indoor public places, travel outside of
the UK, high levels of alcohol consumption (> 15units
per week), high body-mass index (BMI 2251<g/m2), sex
hormone therapy (i.e. hormone replacement therapy and
hormonal contraception) and use of vitamin D supple-
ments were independently associated with higher risk
of SARS-CoV-2 infection as indicated by antibody sero-
positivity (Table 2). By contrast, postgraduate education
(vs. primary or secondary), passive smoking, high levels
of light physical exercise (walking >10h per week) and
prescribed paracetamol use were independently associ-
ated with lower risk of SARS-CoV-2 infection. In the fully
adjusted model, the associations originally observed in
minimally adjusted models for generational composition
of households, living with a working-age adult, and lower
impact physical activity no longer achieved conventional
significance (Table 2). Excluding the 796 participants
with symptom-defined probable COVID-19, who did
not have a positive PCR or lateral flow test result before
enrolment, had little effect on our findings and associa-
tions with only 5 items were substantially attenuated in
the minimally adjusted model, including environmental
tobacco smoke exposure, public transport journeys, peo-
ple per bedroom, dairy products intake and use of sex
hormone therapy (Additional file 1: Table S4).

When investigating associations with antibody titres,
analysed as a continuous outcome in the subset of sero-
positive participants only, we found that 35 factors were
independently associated with antibody titres with
p<0.10 after adjustment for age, sex and duration of
follow-up (Table 3). The distribution of titres for three
of these factors—ethnicity, frontline worker status, and
COVID-19 severity—are shown in Fig. 2, with higher
medians for non-White ethnicities, health or social
care frontline workers, and participants who were
hospitalised for treatment of COVID-19. Additional
file 1: Table S5 shows factors with no evidence of asso-
ciation with antibody titre. When the 33 factors were
included together in a fully adjusted model, we found
that South Asian ethnicity (vs. White), having a mort-
gage (vs. owning own home), working as a frontline
worker in a health or care setting, being an ex-smoker
(vs. a never-smoker), visits to shops and other indoor
public places, travel outside of the UK, taking multivi-
tamin supplements, consuming at least two portions of
dairy products or calcium-fortified alternatives (vs. 0—1
portions), and high BMI were associated with higher
antibody titres, whereas high levels of fruit, vegetable,
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19,883 participants signed up to the
COVIDENCE study by Nov 2, 2020

2325 excluded
2165 no further data

\ 4

17,558 with baseline data and offered
participation in the antibody study

\ 4

15,853 consented to antibody study and
posted a sample collection kit

A\ 4

16 duplicate identifier
11 ineligible age
133 multiple registries

3559 no serology data
3,555 did not provide sample

\ 4

12,294 with serology data

\ 4

4 samples could not be
analysed*

1074 received COVID-19 vaccine

\ 4

A\ 4

11,220 with eligible serology data

9446 seronegative
1774 seropositive

before providing sample

90 reported positive RT-PCR or
lateral flow test for SARS-CoV-2

\ 4

11,130 at risk at baseline and included in
primary analysis

9434 seronegative
1696 seropositive

test

Fig. 1 Study profile. Asterisk indicates the following: 103 participants provided insufficient samples, but 99 were successfully analysed upon repeat

A\ 4

before enrolment in the study

or salad consumption and reporting feeling anxious or
depressed at baseline were associated with lower anti-
body titres (Table 3). P-for-trend analyses suggested
higher antibody titres with increasing intake of dairy or
calcium-fortified alternatives and increasing BMI and
lower antibody titres with increasing fruit, vegetable or
salad consumption (Table 3). The associations in mini-
mally adjusted models with chronic obstructive pul-
monary disease, poor self-reported general health and
use of metformin or statins were attenuated in the fully

adjusted model and were no longer statistically signifi-
cant (Table 3).

The addition of COVID-19 severity to our model of
determinants of antibody titres in seropositive partici-
pants attenuated the associations observed for BMI and
smoking status, but significant associations remained for
all other variables (Table 3). Inclusion of the severity vari-
able also led to a weak inverse association between male
sex and antibody titres (GMR 0.94 [95% CI 0.89-1.00];
p=0.03). Also, use of beta blockers (1.12 [1.01-1.24];
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Characteristics (N=11,130)

Sociodemographic, occupational and lifestyle factors

Age (years)
<30

30to <40
40 to <50
50to <60
60 to <70
>70

Sex
Female
Male

Ethnicity

Black, African, Caribbean or Black British

South Asian?
Mixed, multiple or other ethnic groups
White
Country of residence
England
Northern Ireland
Scotland
Wales
Housing
Owns own home
Mortgage
Privately renting
Renting from council
Other
Number of people per bedroom
<05
>05t0<1
Tto<2
>2
Shares home with
Pre-school children (0-4 years)
Schoolchildren (5-15 years)
Working-age adult (16-64 years)

Household income sufficient for basic needs

Yes
Mostly
Sometimes
No
Claiming Universal Credit
IMD decile
Occupational status
Employed
Self-employed
Retired
Furloughed
Unemployed

62.3 (52.9-68.7)
323 (2.9%)

651 (5.8%)

1246 (11.2%)
2545 (22.9%)
4098 (36.8%)
2267 (20.4%)

7806 (70.1%)
3324 (29.9%)

49 (0.4%)

145 (1.3%)
285 (2.6%)
10,651 (95.7%)

9835/11,129 (88.4%)
188/11,129 (1.7%)
694/11,129 (6.2%)
412/11,129 (3.7%)

7059/11,129 (63.4%)
2716/11,129 (24.4%)
654/11,129 (5.9%)
318/11,129 (2.9%)
382/11,129 (3.4%)

4382/11,059 (39.6%)
3085/11,059 (27.9%)
3355/11,059 (30.3%)
237/11,059 (2.1%)

362/11,106 (3.3%)
1227/11,101 (11.1%)
5748/11,101 (51.8%)

10,409/11,129 (93.5%)
390/11,129 (3.5%)
80/11,129 (0.7%)
250/11,129 (2.2%)
275/11,098 (2.5%)
7(5-9)

3662 (32.9%)
1048 (9.4%)
5284 (47.5%)
282 (2.5%)
186 (1.7%)
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Characteristics (N=11,130)

Student
Other
Frontline worker
Health or social care
Other
Highest educational level attained
Primary or secondary
Higher or further education (A levels or BTEC)
College or university
Postgraduate degree
Tobacco smoking status
Never-smoker
Ex-smoker
Current smoker
Regular environmental tobacco smoke exposure
Vaping status
Never-vaper
Ex-vaper
Current vaper
Alcohol (units per week)
None
1-7
8-14
>15
Does any vigorous physical exercise
1-3h per week
>4h per week
Duration of follow-up (days)

Medical conditions and prescribed medication use

Self-reported general health
Excellent
Very good
Good
Fair
Poor

BMI, kg/m?
<25
25-30
>30

Comorbidities

Arterial disease®

Asthma
Atopy©
Autoimmune disease®
Cancer
Past (cured or in remission)
Present (active treatment)
COPD

Diabetes or pre-diabetes

174 (1.6%)

494 (4.4%)
1700/11,112 (15.3%)
499/11,112 (4.5%)
1201/11,112 (10.8%)

1194/11,123 (10.7%
1600/11,123 (14.4%
4961/11,123 (44.6%

(
(
(
3368/11,123 (30.3%

)
)
)
)

6281 (56.4%)
4325 (38.9%)

524 (4.7%)
203/11,128 (1.8%)

10,463/11,099 (94.3%)
339/11,099 (3.1%)
297/11,099 (2.7%)

2986/11,129 (26.8%)
3932/11,129 (35.3%)
2249/11,129 (20.2%)
1962/11,129 (17.6%)
7001/11,102 (63.1%)
4142/11,102 (37.3%)
2859/11,102 (25.8%)
178 (26-419)

2291/11,129 (20.6%)
4435/11,129 (39.9%)
2939/11,129 (26.4%)
1147/11,129 (10.3%)
317/11,129 (2.8%)
262(53)
5424/11,106 (48.8%)
3586/11,106 (32.3%)
2096/11,106 (18.9%)

552 (5.0%)
1800 (16.2%)
2861 (25.7%)
965 (8.7%)
1036 (9.3%)
945 (8.5%)
91 (0.8%)
213 (1.9%)
858 (7.7%)
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Characteristics (N=11,130)

Pre-diabetes
Type 1
Type 2
Heart disease®
Hypertension
Immunodeficiency’
Kidney disease
Major neurological conditions?

332/11,118 (3.0%)
80/11,118 (0.7%)
434/11,118 (3.9%)
408 (3.7%)

2379 (21.4%)

64 (0.6%)

214 (1.9%)

287 (2.6%)

Data are n (%), n/N (%), mean (SD), or median (IQR)

BTEC Business and Technology Education Council, BMI body mass index, COPD chronic obstructive pulmonary disease, IMD Index of Multiple Deprivation

2 South Asian indicates people who self-identified their ethnic origin as Indian, Pakistani or Bangladeshi

b Ischaemic heart disease, peripheral vascular disease or cerebrovascular disease

€ Hay fever/allergic rhinitis or atopic eczema/dermatitis

9 Including rheumatoid arthritis, multiple sclerosis, lupus, Crohn's disease, ulcerative colitis and psoriasis

€ Coronary artery disease or heart failure

fHIV, primary immunodeficiency disorder or other immunodeficiencies

9 Stroke, transient ischaemic attack, dementia, Parkinson’s disease, multiple sclerosis or motor neuron disease

p=0.03) and anticholinergics (1.16 [1.00-1.33]; p =0.04)
were positively associated with antibody titres in this
model (Table 3). P-for-trend analyses suggested lower
antibody titres with increasing fruit, vegetable and
salad intake and higher titres with increasing intake of
dairy or calcium-fortified alternatives and increasing
age (Table 3). The variance in antibody titre explained
by the fully adjusted model was increased from 14.5%
(R*=0.1447) to 20.5% (R*=0.2047) after including dis-
ease severity as a covariate.

Discussion

In this large, prospective, population-based serological
study, we explored determinants of SARS-CoV-2 sero-
positivity and antibody titres, evaluating more than 80
potential sociodemographic, clinical and behavioural
risk factors. We found that five factors—South Asian
ethnicity, frontline occupation in health or social care,
number of visits to shops and other indoor public places,
international travel, and high BMI—were strongly asso-
ciated both with higher risk of SARS-CoV-2 seroposi-
tivity among all participants and with higher antibody
titres in the subset of seropositive participants. Lower
levels of educational attainment and light physical exer-
cise, and higher levels of public transport use and alco-
hol consumption, were found to associate with higher
risk of SARS-CoV-2 seropositivity. Lower intake of dairy
or calcium-fortified alternatives and higher intake of
fruit, vegetables and salad were associated with lower
antibody titres, as was reporting anxiety or depression.
Importantly, most factors associated with antibody titres

in seropositive participants retained significance after
adjusting for disease severity.

Our results support previous studies that have found
increased risk of SARS-CoV-2 seropositivity for health-
care workers [3, 4, 12], people of Asian ethnicity [3, 5,
12] and people with lower educational attainment [3,
4]. Non-White race/ethnicity has previously been high-
lighted as a determinant of both SARS-CoV-2 seroposi-
tivity [22-24] and antibody titres [25], but questions
remained over residual confounding [22]. Despite includ-
ing a wide range of potential confounders, point esti-
mates for all non-White participants remained elevated
in both our seropositivity and titre analyses, and signifi-
cantly so for South Asian participants, emphasising the
need to further investigate the underlying biological or
social factors driving this disparity. While we did not
confirm increased seropositivity for Black participants,
we lacked statistical power, as they represented only 0.4%
of the cohort.

We identified two novel modifiable lifestyle factors
associated with SARS-CoV-2 seropositivity: alcohol
consumption and light physical exercise. High levels of
alcohol intake are known to negatively affect immune
response through several mechanisms [26], which sup-
ports our finding of higher risk among participants con-
suming more than 15units of alcohol a week. By contrast,
we observed lower risk among participants doing more
than 10h of light physical exercise per week. It has been
speculated that there is a J-shaped relationship between
exercise load and susceptibility to infection, whereby
moderate exercise can improve immune response, but
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Table 2 Minimally adjusted and fully adjusted odds of seropositivity

Seropositive participants  Minimally adjusted model® Fully adjusted model®

n/N (%) OR (95% Cl) p value OR (95% Cl) p value
Sociodemographic, occupational and lifestyle factors

Age (years)

<30 45/323 (13.9%) 1.00 1.00

30to <40 116/651 (17.8%) 1.34(0.92-1.95) 0.13 142 (0.94-2.15) 0.09

40 to <50 241/1246 (19.3%) 1.48 (1.05-2.09) 0.03 1.50 (1.01-2.24) 0.04

50to <60 419/2545 (16.5%) 1.22 (0.88-1.71) 0.23 1.31 (0.89-1.93) 0.17

60to <70 557/4098 (13.6%) 0.98 (0.7 37) 092 1.22 (0.82-1.82) 0.34

>70 318/2267 (14.0%) 1.03 (0.73-1 44) 0.89 41(0.92-2.15) 0.1

p for trend 0.89 091
Sex

Female 1177/7806 (15.1%) 1.00 1.00

Male 519/3324 (15.6%) 1.10 (0.98-1.24) 0.10 1.06 (0.93-1.20) 0.39
Ethnicity

White 1598/10,651 (15.0%) 1.00 1.00

Black, African, Caribbean, or Black British 10/49 (20.4%) 1.30(0.96-1.76) 0.09 1.24 (0.90-1.71) 0.20

South Asian® 34/145 (23.4%) 1.65 (1.12-2.45) 0.01 1.65 (1.10-2.49) 0.02

Mixed, multiple, or other ethnic groups 54/285 (18.9%) 136 (0.67-2.73) 0.40 1.14 (0.52-2.50) 0.74
Housing

Owns own home 991/7059 (14.0%) 1.00 1.00

Mortgage 481/2716 (17.7%) 1.14 (0.99-1.32) 0.07 1.09 (0.93-1.27) 0.28

Privately renting 108/654 (16.5%) 1.12(0.88-1.42) 0.36 1.23(0.95-1.58) 0.11

Renting from council 56/318 (17.6%) 1.20 (0.89-1.62) 0.24 1.32(0.94-1.87) 0.11

Other 60/382 (15.7%) 1.09 (0.79-1.50) 0.60 1(0.80-1.55) 0.53
Claiming Universal Credit

No 1654/10,823 (15.3%) 1.00 1.00

Yes 35/275 (12.7%) 0.73(0.51-1.05) 0.09 0.72 (0.49-1.05) 0.09
Number of people per bedroom

<05 590/4382 (13.5%) 1.00 1.00

>05t0<1 499/3085 (16.2%) 1.18 (1.04-1.35) 0.01 1.04 (0.90-1.21) 0.57

Tto<2 559/3355 (16.7%) 1.13(0.98-1.30) 0.09 0.97 (0.83-1.14) 0.73

>2 35/237 (14.8%) 0.96 (0.66-1.41) 0.85 0.73(0.48-1.11) 0.15

p for trend 0.13 042
Multigenerational household

Living alone 265/1997 (13.3%) 1.00 1.00

Single generation 925/6055 (15.3%) 1.17 (1.01-1.36) 0.03 1.14 (0.95-1.38) 0.17

Two-generation 488/2990 (16.3%) 1.19 (1.01-1.40) 0.04 1.17 (0.94-1.45) 0.15

Three-generation 18/88 (20.5%) 1.61(0.94-2.76) 0.08 1.64 (0.91-2.96) 0.10

p for trend 0.03 0.08
Shares home with working-age adult (16-64 years)

No 724/5353 (13.5%) 1.00 1.00

Yes 968/5748 (16.8%) 1.21(1.06-1.37) 0.003 1.08 (0.93-1.26) 032
Highest educational level attained

Primary or secondary 198 (16.6%) 1.00 1.00

Higher or further education (A levels or TEC) 244 (15.3%) 0.92 (0.75-1.13) 042 0.94 (0.76-1.17) 0.60

College or university 777 (15.7%) 0.95 (0.80-1.13) 0.54 0.94(0.78-1.12) 047

Postgraduate degree 476 (14.1%) 0.83 (0.69-0.99) 0.04 0.82 (0.67-0.99) 0.04

p for trend 0.04 0.03
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Table 2 (continued)
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Seropositive participants

Minimally adjusted model®

Fully adjusted model®

n/N (%) OR (95% Cl) p value OR (95% CI) p value

Frontline worker

No 1369/9422 (14.5%) 1.00 1.00

Non-health 197/1201 (16.4%) 1.13(0.95-1.33) 017 1.02 (0.85-1.22) 0.86

Health or care 130/499 (26.1%) 2.02 (1.63-2.50) <0.001 1.86 (1.48-2.33) <0.001
Travel to place of work or study in past week

No 669/5031 (13.3%) 1.00 1.00

Yes 1014/5981 (17.0%) 1.31(1.17-1.46) <0.001 1.20 (1.07-1.35) <0.001
Number of public transport journeys per week

0 1502/9923 (15.1) 1.00 1.00

1-5 135/849 (15.9) 1.24(1.02-1.51) 0.03 1.19(0.97-1.47) 0.09

>6 55/322(17.1) 1.32(0.98-1.78) 0.07 1.24 (0.90-1.69) 0.18

p for trend 0.01 0.05
Number of visits to shops and other indoor public places per week

0 220/1514 (14.5) 1.00 1.00

1-2 560/3611(15.5) 1.15(0.97-1.37) 0.10 1.12(0.94-1.34) 0.20

2-4 413/2578 (16.0) 1.33(1.11-1.60) 0.002 1.27 (1.05-1.53) 0.02

>5 503/3413 (14.7) 1.36 (1.13-1.64) 0.001 1.29 (1.06-1.57) 0.01

p for trend <0.001 0.01
Travel outside of the UK between November 2019, and February 2021 d

No 926/6529 (14.2%) 1.00 1.00

Yes 572/3507 (16.3%) 1.19(1.07-1.34) 0.002 1.20 (1.07-1.36) 0.002
Tobacco smoking status

Never-smoker 930/6281 (14.8%) 1.00 1.00

Ex—smoker 690/4325 (16.0%) 1.10(0.98-1.22) 0.09 1.05(0.94-1.18) 042

Current smoker 76/524 (14.5%) 0.90 (0.70-1.16) 043 0.81(0.61-1.07) 0.14
Regular environmental tobacco smoke exposure

No 1672/10,925 (15.3%) 1.00 1.00

Yes 23/203 (11.3%) 0.65 (042-1.01) 0.05 0.59 (0.37-0.95) 003
Alcohol (units per week)

None 438/2986 (14.7%) 1.00 1.00

1-7 610/3932 (15.5%) 1.11(0.97-1.27) 0.13 1.09 (0.95-1.26) 0.22

8-14 318/2249 (14.1%) 1.00 (0.86-1.17) 0.99 1.01 (0.85-1.19) 092

>15 330/1962 (16.8%) 1.22 (1.04-1.43) 0.02 1.23 (1.04-1.46) 0.02

p for trend 0.07 0.06
Light physical exercise (hours per week)

0-4 614/3631 (16.9%) 1.00 1.00

5-9 613/3714 (16.5%) 1.01 (0.90-1.15) 0.83 1.03 (0.90-1.17) 0.69

>10 468/3764 (12.4%) 0.78 (0.68-0.89) <0.001 0.80 (0.70-0.93) 0.003

p for trend <0.001 0.003
Lower impact physical activity (hours per week)

0 991/6272 (15.8%) 1.00 1.00

1 322/2131 (15.1%) 0.95 (0.83-1.09) 0.46 0.97(0.84-1.12) 0.71

>2 378/2695 (14.0%) 0.87 (0.77-1.00) 0.04 0.93(0.81-1.07) 033

p for trend 0.04 033

Diet and supplemental micronutrient intake

Portions of dairy products or calcium-fortified alternatives per day

0-1 474/2928 (16.2%) 1.00 1.00

2 460/3254 (14.1%) 0.86 (0.75-0.99) 0.04 0.88 (0.76-1.02) 0.08
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Table 2 (continued)
Seropositive participants  Minimally adjusted model® Fully adjusted model®
n/N (%) OR (95% Cl) p value OR (95% CI) p value
3-5 389/2650 (14.7%) 0.90 (0.78-1.04) 0.17 0.92 (0.79-1.07) 0.29
>6 368/2269 (16.2%) 1.03 (0.88-1.20) 0.71 1.04 (0.89-1.22) 0.63
p for trend 0.71 0.62
Medical conditions and prescribed medication use
BMI, kg/m?
<25 741/5424 (13.7%) 1.00 1.00
25-30 604/3586 (16.8%) 1.27 (1.13-143) <0.001 1.25(1.10-141) <0.001
>30 347/2096 (16.6%) 1.19(1.03-1.37) 0.01 1.23(1.06-1.43) 0.01
p for trend 0.002 0.001
COPD
No 1656/10,917 (15.2%) 1.00 1.00
Yes 40/213 (18.8%) 1.36 (0.95-1.93) 0.09 1.41(0.98-2.04) 0.07
Paracetamol
No 1643/10,691 (15.4%) 1.00 1.00
Yes 53/439 (12.1%) 0.75 (0.56-1.01) 0.06 0.71(0.53-0.97) 0.03
Sex hormone therapy
No 1551 (15.1%) 1.00 1.00
Yes 145 (17.4%) 1.18 (0.97-143) 0.10 1.25(1.02-1.52) 0.03
Vitamin D (over the counter or prescribed)
No 1066/7300 (14.6%) 1.00 1.00
Yes 630/3830 (16.4%) 1.10 (0.99-1.23) 0.08 1.16 (1.03-1.30) 0.01
Follow-up duration (days) 1.003 (1.002-1.004) <0.001 1.003 (1.003-1.004) <0.001

Descriptive data are n/N (%) indicating number of seropositive participants (n) and total per category (N)

BMI body mass index, BTEC Business and Technology Education Council, COPD chronic obstructive pulmonary disease, OR odds ratio

2 Adjusted for age, sex and duration of follow-up

b Adjusted for all factors shown and duration of follow-up. The fully adjusted analysis includes 10,734 participants with data available for all factors

©South Asian indicates people who self-identified their ethnic origin as Indian, Pakistani or Bangladeshi

4The 1094 participants with unknown or missing travel status were included in the analysis as a separate category

prolonged, high-intensity exercise can increase suscepti-
bility to infection [27]. This curve might explain why we
did not see similar benefits for vigorous physical activity.

Our finding that use of vitamin D supplements was
associated with higher risk of seropositivity contrasts
with a previous study, which found lower risk in a uni-
variable model and no association after adjusting for con-
founders [23]; randomised controlled trials are needed to
resolve questions around potential effects of vitamin D
supplements on susceptibility to SARS-CoV-2. We found
no associations for frontline workers not based in health
or social care, at odds with previous findings [11, 12]. We
also did not observe associations between seropositiv-
ity and age or sex, unlike other studies [5, 23, 24, 28, 29].
This may reflect the fact that we adjusted for more poten-
tial confounders than most of these studies and included
behaviours that reflect social mixing and influence expo-
sure to infectious index cases.

The strongest association with antibody titre was for
disease severity, which explained a further 6% of vari-
ance when added to our full model, including 35 factors
explaining 14.5% of variance in antibody titre together.
After adjustment for disease severity, we uncovered ten
factors associated with higher titres (greater age, South
Asian ethnicity, higher BMI, working as a frontline
worker in a health or care setting, greater number of vis-
its to shops or other indoor places, international travel,
taking multivitamin supplements, increased consump-
tion of dairy products or calcium-fortified alternatives,
and use of beta blockers and anticholinergic medications)
and three associated with lower titres (male sex, high lev-
els of fruit, vegetable, or salad consumption; and report-
ing feeling anxious or depressed at baseline). Different
mechanisms may explain these associations. High inten-
sity and frequency of exposure could be a cause of ele-
vated antibody titres in participants who visited indoor
public places or travelled abroad more frequently and in
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Table 3 Minimally adjusted and fully adjusted geometric mean ratios of antibody titres in seropositive participants, with exploratory

analysis of disease severity
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n (%)

Minimally adjusted

Fully adjusted model®

Fully adjusted model plus

model® adjustment for disease
severity©
GMR (95% Cl) p value GMR (95% Cl) p value GMR (95% Cl) p value
Sociodemographic, occupational and lifestyle factors
Age (years)
<30 50 (2.8%) 1.00 1.00 1.00
30to <40 124(7.0%)  0.96 (0.80-1. 15) 0.68 0.95 (0.78-1. 16) 0.62 097 (0.81-1.16) 071
40 to <50 257 (14.5%) 0.98 (0.83-1.16) 0.83 00 (0.82-1.22) 0.97 05 (0.88-1.25) 0.60
50 to <60 445(25.1%) 0.96 (0.82-1.12) 0.60 00 (0.82-1.22) 1.00 05 (0.88-1.25) 0.59
60to <70 575 (32. 4%) 0.94 (0.80-1.10) 045 04 (0.84-1.27) 0.74 1(0.92-1 33) 0.28
>70 323(182%) 0.94(0.80-1.11) 0.46 1.05 (0.85-1.31) 0.64 1.14 (0.94-1.39) 0.18
p for trend 046 0.21 0.02
Sex
Female 1234 (69.6%) 1.00 1.00 1.00
Male 540 (30.4%) 1.00(0.95-1.05) 0.93 0.95 (0.90-1.00) 0.07 0.94 (0.89-1.00) 0.03
Ethnicity
White 1672 (94.3%) 1.00 1.00 1.00
Black, African, Caribbean or Black 11 (0.6%) 1.11 (0.96-1.28) 0.14 1.09 (0.93-1.27) 0.30 1.07 (0.92-1.25) 036
British
South Asian® 35 (2.0%) 1.19 (1.01-1.40) 0.03 1.22 (1.04-1.44) 0.02 1.23(1.04-1.47) 0.02
Mixed, multiple or other ethnic groups 56 (3.2%) 1.33(0.93-1.91) 0.12 1.15(0.78-1.71) 0.48 1.20(0.81-1.77) 037
Housing
Owns own home 1021 (57.6%) 1.00 1.00 1.00
Mortgage 5(29.0%) 1.12(1.04-1.20) 0.002 1.08 (1.00-1.15) 0.05 06 (0.99-1.14) 0.08
Privately renting 112 (6.3%) 1.07 (0.96-1.20) 0.22 1.00 (0.89-1.13) 0.96 0.99 (0.89-1.10) 0.84
Renting from council 61 (3.4%) 1.05(0.92-1.21) 047 1.00 (0.86-1.16) 1.00 1.01(0.87-1.17) 0.90
Other 65 (3.7%) 1.17(0.97-141) 0.09 1.14 (0.94-1.38) 0.19 3(0.94-1.35) 0.20
Number of people per bedroom
<05 611 (34.7%) 1.00 1.00 1.00
>05t0<1 521(29.6%) 1.03(0.97-1.09) 0.36 1.01 (0.95-1.07) 0.86 1.00 (0.94-1.05) 092
Tto<2 593(33.7%) 1.05(0.99-1.12) 0.12 1.03 (0.96-1.10) 037 1.03 (0.96-1.09) 043
>2 36 (2.0%) 1.26 (1.00-1.60) 0.05 1.20 (0.94-1.54) 0.15 1.22 (0.96-1.54) 0.10
p for trend 0.04 0.19 0.19
IMD rank
Quartile 1 (least wealthy) 432 (24.4%)  0.99 (0.93-1.06) 0.87 0.95(0.88-1.02) 0.16 0.96 (0.90-1.03) 030
Quartile 2 428 (24.2%) 1.04(0.97-1.12) 0.26 1.01 (0.94-1.08) 0.88 1.02 (0.95-1.09) 0.65
Quartile 3 444 (25.1%)  0.93 (0.87-0.99) 0.03 0.91 (0.86-0.97) 0.004 0.93 (0.87-0.99) 0.02
Quartile 4 (most wealthy) 465 (26.3%)  1.00 1.00 1.00
p for trend 041 062 0.84
Frontline worker
No 1402 (79.0%) 1.00 1.00 1.00
Health or social care 166 (9.4%) 1.33(1.20-1.48) <0.001 1.24(1.11-1.39) <0.001 1.19(1.07-1.33) 0.001
Other 206 (11.6%)  1.08 (0.99-1.17) 0.07 1.05 (0.97-1.14) 0.26 1.03 (0.95-1.11) 0.51
Highest educational level attained
Primary or secondary 209 (11.8%) 1.00 1.00 1.00
Higher or further education (A levels 255 (14.4%)  0.93 (0.84-1.03) 0.16 0.95 (0.86-1.05) 0.29 0.97 (0.89-1.06) 0.53
or BTEC)
College or university 805 (45.4%) 0.93(0.85-1.01) 0.09 0.95 (0.88-1.04) 0.29 0.97 (0.90-1.06) 0.51
Postgraduate degree 504 (284%) 0.94(0.85-1.02) 0.15 0.96 (0.87-1.05) 0.36 0.97 (0.89-1.06) 0.46
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n (%) Minimally adjusted Fully adjusted model® Fully adjusted model plus
model® adjustment for disease
severity©
GMR (95% Cl) pvalue GMR (95% Cl) pvalue GMR (95% Cl) p value

p for trend 0.22 0.50 0.53
Tobacco smoking status

Never-smoker 969 (54.6%)  1.00 1.00 1.00

Ex-smoker 728 (41.0%) 1.06(1.01-1.12) 0.02 1.06 (1.00-1.11) 0.03 1.04 (0.99-1.09) 0.12

Current smoker 77 (4.3%) 0.97 (0.86-1.09) 0.59 0.90 (0.80-1.02) 0.09 091 (0.82-1.02) 0.10
Actual sleep (hours per night)

<5 169 (9.5%) 1.14 (1.03-1.26) 0.01 1.09 (0.98-1.22) 0.10 1.05 (0.95-1.16) 0.36

6 419 (23.6%) 1.01(0.96-1.07) 0.80 1.00 (0.94-1.06) 0.99 1.00 (0.94-1.06) 0.99

7 728 (41.1%) 1.00 1.00 1.00

>8 457 (25.8%) 1.03 (0.97-1.09) 042 1.02 (0.96-1.08) 0.60 1.01 (0.95-1.07) 0.74

p for trend 0.03 0.30 0.70
Vigorous physical exercise (hours per week)

0 714 (403%) 1.00 1.00 1.00

1-3 635(35.9%) 0.94(0.89-0.99) 0.03 0.98 (0.92-1.04) 043 0.98 (0.93-1.04) 049

>4 422 (23.8%) 0.97 (0.91-1.04) 0.38 1.01 (0.94-1.08) 0.87 1.01 (0.95-1.08) 0.72

p for trend 0.26 0.95 0.79
Light physical exercise (hours per week)

0-4 659 (37.2%)  1.00 1.00 1.00

5-9 631(35.6%) 0.93(0.88-0.98) 0.01 0.96 (0.91-1.02) 0.24 0.98 (0.93-1.04) 0.58

>10 483 (27.2%)  1.00 (0.93-1.06) 0.90 1.03 (0.96-1.10) 044 1.03 (0.97-1.10) 034

p for trend 0.70 0.51 038
Lower-impact physical activity (hours per week)

0 1048 (59.2)  1.00 1.00 1.00

1 331(18.7) 0.95 (0.89-1.01) 0.11 0.97 (0.91-1.03) 0.29 0.97 (0.92-1.04) 042

>2 390 (22.0) 0.95 (0.89-1.00) 0.07 0.98 (0.92-1.05) 0.53 0.99 (0.93-1.05) 0.69

p for trend 0.04 044 0.60
Number of visits to shops and other indoor public places (per week)

0 237(134) 1.00 1.00 1.00

1-2 591(333) 1.02 (0.94-1.11) 0.57 1.06 (0.98-1.16) 0.16 1.05(0.97-1.14) 0.22

2-4 428 (24.1) 1.08 (0.99-1.18) 0.07 1.12(1.02-1.22) 0.02 1.12(1.03-1.22) 0.01

>5 518(29.2) 1.12(1.02-1.22) 0.02 1.12(1.02-1.23) 0.02 1.12(1.02-1.22) 0.01

p for trend 0.004 0.01 0.01
Number of public transport journeys per week

0 1569 (88.7) 1.00 1.00 1.00

1-5 139(7.9) 1.05 (0.97-1.15) 0.24 1.04 (0.95-1.13) 044 1.02 (0.94-1.11) 0.60

>6 60 (3.4) 1.15(1.00-1.31) 0.05 1.09 (0.95-1.26) 0.21 1.05(0.93-1.18) 044

p for trend 0.03 0.17 038
Travel to place of work or study in past week

No 697 (39.6%)  1.00 1.00 1.00

Yes 1064 (60.4%) 1.07 (1.01-1.12) 0.01 1.02 (0.97-1.08) 044 1.03 (0.98-1.08) 0.24
Travel outside of the UK between November 2019, and February 2021€

No 955 (53.8%)  1.00 1.00 1.00

Yes 602 (33.9%) 1.08 (1.02-1.13) 0.004 1.11 (1.05-1.16) <0.001 1.09(1.04-1.15) 0.001

Diet and supplemental micronutrient intake

Multivitamin supplement

No 1377 (77.6%) 1.00 1.00 1.00

Yes 397 (224%)  1.08 (1.02-1.16) 0.01 1.08 (1.01-1.15) 0.02 1.09 (1.02-1.16) 0.009
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n (%) Minimally adjusted Fully adjusted model® Fully adjusted model plus
model® adjustment for disease
severity©
GMR (95% Cl) pvalue GMR (95% Cl) pvalue GMR (95% Cl) p value

Iron (only) supplement

No 1713(96.6%) 1.00 1.00 1.00

Yes 61 (3.4%) 1.17 (0.99-1.38) 0.07 1.16 (0.99-1.37) 0.07 1.15 (0.98-1.35) 0.09
Zinc (only) supplement

No 1673 (94.3%) 1.00 1.00 1.00

Yes 101 (5.7%) 091 (0.83-1.00) 0.06 0.94 (0.85-1.03) 0.18 0.92 (0.84-1.02) 0.10
Selenium (only) supplement

No 1754(989)  1.00 1.00 1.00

Yes 20(1.) 0.87(0.73-1.03) 0.10 0.86 (0.72-1.03) 0.11 0.86 (0.74-1.01) 0.07
Fruit, vegetable, or salad intake per day

0-2 266 (15.1%)  1.00 1.00 1.00

3-4 559 (31.7%) 0.94(0.87-1.02) 012 0.94 (0.86-1.02) 012 0.94 (0.87-1.01) 0.11

5 374 (21.2%) 0.93(0.86-1.02) 0.11 0.92 (0.85-1.01) 0.07 0.92 (0.85-1.00) 0.06

>6 567 (32.1%)  0.92 (0.86-1.00) 0.05 0.91 (0.84-0.99) 0.03 0.90 (0.84-0.98) 0.01

p for trend 0.09 0.05 0.02
Portions of dairy products or calcium-fortified alternatives per day

0-1 491 (27.8%)  1.00 1.00 1.00

2 485 (274%) 1.07 (1.00-1.14) 0.04 1.08 (1.01-1.15) 0.02 1.09 (1.02-1.16) 0.01

3-5 407 (23.0%)  1.10(1.03-1.19) 0.01 1.12 (1.04-1.20) 0.002 1.10(1.03-1.18) 0.01

>6 386 (21.8%) 1.06 (0.99-1.14) 0.08 1.09 (1.01-1.17) 0.03 1.08 (1.00-1.16) 0.04

p for trend 0.04 0.01 0.02

Medical conditions and medication use

Self-reported general health

Excellent 341(19.2%) 1.00 1.00 1.00

Very good 701 (39.5%)  1.03 (0.96-1.10) 042 0.99 (0.93-1.06) 0.83 0.99 (0.93-1.06) 0.80

Good 474 (26.7%)  1.02 (0.95-1.09) 0.67 0.98 (0.91-1 06) 061 0.97 (0.90-1.05) 046

Fair 198 (11.2%) 07 (0.97-1.18) 0.18 01(0.91-1.12) 0.80 0.99 (0.90-1.09) 0.86

Poor 59 (3.3%) 8(1.00-1.39) 0.05 4(0.95-1.36) 0.17 05 (0.87-1.27) 0.62

p for trend 0.07 047 0.96
BMI, kg/m?

<25 764 (43.2%) 1.00 1.00 1.00

25-30 626 (354%)  1.05(1.00-1.11) 0.07 1.04 (0.98-1.10) 0.19 1.03 (0.98-1.09) 0.28

>30 379 (214%) 1.11(1.04-1.19) 0.003 1.10(1.02-1.19) 0.01 1.07 (1.00-1.15) 0.06

p for trend 0.002 0.008 0.05
Diabetes or pre-diabetes

No diabetes 1636 (92.3%) 1.00 1.00 1.00

Pre-diabetes 52 (2.9%) 1.03 (0.89-1.19) 0.70 097 (0.85-1.11) 0.65 0.99(0.87-1.13) 0.88

Type 1 12 (0.7%) 1.00 (0.77-1.30) 0.99 0.95(0.71-1.27) 0.73 0.99 (0.73-1.34) 0.96

Type 2 72 (4.1%) 1.14 (0.98-1.32) 0.09 0.97 (0.82-1.15) 0.71 0.96 (0.82-1.12) 0.59
Asthma/atopy

No/no 1178 (66.4) 1.00 1.00 1.00

No/yes 305 (17.2) 0.95 (0.89-1.01) 0.10 0.95 (0.89-1.01) 0.09 0.95 (0.90-1.00) 0.07

Yes/no 145 (8.2) 1.00 (0.91-1.10) 0.98 0.97 (0.88-1.07) 0.55 0.95 (0.87-1.05) 0.33

Yes/yes 146 (8.2) 0.99 (0.91-1.08) 0.82 0.99 (0.90-1.09) 0.87 1.00 (0.91-1.10) 0.97
COPD

No 1728 (97.4%) 1.00 1.00 1.00

Yes 46 (2.6%) 1.22(1.01-1.49) 0.04 1.12(0.93-1.35) 0.23 1.08 (0.91-1.29) 039
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Table 3 (continued)
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n (%)

Minimally adjusted

Fully adjusted model® Fully adjusted model plus

model® adjustment for disease
severity©
GMR (95% Cl) pvalue GMR (95% Cl) pvalue GMR (95% Cl) p value
Reported feeling anxious or depressed at baseline
No 1294 (73.0%) 1.00 1.00 1.00
Yes 479 (27.0%)  0.95 (0.90-1.00) 0.07 0.92 (0.87-0.97) 0.003 091 (0.87-0.97) 0.002
Anticholinergics
No 1685 (95.0%) 1.00 1.00 1.00
Yes 89 (5.0%) 1.16 (1.01-1.34) 0.04 1.15(0.99-1.32) 0.06 1.16 (1.00-1.33) 0.04
Beta blockers
No 1659 (93.5%) 1.00 1.00 1.00
Yes 115 (6.5%) 1.12(1.01-1.25) 0.04 1.09 (0.98-1.22) 0.10 1.12(1.01-1.24) 0.03
Metformin
No 1720 (97.0%) 1.00 1.00 1.00
Yes 54 (3.0%) 1.23(1.04-1.47) 0.02 1.13(091-1.42) 0.28 1.17 (0.95-1.43) 0.14
Statins
No 1487 (83.8%) 1.00 1.00 1.00
Yes 287 (16.2%)  1.07 (0.99-1.15) 0.07 1.04 (0.96-1.13) 0.31 1.04 (0.97-1.13) 0.28
Follow-up duration (days) 0.001 (0.001-0.001) <0.001 0.001 (0.001-0.002) <0.001 0.001 (0.001-0.001) <0.001
COVID-19 severity9
Asymptomatic 1242 (706%) 1.00 1.00
Symptomatic, not hospitalised 473(26.9%) 1.29(1.22-1.36) <0.001 1.25(1.18-1.33) <0.001
Hospitalised 44 (2.5%) 2.13(1.70-2.67) <0.001 1.92 (1.54-2.40) <0.001
p for trend <0.001 <0.001

Minimally adjusted models included 1774 participants, except for a few items that included sample sizes were slightly lower (ranged from 1759 to 1773) because of
missing values. The fully adjusted analyses included 1707 participants with data available for all factors, and 1694 participants after adjustment for COVID-19 severity

BMI body mass index, BTEC Business and Technology Education Council, COPD chronic obstructive pulmonary disease, GMR geometric mean ratio, IMD index of

multiple deprivation

2 Adjusted for age, sex and duration of follow-up

b Adjusted for duration of follow-up and all factors shown except symptom severity

€ Adjusted for duration of follow-up and all factors shown

4 South Asian indicates people who self-identified their ethnic origin as Indian, Pakistani or Bangladeshi

€The 217 participants with unknown or missing travel status were included in the analysis as a separate category to ensure greater power

9 COVID-19 severity was classified as ‘asymptomatic’ (non-hospitalised participants who either did not report any symptoms of acute respiratory infection, or whose
symptoms were classified as having <50% probability of being due to COVID-19), ‘symptomatic, not hospitalised’ (non-hospitalised participants reporting symptoms
of acute respiratory infection that were classified as having >50% probability of being due to COVID-19) and ‘hospitalised’ (participants hospitalised for treatment of

COVID-19)

frontline health and social care workers [30], supported
by previous findings of higher titres in healthcare work-
ers [14]. Alternatively, greater immune reactivity could
be a cause of higher titres, as seen in female participants,
who generally have stronger innate and adaptive immune
responses than males [31]. Diet and nutrition are known
to affect immune responses [32] and thus might explain
the higher titres observed with use of multivitamin sup-
plements and higher levels of dairy intake (potentially
reflecting higher calcium intakes) [33]. However, little
evidence is available for the effect of vitamin supplemen-
tation in suboptimal rather than micronutrient-deficient
diets [32], and after adjustment, we found no associations

between intake of any individual vitamin supplements
and antibody titres. The negative association with fruit,
vegetable, and salad consumption was observed for the
highest level of intake only (> 6 portions a day); however,
despite 40% of vegan or vegetarian participants being
included in that category, neither diet type was found to
be associated with antibody titres, suggesting it is not the
result of a restricted diet. Our finding of a significant pos-
itive dose—response relationship between age and anti-
body titres after adjustment for disease severity supports
findings from other studies [13, 34, 35].

This study has several strengths. Use of serology to
measure SARS-CoV-2 infection reduces collider bias, as
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Fig. 2 Combined IgG, IgA and IgM anti-Spike titres in seropositive participants by ethnicity, frontline worker status and COVID-19 severity.

Notes: Log-transformed anti-Spike IgGAM ratios are shown for all seropositive participants (n=1774) by ethnic group (A), frontline worker status
(B), and COVID-19 severity (C), with horizontal lines showing median and IQR. A ‘Black’indicates people who self-identified their ethnic origin as
Black, Black British, African or Caribbean.‘Asian’indicates people who self-identified their ethnic origin as Indian, Pakistani, or Bangladeshi (South
Asian).'Mixed or other’indicates people who self-identified their ethnic origin as mixed, multiple or other. C COVID-19 severity was classified as
‘asymptomatic’ (non-hospitalised participants who either did not report any symptoms of acute respiratory infection, or whose symptoms were
classified as having < 50% probability of being due to COVID-19), 'symptomatic, not hospitalised’ (non-hospitalised participants reporting symptoms
of acute respiratory infection that were classified as having >50% probability of being due to COVID-19) and ‘hospitalised’ (participants hospitalised
for treatment of COVID-19). Abbreviations: IgGAM 1gG, IgA, and IgM combined, *p <0.05, **p <0.01, ***p<0.001, ns p>0.05

serology testing was offered to all participants enrolled participants, who have been found to be at higher
in COVIDENCE UK, in contrast to results from exter- risk of SARS-CoV-2 infection [4, 5, 12] and adverse
nal routine testing that had limited availability, particu- outcomes [22] than White people. However, insuffi-
larly at the start of the pandemic. Serology testing has cient representativeness in a cohort does not preclude
also allowed us to better quantify the risk of SARS-CoV-2  identification of causal associations, and self-selection
infection by capturing previous infections that were may result in better response to follow-up [39]. Sec-
asymptomatic or unconfirmed. A further strength is the ond, as we included asymptomatic infections in our
use of an assay with high sensitivity and specificity that titre analysis, we were not able to adjust for timing
targets three different types of antibody [36], increasing  of infection onset, preventing us from capturing the
the probability of identifying a past infection. Addition-  effects of temporal changes in antibody responses. As
ally, we used dried blood spots for our sampling, which ~ 40% of our seropositive participants did not experience
have been found to reduce processing failures compared  symptoms suggestive of COVID-19 or provide a symp-
with microtubes [37], which are currently used by large tom onset date, excluding them would have greatly
seroprevalence surveys [38]. The prospective nature of reduced the power and generalisability of our analy-
our study reduces the potential for reverse causation sis. Third, as with any observational study, we cannot
explaining our findings, and the granularity of our ques-  exclude the possibility that some of the associations
tionnaire allowed us to explore potential determinants we report might be explained by residual or unmeas-
and confounders that other studies have not investigated.  ured confounding. For example, the finding that passive

Our study also has some limitations. First, COVI-  smoking but not active smoking was associated with
DENCE UK is a self-selected cohort, and thus several a reduced risk of seropositivity compared with never-
groups—such as people younger than 30years, people smokers should be treated with caution, unless a plau-
of lower socioeconomic status, and non-White eth- sible protective mechanism can be found. However, we
nic groups—are under-represented. This particularly have minimised potential confounding by adjusting for
affected our power to investigate outcomes for Black a comprehensive list of putative risk factors. Finally, we
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explored numerous potential associations and cannot
discount the possibility that some may have achieved
statistical significance as a result of type 1 error. We
therefore hope that future studies will test for the asso-
ciations we report to determine whether they can be
replicated in different populations.

Conclusions

This prospective serological study shows that people
of South Asian ethnicity, frontline workers in health or
social care, people with high BMI, and those who had
more visits to indoor public places or who had travelled
abroad were at higher risk of SARS-CoV-2 seropositiv-
ity, after robust adjustment for confounders. Moreover,
among seropositive participants, all of these factors
associated independently with higher antibody titres,
regardless of disease severity. We additionally show
that higher alcohol consumption and lower light physi-
cal exercise, both modifiable lifestyle factors, are asso-
ciated with higher risk of seropositivity. Future research
should focus on modifiable risk factors for seropositiv-
ity, as well as determinants of antibody titres and other
correlates of protection after SARS-CoV-2 infection,
to better understand which groups are most at risk of
reinfection and what preventive measures might be
taken.

Abbreviations

aGMR: Adjusted geometric mean ratio; aOR: Adjusted odds ratio; BMI: Body
mass index; BTEC: Business and Technology Education Council; Cl: Confidence
interval; COPD: Chronic obstructive pulmonary disease; COVID-19: Coronavirus
disease 2019; ELISA: Enzyme-linked immunosorbent assay; HIV: Human immu-
nodeficiency virus; IgGAM: Combined IgG, IgA, and IgM responses; IMD: Index
of multiple deprivation; IQR: Interquartile range; PBS: Phosphate-buffered
saline; RT-PCR: Reverse transcription polymerase chain reaction; SARS-CoV-2:
Severe acute respiratory syndrome coronavirus 2; SD: Standard deviation; TBS:
The Binding Site.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512916-022-02286-4.

Additional file 1: Table S1. Baseline questions. Table S2. Monthly
follow-up questions. Table S3. Factors with no evidence of association
with seropositivity for COVID-19 in minimally adjusted model. Table S4.
Seropositivity sensitivity analysis excluding participants with symptom-
defined probable COVID-19. Table S5. Factors with no evidence of
association with antibody titres in seropositive participants in minimally
adjusted model.

Acknowledgements

We thank all participants of COVIDENCE UK, and the following organisations
who supported study recruitment: Asthma UK, the British Heart Foundation,
the British Lung Foundation, the British Obesity Society, Cancer Research
UK, Diabetes UK, Future Publishing, Kidney Care UK, Kidney Wales, Mumsnet,
the National Kidney Federation, the National Rheumatoid Arthritis Soci-

ety, the North West London Health Research Register (DISCOVER), Primary

Page 17 of 18

Immunodeficiency UK, the Race Equality Foundation, SWM Health, the Ter-
ence Higgins Trust and Vasculitis UK.

Authors’ contributions

ARM wrote the study protocol, with input from HH, MT, and SOS. HH, MT, JS,
SF, GAD, RAL, CJG, FK, AS, and ARM contributed to questionnaire development
and design. HH co-ordinated and managed the study, with input from ARM,
DAJ, MT, JS, SOS, NP, CMB and SM. HH, JS, ARM and SOS supported recruit-
ment. SF and AGR developed, validated and performed laboratory assays. MT,
HH, MG and DAJ contributed to data management and coding medication
data. MT and GV directly accessed and verified the data. Statistical analyses
were done by MT, with input from SOS, ARM, MG, HH and GV. GV, MT and ARM
wrote the first draft of the report. All authors read and approved the final man-
uscript. MT, HH, DAJ, SOS, ARM and GV had full access to all data in the study,
and ARM had final responsibility for the decision to submit for publication.

Funding

This study was supported by a grant from Barts Charity to ARM and CJG
(MGU0466). The work was carried out with the support of BREATHE - The
Health Data Research Hub for Respiratory Health (MC_PC_19004) in partner-
ship with SAIL Databank. BREATHE is funded through the UK Research and
Innovation Industrial Strategy Challenge Fund and delivered through Health
Data Research UK. MT was supported by a grant from the Rosetrees Trust and
The Bloom Foundation (M771) until May 2021 and has been supported by
the Barts Charity since then (MGUO0570). DAJ is supported by a Barts Charity
Lectureship (ref MGU045). The views expressed are those of the authors and
not necessarily those of Barts Charity, BREATHE, or Health Data Research UK.

Availability of data and materials
De-identified participant data will be made available upon reasonable request
to the corresponding author.

Declarations

Ethics approval and consent to participate
This study was approved by Leicester South Research Ethics Committee (ref
20/EM/0117). All participants provided informed consent to participate.

Consent for publication
Not applicable

Competing interests

JS declares receipt of payments from Reach plc for news stories written about
recruitment to, and findings of, the COVIDENCE UK study. AS is a member of
the Scottish Government Chief Medical Officer's COVID-19 Advisory Group
and its Standing Committee on Pandemics. He is also a member of the UK
Government's NERVTAG's Risk Stratification Subgroup. ARM declares receipt of
funding in the last 36 months to support vitamin D research from the follow-
ing companies who manufacture or sell vitamin D supplements: Pharma Nord
Ltd, DSM Nutritional Products Ltd, Thornton & Ross Ltd and Hyphens Pharma
Ltd. ARM also declares support for attending meetings from the following
companies who manufacture or sell vitamin D supplements: Pharma Nord Ltd
and Abiogen Pharma Ltd. ARM also declares participation on the Data and
Safety Monitoring Board for the Chair, DSMB, VITALITY trial (Vitamin D for Ado-
lescents with HIV to reduce musculoskeletal morbidity and immunopathol-
ogy). ARM also declares unpaid work as a Programme Committee member
for the Vitamin D Workshop. ARM also declares receipt of vitamin D capsules
for clinical trial use from Pharma Nord Ltd, Synergy Biologics Ltd and Cytoplan
Ltd. All other authors declare that they have no competing interests.

Author details

'Wolfson Institute of Population Health, Barts and The London School of Medi-
cine and Dentistry, Queen Mary University of London, London, UK. 2Institute
of Immunology and Immunotherapy, College of Medical and Dental Sciences,
University of Birmingham, Birmingham, UK. *Blizard Institute, Barts and The
London School of Medicine and Dentistry, Queen Mary University of London,
London, UK. *Asthma UK Centre for Applied Research, Queen Mary University
of London, London, UK. *Jane Symons Media, London, UK. ®Population Data
Science, Swansea University Medical School, Singleton Park, Swansea, UK.


https://doi.org/10.1186/s12916-022-02286-4
https://doi.org/10.1186/s12916-022-02286-4

Talaei et al. BMC Medicine (2022) 20:87

’Centre for Public Health Research (NI), Queen's University Belfast, Belfast, UK.
8Usher Institute, University of Edinburgh, Edinburgh, UK.

Received: 2 November 2021 Accepted: 7 February 2022
Published online: 22 February 2022

References

1.

2.

20.

21.

22.

Johns Hopkins University. Coronavirus resource center. 2021. https://
coronavirusjhu.edu/ (accessed Sept 17, 2021).

Tracking covid-19 excess deaths across countries. The Economist; 2021.
Available from: https://www.economist.com/graphic-detail/coronavirus-
excess-deathstracker.Accessed 10 Sept 2021.

Aung S, Vittinghoff E, Nah G, et al. Characteristics and behaviors associ-

ated with prevalent SARS-CoV-2 infection. Int J Gen Med. 2021;14:1063-7.

Chadeau-Hyam M, Bodinier B, Elliott J, et al. Risk factors for positive and
negative COVID-19 tests: a cautious and in-depth analysis of UK biobank
data. Int J Epidemiol. 2020;49(5):1454-67.

Rozenfeld Y, Beam J, Maier H, et al. A model of disparities: risk factors
associated with COVID-19 infection. Int J Equity Health. 2020;19(1):126.
Griffith GJ, Morris TT, Tudball MJ, et al. Collider bias undermines our
understanding of COVID-19 disease risk and severity. Nat Commun.
2020;11(1):5749.

Our World in Data. COVID-19 testing policies. https://ourworldindata.org/
grapher/covid-19-testing-policy. Accessed 14 Oct 2021.

Desimmie BA, Raru YY, Awadh HM, He P, Teka S, Willenburg KS. Insights
into SARS-CoV-2 persistence and its relevance. Viruses. 2021;13(6):1025.
Rovida F, Cassaniti |, Percivalle E, et al. Incidence of SARS-CoV-2 infection
in health care workers from Northern Italy based on antibody status:
immune protection from secondary infection- a retrospective observa-
tional case-controlled study. Int J Infect Dis. 2021;109:199-202.

Shields AM, Faustini SE, Kristunas CA, et al. COVID-19: seroprevalence
and vaccine responses in UK dental care professionals. J Dental Res.
2021;100(11):1220-7.

Carrat F, de Lamballerie X, Rahib D, et al. Antibody status and cumula-
tive incidence of SARS-CoV-2 infection among adults in three regions of
France following the first lockdown and associated risk factors: a multico-
hort study. Int J Epidemiol. 2021;50(5):1458-72.

Ward H, Atchison C, Whitaker M, et al. SARS-CoV-2 antibody prevalence
in England following the first peak of the pandemic. Nat Commun.
2021;12(1):905.

Lumley SF, Wei J, O'Donnell D, et al. The duration, dynamics, and determi-
nants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
antibody responses in individual healthcare workers. Clin Infect Dis.
2021,73(3):2699-709.

Ebinger JE, Botwin GJ, Albert CM, et al. Seroprevalence of antibodies to
SARS-CoV-2 in healthcare workers: a cross-sectional study. BMJ Open.
2021;11(2):e043584.

Cook AM, Faustini SE, Williams LJ, et al. Validation of a combined

ELISA to detect IgG, IgA and IgM antibody responses to SARS-CoV-2

in mild or moderate non-hospitalised patients. J Immunol Methods.
2021;494:113046.

Holt H, Talaei M, Greenig M, et al. Risk factors for developing COVID-

19: a population-based longitudinal study (COVIDENCE UK). Thorax.
2021. https://doi.org/10.1136/thoraxjnl-2021-217487. Online ahead of
print.

Watanabe Y, Allen JD, Wrapp D, McLellan JS, Crispin M. Site-specific
glycan analysis of the SARS-CoV-2 spike. Science. 2020;369(6501):330-3.
Wrapp D, Wang N, Corbett KS, et al. Cryo-EM structure of the 2019-nCoV
spike in the prefusion conformation. Science. 2020;367(6483):1260-3.
Rothman KJ. No adjustments are needed for multiple comparisons.
Epidemiology. 1990;1(1):43-6.

Menni C, Valdes AM, Freidin MB, et al. Real-time tracking of self-reported
symptoms to predict potential COVID-19. Nat Med. 2020;26(7):1037-40.
Varona JF, Madurga R, Penalver F, et al. Seroprevalence of SARS-CoV-2
antibodies in over 6000 healthcare workers in Spain. Int J Epidemiol.
2021,50(2):400-9.

Mathur R, Rentsch CT, Morton CE, et al. Ethnic differences in SARS-
CoV-2 infection and COVID-19-related hospitalisation, intensive

Page 18 of 18

care unit admission, and death in 17 million adults in England: an
observational cohort study using the OpenSAFELY platform. Lancet.
2021;397(10286):1711-24.

23. Hastie CE, Mackay DF, Ho F, et al. Vitamin D concentrations and COVID-19
infection in UK Biobank. Diabetes Metab Syndr. 2020;14(4):561-5.

24. Niedzwiedz CL, O'Donnell CA, Jani BD, et al. Ethnic and socioeconomic
differences in SARS-CoV-2 infection: prospective cohort study using UK
Biobank. BMC Med. 2020;18(1):160.

25. Choudhry N, Drysdale K, Usai C, et al. Disparities of SARS-CoV-2 nucleo-
protein-specific IgG in healthcare workers in East London. UK Front Med
(Lausanne). 2021;8:642723.

26. Molina PE, Happel KI, Zhang P, Kolls JK, Nelson S. Focus on: alcohol and
the immune system. Alcohol Res Health. 2010;33(1-2):97-108.

27. Jones AW, Davison G. Exercise, Immunity, and Iliness. Muscle Exerc Phys-
iol. 2019:317-44. https://doi.org/10.1016/B978-0-12-814593-7.00015-3.

28. de Lusignan S, Dorward J, Correa A, et al. Risk factors for SARS-CoV-2
among patients in the Oxford Royal College of General Practitioners
Research and Surveillance Centre primary care network: a cross-sectional
study. Lancet Infect Dis. 2020,20(9):1034-42.

29. Fan Vs, Dominitz JA, Eastment MC, et al. Risk factors for testing posi-
tive for SARS-CoV-2 in a national US healthcare system. Clin Infect Dis.
2021;73(9):3085-e3094. https://doi.org/10.1093/cid/ciaal624.

30. Horton DB, Barrett ES, Roy J, et al. Determinants and dynamics of SARS-
CoV-2 infection in a diverse population: 6-month evaluation of a prospec-
tive cohort study. J Infect Dis. 2021;224(8):1345-1356. https://doi.org/10.
1093/infdis/jiab411.

31. Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev
Immunol. 2016;16(10):626-38.

32. Gombart AF, Pierre A, Maggini S. A review of micronutrients and the
immune system-working in harmony to reduce the risk of infection.
Nutrients. 2020;12(1):236.

33. Trebak M, Kinet J-P. Calcium signalling in T cells. Nat Rev Immunol.
2019;19(3):154-69.

34. Coyle PV, Chemaitelly H, Ben Hadj Kacem MA, et al. SARS-CoV-2 sero-
prevalence in the urban population of Qatar: an analysis of antibody
testing on a sample of 112,941 individuals. iScience. 2021;24(6):102646.

35. Yang HS, Costa V, Racine-Brzostek SE, et al. Association of age with SARS-
CoV-2 antibody response. JAMA Netw Open. 2021;4(3):e214302.

36. Morley GL, Taylor S, Jossi S, et al. Sensitive detection of SARS-CoV-
2-specific antibodies in dried blood spot samples. Emerg Infect Dis.
2020;26(12):2970-3.

37. Page M, Atabani S, Arumainayagam J, Wilson S, Hartland D, Taylor S. Are
all blood-based postal sampling kits the same? A comparative service
evaluation of the performance of dried blood spot and mini tube sample
collection systems for postal HIV and syphilis testing. Sex Transm Infect.
2021,97(3):200.

38. COVID-19 Infection Survey: methods and further information. 2021.
https.//www.ons.gov.uk/peoplepopulationandcommunity/healthands
ocialcare/conditionsanddiseases/methodologies/covid 19infectionsurv
eypilotmethodsandfurtherinformation#processing-swabs-and-blood-
samples. Accessed 24 Sept 2021.

39. Richiardi L, Pizzi C, Pearce N. Commentary: Representativeness is
usually not necessary and often should be avoided. Int J Epidemiol.
2013;42(4):1018-22.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://coronavirus.jhu.edu/
https://coronavirus.jhu.edu/
https://www.economist.com/graphic-detail/coronavirus-excess-deathstracker
https://www.economist.com/graphic-detail/coronavirus-excess-deathstracker
https://ourworldindata.org/grapher/covid-19-testing-policy
https://ourworldindata.org/grapher/covid-19-testing-policy
https://doi.org/10.1136/thoraxjnl-2021-217487
https://doi.org/10.1016/B978-0-12-814593-7.00015-3
https://doi.org/10.1093/cid/ciaa1624
https://doi.org/10.1093/infdis/jiab411
https://doi.org/10.1093/infdis/jiab411
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/methodologies/covid19infectionsurveypilotmethodsandfurtherinformation#processing-swabs-and-blood-samples
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/methodologies/covid19infectionsurveypilotmethodsandfurtherinformation#processing-swabs-and-blood-samples
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/methodologies/covid19infectionsurveypilotmethodsandfurtherinformation#processing-swabs-and-blood-samples
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/methodologies/covid19infectionsurveypilotmethodsandfurtherinformation#processing-swabs-and-blood-samples

	Determinants of pre-vaccination antibody responses to SARS-CoV-2: a population-based longitudinal study (COVIDENCE UK)
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study design and participants
	Procedures
	Outcomes
	Independent variables
	Statistical analysis
	Role of the funding source

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


