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Abstract
Background

Coronavirus disease 2019 (Covid-19) has rapidly infected millions of people worldwide.
Recent studies suggest that racial minorities and patients with comorbidities are at higher
risk of Covid-19. In this study, we analyzed the effects of clinical, regional, and genetic fac-
tors on Covid-19 positive status.

Methods

The UK Biobank is a longitudinal cohort study that recruited participants from 2006 to 2010
from throughout the United Kingdom. Covid-19 test results were provided to UK Biobank
starting on March 16, 2020. The main outcome measure in this study was Covid-19 positive
status, determined by the presence of any positive test for a single individual. Clinical risk
factors were derived from UK Biobank at baseline, and regional risk factors were imputed
using census features local to each participant’'s home zone. We used robust adjusted Pois-
son regression with clustering by testing laboratory to estimate relative risk. Blood types
were derived using genetic variants rs8176719 and rs8176746, and genomewide tests of
association were conducted using logistic-Firth hybrid regression.

Results

This prospective cohort study included 397,064 UK Biobank participants, of whom 968
tested positive for Covid-19. The unadjusted relative risk of Covid-19 for Black participants
was 3.66 (95% CI 2.83-4.74), compared to White participants. Adjusting for Townsend dep-
rivation index alone reduced the relative risk to 2.44 (95% Cl 1.86—-3.20). Comorbidities that
significantly increased Covid-19 risk included chronic obstructive pulmonary disease
(adjusted relative risk [ARR] 1.64, 95% CIl 1.18-2.27), ischemic heart disease (ARR 1.48,
95% Cl 1.16—1.89), and depression (ARR 1.32, 95% CIl 1.03—1.70). There was some evi-
dence that angiotensin converting enzyme inhibitors (ARR 1.48, 95% CI 1.13-1.93) were
associated with increased risk of Covid-19. Each standard deviation increase in the number
of total individuals living in a participant’s locality was associated with increased risk of
Covid-19 (ARR 1.14, 95% CI 1.08-1.20). Analyses of genetically inferred blood types
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confirmed that participants with type A blood had increased odds of Covid-19 compared to
participants with type O blood (odds ratio [OR] 1.16, 95% CI 1.01—1.33). A meta-analysis of
genomewide association studies across ancestry groups did not reveal any significant loci.
Study limitations include confounding by indication, bias due to limited information on early
Covid-19 test results, and inability to accurately gauge disease severity.

Conclusions

When assessing the association of Black race with Covid-19, adjusting for deprivation
reduced the relative risk of Covid-19 by 33%. In the context of sociological research, these
findings suggest that discrimination in the labor market may play a role in the high relative
risk of Covid-19 for Black individuals. In this study, we also confirmed the association of
blood type A with Covid-19, among other clinical and regional factors.

Introduction

The coronavirus disease 2019 (Covid-19) pandemic, caused by severe acute respiratory syn-
drome 2 (SARS-CoV-2), has affected millions of people worldwide. At the onset of the pan-
demic, it became apparent that Covid-19 was disproportionately afflicting minority
populations, and Black individuals were being particularly affected [1-4]. The risk of death
from Covid-19 for Black Americans is 92.3 per 100,000 individuals, while for White Ameri-
cans, risk of death is 45.2 per 100,000 individuals. The association between Black race and
Covid-19 is not unique to the United States. In the United Kingdom, the Office for National
Statistics found that Black individuals in England and Wales were over fourfold more likely to
die from Covid-19 than White individuals [5]. After adjusting for several confounding socio-
economic factors, Black individuals remained at twofold increased risk in that study.

Current evidence indicates that age, male sex, high body-mass index, and comorbidities—
including diabetes and hypertension-are also associated with increased risk of Covid-19 [6, 7]
For diabetic patients, the combination of increased angiotensin converting enzyme 2 (ACE2),
increased furin, impaired T-cell function, and increased interleukin-6 may increase disease
severity [8]. For patients with hypertension, differential expression of ACE2 may modulate dis-
ease risk [9]. Because coronaviruses use ACE2 to gain entry into cells, at the beginning of the
pandemic, concerns arose regarding medications targeting the angiotensin system. However,
some evidence suggests that angiotensin converting enzyme inhibitors and angiotensin II
receptor blockers do not increase the risk of Covid-19 [10, 11]. Not only do individual charac-
teristics modulate disease risk, but the local environment also affects the likelihood of Covid-
19. Regional factors associated with risk of death from Covid-19 include commuting by public
transportation, average winter temperatures, and median household income [12].

Recent evidence also suggests that genetics may influence susceptibility to Covid-19. A
twins study estimated that total heritability of Covid-19 risk was 50% (95% CI 29-70%) [13].
Analyses of host genomes indicate that ACE2 and OR4C5 gene variants may impact severity
of Covid-19 [14, 15]. OR4CS5 is a pseudogene in the olfactory receptor loci region that codes
for a G-protein-coupled receptor arising from a single-coding exon gene. The Severe Covid-19
GWAS Group recently found an association between the 3p21.31 gene cluster and Covid-19
with respiratory failure [16]. One gene within the cluster, SLC6A20, may increase Covid-19
susceptibility by encoding sodium-imino acid (proline) transporter 1 (SIT1), a protein that
interacts with ACE2.
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Despite growing knowledge about both the clinical and genetic factors associated with
Covid-19 risk, there is a need for additional studies in order to further elucidate the multitude
of factors that influence Covid-19 susceptibility [17, 18]. Our study aims to address gaps in
current knowledge by analyzing clinical, regional, and genetic risk factors within the UK Bio-
bank, one of the largest, most comprehensive cohorts currently available. In order to assess the
association of risk factors with Covid-19, we created adjusted models and conducted genome-
wide tests of association. The extensive phenotype data contained in the UK Biobank allows
for statistical adjustments that are not possible in other cohorts. Our study confirms some pre-
viously-observed findings and uncovers several novel associations.

Materials and methods
Study design

The UK Biobank review board approved this study. This is an analysis of a single large pro-
spective cohort study from the United Kingdom. The details of patient recruitment and data
collection are publicly available. Data were analyzed anonymously.

This prospective cohort study included a population of 397,064 participants from England
between the ages of 40 and 69 recruited from 2006 to 2010. While the UK Biobank does
include participants from Scotland and Wales, these participants were excluded because test-
ing laboratories were only located in England. Data on baseline characteristics were obtained
during an in-person interview at recruitment, and health outcome data were obtained pro-
spectively from electronic health records.

Recently, Public Health England began providing UK Biobank with information on partici-
pants’ Covid-19 test results from March 16, 2020 onwards. Covid-19 data included specimen
date, specimen type, processing laboratory, inpatient status, and test results. Most UK testing
performed during this period was completed in-hospital. Samples were categorized as inpa-
tient if they were retrieved from an emergency care provider, an inpatient location, or if the
sample was related to healthcare associated infection. Samples obtained from patients were
kept on a medium salt solution during transfer to a testing facility, where samples were tested
for Covid-19 using polymerase chain reaction. Approximately four days elapsed between the
time of sample retrieval and the time of data transfer to Public Health England.

Clinical risk factors for each participant were extracted at baseline. Regional risk factors
were ascribed to each individual by utilizing each participant’s home location, accurate to one
kilometer. Regional information was derived from the national census recorded in 2011, spe-
cific to each Lower Layer Super Output Areas for England [19]. Genotypic data was sequenced
with the Affymetrix UK Biobank Axiom array, with general imputation completed with
IMPUTE2 and HLA-specific imputation completed with HLA*IMP:02 [20, 21]. Quality con-
trol of genotypic data excluded individuals who were reported as outliers in heterozygosity,
contained sex chromosome aneuploidy, had excess relatives in the cohort, and held a genotyp-
ing missing rate above 0.1. The variants analyzed were bi-allelic, with a minor allele frequency
above 0.001. Written informed consent was obtained from all study participants.

Study outcome

The main study outcome was any positive test for a single individual. In order to better under-
stand risk factors for inpatient and outpatient Covid-19, we also conducted a nested case-con-
trol study within the population of patients that tested positive for Covid-19 on at least one
occasion. Patients were categorized as inpatient cases if they had any Covid-19 testing sample
marked as inpatient. Any patient without an inpatient sample was considered an outpatient
control.
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Statistical analyses

We then calculated the association of clinical, regional, and genetic factors with Covid-19 posi-
tive status. Frequencies and percentages, along with means and standard deviations, were cal-
culated for clinical factors for each of the three following categories: all participants,
participants with only negative tests, and participants with a minimum of one positive test. We
used Poisson regression, with robust standard errors and clustering by laboratory, to estimate
risk ratios for Covid-19 positive status [22]. Uncertainty of each laboratory’s final date of test-
ing prevented the use of hazard ratios. Adjusted estimates accounted for age, sex, body-mass
index, systolic blood pressure, Townsend deprivation index, and race. Sensitivity analyses with
quasi-Poisson models, correcting for overdispersion, generated nearly identical results. Risk
ratios for age, body-mass index, and systolic blood pressure were calculated by determining
the change in risk of Covid-19 positive status for each ten unit increase in the risk factor.

Analyses of regional demographics were conducted by similarly adjusted risk models,
where the risk ratio indicated the change in risk of positive Covid-19 status for each standard
deviation increase in the regional risk factor. In order to avoid over-adjustment due to collin-
earity, when analyzing regional factors, we did not adjust for Townsend deprivation index,
which utilizes local census features.

For analyses of genetic associations, we first analyzed the association of ABO blood types
with Covid-19 positive status. We then conducted genomewide tests of association to identify
novel genetic variants associated with Covid-19. ABO blood types were inferred from the vari-
ants rs8176719 and rs8176746, as previously described [23]. Odds ratios of positive Covid-19
status for the inferred blood types were calculated using logistic regression, adjusted for age,
sex, body-mass index, race, and Townsend deprivation index. Genomewide tests of association
for positive Covid-19 status were calculated using logistic Firth hybrid regression adjusted for
age, sex, and the first ten genetic principal components. These tests were performed on sam-
ples of either European, Asian, or African ancestry. These samples were determined by apply-
ing k-means clustering to the top 40 genetic principal components, identifying clusters based
on overlap with reported race, and removing outliers (distance to cluster center greater than
the 99" percentile of all distances). The results of the ancestry-specific genomewide association
studies were meta-analyzed through weighted Z-scores, as implemented in the PLINK pro-
gram [24, 25]. For the genomewide analysis, we used the common P value threshold of 5x10®
to determine statistical significance. Pre-specified analyses of the HLA region were conducted
using Bonferroni-corrected P value thresholds based on the number of alleles analyzed. Odds
ratios of inpatient status for clinical, regional, and genetic analyses were recalculated for the
nested population of Covid-19 positive participants. Ninety-five percent confidence intervals
(95% CI) were calculated for all effect parameters of interest to assess the precision of the
obtained estimates. All analyses were performed in R Version 4.0 (R Foundation for Statistical
Computing, Vienna, Austria).

Ethical approval

This study was approved by Weill Cornell Medical College and UK Biobank. The UK Biobank
is overseen by an independent advisory committee, and the data used within this analysis was
accessed through the approved application #47137.

Results

Among 397,064 participants, there were 4,811 (1.2%) tests for Covid-19 in the most recent UK
Biobank Covid-19 release (May 18, 2020), of which 1,868 (38.8%) were inpatient (S1 and S2
Figs in S1 Appendix). A total of 1,623 (33.7%) tests were positive, and one participant was

PLOS ONE | https://doi.org/10.1371/journal.pone.0241264 November 17, 2020 4/13


https://doi.org/10.1371/journal.pone.0241264

PLOS ONE Clinical, regional, and genetic Covid-19 risk factors

tested 20 times. Although, Public Health England notes that duplicate tests may be present in
this study due to the arrival of results via several different routes. The majority of tests were
upper respiratory tract swabs (31.1%), nasal swabs (16.1%), or nose and throat swabs (12.3%).
Of the patients tested, 968 (31.1%) tested positive at least one time. The mean age (+ standard
deviation) of Covid-19 positive participants was 57.0 + 9.1 years, 521 (53.8%) were male, and
mean body-mass index was 29.1 + 5.5 kg/m* (S1-S8 Tables in S1 Appendix).

Black participants were disproportionately Covid-19 positive. The unadjusted relative risk
of Covid-19 for Black participants was 3.66 (95% CI 2.83-4.74) relative to White participants.
After only adjusting for deprivation, the relative risk was 2.44 (95% CI 1.86-3.20). After adjust-
ing for age, sex, body-mass index, systolic blood pressure, and Townsend deprivation index,
Black participants remained at over two times increased risk of testing positive for Covid-19
compared to White participants (adjusted relative risk [ARR] 2.53, 95% CI 1.92-3.33) (Fig 1).
Amongst the 61 Black participants who tested positive for Covid-19, 7 (11.5%) had diabetes
and 3 (4.9%) had ischemic heart disease. In exploratory analyses also adjusting for history of

Characteristic g\?ér?tfs Adjusted Risk Ratio (95% CI)!
Age* 968 1.16 (1.06-1.28) S
Sex — male vs. female 521 1.42 (1.25-1.62) ———
Body-mass index* 958 1.74 (1.55-1.95) —a—
Systolic blood pressure* 938 0.99 (0.95-1.02) —I
Race - vs. white :
Asian 52 2.13 (1.60-2.85) - =
Black 61 253 (1.92-3.33) : — =
Townsend deprivation index 967 1.09 (1.07-1.12) [ ]
Social habits E
Smoking - vs. never 2
Previous 308 1.33 (1.16-1.53) —_—
Current 105 1.17 (0.94-1.46) R
Alcohol use - vs. never
Once or twice a week 237 0.74 (0.59-0.93) —a—
Three or four times a week 175 0.63 (0.50-0.81) —_—
Daily or almost daily 158 0.65 (0.50-0.83) —_—
Comorbidity
Cancer 86 1.23 (0.98-1.54) ——
Diabetes 91 1.25 (0.99-1.58) =
Chronic obstructive pulmonary disease 40 1.64 (1.18-2.27) —_—
Asthma 128 1.11 (0.92-1.35) ———
Ischemic heart disease 77 1.48 (1.16-1.89) —_—
Hypothyroidism 47 0.98 (0.71-1.33) - =
Hypercholesterolemia 158 1.13 (0.94-1.35) —I—
Allergic rhinitis 54 1.05 (0.80-1.39) —_—
Depression 74 1.32 (1.03-1.70) ——
Serology
White blood cell count 934 1.03 (1.02-1.04) I
Red blood cell count 934 0.87 (0.73-1.04) —I—
Hemoglobin concentration 934 0.93 (0.87-1.00) —l—'
Mean corpuscular volume 934 1.00 (0.99-1.02) l
Mean corpuscular hemoglobin concentration 934 0.94 (0.88-1.00) +
Platelet count 934 1.00 (1.00-1.00) l
Lymphocyte count 930 1.03 (1.01-1.05) -
Monocyte count 930 1.16 (1.06-1.27) —a—
Neutrophil count 930 1.07 (1.02-1.11) —l—
0.25 0.5 1 2 4

Fig 1. Adjusted risk ratio for Covid-19 positive status with baseline attributes, social habits, comorbidities, and serology. * Adjusted relative risk represents a ten-
unit increase in the risk factor. All other risk ratios for continuous variables are for single unit increases in the risk factor. 'Risk ratios were adjusted for age, sex, body-
mass index, systolic blood pressure, Townsend deprivation index, and race.

https://doi.org/10.1371/journal.pone.0241264.9001
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diabetes or ischemic heart disease, Black participants remained at increased risk of Covid-19
(ARR 2.54, 95% CI 1.92-3.34) compared to White participants. Asian participants were also at
increased risk of testing positive for Covid-19 compared to White participants (ARR 2.13, 95%
CI 1.60-2.85). Analyses of serological markers identified that baseline white blood cell count,
lymphocyte count, monocyte, and neutrophil count were positively associated with Covid-19.

Among the participants reporting at least one positive Covid-19 test, 91 (9.4%) had a history
of diabetes, 40 (4.1%) had a history of chronic obstructive pulmonary disease (COPD), and 77
(8.0%) had a history of ischemic heart disease. After adjusting for confounding, we found that
patients were at increased risk of Covid-19 if they had a history of COPD (ARR 1.64, 95% CI
1.18-2.27) or ischemic heart disease (ARR 1.48, 95% CI 1.16-1.89). Participants with depres-
sion were at 32% increased risk of Covid-19 (ARR 1.32, 95% CI 1.03-1.70).

Next, we investigated the association of common classes of medications with Covid-19 (Fig
2). Participants were at increased risk of Covid-19 if they used angiotensin converting enzyme
inhibitors (RR 1.48, 95% CI 1.13-1.93) but not angiotensin II receptor blockers (ARR 1.27,
95% CI 0.93-1.74). Of the 61 Black Covid-19 patients, 11 (18.0%) were using either an angio-
tensin converting enzyme inhibitor or an angiotensin II receptor blocker. Of all Black partici-
pants, 494 (6.6%) were using either of the two medications. Adjusted risk ratios for use of non-
steroidal anti-inflammatory drugs and acetaminophen were 1.06 (95% CI, 0.92-1.23) and 1.23
(95% CI, 1.05-1.43), respectively. Analyses of Covid-19 positive inpatients and outpatients in
the nested case-control study found that the groups were similar across clinical factors.

We then analyzed regional factors, using counts of individuals per census zone, to further
understand the effects of the local environment on Covid-19 (S9 and S10 Tables in S1 Appen-
dix). After adjusting for covariates, each standard deviation increase in the number of unem-
ployed individuals was associated with a 19% increased risk of Covid-19, and households with
alone parent in the participant’s home zone was associated with an 18% increased risk. Other
regional factors associated with increased Covid-19 risk included the total number of individu-
als per hectare (ARR 1.14, 95% CI 1.08-1.20), the number of individuals with no academic

Medication Class g\?ér?tfs Adjusted Risk Ratio (95% Cl)'

Non-steroidal anti—inflammatory drug 284 1.06 (0.92-1.23) —I—

Angiotensin converting enzyme inhibitor 62 1.48 (1.13-1.93) —_—
Angiotensin Il receptor blocker 45 1.27 (0.93-1.74) —!—
Dihydropyridine calcium channel blocker 87 1.25 (0.99-1.58) '—l—
Beta blocker 96 1.35 (1.08-1.69) —_—
Thiazolidinedione 5 0.69 (0.26-1.87) &

Sulfonylurea 26 1.74 (1.15-2.61) .
Other common therapies

Acetaminophen 219 1.23 (1.05-1.43) —
Levothyroxine 40 0.98 (0.70-1.37) —I—
Metformin 60 1.30 (0.97-1.73) -'—I—
Glucosamine 44 0.75 (0.55-1.03) —I—'-

Cod liver oil capsule 41 0.86 (0.63-1.18) —I—-—

0.25 0.5 1 2 4

Fig 2. Adjusted risk ratio for Covid-19 positive status with common medications. 'Risk ratios were adjusted for age, sex, body-mass index, systolic blood pressure,
Townsend deprivation index, and race.

https://doi.org/10.1371/journal.pone.0241264.9002
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qualifications (ARR 1.14, 95% CI 1.07-1.21), and the number of individuals who rent their res-

idence (ARR 1.18,95% CI 1.12-1.24).

Lastly, we investigated the genetics of participants with any positive Covid-19 test. ABO
blood types of participants were inferred through genetic profiles [23]. Participants with blood
type A had increased odds of at least one positive Covid-19 test relative to blood type O partici-
pants (odds ratio [OR] 1.16, 95% CI 1.01-1.33) (Fig 3 and S11 Table in S1 Appendix) [26].
Genomewide association analysis of any positive Covid-19 test in the meta-analysis and ances-
try specific analyses did not uncover any significant loci (Fig 4). The HLA regional analysis
also did not reveal any significant alleles, and analyses of Covid-19 positive inpatients and out-

patients identified no significant variants (S3-S9 Figs in S1 Appendix).

Discussion

In this cohort study of participants from the United Kingdom, we found that the unadjusted
risk of Covid-19 was over threefold higher for Black participants than for White participants.
Adjusting for deprivation alone reduced the relative risk by 33%, and adjusted effect esti-
mates—accounting for a range of comorbidities—did not alter the relative risk of Covid-19 for
Black participants considerably. These novel analyses suggest that differences in deprivation
amongst racial groups is one of the greatest drivers of Covid-19 for Black individuals. Our

analyses also identified that patients with COPD, ischemic heart disease, and depression were
more likely to test positive for Covid-19. Participants in impoverished, populous regions, with

Blood Blood Type

Type Compared to Odds Ratio (95% CI) P Value
B o 1.08 (0.86-1.34) — 0.51
A o} 1.16 (1.01-1.33) —— 0.03
A B 1.08 (0.87-1.35) ——— 0.5
05 1
Odds Ratio
Fig 3. Odds of Covid-19 positive status by blood type.
https://doi.org/10.1371/journal.pone.0241264.9003
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-log10(P-Value)

4 5 6 7 8 9 10 11 12 13 14 16 18 20 23
Chromosome

Fig 4. Cross-ancestry genomewide association analysis of Covid-19 positive status.

https://doi.org/10.1371/journal.pone.0241264.9004

high unemployment and low home ownership, were at higher risk of Covid-19. Finally, blood
type A was associated with Covid-19 positive status.

Overall, data from recent studies suggest that comorbidities play a significant role in Covid-19
disease severity. A study from two New York City hospitals found that about one quarter of all
Covid-19 patients were diabetic, and half of all patients had hypertension [27]. A separate study of
5,700 patients found that the most common comorbidities were hypertension (56.6%), obesity
(41.7%), and diabetes (33.8%) [28]. The OpenSAFELY study, which analyzed data from over
17,000,000 patients, found significant associations between Covid-19-related-death and comor-
bidities, including hypertension, obesity, and diabetes [29]. Additionally, the study found that
reduced kidney function (eGFR <30), hematological malignancy, organ transplant, and other
neurological disease were associated with over threefold increased risk of Covid-19-related-death.
To our knowledge, our study is the first study to suggest that depression is a risk factor for Covid-
19. It is well-established that the common comorbidities identified in Covid-19 patients are associ-
ated with inflammation [30-32]. In our study, novel serological analyses within the UK Biobank
cohort further emphasized the importance of inflammation; increased white blood cell, lympho-
cyte, monocyte, and neutrophil counts were all associated with increased risk of Covid-19. Higher
baseline inflammation may result in more severe Covid-19 and subsequent testing.

This study lends some support to the reported hypothesis that upregulation of ACE2 is a
risk factor for Covid-19. After adjustment for several confounding factors, there was an associ-
ation between medications targeting the angiotensin system and Covid-19 [33, 34]. When con-
sidering the totality of current evidence, it is unlikely that medications targeting the
angiotensin system increase the likelihood of Covid-19. Rather, residual confounding in this
study-due to confounding by indication-may have led to the observed association. Residual
confounding likely remained, despite our efforts to control for six confounders at baseline.

The regional factors in this study suggest that impoverished neighborhoods have a greater
burden of Covid-19. Participants in this cohort were more likely to test positive for Covid-19 if
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there were more unemployed individuals, more renters, and more individuals without
advanced degrees in their locality. One potential explanation for this finding is that less afflu-
ent individuals may not be able to quarantine effectively during the pandemic due to financial
limitations and the need to ensure job security. According to analyses of data provided by Cue-
big, a company that tracks approximately 15 million cellphone users daily, wealthier individu-
als began staying home earlier and are moving less than poorer individuals [35]. In light of
these findings, additional efforts should be made to safeguard impoverished individuals from
infection. In order to reduce viral transmission, employers should provide masks to employees
and grant sick leave to employees who are ill (without repercussions) [36].

Recently, a significant association between blood type A and Covid-19 has been identified
in multiple different populations, including our own [16, 37]. The GATC haplotype—prevalent
in non-O blood type patients—is associated with ACE activity, potentially facilitating SARS--
CoV-2 entry into host cells [23]. Although we did not discover any genomewide significant
loci in this analysis of the UK Biobank, Ellinghaus et al. reported a single significant locus on
3p21.31, which includes a gene associated with the renin-angiotensin-aldosterone-system
(RAAS) pathway. While the association of a RAAS gene with Covid-19 increases causal likeli-
hood, our inability to confirm its significance may underscore its weak effect on Covid-19 sus-
ceptibility [38, 39].

Multiple reports both in the United States and the United Kingdom have shown that
Covid-19 is disproportionately affecting Black populations [18, 40]. A previous study of the
UK Biobank found that participants in the lowest socioeconomic disadvantage quartile were
over twice as likely to have a confirmed infection, than those in the highest quartile [41]. In
order to understand these effects, we further investigated the effects of adjusting for the Town-
send deprivation index alone. When considered as a whole, the findings from this study sug-
gest that racial discrimination may be contributing to the higher likelihood that Black
individuals test positive for Covid-19 relative to White individuals [4]. Adjustment only for the
Townsend deprivation index-a score that combines household overcrowding, non-home
ownership, non-car ownership, and unemployment-led to a relative risk reduction of 33%.
Census analyses also found that that unemployment is strongly associated with increased
Covid-19 risk.

Numerous randomized sociological studies have confirmed strong associations between
race and diminished employment prospects. In the United States, a randomized trial of equiva-
lent job applications with White and Black sounding names led to 50% more callbacks for
applicants with White sounding names [42]. Studies in the United Kingdom have led to simi-
lar findings [43]. Recently, a randomized controlled trial of nearly 3,200 identical job applica-
tions found that, relative to the White British majority, Black British individuals—from Nigeria,
Ethiopia, Somalia, and Uganda-had to send twice as many job applications to receive a call-
back [44]. Differences in response to identical job applications may partially explain why Black
participants in this study had greater deprivation, a measure of unemployment, than White
participants. Given the strong associations between deprivation, race, and Covid-19 in this
study, our findings may be due, in part, to discriminatory hiring practices within the labor
market. Finally, any genetic differences amongst races are highly unlikely to explain our
results, as multiple studies have shown that genetic variation within racial groups is greater
than between racial groups [45-47].

Limitations

This study has several limitations. We primarily used log-link robust Poisson regression to
estimate the relative risk of Covid-19 positive status in this longitudinal cohort. While the
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effect estimates produced by hazard ratios likely would have been superior to those generated
by robust Poisson regression, the calculation of hazard ratios in this study was not possible.
While testing center sample reporting to UK Biobank began on March 16, 2020, the final date
of testing for each individual center could not be reliably established, as data release to UK Bio-
bank is ongoing. Because inclusion of testing results into UK Biobank did not occur until
March 16, 2020, participants may have been included as at-risk, despite having had a positive
Covid-19 test result that was not included in the dataset. However, the bias caused by inclusion
of early Covid-19 positive patients was likely small because, on March 16, there were only
1,391 confirmed Covid-19 cases in the United Kingdom [48]. Additionally, limitations in the
availability of testing likely prevented some participants with severe disease, and many partici-
pants with mild disease, from testing positive for Covid-19. It is important to note that the pri-
mary outcome in this study was Covid-19 positive status, verified by testing. Many individuals
in the cohort likely were positive for Covid-19, without ever having a positive test. While inpa-
tient status was used as a proxy for severe disease, other markers of disease severity—such as
degree of hypoxemia and length of intensive care unit stay-were not recorded.

Conclusions

In this study, we analyzed a cohort of nearly 400,000 participants, 968 of whom tested positive
for Covid-19. We found that participants with comorbidities, including COPD, ischemic heart
disease, and depression, were at increased risk of Covid-19. We also confirmed the association
of Covid-19 with blood type A. In this study, the relative risk of Covid-19 for Black partici-
pants, relative to White participants, was reduced by 33% with adjustment for deprivation
alone. When assessing differences in risk of Covid-19 between White and Black participants,
adjustment for deprivation had a greater effect on the relative risk than any other risk factor
analyzed. The increased risk of Covid-19 for Black participants may be linked to discrimina-
tion against Black individuals in the labor market, among other factors.
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