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Smoking and COVID-19 outcomes: an observational
and Mendelian randomisation study using the UK

Biobank cohort
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ABSTRACT

Background Conflicting evidence has emerged
regarding the relevance of smoking on risk of COVID-19
and its severity.

Methods We undertook large-scale observational

and Mendelian randomisation (MR) analyses using UK
Biobank. Most recent smoking status was determined
from primary care records (70.8%) and UK Biobank
questionnaire data (29.2%). COVID-19 outcomes were
derived from Public Health England SARS-CoV-2 testing
data, hospital admissions data, and death certificates
(until 18 August 2020). Logistic regression was used

to estimate associations between smoking status and
confirmed SARS-CoV-2 infection, COVID-19-related
hospitalisation, and COVID-19-related death. Inverse
variance-weighted MR analyses using established
genetic instruments for smoking initiation and smoking
heaviness were undertaken (reported per SD increase).
Results There were 421469 eligible participants,
1649 confirmed infections, 968 COVID-19-related
hospitalisations and 444 COVID-19-related deaths.
Compared with never-smokers, current smokers had
higher risks of hospitalisation (OR 1.80, 95% Cl 1.26 to
2.29) and mortality (smoking 1-9/day: OR 2.14, 95%
C10.87 to 5.24; 10-19/day: OR 5.91, 95% Cl 3.66

t0 9.54; 20+/day: OR 6.11, 95% Cl 3.59 to 10.42).

In MR analyses of 281 105 White British participants,
genetically predicted propensity to initiate smoking was
associated with higher risks of infection (OR 1.45, 95%
Cl'1.10 to 1.91) and hospitalisation (OR 1.60, 95% Cl
1.13 t0 2.27). Genetically predicted higher number of
cigarettes smoked per day was associated with higher
risks of all outcomes (infection OR 2.51, 95% Cl 1.20
to 5.24; hospitalisation OR 5.08, 95% Cl 2.04 to 12.66;
and death OR 10.02, 95% Cl 2.53 t0 39.72).
Interpretation Congruent results from two analytical
approaches support a causal effect of smoking on risk of
severe COVID-19.

INTRODUCTION

Observational evidence accruing throughout the
COVID-19 pandemic has identified several factors
associated with COVID-19 severity, including
older age, male sex, cardiometabolic comorbidi-
ties (eg, hypertension and diabetes) and non-white
ethnicity.'” However, evidence on the role of
smoking in COVID-19 has been inconsistent.*”

2 Pui San Tan,' Hannah M Sallis,*>®

Nicola Lindson," Carol A C Coupland,”” Marcus R Munafo,*>® Paul Aveyard @,
3

What is the key question?
» Does cigarette smoking increase risk of severe
COVID-19?

What is the bottom line?

» In this study using UK Biobank, we obtained
congruent results from observational analyses
(n=421469) and Mendelian randomisation
analyses (n=281105) regarding increased risk
of COVID-19-related hospitalisation and death
in smokers.

Why read on?

» Together, the results from our two analytical
approaches support a causal effect of smoking
on the risk of severe COVID-19.

Several studies conducted early in the pandemic
reported a lower prevalence of active smokers
among COVID-19 patients relative to the general
population, and a large population-based study
conducted in the UK found that smoking was asso-
ciated with lower risks of COVID-19 mortality'®
on adjustment for multiple prognostic factors.
In contrast, current smoking was associated with
higher risks of COVID-related death, adjusted for
age and sex, in another large population-based
study (OpenSAFELY),” higher risks of self-reported
SARS-CoV-2 infection in online surveys,'' an
increased burden of COVID-19 symptoms in the
ZOE COVID-19 symptom study'? and increased
risk of severe COVID-19 with respiratory failure
in a Mendelian randomisation study of lifetime
smoking."® Furthermore, several large-scale meta-
analyses have concluded that a history of smoking
is associated with a range of adverse outcomes
including severe COVID-19 and mortality.” ¢ *
Alongside the conflicting observational evidence,
the commencement of clinical trials of nicotine
therapy, based on the hypothesis that nicotine
could inhibit penetration and propagation of SARS-
CoV-2 (eg, NCT04598594,"* NCT04583410%)
further emphasise the need for greater clarity on
the relationship between smoking and COVID-19
to ensure appropriately informed public health
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Various limitations of observational studies of COVID-19 have
been proposed. The majority of such studies undertaken in the
early stages of the pandemic were conducted primarily in hospi-
talised patients and/or in communities with limited SARS-CoV-2
testing, prompting concerns that observed associations between
smoking and COVID-19 could be distorted due to selection
bias,'® ' with potential for so-called ‘collider’ bias of particular
relevance.'” ™* In the context of COVID-19, hospitalisation/testing
may lead to collider bias if both smoking and COVID-19 increase
the likelihood that an individual will be tested or hospitalised.
Consequently, studies conducted within tested or hospitalised
patients may yield biased estimates of smoking and SARS-CoV-2
infection and any downstream consequences of infection (ie,
death). Moreover, conventional observational studies are subject
to limitations such as residual confounding and/or reverse
causation, inappropriate adjustment (eg, if adjustment variables
lie on causal pathways) and remain focused on association rather
than causation. Mendelian randomisation (MR) can overcome
some of these limitations by using genetic variants as proxies
for smoking behaviours and thereby provide genetic support for
causal associations. Thus, alongside robust observational analyses,
MR analyses can provide complementary insights to enhance our
ability to assess potentially causal relationships.

In UK Biobank, we investigated associations between smoking
and COVID-19 using both observational and Mendelian
randomisation approaches. First, we performed multivariable
regression to assess associations of smoking behaviours with
SARS-CoV-2 infection, COVID-19-related hospitalisation, and
COVID-19-related death among 421469 participants. Second,
we used two-sample MR to examine the causal relevance
of smoking initiation (ie, propensity to begin smoking) and
smoking heaviness for COVID-19 outcomes in 281105 White
British participants.

METHODS

Study design, data sources and participants

UK Biobank recruited over 500000 individuals aged 40-69
years across the UK between 2006 and 2010." Participants were
genotyped and underwent a comprehensive baseline assessment
with biofluid collection. In addition, approximately 4-5 years
after the baseline visit, a subset of the cohort (~20000 individ-
uals) underwent a repeat assessment of the baseline measures (ie,
‘resurvey’).

In the present study, UK Biobank participants that were
alive on 1 January 2020 (consistent with the emergence of
COVID-19 diagnoses), and who were resident in England (as
linkage to SARS-CoV-2 testing data was limited to England)
were considered. Dynamic linkage to Public Health England’s
Second Generation Surveillance System microbiology data-
base enabled ascertainment of positive cases of SARS-CoV-2.%
Primary care data were available via linkage to EMIS and TPP
electronic healthcare record software systems. Linked Hospital
Episode Statistics (HES) provided data on hospital admissions
across National Health Service (NHS) commissioning groups
in England. Lastly, national death registry linkage was used to
ascertain COVID-19-related deaths. Exposure and outcome data
available up to 18 August 2020 were included. Figure 1 demon-
strates the derivation of the study cohorts for both the observa-
tional and MR analyses, based on common inclusion criteria and
distinct exclusion criteria where relevant.

COVID-19 outcomes
Study outcomes were confirmed SARS-CoV-2 infection,
COVID-19-related  hospitalisation, and COVID-19-related

502,536 Individuals

81,087 excluded from
or who died
before 1 January 2020

Observational Analysis

1,649 SARS-CoV-2 infections;
068 it
444 deaths

421,469 individuals

12,812 excluded due to missing
genotyping data or genotyping
quality control

408,657 individuals

67,186 excluded due to
relatedness

Mendelian Randomisation
Analysis (Sensitivity)

1,331 SARS-CoV-2 infections;
788 hospitalisations;

341,471 individuals

367 deaths

60,366 excluded due to non-
white British ancestry

Mendelian Randomisation
Analysis (Primary)

1,011 SARS-CoV-2 infections;
600
291 deaths

Figure 1

v

281,105 individuals

Flow chart of study derivation using UK Biobank.

death. Confirmed SARS-CoV-2 infection was defined as a posi-
tive RT-PCR test result on the Public Health England microbi-
ology database. COVID-19-related hospitalisation was defined
as a confirmed or suspected COVID-19 diagnosis (ICD10
codes U07.1, U07.2) on a hospital admission record and was
not conditional on a positive test. COVID-19-related death was
defined as the presence of COVID-19 as a primary or contrib-
utory cause of death based on mortality register data (ICD10
codes U07.1 or U07.2) and was not conditional on a positive
test or hospitalisation. In each analysis, cases were defined as
participants who experienced the COVID-19-related outcome
of interest; controls were participants without a record of any
COVID-19-related outcome.

Smoking exposure variables for observational analyses
For observational analyses, we classified smoking in two ways.
First, participants were classed as never-smokers, former
smokers and current smokers. Thereafter, for the main obser-
vational analysis, participants were classified into five groups in
terms of smoking heaviness: never-smokers, former smokers,
light smokers (<10 cigarettes/day), moderate smokers (10-19
cigarettes/day) and heavy smokers (=20 cigarettes/day). This
was based on the most recently recorded smoking status (prior
to 1 January 2020) available for each individual either from UK
Biobank baseline or resurvey assessments (from touchscreen
assessment data) or linked primary care records. The most recent
recorded smoking status was taken as the exposure.
Touchscreen questionnaires completed at the UK Biobank
baseline assessment were used to define participant age at study
origin (40-49, 50-59, 60-69, 70-79 and 80+ years), sex,
ethnicity (eight categories), Townsend deprivation quintile, body
mass index (kg/m?) (underweight (<18.5), healthy weight (18.5-
24.9), overweight (25-29.9), obese (30-34.9) and severely obese
(>35)). Self-reported non-cancer illness codes recorded at the
nurse-led interview during recruitment into UK Biobank were
used to derive smoking- and non-smoking related comorbidities
at baseline (see table 1 for full list).

66

Clift AK, et al. Thorax 2022;77:65-73. doi:10.1136/thoraxjnl-2021-217080

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw elep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Aq paloslold

" Jooyosaboysnwselq
V11-Z39 uswiredsaq 1e G20z ‘2T dunr uo /wod fwg xeloyy/:dily wouy papeojumoq TZ0Z 18qweldses /g uo 080/T2-T20zZ-|ulxeloyy9eTT 0T Se paysiignd sy :xeloyl


http://thorax.bmj.com/

Table 1 Demographic and clinical characteristics of the observational study cohort from UK Biobank g
Overall study Study participants with confirmed  Study participants with recorded Study participants with §

Parameter population SARS-CoV-2 infection COVID-19-related hospitalisation COVID-19-related death =
Number 421469 1649 968 444 3
Age group (at study start) (years) 'g
40-49 1213 (0.29) <10 0 0(0) %
50-59 97372 (23.10) 492 (29.84) 141 (14.57) 19 (4.28) a
60-69 140664 (33.37) 400 (24.26) 236 (24.38) 71 (15.99) ,?,'
70-79 174520 (41.41) 696 (42.21) 549 (56.71) 317 (71.40) Y :f\
80+ 7700 (1.83) 59 (2.52) 42 (4.34) 37 (8.33) % E
Sex % 8
Female 232366 (55.13) 787 (47.73) 373 (38.53) 164 (36.94) ; §
Male 189103 (44.87) 862 (52.27) 595 (61.47) 280 (63.06) 8 g
Townsend quintile 2 ?_
1 (most affluent) 193357 (45.88) 563 (34.16) 315 (32.54) 147 (33.18) é_ §

2 93928 (22.29) 362 (21.97) 199 (20.56) 84 (18.96) - :3

3 61227 (14.53) 273 (16.57) 152 (15.70) 74 (16.70) a :

4 50180 (11.91) 277 (16.81) 174 (17.98) 87 (19.64) S_ §

5 (most deprived) 22280 (5.29) 173 (10.50) 128 (13.22) 51 (11.51) 8 8
Not recorded 497 (0.12) <10 0 0 § 'll’
Body mass index § _(é)
Underweight 1942 (0.46) <10 <10 <10 2 o
Healthy 134323 (31.87) 375 (22.74) 168 (17.36) 82 (18.47) % m g‘
Overweight 177246 (42.05) 682 (41.36) 394 (40.70) 179 (40.32) g % E:‘)
Obese 72340 (17.16) 338(20.50) 229 (23.66) 99 (22.30) § g §
Severely obese 27957 (6.63) 198 (12.01) 142 (20.34) 61 (13.73) g 3 U
Not recorded 7661 (1.82) 50 (3.03) 32(331) 20 (4.50) %E %
Ethnic group g % g
White 394113 (93.51) 1429 (97.28) 836 (86.27) 401 (90.32) % =3 %
Mixed race 2630 (0.62) 13 (0.79) <10 <10 3 g
Asian/Asian British 7453 (1.77) 60 (3.64) 32(3.30) <10 g g
Chinese 1421 (0.34) <10 <10 <10 i g
Other Asian 1681 (0.40) 13(0.79) <10 <10 = 2
Black/Black British 7615 (1.81) 84 (5.09) 60 (6.20) 23 (5.18) %- ;5
Other 4162 (0.99) 31(1.88) 17(1.76) <10 é g
Not recorded 2394 (0.57) 12 (0.73) <10 <10 % g
Last recorded smoking status 3 ‘;
Never-smoker 248952 (59.07) 849 (51.49) 440 (45.45) 159 (35.81) g g
Former smoker 155594 (36.91) 717 (43.48) 457 (47.21) 223 (50.22) 9;_’ §
Light smoker (1-9/day) 3947 (0.94) 18(1.09) 12 (1.24) <10 g é-
Moderate smoker (10-19/day) 5799 (1.38) 26 (1.58) 25 (2.58) 20 (4.50) g 8
Heavy smoker (20+/day) 3965 (0.94) 13(0.79) 14 (1.45) 16 (3.60) g _K‘)
Not recorded 3212(0.76) 26 (1.58) 20 0 g' %
Comorbidities not related to smoking g
Bronchiectasis 545 (0.13) <10 <10 <10 5
Chronic liver disease 1204 (0.29) 15(0.91) 13(1.34) <10 g
Cystic fibrosis <10 <10 <10 <10 5*
Diabetes mellitus 21835 (5.18) 177 (10.73) 124 (12.81) 71 (15.99) g
Interstitial lung disease 284 (0.07) <10 <10 <10 a
Smoking-related comorbidities ran
Asthma 2382 (0.57) 18(1.09) 11(1.14) <10 5

Continued
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Table 1 Continued
Overall study Study participants with confirmed  Study participants with recorded Study participants with

Parameter population SARS-CoV-2 infection COVID-19-related hospitalisation COVID-19-related death

Atrial fibrillation 8125 (1.93) 62 (3.76) 42 (4.34) 30 (6.75)

COPD 3373 (0.80) 29(1.76) 29 (3.00) 19 (4.28)

Chronic kidney disease 704 (0.17) 16 (0.97) <10 <10

Congestive cardiac failure 1329 (0.32) 26 (1.58) 24 (2.48) 15 (3.38)

Hypertension 1196 (0.28) 11 (0.68) <10 <10

Ischaemic heart disease 24848 (5.90) 175 (10.61) 137 (14.15) 77 (17.34)

Lung cancer 696 (0.17) 10 (0.61) <10 <10

Figures in parentheses correspond to the column percentage.

Genetically predicted smoking behaviours for Mendelian
randomisation analyses
For the MR analyses, we generated genetic proxies for smoking
initiation and for smoking heaviness based on genome-wide
significant (p<5x10®) genetic variants identified in published
meta-analyses of genome-wide association studies (GWAS
and Sequencing Consortium of Alcohol and Nicotine Use;
GSCAN).*' GSCAN was conducted in individuals of European
ancestry and included 24 studies of smoking initiation (n=1 232
091) and 25 studies of smoking heaviness (n=337334).
Genetic instruments were constructed using genetic vari-
ants identified as conditionally independent using the partial
correlation-based score statistic method in the published GSCAN
analyses.”' #* The resulting smoking initiation genetic instrument
included 378 conditionally independent genetic variants asso-
ciated with smoking initiation, defined as a binary phenotype
based on either having smoked >100 cigarettes over an individ-
ual’s life course, smoked every day for at least a month, or ever
smoked regularly. The smoking heaviness genetic instrument
included 55 conditionally independent variants associated with
smoking heaviness, which was defined as the average number of
cigarettes smoked per day. All MR analyses are reported per SD
higher phenotype. For smoking initiation, the SD represented
the weighted average prevalence determined in the GSCAN
meta-analysis.*!

Statistical methods
Observational analyses
Multivariable logistic regression was used to estimate odds ratios
(ORs) and 95% confidence intervals (CIs) for the effects of
smoking exposures on COVID-19 outcomes. Our model adjust-
ment strategy was guided by directed acyclic graphs to identify
potential causal pathways between smoking and COVID-19
outcomes (online supplemental figure 1). For each outcome
of interest, the association with smoking was serially adjusted
for: (1) age and sex; (2) age, sex, ethnicity, deprivation quin-
tile and non-smoking-related comorbidities (interstitial lung
disease, cystic fibrosis, bronchiectasis, chronic liver disease and
diabetes (type 1 or 2)) to assess the ‘total effect’ and (3) age,
sex, ethnicity, deprivation quintile, non-smoking-related comor-
bidities, smoking-related comorbidities (lung cancer, asthma,
chronic obstructive pulmonary disease, hypertension, ischaemic
heart disease, congestive cardiac failure, chronic kidney disease
and atrial fibrillation) and body mass index to assess the ‘direct
effect’. To assess the utility of more contemporaneous exposure
ascertainment via primary care, we repeated these analyses using
the baseline-derived UK Biobank smoking status.

As a confirmed infection is conditional on receiving a
COVID-19 test in the context of highly selective sampling

during the earlier stages of the pandemic,'® we also performed

a sensitivity analysis using inverse probability weighting®® for
the confirmed infection endpoint to adjust for each participant’s
likelihood of receiving a COVID-19 test. Inverse probability
weights were calculated using a logistic regression model incor-
porating the confounders included in the relevant model. Esti-
mates for COVID-19 hospitalisation and death did not undergo
such sensitivity analyses as their ascertainment was not depen-
dent on receiving a positive test.

All observational analyses were undertaken as complete case
analyses due to limited data missingness (<1.8%). We computed
the ‘E-value’ for ORs to assess the robustness of observed asso-
ciations to unmeasured confounding.** The E-value is defined
as the minimum strength of association, on the risk ratio scale,
that an unmeasured confounder would need to have with the
exposure and outcome to explain away an observed exposure-
outcome association (conditional on the measured covariates).>*

Mendelian randomisation analyses

For MR analyses, of the 421469 included in the observational
analyses, 12812 were excluded due to missing genotype data or
failure of UK Biobank conducted quality control,”® and a further
67186 due to relatedness (third degree or closer). Primary MR
analyses were restricted to 281105 participants of White British
ancestry, in accordance with the population in which the genetic
instruments were derived and to limit the potential impact of
population stratification (see figure 1). Sensitivity analyses
including 341471 participants, unrestricted by ancestry, were
also conducted.

Single nucleotide polymorphism (SNP)-outcome associations
were generated for each genetic variant in the instruments using
logistic regression with adjustments for gender, genotype array,
and the first 10 principal components of population structure.
For the smoking heaviness analyses, associations with indi-
vidual genetic variants were calculated in those who had ever
smoked. Mean F-statistics were calculated to assess the strength
of the genetic instruments; values >10 indicate adequate instru-
ment strength.”® The random-effects inverse-variance weighted
(IVW) method?” was used to estimate causal effects of smoking
behaviours on COVID-19-related outcomes, with estimates
shown as ORs and 95% ClIs per SD difference in the geneti-
cally proxied smoking behaviour. Specifically, causal effects are
reported per 1 SD difference in genetically determined preva-
lence of smoking initiation and cigarettes smoked per day for
the two instruments, respectively. For smoking initiation, the
SD represented the weighted average prevalence determined in
the GSCAN meta-analysis.”' Weights were based on the SNP-
exposure estimates from GSCAN as described above. The poten-
tial bias in the weights arising from participant overlap between
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GSCAN and UK Biobank (31% for smoking initiation and 36%
for smoking heaviness) was examined in sensitivity analyses in
which we repeated primary analyses using SNP-exposure esti-
mates that excluded UK Biobank and 23andMe participants (as
weights excluding UK Biobank alone were not publicly available).

The IVW method provides causal effect estimates with optimal
precision but assumes that all genetic variants included are valid
instrumental variables. To examine the robustness of the MR
estimates to departures from this assumption, we conducted
methodologic sensitivity analyses, which included the weighted
median method?® (in which up to half of the genetic variants are
permitted to be invalid instrumental variables); the Mendelian
randomisation-Egger (MR-Egger) method?’ (in which all genetic
variants are permitted to be invalid instrumental variables,
provided that the pleiotropic effects are independent of instru-
ment strength) and the Mendelian randomisation-Pleiotropy
Residual Sum and Outlier (MR-PRESSO) method,*® which
performs a pleiotropy residual sum and outlier test and allows
detection and correction of pleiotropy via outlier removal.
Heterogeneity between variants that may indicate pleiotropy
was investigated using Cochran’s Q (IVW) and Rucker’s Q
(MR-Egger) statistics, and the MR-PRESSO pleiotropy residual
sum and outlier test. The validity of the MR-Egger method
was evaluated using the regression dilution IZ(GX) statistic.’! If
the result was <0.9, then SIMEX corrections were performed.
Finally, we performed Steiger directionality tests to determine if
the observed effects were directionally causal.*?

Analyses were performed in R v4.0.2 using the MendelianRan-
domization,”® TwoSampleMR** and MRPRESSO*® packages.

RESULTS
Observational associations between smoking behaviour and
COVID-19 outcomes
We identified 421469 individuals eligible for inclusion in obser-
vational analyses (figure 1). These participants had a median age
of 68.6 years (IQR 60.6 to 73.7) and the majority were female
(55.1%) and of white ethnicity (93.5%). Demographic and clin-
ical information for these study participants is shown in table 1.
During the study period, 13446 (3.2%) individuals underwent a
SARS-CoV-2 test, and 1649 (0.4%) had a PCR-confirmed infec-
tion. Some 968 (0.2%) had a COVID-19-related hospitalisation
(of whom 154 (15.9%) were known to have been admitted to
critical care) and 444 (0.1%) had a COVID-19-related death.
Of the 444 deaths, 188 (42.3%) had no record of COVID-19-
related hospitalisation; and of 968 hospitalised individuals, 256
(26.4%) died of COVID-19.

The most recent smoking status recorded prior to the start
of the study (1 January 2020) was derived from UK Biobank

questionnaires for 122296 people (median time between
recorded status and study origin 10.6 years (IQR 9.9 to 11.3);
TPP for 70333 people (median time 4.5 years, IQR 0.9 to 13.1)
and EMIS for 225628 people (median time 1.1 years, IQR 0.4
to 3.4). Overall, the smoking status used in the analyses, which
included 13 711 current smokers (3.3%), represented behaviours
current as of an average of 2.3 years (IQR 0.5 to 9.5 years) prior
to the start of the pandemic. Table 2 summarises the concor-
dance between UK Biobank and the most recently recorded
smoking status; online supplemental tables 1 and 2 summarise
concordance between UK Biobank and individual primary care
databases.

Of those receiving a SARS-CoV-2 test, 7071 (52.6%) were
never-smokers, 5684 (42.3%) were former smokers, 136 (1.0%)
smoked 1-9 cigarettes/day, 240 (1.8%) smoked 10-19 cigarettes/
day and 191 (0.9%) smoked 10+ cigarettes/day. Compared with
never-smokers, former smokers had a higher risk of confirmed
infection on adjustment for age and sex (OR 1.34, 95%CI 1.21
to 1.48) and on maximal adjustment (OR 1.26, 95%CI 1.13
to 1.40; figure 2). There was no evidence that current smoking
conferred a higher risk of infection relative to never smoking,
either on adjustment for age and sex (OR 1.16, 95%CI 0.89
to 1.52) or on full adjustment (OR 1.00, 95% CI 0.76 to 1.32).
When weighting by the likelihood of having received a SARS-
CoV-2 test (online supplemental table 3), heavy smoking (=20
cigarettes/day) was associated with a reduced risk of confirmed
infection when adjusting for age and sex (OR 0.50, 95% CI 0.29
to 0.89) and on maximal adjustment (OR 0.55, 95%CI 0.31 to
0.99; online supplemental table 4).

Former smoking and current smoking were associated with
higher risks of COVID-19-related hospitalisation on adjustment
for age and sex (OR 1.44, 95% CI 1.26 to 1.64; OR 2.19, 95%
CI 1.63 to 2.92, respectively) and on maximal adjustment (OR
1.31, 95% CI 1.14 to 1.50; OR 1.80, 95% CI 1.26 to 2.29,
respectively). There was a consistent, positive association
between smoking and risk of COVID-19-related death. For
heavy smokers, the ORs for COVID-19-related death compared
with never-smokers were 7.44 (95% CI 4.42 to 12.49) when
adjusting for age and sex, and 6.11 (95% CI 3.59 to 10.42) in
the fully adjusted model.

In the sensitivity analysis using only baseline UK Biobank-
derived smoking status, similar relationships were observed,
although the ORs were attenuated (online supplemental table 5).

Mendelian randomisation analyses

MR analyses included up to 281105 individuals (restricted
to unrelated White British participants; figure 1). Analyses of
genetically predicted smoking initiation included 1011 cases of

Table 2 Concordance of smoking status as per latest UK Biobank record and from latest of any of UK Biobank or linked primary care datasets (ie,

the smoking exposure used in the final analyses)

Most recently recorded smoking data from any of the three data sources

(UK Biobank or linked primary care data)

UK Biobank smoking data Never-smoker Former smoker Light smoker Moderate smoker Heavy smoker Missing
Never-smoker (n=233782) 224137 (95.87) 9602 (4.11) 26 (0.01) 13 (0.01) <10 0 (0.00)
Former smoker (n=144772) 21820 (15.07) 122485 (84.61) 213 (0.15) 158 (0.11) 96 (0.07) 0 (0.00)
Light smoker (n=5954) 249 (4.18) 3291 (55.27) 2269 (38.11) 137 (2.30) <10 0 (0.00)
Moderate smoker n=11906 325 (2.73) 6249 (52.49) 697 (5.85) 4490 (37.71) 145 (1.22) 0 (0.00)
Heavy smoker (n=9444) 189 (2.00) 4505 (47.70) 265 (2.81) 823 (8.71) 3662 (38.78) 0(0.00)
Missing (n=15611) 2232 (14.30) 9462 (60.67) 477 (3.06) 178 (1.14) 50 (0.32) 3212 (20.58)

Figures in italic in parentheses correspond to the row percentage. If there was conflict between the two data sources, the most recent record was used as the exposure definition.
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(A) Age- and sex-adjusted

COVID-19 outcome &

(B) Maximally adjusted

smoking category Cases / Controls OR (95% Cl) OR (95% Cl)
Confirmed infection 1,649 /419,444
Never (reference) 849/251,126 1.00 (1.00, 1.00) 1.00 (1.00, 1.00)
Former 717 /154,708 ] 1.34 (1.21, 1.48) [ | 1.26 (1.13, 1.40)
Current 57/ 13,610 T 1.16 (0.89, 1.52) —— 1.00 (0.76, 1.32)
Light (1-9/day) 18/ 3,923 —1— 1.28 (0.80, 2.04) —_— 1.09 (0.67, 1.77)
Moderate (10-19/day) 26/ 5,753 —— 1.27 (0.86, 1.88) —t— 1.13 (0.76, 1.69)
Heavy (20+/day) 13/ 3,934 —_— 0.90 (0.52, 1.56) —_— 0.75 (0.42, 1.33)
Hospitalisation 968 /419,444
Never (reference) 440 /251,126 1.00 (1.00, 1.00) 1.00 (1.00, 1.00)
Former 457 /154,708 E 3 1.44 (1.26, 1.64) k3 1.31 (1.14, 1.50)
Current 51/ 13,610 —a— 2.19 (1.63, 2.92) —a— 1.80 (1.26, 2.29)
Light (1-9/day) 12/ 3,923 1.82 (1.03, 3.24) o 1.31(0.69, 2.46)
Moderate (10-19/day) 25/ 5,753 —_— 2.59(1.72, 3.87) —_— 2.26 (1.50, 3.41)
Heavy (20+/day) 14/ 3,934 —_— 1.97 (1.16, 3.37) T 1.65 (0.96, 2.84)
Death 444 /419,444
Never (reference) 159 /251,126 1.00 (1.00, 1.00) 1.00 (1.00, 1.00)
Former 223/154,708 —-— 1.76 (1.43, 2.16) —-— 1.60 (1.29, 1.97)
Current 43/ 13,610 — 5.93 (4.22, 8.33) —_— 4.89 (3.41, 7.00)
Light (1-9/day) <10/ 3,923 3.35(1.57,7.16) — 2.14 (0.87, 5.24)
Moderate (10-19/day) 20/ 5,753 —_— 6.65 (4.17, 10.62) —_— 5.91 (3.66, 9.54)
Heavy (20+/day) 16/ 3,934 —_— 7.44 (4.42,12.49) _— 6.11 (3.59, 10.42)
1 2 5 15 1 2 5 15
Odds ratio Odds ratio

Figure 2 Results from multivariable logistic regression models examining the effect of observed smoking behaviours on COVID-19 outcomes with
serial adjustment guided by directed acyclic graphs. Cl, confidence interval; COVID-19, novel coronavirus disease 2019; OR, odds ratio. (A) Model
adjusted for age and sex. (B) Model adjusted for age, sex, ethnicity, deprivation, interstitial lung disease, cystic fibrosis, bronchiectasis, chronic liver
disease, diabetes, lung cancer, asthma, chronic obstructive pulmonary disease, hypertension, ischaemic heart disease, congestive cardiac failure,
chronic kidney disease, atrial fibrillation and body mass index. Controls are individuals that did not experience any of the outcomes of interest, that is,
positive SARS-CoV-2 RT-PCR test, hospital admission for confirmed or suspected COVID-19, or died due to confirmed or suspected COVID-19.

confirmed infection (0.4%), 600 COVID-19-related hospitalisa-
tions (0.2%) and 291 COVID-19-related deaths (0.1%). Among
114080 ever-smokers included in the analysis of smoking heavi-
ness, there were 503 confirmed infections (0.4%), 328 COVID-
19-related hospitalisations (0.3%) and 180 COVID-19-related
deaths (0.29%).

Association of genetic variants with smoking behaviours in
UK Biobank

To illustrate the strength of the genetic instruments, associations
within UK Biobank were assessed. Genetic variants predicting
lifelong differences in smoking initiation (mean F statistic 44.96)
and smoking heaviness (mean F statistic 85.91) were strongly
associated with observed smoking behaviours. A 1 SD differ-
ence in the weighted genetic instrument for smoking initiation
was associated with higher odds of having ever smoked (OR
2.73, 95%CI 2.64 to 2.81, p<1.0x107%) and a 1 SD differ-
ence in the genetic instrument for smoking heaviness was asso-
ciated with 6.6 higher cigarettes smoked per day among ever
smokers (n=75846) (coefficient 6.62, 95%CI 6.69 to 7.12,
p=7.1x10"2%),

Genetically predicted smoking initiation on COVID-19
outcomes

A 1 SD higher genetically predicted propensity to initiate
smoking was associated with 45% higher odds of confirmed
SARS-CoV-2 infection (OR,, 1.45, 95%CI 1.10 to 1.91,

p=0.01; figure 3). Comparable causal estimates were observed
for COVID-19-related hospitalisation (OR , 1.60,95% CI 1.13
to 2.27, p=0.01) and COVID-19-related death (OR,, 1.35,
95%CI 0.82 to 2.22, p=0.23), although the association with
death was not statistically significant.

In methodological sensitivity analyses, the causal estimates
were largely consistent (online supplemental table 6). However,
the MR-Egger estimate for COVID-19-related death was direc-
tionally discordant with a wide confidence interval (OR,
0.35,95%CI 0.04 to 2.82, p=0.33). Across all three COVID-19
outcomes, tests for heterogeneity showed no evidence of hori-
zontal pleiotropy and the MR-Egger intercept suggested that the
IVW results gave a consistent estimate of the causal effect (online
supplemental table 7). Steiger directionality tests supported a
conclusion of valid causal effects, and all IZ(GX) values supported
validity of the estimates under the no measurement error
assumption (online supplemental table 7). Results of comparable
direction and magnitude were obtained using SNP-exposure esti-
mates that excluded UK Biobank (online supplemental table 8),
suggesting inferences were insensitive to potential bias arising
from participant overlap between GSCAN and UK Biobank.

Genetically predicted smoking heaviness and COVID-19
outcomes

Genetically predicted smoking heaviness was associated with
2.5-fold higher odds of confirmed SARS-CoV-2 infection (OR
2.51, 95%CI 1.20 to 5.24, p=0.01 per SD higher number of
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Genetic instrument & Cases / Controls OR (95% CI) P-value
COVID-19 outcome
Smoking Initiation
Confirmed infection 1011 / 279,845 g 3 1.45(1.10, 1.91) 0.008
Hospitalisation 600 / 279,845 - 1.60(1.13, 2.27) 0.008
Death 291 / 279,845 - 1.35(0.82, 2.22) 0.233
Smoking heaviness
Confirmed infection 503 / 113,433 e — 251(1.20, 5.24) 0.015
Hospitalisation 328 / 113,433 P 5.09 (2.04, 12.67) <0.001
Death 180 / 113,433 10.02 (2.53, 39.73) 0.001

0110 3050 100

25.0

QOdds ratio per SD unit in genetic instrument

Figure 3  Results from Mendelian randomisation analyses (inverse-variance weighted estimates) examining the effects of genetically predicted
smoking behaviours on COVID-19 outcomes. Cl, confidence interval; COVID-19, novel coronavirus disease 2019; OR, odds ratio; SD, standard

deviation.

cigarettes smoked per day; figure 3). Furthermore, the causal
estimates were notably stronger for more severe COVID-19
phenotypes, including COVID-19-related hospitalisation (OR
5.09, 95%CI 2.04 to 12.67, p<0.001) and COVID-19-related
death (OR,, 10.02, 95%CI 2.53 t0 39.73, p=0.001).

In methodological sensitivity analyses, the effects were direc-
tionally consistent across different MR methods, and showed
no evidence of heterogeneity or directional pleiotropy (online
supplemental table 6). Results of comparable direction and
magnitude were obtained using SNP-exposure estimates (ie,
weights) that excluded UK Biobank, though the magnitude of
effects was slightly attenuated (online supplemental table 8).

Sensitivity analyses among all 341471 unrelated participants,
independent of ancestry, were comparable, although slightly
attenuated relative to the primary analyses for both smoking
instruments considered (online supplemental table 9).

DISCUSSION

This is the first study to combine conventional observational anal-
yses and MR to investigate the association between smoking and
COVID-19, and results from both approaches were congruent
regarding increased risks of COVID-19-related outcomes being
associated with smoking. The E-values were 3.0 (lower CI 1.8) for
hospitalisation and 9.3 (lower CI 6.3) for death, suggesting it is
unlikely that unmeasured confounding could nullify the observed
associations between smoking and severe COVID-19. Results
from MR analyses showed that genetic variants predicting life-
long differences in smoking initiation and smoking heaviness were
associated with higher risks of SARS-CoV-2 infection as well as
severe COVID-19-related outcomes, providing genetic support for
a causal relationship between these smoking behaviours and the
COVID-19 phenotypes examined. Our results complement and
extend those from survey-based studies demonstrating increased
odds of COVID-19 symptoms and symptomatic burden in current
smokers,"" 2 as well as MR analyses observing an association
between lifetime smoking and the risk of hospitalisation and respi-
ratory failure due to COVID-19."

Observational meta-analyses of mostly hospitalised patients
have been undertaken with divergent results and are of varying
quality.* ®” Two recent population-level studies in the UK have
reported seemingly protective effects of cigarette smoking on
COVID-19 severity, either as parameters in a single, mutually
adjusted regression model,” or specified explicitly as a confounder
for the effect of ACE inhibitors."" However, the system of
covariates used in their regression models differed, complicating

comparisons of mutually adjusted HRs, and such estimates can
themselves be problematic in light of the ‘table 2 fallacy’.
Notably, a harmful effect of smoking was seen on adjustment
for age and sex in one of these studies.” Aside from the degree
of selection into study cohorts, contemporaneity of exposures is
a key consideration when analysing exposure-outcome associa-
tions. For example, a recent analysis of UK Biobank, which also
showed an increased risk of severe COVID-19, used smoking
status on enrolment.” Our study sought to triangulate observa-
tional and MR evidence, and was able to address several limita-
tions of other studies, such as by utilising linked UK Biobank
and primary care data, and minimising collider bias by avoiding
conditioning analyses on positive test results.

Our MR results recapitulate and expand on a previous
investigation of the role of smoking and other cardiometa-
bolic traits in the development of sepsis and severe COVID-
19. Using outcome data from the COVID-19 Host Genetics
Initiative, investigators found that a genetically predicted life-
time smoking index (a genetic composite of smoking initiation,
duration and heaviness) was associated with increased risk of
severe COVID-19 with respiratory failure and hospitalisation.
Our study extends this work by demonstrating causal relation-
ships between smoking and multiple COVID-19 phenotypes,
including SARS-CoV-2 infection and death, while also disentan-
gling the effects of multiple smoking exposures on these traits.

Our study had several strengths and potential limitations.
Strengths of the observational analysis included the use of both
UK Biobank-collected data from initial recruitment and data
ascertained from primary care records to identify the most
recent smoking status prior to the pandemic (at an average of 2.3
years previous). The discordance between UK Biobank-derived
smoking status and the most recent available smoking status
(driven predominantly by primary care data) varied by smoking
heaviness, and the magnitude of effect estimates were smaller
using UK Biobank baseline data from a median of 10.6 years
prior to the pandemic. This suggests that as smoking behaviours
change over time, smoking status collected at initial UK Biobank
assessment does not adequately capture these behaviours at the
start of the COVID-19 pandemic. This emphasises the value in
use of primary care and other longitudinal records linked to UK
Biobank participants when examining dynamic phenotypes in
emerging diseases, or conditions in which temporality of expo-
sure is relevant. UK Biobank also has a selection bias towards
healthy volunteers,*®?” so observational results from the current
study, which included older participants (mean age 69 years)
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with lower rates of smoking than the UK population as whole
(3.39% vs 14.19%), may not necessarily generalise to the wider UK
population. Self-reported smoking status may also be unreliable
and risk misclassification of true exposure, but more objective
measures such as cotinine levels were not available.

A strength of the MR framework is that results are less suscep-
tible to environmental confounding and reverse causation, and
we performed a range of analyses to assess the robustness of our
findings to violations of instrumental variable assumptions. One
limitation is that the smoking GWAS was conducted in White
British individuals, which could limit generalisability to other
populations. Second, there is evidence that genetically predicted
effects on smoking initiation may be partially mediated by
impulsivity-related traits (eg, risk-taking) that influence the deci-
sion to initiate smoking.*® Consequently, it is possible that the
relationship between genetically predicted smoking initiation
and COVID-19 could represent a propensity to engage in risk-
taking behaviours that increase risk of infection, such as refusing
to wear a mask or to appropriately socially distance. However,
the additional finding of an association between genetically
predicted smoking heaviness and COVID-19 outcomes lends
further support to our findings.

A limitation of both the observational and MR approaches is the
selective SARS-CoV-2 testing during the present study, which may
have resulted in ascertainment of infections that were less represen-
tative (eg, more symptomatic cases) of infections generally. During
the study period, testing was concentrated in the hospital setting and
therefore many infections, such as those in frail care home residents
where risk of severe disease is highest but hospital admission avoid-
ance is common, were never confirmed on RT-PCR. Our study
therefore sought to combine suspected and confirmed COVID-19
for our endpoints of interest — while we are unable to confirm the
true number of actual infections, we believe this was a less biased
approach than only analysing confirmed cases.

Overall, the congruence of observational analyses indicating
associations with recent smoking behaviours and MR analyses
indicating associations with lifelong predisposition to smoking
and smoking heaviness support a causal effect of smoking on
COVID-19 severity.
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