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ABSTRACT
Objectives  We aimed to investigate demographic, 
lifestyle, socioeconomic and clinical risk factors for 
COVID-19, and compared them to risk factors for 
pneumonia and influenza in UK Biobank.
Design  Cohort study.
Setting  UK Biobank.
Participants  49–83 year olds (in 2020) from a general 
population study.
Main outcome measures  Confirmed COVID-19 infection 
(positive SARS-CoV-2 test). Incident influenza and 
pneumonia were obtained from primary care data. Poisson 
regression was used to study the association of exposure 
variables with outcomes.
Results  Among 235 928 participants, 397 had confirmed 
COVID-19. After multivariable adjustment, modifiable risk 
factors were higher body mass index and higher glycated 
haemoglobin (HbA1C) (RR 1.28 and RR 1.14 per SD 
increase, respectively), smoking (RR 1.39), slow walking 
pace as a proxy for physical fitness (RR 1.53), and use of 
blood pressure medications as a proxy for hypertension 
(RR 1.33). Higher forced expiratory volume in 1 s (FEV1) 
and high-density lipoprotein (HDL) cholesterol were both 
associated with lower risk (RR 0.84 and RR 0.83 per 
SD increase, respectively). Non-modifiable risk factors 
included male sex (RR 1.72), black ethnicity (RR 2.00), 
socioeconomic deprivation (RR 1.17 per SD increase in 
Townsend Index), and high cystatin C (RR 1.13 per SD 
increase). The risk factors overlapped with pneumonia 
somewhat, less so for influenza. The associations with 
modifiable risk factors were generally stronger for 
COVID-19, than pneumonia or influenza.
Conclusion  These findings suggest that modification of 
lifestyle may help to reduce the risk of COVID-19 and could 
be a useful adjunct to other interventions, such as social 
distancing and shielding of high risk.

INTRODUCTION
COVID-19, caused by SARS-CoV-2 infec-
tion, includes a spectrum of morbidity from 

asymptomatic infection1 to severe pneu-
monia in patients presenting for medical 
care.2 The COVID-19 pandemic3 has led to 
concerted research efforts to identify people 
at greatest risk of developing the infection 
and progressing to critical illness and dying. 
Predictors of disease severity include older 
age, smoking, diabetes, hypertension, kidney 
disease, chronic obstructive pulmonary 
disease (COPD) and previous cardiovascular 
disease (CVD).4–7 In addition, it is becoming 
clear that other risk factors might include 
obesity and low physical fitness.8 9 However, 
many studies investigate risk factors for 
disease progression to death or critical illness 
among hospitalised patients7 as opposed to 
healthy comparators.

Identifying the risk factors for COVID-19 is 
important in terms of identifying factors that 
can be modified to reduce risk, as well as iden-
tifying non-modifiable risk factors that can 
help identify high risk groups who require 

Strengths and limitations of this study

►► Large cohort from a general population, as opposed 
to a cohort of hospitalised patients, at an age rele-
vant to more severe COVID-19 symptoms.

►► Biochemistry assays performed in a single dedicat-
ed central laboratory.

►► Extensively emerging and novel risk factors for 
COVID-19.

►► UK Biobank is not representative of the whole UK 
population.

►► Exposures were measured several years before the 
development of the outcomes, and misclassification 
of the exposures will likely bias our results to the 
null.
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shielding and targeting for testing, and eventual vaccine 
and anti-viral therapies. Pneumonia is a life-threatening 
complication of COVID-19 infection.10 Established major 
risk factors for community-acquired pneumonia include 
many of the emerging risk factors for COVID-19.11 As 
COVID-19 is caused by SARS-CoV-2 viral infection, it may 
have risk factors for contraction of the disease that are 
common to other respiratory virus conditions such as 
Influenza.

UK Biobank is a large prospective, deeply phenotyped, 
population-based cohort study carried out in the UK.12 
Over the study period, testing for COVID-19 in England 
was conducted in accident and emergency (A&E) depart-
ments and in-hospital. These data were provided by 
Public Health England (PHE) and linked to UK Biobank 
baseline data. We aimed to establish modifiable and non-
modifiable risk factors for confirmed COVID-19. We also 
aimed to compare these risk factors to risk factors for the 
incident pneumonia over a similar time span.

METHODS
Participants
UK Biobank was conducted via 22 assessment centres 
across England, Scotland and Wales between March 2006 
and December 2010 and recruited 502 624 participants 
aged 37–73 years. The present study was restricted to 
participants living in England for whom COVID-19 test 
results were available. Death data were available to the 
end of January 2018 in England. To reduce competing 
risks, whereby risk factors may influence risk of death 
before the pandemic occurred, we excluded from the 
study all participants known to have died prior to the 
COVID-19 pandemic. Baseline biological measurements 
were recorded and touch-screen questionnaires were 
administered according to a standardised protocol.12 13

Outcomes
Results of COVID-19 PCR tests for UK Biobank partici-
pants were provided by PHE.7 14 Data provided by PHE 
included the specimen date, specimen type (eg, upper 
respiratory tract), laboratory, origin (whether evidence 
from microbiological record that the was conducted in 
hospital setting or not) and result (positive or negative). 
At the time the manuscript was developed,15 data were 
available for the period 16 March 2020 to 3 May 2020. 
Results were available for 5356 tests conducted on 3003 
individuals. Confirmed COVID-19 infection (primary 
outcome) was defined as at least one positive result in 
the context of an in-hospital or A&E test. Any positive test 
result was used as a sensitivity analysis. Longer follow-up 
of the UK Biobank cohort has become available, but in 
this analysis, we have elected to investigate risk factors for 
more severe disease (in-hospital positive tests) in the early 
stages of the pandemic.

Pneumonia was defined based on the 10th revision 
of the International Classification of Diseases, (ICD-10) 
codes J12–J18, and influenza based on J09–J11, converted 

into Read Codes using the UK Biobank’s look-up table. 
Incident pneumonia and influenza, occurring after 1 
January 2016 (an arbitrary date taken to mimic the time 
lag from baseline exposure measurement to incident 
COVID-19 infection, while also obtaining sufficient case 
numbers) was obtained from a 41% sample of partici-
pants with available data from primary care. A sensitivity 
analysis was conducted using cases after 1 January 2015 
and demonstrated consistent data. An analysis was also 
conducted exploring risk factors for all cases of pneu-
monia and influenza after baseline.

Exposures
Exposures were measured at the baseline assessment 
visit between 2006 and 2010. ‘Modifiable’ risk factors 
were considered to include smoking, anthropometric 
measurements, glycated haemoglobin (HbA1C), lung 
function measurements, hypertension, high-density lipo-
protein (HDL) cholesterol, other lipid measurements, 
and measures of physical activity.

Current age (on 1 March 2020) was derived from 
the assessment date and age at recruitment. Ethnicity, 
smoking, alcohol consumption, physician-diagnosed 
prevalent conditions and medication use were self-
reported. For the present analyses, ethnicity was coded as 
white, south Asian, black, or mixed/other. Smoking status 
was categorised into never vs former/current smoking. 
Systolic and diastolic blood pressures were measured 
at the baseline visit, preferentially using an automated 
measurement, but using manual measurement where 
this was not available, and average of available measures 
used. Area-level socioeconomic deprivation was assessed 
by the Townsend score (incorporating measures of unem-
ployment, non-car ownership, non-home ownership and 
household overcrowding) corresponding to the partici-
pants’ home postcode. Higher scores on the Townsend 
score represent greater socioeconomic deprivation. Self-
reported walking pace was rated by each participant as 
slow, steady/average, or brisk.16

The definition of baseline diabetes included self-
reported type 1 or type 2 diabetes, those with a primary 
or secondary hospital diagnoses relating to diabetes 
at baseline (ICD-10 codes E10-E14.9), and those who 
reported using diabetes medications. Baseline CVD was 
defined as self-reported myocardial infarction, stroke, or 
transient ischaemic attack. Cancer, longstanding illness, 
and depression were self-reported on touchscreen ques-
tionnaire. Other previous health complaints including 
asthma, rheumatoid arthritis, chronic kidney disease, 
systemic lupus erythematosus, sleep apnoea, COPD, 
pneumonia, bronchitis (including bronchitis, bronchi-
ectasis and emphysema), and other respiratory diseases 
(including interstitial lung disease, asbestosis, pulmonary 
fibrosis, alveolitis, respiratory failure, pleurisy, pneumo-
thorax, other respiratory condition) which were derived 
from self-report at nurse interview. Some conditions were 
not included in multivariable analysis due to low case 
numbers and/or high correlations with other conditions, 
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but univariable results are presented for completeness. 
Statin (categorised to include other cholesterol lowering 
medications) and blood pressure medication use were 
also recorded from self-report, with blood pressure 
medication being used as a proxy for baseline diagnosed 
hypertension.

Body mass index (BMI) is the ratio of the measured 
body mass in kg divided by height squared measured in 
metres. Height was measured using a Seca 202 height 
measure. Weight and whole-body fat mass and fat free 
mass were measured to the nearest 0.1kg using the Tanita 
BC-418 MA body composition analyser. Socks and shoes 
were removed when height was measured Grip strength 
was measured using a Jamar J00105 hydraulic hand dyna-
mometer and the mean was derived from the right and 
left hand values expressed in kilograms.17

Lung function was assessed by spirometry using a Vitalo-
graph Pneumotrac 6800 spirometer (Vitalograph, Buck-
ingham, UK). Participants did not perform spirometry if 
they answered yes to unsure to the following: chest infec-
tion in the last month, history of detached retina, heart 
attack, surgery to eyes, chest or abdomen in last 3months, 
history of collapsed lung, pregnancy, or currently on 
medication for tuberculosis. The aim was to record two 
acceptable blows from a maximum of three attempts. The 
spirometer software compared the acceptability of the 
first two blows and, if acceptable (defined as a ≤5% differ-
ence in forced vital capacity (FVC) and forced expiratory 
volume in 1 s (FEV1)), the third blow was not required. 
The mean observation was taken for both measures.

Blood collection sampling procedures for the study 
have been previously described and validated.18 Biochem-
ical assays were performed at a dedicated central labo-
ratory on around 480 000 samples. Further details of 
these measurements can be found in the UK Biobank 
Data Showcase and Protocol (http://www.​ukbiobank.​ac.​
uk). For the present study we included total cholesterol, 
HDL cholesterol, rheumatoid factor, cystatin C, HbA1C, 
C reactive protein (CRP), differential white cell count 
and red cell distribution width as exposures of interest. 
Biomarkers with data below the limit of detection were 
imputed as the square root of the limit of detection. The 
majority of participants had undetectable rheumatoid 
factor and risk ratios were derived for detectable rheuma-
toid factor, with the referent being undetectable.

Statistics
Mean and SD were reported for continuous outcomes 
except for biomarkers, where median and IQR were 
reported. Poisson regression with robust ‘sandwich’ stan-
dard errors were used to study the associations of expo-
sure variables with confirmed COVID-19 and pneumonia. 
Poisson regressions were used because they provide risk 
ratio (RR) which is easier to interpret and robust error 
estimation ensures accurate inference.19 Three adjust-
ment schemes were considered: model 0—univariate (ie, 
no adjustment), model 1—adjusted for age, sex, ethnicity 
and deprivation index, and model 2—further adjusted for 

behavioural (smoking and alcohol drinking) and physical 
(adiposity, blood pressure, spirometry and physical capa-
bility) factors that were found to be significant in model 
1. In model 2, there were variables that were derived from 
the same variable (eg, BMI and BMI categories) and have 
strong correlations (r=0.87 between BMI, and body fat 
mass, and r=0.97 between FEV1 and FVC). To avoid multi-
collinearity, in model 2, we chose one from, BMI, BMI 
categories, body fat-free mass, body fat mass and body fat 
per cent. and one from FEV1, FVC and FEV1/FVC. For 
continuous variables, the linearity of exposure-outcome 
associations were tested using penalised cubic splines 
in generalised additive model.20 Nonlinearity was tested 
using likelihood ratio test comparing a model with the 
exposure fitted on a spline with a model assuming a linear 
exposure-outcome relationship. P value for nonlinearity 
<0.05 suggest evidence against the linearity assumption. 
Spline smoothness was chosen using generalised cross 
validation.21 Population attributable fractions (PAFs) 
were calculated to determine the relative contribution 
of each risk factor to the overall number of confirmed 
COVID-19 cases within UK Biobank. Another Poisson 
model which included all significant factors in model 2 
was fitted to estimate the mutually adjusted risk ratios 
(RRs). These RRs were biased towards null because of 
over adjustment bias but were used to construct the PAFs 
to ensure the PAF estimates did not overlap or exceed 
100%. In general, two-tailed p values<0.05 were consid-
ered statistically significant. Analyses were conducted in R 
Statistical Software V.3.5.3 with the package ‘mgcv’.

Patient and public involvement
UK Biobank maintains a website and twitter feed to keep 
participants, the general public and researchers up to 
date on the study (http://www.​ukbiobank.​ac.​uk/​news/). 
There is an annual scientific meeting which is recorded 
and available to the public as webcast. The results of the 
present study are shared through these channels as the 
UK Biobank organisation deem appropriate, our own 
twitter feeds and open-access publication.

The study was set up by the MRC, Department of Health 
and Wellcome Trust with input from major patient repre-
sentative organisations (British Heart Foundation and 
Cancer Research UK: http://www.​ukbiobank.​ac.​uk/​
public-​consultation/).

RESULTS
Of 445 857 participants in England, 428 225 were alive 
during the available follow-up period. Complete data 
on covariates were available for 235 928 (55.1%) partic-
ipants. Primary care data on incident pneumonia were 
available in 96 814 (41.0%) participants (online supple-
mental figure 1). At 1 March 2020, the age range of 
eligible participants was 49–83 years, and time elapsed 
from baseline was median 10.97 years (IQR 10.36–11.55 
years). Of these participants, 1525 received at least one 
COVID-19 test, and 518 had confirmed SARS-CoV-2 
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infection, with 397 positive results conducted in hospital 
or A&E (primary outcome).

Univariable risk factors for incident COVID-19
Key univariable potentially modifiable risk factors for 
confirmed COVID-19 included current and former 
smoking (RR 1.56), higher BMI, body fat and HbA1C (RR 
2.32 for obesity), poor lung function (RR 0.84 for 1 SD 
increase in FEV1), treated hypertension (RR 1.89), HDL 
cholesterol (RR 0.71 per SD increase) and slow walking 
pace (RR 2.29; table  1). Among non-modifiable risk 
factors were older age (particularly the over 75 year olds; 
RR 1.44), male sex (RR 1.38), black ethnicity (RR 2.88), 
socioeconomic deprivation (RR 1.30 per SD increase 
in Townsend Index; table  1). Among baseline comor-
bidities, general long standing illness (RR 1.59), base-
line diabetes (RR 2.16), baseline CVD (RR 1.93), sleep 
apnoea (RR 3.32), statin use (RR 1.80), higher inflamma-
tory markers (particularly white blood cell count; RR 1.17 
per SD increase) and higher cystatin C (RR 1.34 per SD 
increase) were also associated with confirmed COVID-19 
(table  1). Risk factor associations were similar when all 
518 test positive COVID-19 cases were considered, rather 
than only in-hospital positive tests (online supplemental 
table 1).

Univariable risk factors for incident pneumonia
Of the 96 814 participants with primary care data, 209 had 
pneumonia recorded after 2016.

Of the modifiable risk factors, pneumonia was associ-
ated with BMI, body fat and HbA1C (more moderately 
than COVID-19; RR 1.43 for obesity), poor lung function 
(more strongly than COVID-19; RR 0.63 for 1 SD increase 
in FEV1), and slow walking pace (RR 2.07), but not 
smoking, lipids, blood pressure or blood pressure medi-
cation use. Among non-modifiable risk factors, incident 
pneumonia was more common in participants who were 
older (RR 2.09 in the over 75 year olds), and in women 
(RR 0.59 among men) (table 1). Ethnicity was not asso-
ciated with pneumonia. Among comorbidities, baseline 
diabetes, CVD and cancer were approximately twice as 
common in those who developed pneumonia (table 1), 
and any longstanding illness was also associated with 
pneumonia. Inflammatory markers were similarly associ-
ated with pneumonia as with COVID-19.

When investigating risk factors for pneumonia over 
the full follow-up time from baseline, risk factors were 
generally similar although there was increased power 
due to a higher number of incident cases (online supple-
mental table 1). In this analysis, smoking was associated 
with pneumonia (RR 1.15) as was blood pressure medica-
tion use (RR 1.13). Similar findings were found when we 
studied pneumonia occurring after 2015 (online supple-
mental table 22).

Univariable risk factors for incident influenza
Of the 96 814 participants with primary care data, 94 had 
influenza recorded after 2016.

Those who developed influenza were generally slightly 
more socioeconomically deprived (RR 1.20 per SD 
increase in Townsend score), more likely to have bron-
chitis at baseline, and less likely to take statins. No other 
risk factors showed associations (table 1). When all influ-
enza cases occurring after baseline were considered, 
evidence of statistically significant associations emerged 
due to increased power. Smoking (RR 1.18), poor lung 
function (RR 0.84 for 1 SD increase in FEV), slow walking 
pace (RR1.35), and high BMI (RR 1.20 for obesity) were 
all associated with higher influenza risk (online supple-
mental table 1). Cases were less common in older people 
(RR 0.69 in the over 75 year olds) and more common in 
women (RR 0.83 in men). South Asians (RR 2.20) were at 
increased risk.

Multivariable models for COVID-19 and pneumonia
After multivariable adjustment for age, sex, ethnicity 
and socioeconomic status, the modifiable risk factors for 
confirmed COVID-19 included smoking (RR 1.45 (95% 
CI 1.19 to 1.79)), higher BMI (RR 1.36 per SD increase 
(95% CI 1.25 to 1.48)) and other measures of body fat, 
higher HbA1C (RR 1.23 per 1 SD increase (95% CI 1.15 
to 1.32)), as well as blood pressure medication, FEV1 and 
FVC, and slow walking pace (RR 1.99 (95% CI 1.48 to 
2.68); model 1, table  2). Other risk factors were older 
age (RR 1.12 per 5 years (95% CI 1.05 to 1.19)), male sex 
(RR 1.36 (95% CI 1.11 to 1.66)), black ethnicity (RR 2.32 
(95% CI 1.33 to 4.04)), South Asian ethnicity (RR 1.98 
(95% CI 1.10 to 3.55)) socioeconomic deprivation (RR 
1.27 per SD increase in Townsend Index (95% CI 1.16 to 
1.39)). Among comorbidities, risk factors included long-
standing illness (RR 1.44 (95% CI 1.17 to 1.77)), diabetes, 
CVD and statin use. Among blood biomarkers, risk factors 
included lower total and HDL cholesterol, higher cystatin 
C (RR 1.27 per 1 SD increase (95% CI 1.16 to 1.39)), CRP 
and white cell count (table 2).

After adding BMI, blood pressure, FEV1 and walking 
pace as mediators/covariates to the adjustment model, 
modifiable risk factors for COVID-19 admission continued 
to include smoking (RR 1.39 (95% CI 1.13 to 1.73)), 
higher BMI (RR 1.28 (95% CI 1.16 to 1.40)), higher 
HbA1C (RR 1.14 (95% CI 1.05 to 1.23), treated hyperten-
sion (RR 1.33 95% CI 1.04 to 1.70) and slow walking pace 
(RR 1.53 (95% CI 1.12 to 2.08)). The age association was 
no longer significant after these additional adjustments. 
Other risk factors included male sex (RR 1.72 (95% CI 
1.25 to 2.35)), black ethnicity (RR 2.00 (95% CI 1.16 to 
3.53)), socioeconomic deprivation (RR 1.17 (95% CI 1.06 
to 1.29)), lower HDL cholesterol (RR 0.83 (95% CI 0.73 
to 0.95)) and higher cystatin C (RR 1.13 (95% CI 1.02 to 
1.25); model 2, table 2).

Nonlinear associations of continuous variables with 
COVID-19 and pneumonia are shown in figure 1 (,and 
online supplemental table 3). Age was associated with 
COVID-19 admission in a J-shaped curve, where for 
participants aged 60–70 years the curve was relatively flat, 
and for participants aged over 75 years risk increased 
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exponentially with age. The associations of BMI and 
FEV1 with COVID-19 were fairly linear. Associations were 
similar when adjusting for body fat percentage rather 
than BMI (online supplemental table 4).

Directly contrasting model 2 for COVID-19 and pneu-
monia (figure  2), the risk factors in common for both 
conditions were higher BMI and slow walking pace, 
although less strongly associated with pneumonia than 
for COVID-19. Highlighting specific differences, smoking 
and treated blood pressure were only associated with 
COVID-19. Pneumonia was more common in women, and 
socioeconomic deprivation, HDL cholesterol, cystatin C 
and HbA1c were not associated with pneumonia. Low 
FEV1 was more strongly associated with pneumonia than 
with COVID-19. Pneumonia also showed an association 
with baseline cancer.

Population attributable risks
Factors that were significant in table  2 were mutu-
ally adjusted to compare their PAFs for COVID-19 and 
pneumonia (table 3). Among potentially modifiable risk 
factors smoking accounted for 14.9% of COVID-19 cases 
that occurred within the UK Biobank population, obesity 
with 6.3%, high HbA1C with 5.3%, treated BP with 
5.1%, and slow walking pace with 4.0% (total 35.6%). In 
contrast, none of these factors were large contributors to 
pneumonia cases within UK Biobank (table 3).

DISCUSSION
In this population-based study, we found that confirmed 
COVID-19 infection was associated with a number of modi-
fiable risk factors, a trend that less apparent for pneumonia 
and influenza. In particular, the associations of smoking, 
BMI (and body fat), hypertension and physical fitness (as 
measured by slow walking pace) with COVID-19 are of 
note; even when such factors were measured a decade 
before infection they potentially accounted for one-third 
of COVID-19 cases in UK Biobank. The associations of 
FEV1 and BMI with COVID-19 are linear, suggesting even 
modest improvements in lifestyle may be beneficial to risk 
of presumed severe COVID-19 symptoms. The other inde-
pendent risk factors for COVID-19 infection included 
older age, male sex, black ethnicity, socioeconomic depri-
vation, longstanding illness and reduced renal function 
as measured by cystatin C, the latter also notable given 
renal complication in severe COVID-19. Of note, the 
modifiable risk factors explained some of the association 
of age with COVID-19 in our adjusted model.

Since this analysis was conducted,15 several other studies 
have also shown the association between modifiable 
and non-modifiable risk factors and COVID-19 risk,22–29 
particularly with obesity. Generally, these data support 
our analyses showing the importance of both modifi-
able and non-modifiable risk factors. It is important to 
recognise the competing risk for health of lockdown and 
social distancing. Social distancing reduces viral trans-
mission, but also has consequences for lifestyle. Previous 

In
-h

o
sp

it
al

 C
O

V
ID

-1
9

P
ne

um
o

ni
a 

(a
ft

er
 2

01
6)

In
fl

ue
nz

a 
(a

ft
er

 2
01

6)

N
o 

n=
23

5 
53

1
Ye

s 
n=

39
7

R
R

*
P

 v
al

ue
N

o 
n=

96
 6

05
Ye

s 
n=

20
9

R
R

P
 v

al
ue

N
o 

n=
96

 7
20

Ye
s 

n=
94

R
R

P
 

va
lu

e

N
um

b
er

s 
re

p
re

se
nt

 n
um

b
er

 (%
) f

or
 c

at
eg

or
ic

al
 v

ar
ia

b
le

s,
 m

ea
n 

(S
D

) f
or

 G
au

ss
ia

n 
co

nt
in

uo
us

 v
ar

ia
b

le
s,

 a
nd

 m
ed

ia
n 

(2
5–

75
 p

er
ce

nt
ile

s)
 fo

r 
sk

ew
ed

 v
ar

ia
b

le
s

*U
ni

va
ria

b
le

 r
is

k 
ra

tio
 p

er
 1

 S
D

 fo
r 

co
nt

in
uo

us
 v

ar
ia

b
le

s 
an

d
 u

si
ng

 c
om

p
ar

at
or

 g
ro

up
 fo

r 
ca

te
go

ric
al

 v
ar

ia
b

le
s.

†E
vi

d
en

ce
 fo

r 
no

n-
lin

ea
r 

as
so

ci
at

io
n 

w
ith

 C
O

V
ID

-1
9 

(s
ee

 o
nl

in
e 

su
p

p
le

m
en

ta
l t

ab
le

 3
3)

B
M

I, 
b

od
y 

m
as

s 
in

d
ex

; B
P,

 b
lo

od
 p

re
ss

ur
e;

 C
K

D
, c

hr
on

ic
 k

id
ne

y 
d

is
ea

se
; C

O
P

D
, c

hr
on

ic
 o

b
st

ru
ct

iv
e 

p
ul

m
on

ar
y 

d
is

ea
se

; C
R

P,
 C

 r
ea

ct
iv

e 
p

ro
te

in
; C

V
D

, c
ar

d
io

va
sc

ul
ar

 d
is

ea
se

; F
E

V
1,

 fo
rc

ed
 e

xp
ira

to
ry

 v
ol

um
e 

in
 1

 s
; F

V
C

, f
or

ce
d

 v
ita

l c
ap

ac
ity

; S
LE

, 
sy

st
em

ic
 lu

p
us

 e
ry

th
em

at
os

us
.

Ta
b

le
 1

 
C

on
tin

ue
d

https://dx.doi.org/10.1136/bmjopen-2020-040402
https://dx.doi.org/10.1136/bmjopen-2020-040402


8 Ho FK, et al. BMJ Open 2020;10:e040402. doi:10.1136/bmjopen-2020-040402

Open access�

Ta
b

le
 2

 
A

ss
oc

ia
tio

n 
of

 r
is

k 
fa

ct
or

s 
fo

r 
C

O
V

ID
-1

9 
an

d
 p

ne
um

on
ia

 in
 U

K
 B

io
b

an
k

In
-h

o
sp

it
al

 C
O

V
ID

-1
9

P
ne

um
o

ni
a 

(a
ft

er
 2

01
6)

M
od

el
 1

M
od

el
 2

M
od

el
 1

M
od

el
 2

R
R

 (9
5%

 C
I)

P
 v

al
ue

R
R

 (9
5%

 C
I)

P
 v

al
ue

R
R

 (9
5%

 C
I)

P
 v

al
ue

R
R

 (9
5%

 C
I)

P
 v

al
ue

A
ge

 (p
er

 5
 y

ea
rs

)
1.

12
 (1

.0
5 

to
 1

.1
9)

0.
00

07
1.

04
 (0

.9
6 

to
 1

.1
1)

0.
32

1.
21

 (1
.1

1 
to

 1
.3

3)
<

0.
00

01
1.

12
 (1

.0
1 

to
 1

.2
4)

0.
03

M
al

e 
se

x
1.

36
 (1

.1
1 

to
 1

.6
6)

0.
00

3
1.

72
 (1

.2
5 

to
 2

.3
5)

0.
00

08
0.

58
 (0

.4
4 

to
 0

.7
7)

0.
00

02
0.

80
 (0

.5
6 

to
 1

.1
6)

0.
24

E
th

ni
ci

ty

 �
W

hi
te

1 
(R

ef
er

en
ce

)
–

1 
(R

ef
er

en
ce

)
–

1 
(R

ef
er

en
ce

)
–

1 
(R

ef
er

en
ce

)
–

 �
B

la
ck

2.
32

 (1
.3

3 
to

 4
.0

4)
0.

00
3

2.
00

 (1
.1

3 
to

 3
.5

3)
0.

02
1.

63
 (0

.5
1 

to
 5

.2
1)

0.
41

1.
20

 (0
.3

7 
to

 3
.8

9)
0.

76

 �
S

ou
th

 A
si

an
1.

98
 (1

.1
0 

to
 3

.5
5)

0.
02

1.
73

 (0
.9

4 
to

 3
.1

7)
0.

08
0.

96
 (0

.3
1 

to
 3

.0
5)

0.
95

0.
66

 (0
.2

0 
to

 2
.1

4)
0.

49

 �
O

th
er

s
1.

83
 (1

.0
8 

to
 3

.1
0)

0.
03

1.
70

 (0
.9

9 
to

 2
.9

1)
0.

05
3

0.
63

 (0
.1

5 
to

 2
.5

5)
0.

51
0.

52
 (0

.1
3 

to
 2

.1
5)

0.
37

D
ep

riv
at

io
n 

in
d

ex
 (p

er
 1

 S
D

)
1.

27
 (1

.1
6 

to
 1

.3
9)

<
0.

00
01

1.
17

 (1
.0

6 
to

 1
.2

9)
0.

00
1

1.
10

 (0
.9

6 
to

 1
.2

6)
0.

18
1.

04
 (0

.9
0 

to
 1

.2
0)

0.
62

C
ur

re
nt

/f
or

m
er

 s
m

ok
er

1.
45

 (1
.1

9 
to

 1
.7

9)
0.

00
03

1.
39

 (1
.1

3 
to

 1
.7

1)
0.

00
2

0.
95

 (0
.7

2 
to

 1
.2

5)
0.

71
0.

89
 (0

.6
7 

to
 1

.1
9)

0.
44

A
lc

oh
ol

 d
rin

ki
ng

 s
ta

tu
s

 �
N

ev
er

1 
(R

ef
er

en
ce

)
–

–
–

1 
(R

ef
er

en
ce

)
–

–
–

 �
Fo

rm
er

0.
90

 (0
.4

9 
to

 1
.6

5)
0.

74
–

–
1.

28
 (0

.5
8 

to
 2

.7
9)

0.
54

–
–

 �
C

ur
re

nt
0.

65
 (0

.4
3 

to
 1

.0
0)

0.
05

–
–

0.
66

 (0
.3

7 
to

 1
.1

8)
0.

16
–

–

B
M

I (
p

er
 1

 S
D

)
1.

36
 (1

.2
5 

to
 1

.4
8)

<
0.

00
01

1.
28

 (1
.1

6 
to

 1
.4

0)
<

0.
00

01
1.

25
 (1

.1
1 

to
 1

.4
1)

0.
00

02
1.

16
 (1

.0
2 

to
 1

.3
2)

0.
03

B
M

I c
at

eg
or

ie
s

 �
U

nd
er

w
ei

gh
t

1.
17

 (0
.1

6 
to

 8
.5

9)
0.

88
–

–
1.

43
 (0

.2
0 

to
 1

0.
04

)
0.

73
–

–

 �
N

or
m

al
1 

(R
ef

er
en

ce
)

–
–

–
1 

(R
ef

er
en

ce
)

–
–

–

 �
O

ve
rw

ei
gh

t
1.

43
 (1

.1
0 

to
 1

.8
7)

0.
00

8
–

–
1.

01
 (0

.7
2 

to
 1

.4
2)

0.
94

–
–

 �
O

b
es

e
2.

08
 (1

.5
8 

to
 2

.7
4)

<
0.

00
01

–
–

1.
44

 (1
.0

1 
to

 2
.0

5)
0.

04
–

–

B
od

y 
fa

t-
fr

ee
 m

as
s 

(p
er

 1
 S

D
)

1.
39

 (1
.1

7 
to

 1
.6

4)
0.

00
02

–
–

1.
42

 (1
.1

0 
to

 1
.8

4)
0.

00
8

–
–

B
od

y 
fa

t 
m

as
s 

(p
er

 1
 S

D
)

1.
37

 (1
.2

5 
to

 1
.5

0)
<

0.
00

01
–

–
1.

27
 (1

.1
2 

to
 1

.4
4)

0.
00

02
–

–

B
od

y 
fa

t 
p

er
 c

en
t 

(p
er

 1
 S

D
)

1.
58

 (1
.3

7 
to

 1
.8

1)
<

0.
00

01
–

–
1.

34
 (1

.1
1 

to
 1

.6
2)

0.
00

2
–

–

S
ys

to
lic

 b
lo

od
 p

re
ss

ur
e 

(p
er

 1
 S

D
)

1.
01

 (0
.9

1 
to

 1
.1

2)
0.

89
–

–
0.

94
 (0

.8
1 

to
 1

.0
8)

0.
39

–
–

D
ia

st
ol

ic
 b

lo
od

 p
re

ss
ur

e 
(p

er
 1

 S
D

)
1.

06
 (0

.9
6 

to
 1

.1
7)

0.
25

–
–

0.
90

 (0
.7

9 
to

 1
.0

4)
0.

16
–

–

FE
V

1 
(p

er
 1

 S
D

)
0.

76
 (0

.6
6 

to
 0

.8
7)

<
0.

00
01

0.
84

 (0
.7

3 
to

 0
.9

7)
0.

02
0.

70
 (0

.5
8 

to
 0

.8
6)

0.
00

05
0.

75
 (0

.6
1 

to
 0

.9
2)

0.
00

6

FV
C

 (p
er

 1
 S

D
)

0.
80

 (0
.7

0 
to

 0
.9

3)
0.

00
3

–
–

0.
72

 (0
.5

9 
to

 0
.9

0)
0.

00
3

–
–

FE
V

1/
FV

C
 (p

er
 1

 S
D

)
0.

89
 (0

.8
1 

to
 0

.9
8)

0.
01

–
–

0.
84

 (0
.7

4 
to

 0
.9

5)
0.

00
7

–
–

W
al

ki
ng

 p
ac

e

 �
S

lo
w

1.
99

 (1
.4

8 
to

 2
.6

8)
<

0.
00

01
1.

53
 (1

.1
2 

to
 2

.0
8)

0.
00

7
1.

91
 (1

.2
6 

to
 2

.9
0)

0.
00

2
1.

60
 (1

.0
4 

to
 2

.4
6)

0.
03

 �
A

ve
ra

ge
1 

(R
ef

er
en

ce
)

–
1 

(R
ef

er
en

ce
)

–
1 

(R
ef

er
en

ce
)

–
1 

(R
ef

er
en

ce
)

–

 �
B

ris
k

0.
80

 (0
.6

4 
to

 1
.0

0)
0.

05
1

0.
95

 (0
.7

5 
to

 1
.2

0)
0.

65
0.

78
 (0

.5
7 

to
 1

.0
6)

0.
11

0.
88

 (0
.6

4 
to

 1
.2

1)
0.

42

G
rip

 s
tr

en
gt

h 
(p

er
 1

 S
D

)
0.

87
 (0

.7
5 

to
 1

.0
1)

0.
07

0.
94

 (0
.8

1 
to

 1
.1

0)
0.

45
0.

85
 (0

.6
8 

to
 1

.0
7)

0.
16

0.
96

 (0
.7

6 
to

 1
.2

2)
0.

76

P
re

va
le

nt
 d

is
ea

se
 a

t 
b

as
el

in
e

 � �


Lo
ng

st
an

d
in

g 
ill

ne
ss

1.
44

 (1
.1

7 
to

 1
.7

7)
0.

00
05

1.
16

 (0
.9

3 
to

 1
.4

4)
0.

19
1.

65
 (1

.2
5 

to
 2

.1
8)

0.
00

04
1.

40
 (1

.0
4 

to
 1

.8
8)

0.
03

C
on

tin
ue

d



9Ho FK, et al. BMJ Open 2020;10:e040402. doi:10.1136/bmjopen-2020-040402

Open access

In
-h

o
sp

it
al

 C
O

V
ID

-1
9

P
ne

um
o

ni
a 

(a
ft

er
 2

01
6)

M
od

el
 1

M
od

el
 2

M
od

el
 1

M
od

el
 2

R
R

 (9
5%

 C
I)

P
 v

al
ue

R
R

 (9
5%

 C
I)

P
 v

al
ue

R
R

 (9
5%

 C
I)

P
 v

al
ue

R
R

 (9
5%

 C
I)

P
 v

al
ue

 � �


D
ia

b
et

es
1.

72
 (1

.2
2 

to
 2

.4
3)

0.
00

2
1.

24
 (0

.8
7 

to
 1

.7
7)

0.
23

2.
06

 (1
.2

9 
to

 3
.3

0)
0.

00
2

1.
59

 (0
.9

8 
to

 2
.5

9)
0.

06

 � �


C
V

D
1.

56
 (1

.0
9 

to
 2

.2
3)

0.
02

1.
22

 (0
.8

5 
to

 1
.7

6)
0.

29
1.

64
 (1

.0
0 

to
 2

.7
0)

0.
05

2
1.

35
 (0

.8
1 

to
 2

.2
4)

0.
25

 � �


C
an

ce
r

1.
22

 (0
.8

4 
to

 1
.7

6)
0.

29
1.

20
 (0

.8
3 

to
 1

.7
4)

0.
33

1.
72

 (1
.1

4 
to

 2
.6

0)
0.

00
9

1.
72

 (1
.1

4 
to

 2
.6

0)
0.

01

 � �


D
ep

re
ss

io
n

0.
96

 (0
.7

3 
to

 1
.2

5)
0.

74
1.

01
 (0

.7
7 

to
 1

.3
2)

0.
94

0.
81

 (0
.5

6 
to

 1
.1

8)
0.

27
0.

86
 (0

.5
9 

to
 1

.2
5)

0.
42

 � �


A
st

hm
a

1.
19

 (0
.8

9 
to

 1
.5

9)
0.

23
1.

04
 (0

.7
8 

to
 1

.4
0)

0.
78

1.
44

 (0
.9

9 
to

 2
.0

9)
0.

05
4

1.
25

 (0
.8

5 
to

 1
.8

2)
0.

25

 � �


C
O

P
D

2.
80

 (0
.8

9 
to

 8
.8

2)
0.

08
1.

81
 (0

.5
7 

to
 5

.7
9)

0.
31

–
–

–
–

 � �


B
ro

nc
hi

tis
1.

65
 (0

.8
2 

to
 3

.3
6)

0.
16

1.
26

 (0
.6

1 
to

 2
.5

8)
0.

53
2.

23
 (0

.9
8 

to
 5

.0
6)

0.
05

5
1.

77
 (0

.7
7 

to
 4

.0
7)

0.
18

 � �


P
ne

um
on

ia
1.

57
 (0

.7
7 

to
 3

.1
7)

0.
21

1.
50

 (0
.7

4 
to

 3
.0

5)
0.

26
1.

53
 (0

.5
7 

to
 4

.1
4)

0.
40

1.
47

 (0
.5

4 
to

 3
.9

9)
0.

45

 � �


O
th

er
 r

es
p

ira
to

ry
 d

is
ea

se
1.

36
 (0

.4
3 

to
 4

.2
6)

0.
60

1.
21

 (0
.3

8 
to

 3
.8

2)
0.

74
0.

84
 (0

.1
2 

to
 6

.0
4)

0.
86

0.
76

 (0
.1

0 
to

 5
.5

2)
0.

78

 �
M

ed
ic

at
io

n 
at

 b
as

el
in

e

 �
S

ta
tin

1.
53

 (1
.2

0 
to

 1
.9

5)
0.

00
06

1.
24

 (0
.9

7 
to

 1
.5

9)
0.

09
1.

08
 (0

.7
5 

to
 1

.5
5)

0.
69

0.
91

 (0
.6

2 
to

 1
.3

2)
0.

62

 �
B

P
 m

ed
ic

at
io

n
1.

62
 (1

.2
8 

to
 2

.0
6)

<
0.

00
01

1.
33

 (1
.0

4 
to

 1
.7

0)
0.

02
0.

96
 (0

.6
6 

to
 1

.4
1)

0.
85

0.
82

 (0
.5

5 
to

 1
.2

1)
0.

31

 �
S

te
ro

id
0.

63
 (0

.0
9 

to
 4

.5
7)

0.
65

0.
53

 (0
.0

7 
to

 3
.8

3)
0.

53
1.

20
 (0

.1
7 

to
 8

.6
3)

0.
86

1.
03

 (0
.1

4 
to

 7
.5

3)
0.

97

B
io

m
ar

ke
r

 �
To

ta
l c

ho
le

st
er

ol
 (p

er
 1

 S
D

)
0.

89
 (0

.8
1 

to
 0

.9
9)

0.
03

0.
93

 (0
.8

5 
to

 1
.0

3)
0.

16
0.

94
 (0

.8
2 

to
 1

.0
8)

0.
40

0.
98

 (0
.8

5 
to

 1
.1

2)
0.

76

 �
H

D
L 

ch
ol

es
te

ro
l (

p
er

 1
 S

D
)

0.
73

 (0
.6

5 
to

 0
.8

3)
<

0.
00

01
0.

83
 (0

.7
3 

to
 0

.9
5)

0.
00

5
0.

88
 (0

.7
6 

to
 1

.0
3)

0.
11

0.
98

 (0
.8

4 
to

 1
.1

6)
0.

84

 �
C

ys
ta

tin
 C

 (p
er

 1
 S

D
)

1.
27

 (1
.1

6 
to

 1
.3

9)
<

0.
00

01
1.

13
 (1

.0
2 

to
 1

.2
5)

0.
02

1.
08

 (0
.9

4 
to

 1
.2

4)
0.

29
0.

96
 (0

.8
3 

to
 1

.1
2)

0.
59

 �
H

b
A

1c
 (p

er
 1

 S
D

)
1.

23
 (1

.1
5 

to
 1

.3
2)

<
0.

00
01

1.
14

 (1
.0

5 
to

 1
.2

3)
0.

00
1

1.
19

 (1
.0

7 
to

 1
.3

3)
0.

00
1

1.
11

 (0
.9

9 
to

 1
.2

5)
0.

07

 �
C

R
P

 (p
er

 1
 S

D
)

1.
14

 (1
.0

6 
to

 1
.2

2)
0.

00
06

1.
03

 (0
.9

5 
to

 1
.1

3)
0.

45
1.

11
 (1

.0
0 

to
 1

.2
4)

0.
04

1.
03

 (0
.9

1 
to

 1
.1

6)
0.

67

 �
R

he
um

at
oi

d
 fa

ct
or

 (p
er

 1
 S

D
)

1.
02

 (0
.9

3 
to

 1
.1

2)
0.

70
1.

01
 (0

.9
2 

to
 1

.1
1)

0.
82

1.
03

 (0
.9

1 
to

 1
.1

5)
0.

68
1.

02
 (0

.9
0 

to
 1

.1
5)

0.
76

 �
R

ed
 c

el
l d

is
tr

ib
ut

io
n 

w
id

th
 (p

er
 1

 S
D

)
1.

08
 (0

.9
9 

to
 1

.1
9)

0.
09

1.
03

 (0
.9

4 
to

 1
.1

3)
0.

55
1.

12
 (0

.9
9 

to
 1

.2
7)

0.
07

1.
07

 (0
.9

5 
to

 1
.2

2)
0.

27

 �
W

hi
te

 c
el

l c
ou

nt
 (p

er
 1

 S
D

)
1.

15
 (1

.0
5 

to
 1

.2
7)

0.
00

3
1.

04
 (0

.9
4 

to
 1

.1
5)

0.
44

1.
15

 (1
.0

1 
to

 1
.3

2)
0.

03
1.

07
 (0

.9
3 

to
 1

.2
3)

0.
32

 �
N

eu
tr

op
hi

l c
ou

nt
 (p

er
 1

 S
D

)
1.

12
 (1

.0
2 

to
 1

.2
3)

0.
02

1.
03

 (0
.9

3 
to

 1
.1

3)
0.

61
1.

11
 (0

.9
7 

to
 1

.2
7)

0.
12

1.
04

 (0
.9

1 
to

 1
.1

9)
0.

57

 �
Ly

m
p

ho
cy

te
 c

ou
nt

 (p
er

 1
 S

D
)

1.
11

 (1
.0

1 
to

 1
.2

3)
0.

02
1.

03
 (0

.9
4 

to
 1

.1
4)

0.
53

1.
07

 (0
.9

4 
to

 1
.2

3)
0.

28
1.

02
 (0

.8
9 

to
 1

.1
7)

0.
76

 �
M

on
oc

yt
e 

co
un

t 
(p

er
 1

 S
D

)
1.

09
 (0

.9
9 

to
 1

.2
0)

0.
08

1.
01

 (0
.9

2 
to

 1
.1

2)
0.

79
1.

11
 (0

.9
7 

to
 1

.2
8)

0.
12

1.
06

 (0
.9

2 
to

 1
.2

1)
0.

43

D
at

a 
p

re
se

nt
ed

 a
s 

ris
k 

ra
tio

s 
an

d
 t

he
ir 

95
%

 C
I. 

C
on

tin
uo

us
 e

xp
os

ur
es

 w
er

e 
st

an
d

ar
d

is
ed

 a
nd

 p
re

se
nt

ed
 a

s 
1 

S
D

 in
cr

em
en

t.
 V

ar
ia

b
le

s 
w

ith
 a

ss
oc

ia
tio

ns
 d

en
ot

ed
 “

-“
 a

re
 e

xc
lu

d
ed

 fr
om

 t
he

 m
od

el
 d

ue
 t

o 
no

n-
si

gn
ifi

ca
nc

e 
in

 p
re

vi
ou

s 
m

od
el

 a
nd

 /
or

 c
ol

lin
ea

rit
y 

w
ith

 a
no

th
er

 v
ar

ia
b

le
. A

na
ly

se
s 

w
er

e 
ad

ju
st

ed
 fo

r 
m

od
el

 1
 (a

ge
, s

ex
, e

th
ni

ci
ty

 a
nd

 d
ep

riv
at

io
n)

 a
nd

 m
od

el
 2

 (m
od

el
 1

 p
lu

s 
b

od
y 

m
as

s 
in

d
ex

 (B
M

I),
 fo

rc
ed

 e
xp

ira
to

ry
 v

ol
um

e 
in

 1
 s

 (F
E

V
1)

, a
nd

 w
al

ki
ng

 p
ac

e 
(a

nd
 a

ls
o 

gr
ip

 s
tr

en
gt

h 
an

d
 

d
ia

st
ol

ic
 b

lo
od

 p
re

ss
ur

e 
fo

r 
C

O
V

ID
-1

9 
on

ly
))

B
P,

 b
lo

od
 p

re
ss

ur
e;

 C
O

P
D

, c
hr

on
ic

 o
b

st
ru

ct
iv

e 
p

ul
m

on
ar

y 
d

is
ea

se
; C

R
P,

 C
 r

ea
ct

iv
e 

p
ro

te
in

; C
V

D
, c

ar
d

io
va

sc
ul

ar
 d

is
ea

se
; F

V
C

, f
or

ce
d

 v
ita

l c
ap

ac
ity

.

Ta
b

le
 2

 
C

on
tin

ue
d



10 Ho FK, et al. BMJ Open 2020;10:e040402. doi:10.1136/bmjopen-2020-040402

Open access�

data suggest that physical fitness can be rapidly lost when 
activity levels decrease,30 31 and this will also result in 
an increase in BMI.32 33 Further, social distancing may 
increase loneliness, depression and psychological stress 
in some people and consequently adversely affect eating 
habits34 and other health behaviours. Anecdotal evidence 
from our clinics and media suggest many are strug-
gling with overeating. This study suggests public health 
guidance should focus on reducing the risk of severe 
complications of COVID-19 by advocating a healthy life-
style during the ongoing pandemic, not just for general 
cardiovascular and metabolic health, but also to help to 
protect against COVID-19 infection, used alongside other 
public health interventions.

Understanding the actual causes of disease, rather than 
markers that simply correlate with exposures, is clearly 
a key issue to consider. The independent association of 
socioeconomic deprivation with COVID-19 after multiple 
adjustment may be explained by the accumulation of 
earlier life socioeconomic adversities which can result in 
less physiological reserve and more multimorbidity.34 35 It 
may also be linked to more overcrowding, reduced social 
distancing and potential exposure to greater viral load. 
Asthma, diabetes and high blood pressure, which have 
been shown to be associated with a higher risk of severe 
COVID-19 outcomes36 also showed some trends to be 
associated with COVID-19 in this dataset. While substan-
tial focus of COVID-19 research has been its apparently 

more aggressive symptoms and disease progression in 
older people, it is important to recognise that people who 
are older have less cardiorespiratory reserve to cope with 
COVID-19 infection. Older age is also associated with 
more hypertension and diabetes, poorer lung function 
and greater relative fat mass.34

Previous reports have suggested that obesity or excess 
ectopic fat deposition may be a unifying risk factor for 
severe COVID-19 infection,8 37 reducing both protec-
tive cardiorespiratory reserve as well as potentiating the 
immune dysregulation that appears, at least in part, to 
mediate the progression to critical illness in a propor-
tion of patients with COVID-19. Our analysis bears out 
these hypotheses. Once BMI or body fat was adjusted for, 
inflammatory markers were no longer associated with 
incident COVID-19. This suggests that proinflammatory 
markers, arising from increased adipose deposition, are 
probably acting as a marker for body fat which seems to be 
an adverse risk factor for severe COVID-19.8 37–39 Further-
more, obesity enhances thrombosis,40 which is relevant 
given the association between severe COVID-19 and 
prothrombotic disseminated intravascular coagulation 
and high rates of venous thromboembolism,41 42 as well 
as the association with D-dimer seen in other reports.43 
D-dimer was not measured in blood samples in UK 
Biobank.

Given that pneumonia is a critical clinical complica-
tion of COVID-19, it is important to understand how risk 

Figure 1  Non-linear associations of significant continuous variables with COVID-19 and pneumonia. BMI, bodty mass index; 
FEV1, forced expiratory volume in one second.

Figure 2  Risk factors for COVID-19 and pneumonia in the UK Biobank cohort. Data presented as risk ratios (RR) and their 
95% CI. Analyses were adjusted for age, sex, ethnicity, deprivation, body mass index (BMI), forced expiratory volume in 
1 s (FEV1) and walking pace (and diastolic blood pressure for COVID-19 only). Continuous exposures were standardised 
and presented per 1-SD increment (deprivation index SD=3.01, cystatin C SD=0.14, BMI SD=4.59, HbA1c SD=5.80, FEV1 
SD=0.77 and HDL cholesterol SD=0.37). BP, blood pressure.
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factors for COVID-19 related pneumonia differ from 
‘classic’ community acquired pneumonia.11 Our compar-
ison between other common respiratory diseases and 
COVID-19 suggests that identification of at-risk groups 
based on our understanding of other respiratory diseases 
may be inadequate—a more refined approach to risk 
stratification based on COVID-19 specific risks is needed, 
and future data should focus on some of the exposures we 
identify to achieve this.

The strengths of our study include the large cohort size 
at an age relevant to more severe COVID-19 symptoms, 
and biochemistry assays performed in a single dedicated 
central laboratory. We were also able to extensively 
explore emerging and novel risk factors for COVID-
19, while simultaneously comparing to risk factors for 
pneumonia identified to primary care providers. Limita-
tions include that UK Biobank is not representative of 
the whole UK population44 (our data focus on England 
specifically) although this is generally not a concern 
in investigating risk associations.45 Care should be 
taken in generalising the PAF estimates. These related 
to cases occurring within the UK Biobank population, 
but are not directly applicable to the general popula-
tion where the prevalence of risk factors is different. In 
addition, mutual adjustment for overlapping risk factors 
can lead to problems in interpretability of the PAFs.46 
However, the direction of causal associations with this 
new outcome is not clear, and these exploratory anal-
yses allow a direct comparison between COVID-19 and 
pneumonia in the same cohort. Due to the under-
representation of non-white ethnicities in UK Biobank, 
we have limited power to explore important interactions 
by ethnic group (although black ethnicity was associated 

with the outcome), and we recognise this as an important 
risk factor. Ascertainment bias, including differential 
healthcare seeking, differential testing and differential 
prognosis may explain some differences in outcomes 
given poor coverage of testing in the UK. It is also likely 
that cases will generally be at the more severe end of 
the clinical spectrum by using hospitalised cases as the 
outcome, although use of admission to Intensive Care 
units would be additionally informative once sufficient 
case numbers accrue. Despite this, we still observe many 
similar risk factors to incident pneumonia, which is more 
likely to have close to complete case ascertainment in 
primary care records, although, as discussed, other risk 
factors seem more strongly linked to COVID-19 infec-
tions. Exposures were measured several years before 
the development of the outcomes, and misclassification 
of the exposures will likely bias our results to the null. 
However, this also serves to illustrate that the risk factors 
were generally present many years before development 
of the disease, and as is well known, risk factors tend to 
track with age. We have also been unable to fully exclude 
all deaths that occurred prior to the pandemic, due to 
lack of up-to-date linkage to mortality records.

In conclusion, these data from UK Biobank suggest risk 
factors for confirmed COVID-19 infection differ in some 
important ways from risk factors for pneumonia, being 
more common in men than women, in lower SES, and 
with stronger associations with ethnicity, CV risk markers, 
prior smoking and adiposity. Such findings suggest 
possible merit in advocating improvements in lifestyle as 
an additional measure to reduce the risk of COVID-19 
alongside existing public health measures such as social 
distancing and shielding of high risk groups. They also 

Table 3  Population attributable fractions of COVID-19 in the UK Biobank

COVID-19 Pneumonia after 2016

RR (95% CI) PAF (%) RR (95% CI) PAF (%)

Current/former smoker 1.39 (1.13 to 1.70) 14.94 0.91 (0.69 to 1.20) −4.15

High deprivation index 1.45 (1.16 to 1.82) 8.33 1.00 (0.71 to 1.40) −0.10

Male 1.18 (0.94 to 1.50) 8.00 0.64 (0.46 to 0.90) −20.65

Age >65 years 1.18 (0.94 to 1.46) 6.33 1.29 (0.96 to 1.73) 9.88

BMI>30 kg/m2 1.29 (1.03 to 1.61) 6.25 1.14 (0.83 to 1.57) 3.17

High HbA1c 1.29 (1.02 to 1.62) 5.26 1.37 (1.00 to 1.88) 6.66

Low HDL cholesterol 1.27 (1.00 to 1.61) 5.15 1.34 (0.95 to 1.91) 6.45

BP medication 1.34 (1.05 to 1.71) 5.11 0.88 (0.60 to 1.29) −2.19

High cystatin C 1.24 (0.98 to 1.56) 4.48 1.12 (0.80 to 1.57) 2.39

Slow walking pace 1.66 (1.23 to 2.24) 4.02 1.78 (1.17 to 2.70) 4.69

Ethnicity: black 1.87 (1.32 to 2.65) 4.00 0.70 (0.34 to 1.45) −2.00

Low FEV1 1.15 (0.88 to 1.50) 2.93 1.64 (1.18 to 2.28) 11.23

Estimated using prevalence in the study sample and RR shown in this table.
All factors shown are mutually adjusted. Continuous variables were categorised with the top 20% as the at-risk group.
RR shown in this table may be over adjusted, for example, cystatin C and HDL cholesterol may be downstream factors of body mass index 
(BMI).
BP, blood pressure; FEV1, forced expiratory volume in 1 s.
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have implications for health advice targeted at the public 
to lessen risks during this pandemic.

Twitter Stuart R Gray @DrStuGray, Claire L Niedzwiedz @claire_niedz and Naveed 
Sattar @MetaMedTeam

Contributors  PW, JPP and NS conceived the idea for the paper. FH conducted 
the analysis. All authors contributed to the interpretation of the findings. PW, FH, 
CC-M and NS jointly wrote the first draft. All authors critically revised the paper for 
intellectual content and approved the final version of the manuscript. PW and NS 
are guarantors of the work.

Funding  The work in this study is supported by the British Heart Foundation Centre 
of Research Excellence Grant RE/18/6/34217. CLN acknowledges funding from a 
Medical Research Council Fellowship (MR/R024774/1). SVK acknowledges funding 
from the Medical Research Council (MC_UU_12017/13), Scottish Government Chief 
Scientist Office (SPHSU13), and NRS Senior Clinical Fellowship (SCAF/15/02).

Disclaimer  The funders played no part in the research.

Competing interests  PW has received research grants from Roche Diagnostics, 
AstraZeneca and Boehringer Ingelheim outside the submitted work, and NS has 
received grant and personal fees from Boehringer Ingelheim, and personal fees 
from Amgen, AstraZeneca, Eli Lilly, Novo Nordisk, Pfizer, and Sanofi outside the 
submitted work. All authors declare no other relationships or activities that could 
appear to have influenced the submitted work.

Patient consent for publication  Not required.

Ethics approval  UK Biobank received ethical approval from the North West Multi-
centre Research Ethics Committee (REC reference: 11/NW/03820). All participants 
gave written informed consent before enrolment in the study, which was 
conducted in accordance with the principles of the Declaration of Helsinki. Direct 
dissemination of the results to participants is not possible/applicable. This study 
was performed under UK Biobank application number 7155.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data may be obtained from a third party and are not 
publicly available. UK Biobank data can be requested by bona fide researchers for 
approved projects, including replication, through https://www.​ukbiobank.​ac.​uk/

Supplemental material  This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See: https://​creativecommons.​org/​
licenses/​by/​4.​0/.

ORCID iDs
Frederick K Ho http://​orcid.​org/​0000-​0001-​7190-​9025
Stuart R Gray http://​orcid.​org/​0000-​0001-​8969-​9636
S Vittal Katikireddi http://​orcid.​org/​0000-​0001-​6593-​9092
Claire L Niedzwiedz http://​orcid.​org/​0000-​0001-​6133-​4168
Naveed Sattar http://​orcid.​org/​0000-​0002-​1604-​2593

REFERENCES
	 1	 Mizumoto K, Kagaya K, Zarebski A, et al. Estimating the 

asymptomatic proportion of coronavirus disease 2019 (COVID-19) 
cases on board the diamond Princess cruise SHIP, Yokohama, 
Japan, 2020. Euro Surveill 2020;25.

	 2	 Wu Z, McGoogan JM. Characteristics of and Important Lessons 
from the Coronavirus Disease 2019 (COVID-19) Outbreak in China: 
Summary of a Report of 72 314 Cases from the Chinese Center for 
Disease Control and Prevention. JAMA 2020;323:1239–42.

	 3	 Coronavirus disease 2019 (COVID-19) situation Report-76 highlights

	 4	 Petrilli CM, Jones SA, Yang J, et al. Factors associated with 
hospitalization and critical illness among 4,103 patients with 
COVID-19 disease in New York City. MedRxiv2020;20057794.

	 5	 Tu H, Tu S, Gao S, et al. The epidemiological and clinical features 
of COVID-19 and lessons from this global infectious public health 
event. J Infect2020;0.

	 6	 Banerjee A, Pasea L, Harris S, et al. Estimating excess 1- year 
mortality from COVID-19 according to underlying conditions and age 
in England: a rapid analysis using NHS health records in 3.8 million 
adults. MedRxiv2020:20040287.

	 7	 Richardson S, Hirsch JS, Narasimhan M, et al. Presenting 
characteristics, comorbidities, and outcomes among 5700 patients 
hospitalized with COVID-19 in the New York City area. JAMA. [Epub 
ahead of print: April 2020].

	 8	 Simonnet A, Chetboun M, Poissy J, et al. High prevalence of 
obesity in severe acute respiratory syndrome Coronavirus‐2 (SARS‐
CoV‐2) requiring invasive mechanical ventilation. Obesity 2020;28. 
doi:10.1002/oby.22831. [Epub ahead of print: April 2020].

	 9	 Clinical Infectious Diseases. Obesity in patients younger than 
60 years is a risk factor for Covid-19 hospital admission. Oxford 
Academic

	10	 2 Treatment and care planning. COVID-19 rapid guideline: managing 
suspected or confirmed pneumonia in adults in the community. 
Guidance. NICE

	11	 Almirall J, Serra-Prat M, Bolíbar I, et al. Risk factors for community-
acquired pneumonia in adults: a systematic review of observational 
studies. Respiration 2017;94:299–311.

	12	 Collins R. What makes UK Biobank special? Lancet 
2012;379:1173–4.

	13	 Sudlow C, Gallacher J, Allen N, et al. UK Biobank: an open access 
resource for identifying the causes of a wide range of complex 
diseases of middle and old age. PLoS Med 2015;12:e1001779.

	14	 Armstrong J, Rudkin JK, Allen N, et al. Dynamic linkage of covid-19 
test results between public health england’s second generation 
surveillance system and uk biobank. Microb Genomics 2020;6:1–9.

	15	 FK H, Celis-Morales CA, Gray SR, et al. Modifiable and non-
modifiable risk factors for COVID-19: results from UK Biobank. 
MedRxiv 2020:20083295.

	16	 Celis-Morales CA, Gray S, Petermann F, et al. Walking PACE is 
associated with lower risk of all-cause and cause-specific mortality. 
Med Sci Sports Exerc 2019;51:472–80.

	17	 Celis-Morales CA, Welsh P, Lyall DM, et al. Associations of grip 
strength with cardiovascular, respiratory, and cancer outcomes and 
all cause mortality: prospective cohort study of half a million UK 
Biobank participants. BMJ 2018;361:k1651.

	18	 Elliott P, Peakman TC, UK Biobank. The UK Biobank sample handling 
and storage protocol for the collection, processing and archiving of 
human blood and urine. Int J Epidemiol 2008;37:234–44.

	19	 Zou G. A modified poisson regression approach to prospective 
studies with binary data. Am J Epidemiol 2004;159:702–6.

	20	 Wood SN. Stable and efficient multiple smoothing parameter 
estimation for generalized additive models. J Am Stat Assoc 
2004;99:673–86.

	21	 Wood SN, Pya N, Säfken B. Smoothing parameter and 
model selection for general smooth models. J Am Stat Assoc 
2016;111:1548–63.

	22	 Williamson EJ, Walker AJ, Bhaskaran K, et al. Factors associated 
with COVID-19-related death using OpenSAFELY. Nature 
2020;584:430–6.

	23	 Zhu Z, Hasegawa K, Ma B, et al. Obesity & genetic predisposition 
with COVID-19. Metabolism 2020:154345.

	24	 McQueenie R, Foster HME, Jani BD, et al. Multimorbidity, 
polypharmacy, and COVID-19 infection within the UK Biobank 
cohort. PLoS One 2020;15:e0238091.

	25	 Woolford SJ, D'Angelo S, Curtis EM, et al. COVID-19 and 
associations with frailty and multimorbidity: a prospective analysis of 
UK Biobank participants. Aging Clin Exp Res 2020;32. doi:10.1007/
s40520-020-01653-6. [Epub ahead of print: 2020].

	26	 Sattar N, Ho FK, Gill JM, et al. BMI and future risk for COVID-19 
infection and death across sex, age and ethnicity: preliminary 
findings from UK Biobank. Diabetes Metab Syndr 2020;14:1149–51.

	27	 Razieh C, Zaccardi F, Davies MJ, et al. Body mass index and the 
risk of COVID-19 across ethnic groups: analysis of UK Biobank. 
Diabetes, Obes. Metab 2020.

	28	 Batty GD, Deary IJ, Luciano M, et al. Psychosocial factors and 
hospitalisations for COVID-19: prospective cohort study based 
on a community sample. Brain Behav Immun 2020;8910.1016/j.
bbi.2020.06.021. [Epub ahead of print: 2020].

	29	 Hamer M, Gale CR, Kivimäki M, et al. Overweight, obesity, and risk 
of hospitalization for COVID-19: a community-based cohort study of 
adults in the United Kingdom. Proc Natl Acad Sci 2020;117:21011–3.

https://twitter.com/DrStuGray
https://twitter.com/claire_niedz
https://twitter.com/MetaMedTeam
https://www.ukbiobank.ac.uk/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0001-7190-9025
http://orcid.org/0000-0001-8969-9636
http://orcid.org/0000-0001-6593-9092
http://orcid.org/0000-0001-6133-4168
http://orcid.org/0000-0002-1604-2593
http://dx.doi.org/10.2807/1560-7917.ES.2020.25.10.2000180
http://dx.doi.org/10.1001/jama.2020.2648
http://dx.doi.org/10.1101/2020.03.22.20040287
http://dx.doi.org/10.1001/jama.2020.6775
http://dx.doi.org/10.1002/oby.22831
http://dx.doi.org/10.1159/000479089
http://dx.doi.org/10.1016/S0140-6736(12)60404-8
http://dx.doi.org/10.1371/journal.pmed.1001779
http://dx.doi.org/10.1099/mgen.0.000397
http://dx.doi.org/10.1249/MSS.0000000000001795
http://dx.doi.org/10.1136/bmj.k1651
http://dx.doi.org/10.1093/ije/dym276
http://dx.doi.org/10.1093/aje/kwh090
http://dx.doi.org/10.1198/016214504000000980
http://dx.doi.org/10.1080/01621459.2016.1180986
http://dx.doi.org/10.1038/s41586-020-2521-4
http://dx.doi.org/10.1371/journal.pone.0238091
http://dx.doi.org/10.1007/s40520-020-01653-6
http://dx.doi.org/10.1016/j.dsx.2020.06.060
http://dx.doi.org/10.1111/dom.14125
http://dx.doi.org/10.1016/j.bbi.2020.06.021
http://dx.doi.org/10.1073/pnas.2011086117


13Ho FK, et al. BMJ Open 2020;10:e040402. doi:10.1136/bmjopen-2020-040402

Open access

	30	 Olsen RH, Krogh-Madsen R, Thomsen C, et al. Metabolic responses 
to reduced daily steps in healthy nonexercising men. JAMA 
2008;299:1261–3.

	31	 Drummond MJ, Dickinson JM, Fry CS, et al. Bed rest impairs skeletal 
muscle amino acid transporter expression, mTORC1 signaling, and 
protein synthesis in response to essential amino acids in older adults. 
Am J Physiol Endocrinol Metab 2012;302:E1113–22.

	32	 Bradbury KE, Guo W, Cairns BJ, et al. Association between physical 
activity and body fat percentage, with adjustment for BMI: a large 
cross-sectional analysis of UK Biobank. BMJ Open 2017;7:e011843.

	33	 Parsons TJ, Manor O, Power C. Physical activity and change in body 
mass index from adolescence to mid-adulthood in the 1958 British 
cohort. Int J Epidemiol 2006;35:197–204.

	34	 Razzoli M, Pearson C, Crow S, et al. Stress, overeating, and obesity: 
insights from human studies and preclinical models. Neurosci 
Biobehav Rev 2017;76:154–62.

	35	 Packard CJ, Bezlyak V, McLean JS, et al. Early life socioeconomic 
adversity is associated in adult life with chronic inflammation, carotid 
atherosclerosis, poorer lung function and decreased cognitive 
performance: a cross-sectional, population-based study. BMC Public 
Health 2011;11:42.

	36	 Zhao X, Zhang B, Li P, et al. Incidence, clinical characteristics and 
prognostic factor of patients with COVID-19: a systematic review and 
meta-analysis. Cold Spring Harbor Laboratory Press, 2020.

	37	 Lighter J, Phillips M, Hochman S, et al. Obesity in patients younger 
than 60 years is a risk factor for Covid-19 hospital admission. Clin 
Infect Dis 2020;7110.1093/cid/ciaa415. [Epub ahead of print: 2020].

	38	 Timpson NJ, Nordestgaard BG, Harbord RM, et al. C-Reactive 
protein levels and body mass index: elucidating direction of 

causation through reciprocal Mendelian randomization. Int J Obes 
2011;35:300–8.

	39	 Welsh P, Polisecki E, Robertson M, et al. Unraveling the directional 
link between adiposity and inflammation: a bidirectional Mendelian 
randomization approach. J Clin Endocrinol Metab 2010;95:93–9.

	40	 Klovaite J, Benn M, Nordestgaard BG. Obesity as a causal risk factor 
for deep venous thrombosis: a Mendelian randomization study. J 
Intern Med 2015;277:573–84.

	41	 Beun R, Kusadasi N, Sikma M, et al. Thromboembolic events and 
apparent heparin resistance in patients infected with SARS-CoV-2. 
Int J Lab Hematol. [Epub ahead of print: April 2020].

	42	 Panigada M, Bottino N, Tagliabue P, et al. Hypercoagulability 
of COVID‐19 patients in intensive care unit. A report of 
thromboelastography findings and other parameters of hemostasis. J 
Thromb Haemost 2020:14850.

	43	 Zhou F, Yu T, Du R, et al. Clinical course and risk factors for mortality 
of adult inpatients with COVID-19 in Wuhan, China: a retrospective 
cohort study. Lancet 2020;395:1054–62.

	44	 Fry A, Littlejohns TJ, Sudlow C, et al. Comparison of 
sociodemographic and health-related characteristics of UK Biobank 
participants with those of the general population. Am J Epidemiol 
2017;186:1026–34.

	45	 Keyes KM, Westreich D. UK Biobank, big data, and the 
consequences of non-representativeness. Lancet 2019;393:1297.

	46	 Green MJ, Popham F. Interpreting mutual adjustment for multiple 
indicators of socioeconomic position without committing mutual 
adjustment fallacies. BMC Public Health 2019;19:10.

http://dx.doi.org/10.1001/jama.299.11.1259
http://dx.doi.org/10.1152/ajpendo.00603.2011
http://dx.doi.org/10.1136/bmjopen-2016-011843
http://dx.doi.org/10.1093/ije/dyi291
http://dx.doi.org/10.1016/j.neubiorev.2017.01.026
http://dx.doi.org/10.1016/j.neubiorev.2017.01.026
http://dx.doi.org/10.1186/1471-2458-11-42
http://dx.doi.org/10.1186/1471-2458-11-42
http://dx.doi.org/10.1093/cid/ciaa415
http://dx.doi.org/10.1093/cid/ciaa415
http://dx.doi.org/10.1038/ijo.2010.137
http://dx.doi.org/10.1210/jc.2009-1064
http://dx.doi.org/10.1111/joim.12299
http://dx.doi.org/10.1111/joim.12299
http://dx.doi.org/10.1111/ijlh.13230
http://dx.doi.org/10.1111/jth.14850
http://dx.doi.org/10.1111/jth.14850
http://dx.doi.org/10.1016/S0140-6736(20)30566-3
http://dx.doi.org/10.1093/aje/kwx246
http://dx.doi.org/10.1016/S0140-6736(18)33067-8
http://dx.doi.org/10.1186/s12889-018-6364-y

	Modifiable and non-­modifiable risk factors for COVID-19, and comparison to risk factors for influenza and pneumonia: results from a UK Biobank prospective cohort study
	Abstract
	Introduction﻿﻿
	Methods
	Participants
	Outcomes
	Exposures
	Statistics
	Patient and public involvement

	Results
	Univariable risk factors for incident COVID-19
	Univariable risk factors for incident pneumonia
	Univariable risk factors for incident influenza
	Multivariable models for COVID-19 and pneumonia
	Population attributable risks

	Discussion
	References


