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Abstract

The relationship between cancer and coronavirus disease 2019 (COVID-19) infection
and severity remains poorly understood. We conducted a population-based cohort
study between 1 March and 6 May 2020 describing the associations between cancer
and risk of COVID-19 diagnosis, hospitalisation and COVID-19-related death. Data
were obtained from the Information System for Research in Primary Care (SIDIAP)
database, including primary care electronic health records from ~80% of the popula-
tion in Catalonia, Spain. Cancer was defined as any primary invasive malignancy
excluding non-melanoma skin cancer. We estimated adjusted hazard ratios (aHRs) for
the risk of COVID-19 (outpatient) clinical diagnosis, hospitalisation (with or without a
prior COVID-19 diagnosis) and COVID-19-related death using Cox proportional haz-
ard regressions. Models were estimated for the overall cancer population and by
years since cancer diagnosis (<1 year, 1-5 years and 25 years), sex, age and cancer
type; and adjusted for age, sex, smoking status, deprivation and comorbidities. We
included 4 618 377 adults, of which 260 667 (5.6%) had a history of cancer. A total
of 98 951 individuals (5.5% with cancer) were diagnosed, and 6355 (16.4% with can-
cer) were directly hospitalised with COVID-19. Of those diagnosed, 6851 were sub-
sequently hospitalised (10.7% with cancer), and 3227 died without being hospitalised
(18.5% with cancer). Among those hospitalised, 1963 (22.5% with cancer) died.
Cancer was associated with an increased risk of COVID-19 diagnosis (aHR: 1.08;

Abbreviations: 95% Cl, 95% confidence interval; aHR, adjusted hazard ratio; BIC, Bayesian information criterion; CDM, Common Data Model; Cl, cumulative incidence; COVID-19, coronavirus
disease 2019; GP, general practitioner; ICD-10-CM, International Classification of Diseases, Tenth Revision, Clinical Modification; OHDSI, Observational Health Data Sciences and Informatics;
OMOP, Observational Medical Outcomes Partnership; RT-PCR, reverse transcription polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SIDIAP,
Information System for Research in Primary Care; SMD, standardised mean difference.
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95% confidence interval [1.05-1.11]), direct COVID-19 hospitalisation (1.33
[1.24-1.43]) and death following hospitalisation (1.12 [1.01-1.25]). These associations
were stronger for patients recently diagnosed with cancer, aged <70 years, and with
haematological cancers. These patients should be prioritised in COVID-19 vaccina-

tion campaigns and continued non-pharmaceutical interventions.

KEYWORDS
cancer, COVID-19, electronic health record, fatality, SARS-CoV-2

What's new?

Studies addressing associations between cancer and severity of coronavirus disease 2019
(COVID-19) have focused primarily on hospitalized patients. Findings have been inconsistent,
however, owing to varying cancer criteria, lack of representative samples, and other factors.
Here, the natural history of COVID-19 in cancer patients during the first wave of the pandemic
in 2020 in Spain was investigated in a large, representative cohort with a heterogenous cancer
population. Patients with cancer were at increased risk of severe COVID-19. Risk was notably
high among those over age 70 and those with recent cancer diagnosis, hematological cancer, or
lung and bladder cancer.

1 | INTRODUCTION

Cancer is a leading cause of morbidity and death worldwide, with an
estimated 19 million new cases and 10 million deaths in 2020.
Patients with cancer are often older and have multiple comorbidities
and an impaired immunity due to the cancer itself and cancer thera-
pies, thus increasing their susceptibility to infections.? As a result,
patients with cancer have been considered a high-risk population for
the novel coronavirus disease 2019 (COVID-19) since the beginning
of the pandemic.® This disease, caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), manifests with a varying
degree of severity, ranging from asymptomatic to severe disease and
death.*

Although there are a substantial number of publications
addressing the relationship between cancer and COVID-19, these
have shown conflicting results.> Some studies have found that
patients with cancer have an increased risk of COVID-19 infection,
hospitalisation and death compared to patients without cancer,®®
whereas others have reported null associations.'®*2 The majority of
these studies were small, used different criteria to identify patients
with cancer (eg, only active cancers, or solid cancers) and did not
include representative samples (ie, restricted to hospital and/or
laboratory-confirmed cases), which limits the generalizability of their
findings and increases the risk of selection bias.*®

Patients with cancer are a highly heterogeneous population that
encompasses patients with different features, such as cancer type or
phases of care since time of diagnosis (eg, under active treatment,
active surveillance or cured). Understanding which patients with can-
cer are at the highest risk of COVID-19-infection of poor outcomes is
essential to inform clinical care and to guide prevention strategies
targeting this population. A large, population-based cohort study that
includes a heterogeneous cancer population and that captures both

COVID-19 incidence and COVID-19-related outcomes could address
the limitations of the previous evidence. In our study, we aimed to
describe the associations between cancer and the risks of COVID-19
diagnosis, hospitalisation with COVID-19 and COVID-19-related
death, overall and by different population subgroups, using real-world

data from Catalonia, Spain.

2 | MATERIALS AND METHODS

21 | Study design, setting and data sources

We conducted a population-based cohort study from 1 March 2020
until 6 May 2020 (last date of data available), using data from the
Information System for Research in Primary Care (SIDIAP; www.
sidiap.org), a primary care database from Catalonia, a north-eastern
region in Spain. Spain has a universal primary care-based health sys-
tem, in which general practitioners (GPs) are the first point of contact
for care. As a consequence, GPs have diagnosed and managed the
majority of COVID-19 cases since the beginning of the pandemic.** In
addition, because GPs are responsible of issuing sick leaves, patients
diagnosed with COVID-19 in other settings (eg, hospital emergency
departments) were also bound to contact primary care providers dur-
ing study follow-up.

The SIDIAP database includes anonymized primary care elec-
tronic health records collected since 2006 covering approximately six
million people (80% of the population in Catalonia, Spain) and is repre-
sentative in terms of age, sex and geographic distribution.'® SIDIAP
includes data on demographics, lifestyle information and disease diag-
noses, among others and has been linked to SARS-CoV-2 reverse
transcription polymerase chain reaction (RT-PCR) test results and hos-

pital records (both from the public sector), as well as to regional
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mortality data through unique ID linkage. In addition, SIDIAP has been
mapped to the Observational Medical Outcomes Partnership (OMOP)
Common Data Model (CDM), allowing us to apply common analytical
tools developed by the open-science Observational Health Data Sci-

ences and Informatics (OHDSI) network.*¢

2.2 | Study participants

We included all adults (aged 18 years or older) registered in the
SIDIAP database as of 1 March 2020 (index date for all participants)
with at least 1year of prior history observation available. We
excluded patients who had a record of a secondary cancer before a
record of a primary cancer, patients with a clinical diagnosis or posi-
tive test result for COVID-19 prior to index date and patients hos-
pitalised or living in a nursing home at index date (to include only

patients representative of the community population).

2.3 | Multistate framework

To address our objectives, we employed a multistate framework that
we have previously utilised to describe the risks of COVID-19 diagno-

sis, hospitalisation and death.'”

Multistate models can be used to
describe processes where individuals transition from one health status
to another, while separating baseline risk and covariate effects associ-
ated with each transition.'® In our study, individuals started the
follow-up at the general population and then could transition to three
other states: diagnosed with COVID-19 (in an outpatient setting),
hospitalised with COVID-19 and death. Six different transitions were
possible: from the general population to either diagnosed with
COVID-19, hospitalised with COVID-19 (ie, direct hospitalisation) or
death; from diagnosed to either hospitalised with COVID-19 or death
and from hospitalised with COVID-19 to death (Figure 1). We used

this approach to provide a more comprehensive overview of patient's
interactions with the health system, taking into account those who
seek primary and hospital care.

For all the transitions, individuals were followed until the occur-
rence of a state of interest, the occurrence of a competing event or
the end of the study period (6 May 2020). Because we were solely
interested in COVID-19-related outcomes, we did not model the tran-
sition from the general population to death. However, we reported
deaths occurring in the general population, which were considered as

a competing event.

24 | Variables
The exposure of interest was cancer, which we defined as any diagno-
sis of a primary invasive solid or haematological cancer, excluding
non-melanoma skin cancer, prior to the index date. We used the Inter-
national Classification of Diseases, Tenth Revision, Clinical Modifica-
tion (ICD-10-CM) to identify cancer diagnoses: CO0 to C96, except
C44 (non-melanoma skin cancer) and C77-C79 (secondary cancers).
Cancer types by anatomical location were identified using definitions
previously validated in the SIDIAP database.'? To avoid mis-
classification of primary cancers, we only considered the earliest can-
cer type registered for each patient. We stratified patients with
cancer according to the number of years since the diagnosis to the
index date into three groups (<1 year, 1-5years and 25 years),
because we lacked information on cancer status (ie, active, in remis-
sion) and cancer therapies. By doing this, we assumed that those diag-
nosed with cancer <5 years prior to the index date were more likely
to have an active cancer and/or an ongoing cancer treatment (espe-
cially those diagnosed within 1 year prior), whereas those diagnosed
>5 years prior would be mostly cancer survivors.

The covariates of interest were sex, age, smoking status, depriva-

tion and comorbidities. We extracted participants' sex and age at

n=11 326
29.6% with cancer

n =6355

16.4% with cancer

n = 3227
18.5% with cancer
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index date. Smoking status (never, former or current smoker) was
assigned as the closest assessment to the index date recorded. Depri-
vation was assessed using the MEDEA deprivation index, which is cal-
culated at the census tract level in urban areas of Catalonia.2> MEDEA
deprivation index is categorised in quintiles, with the first quintile rep-
resenting the least deprived group and the fifth the most deprived. It
also includes a rural category for individuals living in rural areas. Our
comorbidities of interest were autoimmune conditions, chronic kidney
disease, chronic obstructive pulmonary disease, dementia, heart dis-
ease, hyperlipidaemia, hypertension, obesity and type-2 diabetes.
Comorbidities were defined as previously described based on medical
diagnosis?” and selected due to their relevance to the COVID-19
research field.?* The definitions for each comorbidity can be consul-
ted in a web application (“Index Event Breakdown” tab) available at
https://livedataoxford.shinyapps.io/MultiStateCovidCohorts/.

Our outcomes of interest were an outpatient clinical diagnosis of
COVID-19, a hospitalisation with COVID-19 and COVID-19-related
death. We defined COVID-19 diagnoses based on a recorded clinical
code for COVID-19 disease (ICD-10-CM: B34.2; B97.29). We did not
require a positive RT-PCR test result in the definition of COVID-19
diagnoses due to testing restrictions during the first months of the
pandemic.17 For instance, at that time, tests were exclusively available
at the hospital level, and only patients with severe symptoms and/or
with underlying conditions were tested. We defined hospitalisation
with COVID-19 as a hospital admission (with at least one-day hospital
stay) where the patient had a COVID-19 diagnosis or a positive RT-
PCR test result 21 days prior to admission up to 3 days after admis-
sion (to allow for a delay in diagnosis and minimise the risk of includ-
ing hospital-acquired COVID-19 infections). We extracted deaths
(from any cause) from region-wide mortality data, and by doing so, we
included both deaths during hospitalisation and in the community.
Deaths occurring following a COVID-19 event (diagnosis or
hospitalisation) were considered as COVID-19-related deaths.

2.5 | Statistical analyses

We described participants' baseline characteristics, participants' time
at risk at each state and numbers of events observed for each transi-
tion by cancer status (with or without cancer). To assess the relation-
ship between the cancer and the risk of transitioning to a subsequent
state in the multistate model, we estimated adjusted cause-specific
hazard ratios (aHRs), with 95% confidence intervals (Cls), using Cox
proportional hazard regressions for each transition.

First, we estimated models for all patients with cancer compared
to patients without cancer adjusting for age, sex, the MEDEA depriva-
tion index, smoking status and all the comorbidities of interest (main
models). We used a directed acyclic graph to guide decisions on the
control for confounding (Figure $1).22 To check the proportional haz-
ard assumptions for the variables included in the models, we visually
inspected log-log survival curves. Missing data were handled as an
additional category. Non-linearity in age and risks of transition was

considered by fitting models with age as a linear term, with a
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polynomial of degree 2 (ie, quadratic), and with restricted cubic splines
(with three, four or five knots).>®> We calculated the Bayesian informa-
tion criterion (BIC) for each of those models, and we selected the
models with the lowest BIC values.

Second, we estimated the relationship between cancer and
COVID-19 outcomes adjusting for age and sex; and adjusting for age,
sex, the MEDEA deprivation index and smoking status. Third, we fur-
ther estimated our main models separately for <1-year, 1 to 5-year
and 25-year cancer patients and stratified these models by sex
(women or men), age (<70 and 270 years, 70 years was the median
age of patients with cancer) and cancer type (haematological or solid
cancer, as well as by solid cancer types). All models were relative to
patients without cancer (cancer-free).

As sensitivity analyses, we re-estimated our main models:
(a) stratifying by calendar time for transitions in which the proportion-
ality assumption was violated, (b) restricting participants to never
smokers, to avoid residual confounding by smoking and (c) after per-
forming a multiple imputation of missing data (smoking status and
MEDEA deprivation index) using predictive mean matching, with five
imputations drawn. We also compared baseline characteristics of
patients with and without missing data using standardised mean dif-
ferences (SMD). We considered SMD 2|0.1| as a meaningful differ-
ence in the distribution of a given characteristic between the two
groups.2

We used R version 3.6 for data analysis and visualisation. The R
packages used in the analysis included mstate?® and rms.2® The ana-
lytic code is available at https://github.com/SIDIAP/COVID-19-
cancer-multi-state.

3 | RESULTS

3.1 | Population included

A total of 4 618 377 adults were included. We excluded 104 022 indi-
viduals with less than a year of prior observation history; 1496 with a
record of a secondary cancer before a record of a primary cancer,
303 with a COVID-19 diagnosis or positive SARS-CoV-2 test before
index date, 40 421 living in a nursing home and 1138 hospitalised at
the index date (Figure S2). Baseline characteristics of the population
included are summarised in Table 1. In total, 260 667 (5.6%) patients
had a prior diagnosis of cancer. Of these, 167 053 (64.1% of the can-
cer population) were diagnosed 25 years, 72 033 (27.6%) 1 to 5 years
and 21 581 (8.3%) <1 year prior to the index date. Compared to
cancer-free patients, those with cancer were older, more frequently
former smokers and living in the least deprived areas of Catalonia. In
addition, they had a higher burden of comorbidities, especially cardio-
vascular conditions (eg, 27.4% had heart disease vs 10.2% in cancer-
free patients). When stratifying patients by age categories, we
observed that the burden of comorbidities increased with age for both
groups (Figure S3). Among patients with cancer, 239 030 (91.7%) and
21 637 (8.3%) had a solid and haematological cancer, respectively.
The most frequent solid cancer types were breast (n = 58 611,
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Time at risk, absolute number of events and cumulative incidence, by cancer status

TABLE 2

From hospitalised with COVID-19

From diagnosed with COVID-19

From general population

Follow-up
(days)

To hospitalised

To hospitalised

To diagnosed

Follow-up
(days)

General

To death

To death

with COVID-19
Number of
events

Follow-up (days)

To death

with COVID-19
Number of
events

with COVID-19
Number of
events

population
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Number of
events

Number of
events

Number of
events

Median

Median

Median

(Cl at 45 days)

(min, IQR, max)

n

(Cl at 45 days)

(Cl at 45 days)

(min, IQR, max)

n

(Cl at 67 days) (Cl at 67 days)

(Cl at 67 days)

(min, IQR, max)

1963 (17.57%)

13 206 37 (0, 27 to 43, 65)

36 (0, 20 to 44, 66) 6851 (7.19%) 3227 (3.91%)

98 951

11 326 (0.25%)

4 618 377 67 (1, 67 to 67, 67) 98 951 (2.14%) 6355 (0.14%)

Total

population

CANCER

1522 (15.71%)

37 (0, 28 to 43, 65)

11 428

36 (0, 21 to 44, 66) 6116 (6.79%) 2631 (3.37%)

93 558

67 (1, 67 to 67, 67) 93 558 (2.15%) 5312 (0.12%) 7970 (0.18%)

4357710

Patients

without

cancer

@Quicc

Patients with cancer
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o 22.5%), prostate (37 141, 14.2%), colorectal (36 071, 13.8%) and blad-
§, § E: § der (20 592, 7.9%).
& 888
$888
S, 3.2 | Occurrence of COVID-19 outcomes
-4 328
S Y 6 oo
ﬁ ﬁ :*9 :*9 Among the general population, 98 951 (2.1% cumulative incidence
s 5 S8 [CI] at 67 days) individuals were diagnosed with COVID-19, 6355
S S %8 (0.1% CI) were directly hospitalised with COVID-19 and 11326
(0.25% Cl) died without a COVID-19 diagnosis/hospitalisation
E § § § (Figure 1, Table 2). Among individuals diagnosed with COVID-19,
6851 (7.2% Cl at 45 days) were hospitalised and 3227 (3.9% Cl) died
s g8 without a hospitalisation. Among those hospitalised, 1963 (18% Cl at
g g g é 45 days) died. Among the total cancer population (n = 260 667),
° 2 3 3 5393 (2.1% CI at 67 days) patients were diagnosed with COVID-19,
o 1043 (0.4%) were directly hospitalised with COVID-19 and 3356
o (1.3%) died without a COVID-19 diagnosis/hospitalisation. Among
§ § % é those diagnosed with COVID-19, 735 (14.1% Cl at 45 days) were sub-
% g % % sequently hospitalised and 596 (13.4%) died without a hospitalisation.
a3 5 9
~oSoA Among those hospitalised, 441 (29.3% Cl at 45 days) died. Descriptive
o characteristics by state and transition are shown in Table S1. In brief,
Lﬁ f f E individuals diagnosed/hospitalised with COVID-19, as well as having a
; :‘0: ; ; COVID-19-related death, were older, more frequently male and for-
g g i i mer smokers, and had more comorbidities than the general
S 8 5 J population.
3.3 | Risks of COVID-19 diagnosis, hospitalisation
P and death among patients with cancer
§ 3 ] 9
=]
ﬁ g 5 § Compared to cancer-free patients, those with cancer had an increased
©o risk of COVID-19 diagnosis (overall aHR: 1.08; 95% Cl [1.05-1.11]),
direct COVID-19 hospitalisation (1.33 [1.24-1.43]) and death follow-
;s? ;s? ,:f gf ing a COVID-19 hospitalisation (1.12 [1.01-1.25]) (Figure 2). Models
E 5 3 E using different adjustment strategies showed similar results to our
% % § 5 main models (Figure S4).

In models stratified by years since cancer diagnosis, the risk of
3§ §§ ;g"; é‘; COVID-19 diagnosis was similar in <1-year, 1 to 5-year and >5-year
%' g % % cancer patients (Figure 2). As for the risk of direct COVID-19
§ § § ¥ ) hospitalisation, <1-year cancer patients had the highest risk (1.84

% g [1.52-2.23]), followed by 1 to 5-year cancer patients (1.32
§ 85§ 8% % % [1.17-1.50]) and =5-year cancer patients (1.27 [1.17-1.38]). Increased
§ ,;S % % § %“ risk of COVID-19-related death remained significant only in <1-year
% E E E Eg cancer patients, for both deaths following a COVID-19 diagnosis
é % é’ % f@ (1.81[1.42-2.31]) and following a COVID-19 hospitalisation (1.63
s = [1.18-2.26)).
% g g § % fi Overall, in models stratified by sex, the associations between can-
§ g NS § é cer and risk of COVID-19 diagnosis and death (following a diagnosis/
E t:,“’ hospitalisation) were moderately stronger in men, whereas the associ-
. 5 % ations with risk of direct hospitalisation were moderately stronger in
g Né g E § § women (Figure 3, Table S2). In models stratified by age, we found a
3w 5 é 2 stronger association between cancer and COVID-19 outcomes in the
27

subgroup of patients aged <70 years compared to those aged
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aHR (95% CI)

+ 1.08 (1.05-1.11)
From general population u 1.09 (1.06-1.13)
to diagnosed

with COVID-19 e 1.05 (1.00-1.10)

—-— 1.13 (1.03-1.23)

-+ 1.33 (1.24-1.43)

From general population - 1.27 (1.17-1.38)

to hospitalised

with COVID-19 —dhe— 1.32 (1.17-1.50)

— 1.84 (1.52-2.23)

—+ 1.08 (1.00-1.17)

From diagnosed with - 1.04 (0.95-1.15)
COVID-19 to hospitalised

with COVID-19 —h— 1.19 (1.04-1.37)

. — 1.00 (0.77-1.29)

-+ 1.04 (0.95-1.13)

From diagnosed with - 0.92 (0.83-1.03)

COVID-19 to

death ) 1.15 (0.97-1.36)

. — 1.81 (1.42-2.31)

— 1.12 (1.01-1.25)

From hospitalised - R

with COVID-19 1.06 (0.93-1.20)

to death TA— 1.16 (0.95-1.41)

—_—— 1.63 (1.18-2.26)

05 1 2 4

aHR (with 95% CI)

_|_

Overall

A 1-5years

m >5years ® <1year

FIGURE 2 Adjusted hazard ratios of COVID-19 outcomes in patients with cancer compared to patients without cancer, overall and by years
since cancer diagnosis. Models are adjusted for age, sex, the MEDEA deprivation index, smoking status and comorbidities (autoimmune
conditions, chronic kidney disease, chronic obstructive pulmonary disease, dementia, heart disease, hyperlipidaemia, hypertension, type-2

diabetes and obesity). aHR, adjusted hazard ratio; Cl, confidence interval

>70 years, aside from the risk of COVID-19 diagnosis (Figure 3,
Table S3). Age differences were more pronounced in <1-year cancer
patients. In addition, the associations between cancer and COVID-
19-related death
hospitalisation) were only significant in the subgroup of patients aged

(either following a COVID-19 diagnosis or a

<70 years. For example, the overall aHR for death following hospitalisation
was 1.49 (1.10-2.01) in <70-year patients and 1.07 (0.95-1.20) in 270-year
patients. In <1-year cancer patients, the aHR was 4.58 (2.47-8.50) in
<70-year patients and 1.30 (0.88-1.90) in >70-year patients.

When stratifying patients by haematological or solid cancers,
those with haematological cancers had a higher risk of COVID-19 out-
comes (Figure 3, Table S4). These differences were more pronounced
in <1-year cancer patients. For example, the overall aHR for having a
direct COVID-19 hospitalisation was 2.51 (2.12-2.98) for patients
with haematological cancers and 1.24 (1.15-1.33) for those with solid
cancers. Among <1-year cancer patients, aHRs were 6.18 (4.31-8.86)
for haematological cancers and 1.49 (1.19-1.87) for solid cancers.

Patients with haematological cancers also had an increased risk of
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From general population From general population From diagnosed with From diagnosed with From hospitalised
to diagnosed to hospitalised COVID-19 to hospitalised COVID-19 to with COVID-19
with COVID-19 with COVID-19 with COVID-19 death to death
3 * o * > Female
=1 = =3 = % Male
4 -+ - — —_— <70 years
Overall 5
n ] » L » 270 years
""" 7 S e S
P - —— —— —— Haematological
e * o ¥ =¥ Female
M -] L= o = Male
+ -+ -+ - Tt <70 years
25 years
- - - - @« 270 years
' -~ 'Y - e Solid
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- —— <70 years
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| > ] - .~ Y 270 years
e —he e —he— —h— Solid
—.— — —_— —_— ——— Haematological
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aHR (with 95% Cl)

* Female + <70 years A Solid

X Male

B 270 years ® Haematologica

FIGURE 3 Adjusted hazard ratios of COVID-19 outcomes in patients with cancer (overall and by years since cancer diagnosis) compared to patients
without cancer, stratified by sex, age and cancer type (solid or haematological). Models are adjusted for sex (excepting models stratified by sex), age, the
MEDEA deprivation index, smoking status and comorbidities (autoimmune conditions, chronic kidney disease, chronic obstructive pulmonary disease,

dementia, heart disease, hyperlipidaemia, hypertension, type-2 diabetes and obesity). aHR, adjusted hazard ratio; Cl, confidence interval

X Breast + Prostate ® Colorectal

aHR (with 95% Cl)

A Bladder ® Lung

From general population From general population From diagnosed with From diagnosed with From hospitalised
to diagnosed to hospitalised COVID-19 to hospitalised COVID-19 to with COVID-19
with COVID-19 with COVID-19 with COVID-19 death to death
% E-E- -}E— -}E— —Eé— Breast
‘i\{- -i- -0-;- —|-€ -%’— Prostate
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FIGURE 4 Adjusted hazard ratios of COVID-19 outcomes in patients with cancer (overall and by years since the cancer diagnosis) compared to
patients without cancer, stratified by solid cancer type. Models for specific cancer types include patients without cancer and patients with the cancer
type of interest; models for prostate and breast cancer include only males and females, respectively. Models are adjusted for sex, age, smoking status,
the MEDEA deprivation index, smoking status and comorbidities (autoimmune conditions, chronic kidney disease, chronic obstructive pulmonary
disease, dementia, heart disease, hyperlipidaemia, hypertension, type-2 diabetes and obesity). aHR, adjusted hazard ratio; Cl, confidence interval
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COVID-19 hospitalisation following an outpatient diagnosis (overall
1.37 [1.10-1.71]; <1-year cancer patients: 2.24 [1.34-3.76)).

We also estimated the associations between cancer and COVID-
19 outcomes by solid cancers. (Figure 4, Table S5). Due to small sam-
ples, models were estimated for breast, prostate, colorectal, bladder
and lung cancer; overall and for <5-year (<1-year and 1-5-year cate-
gories combined) and =5-year cancer patients. Four cancer types were
associated with having a direct COVID-19 hospitalisation: breast
(1.30 [1.10-1.54]), colorectal (1.28 [1.10-1.49]), bladder (1.50
[1.26-1.79]) and lung (1.53 [1.13-2.08]) cancer; these associations
were stronger in <5-year cancer patients. Lung cancer was associated
with death following a COVID-19 diagnosis (1.68 [1.06-2.64]), with a
stronger association in <5-year cancer patients (2.57 [1.49-4.46)).
Bladder cancer was associated with death following a COVID-19

hospitalisation only in <5-year cancer patients (1.70 [1.11-2.60]).

3.4 | Sensitivity analysis

The assumption of proportionality was violated for age and years
since cancer diagnosis for the risk of COVID-19 diagnosis (Figure S5).
Thus, we stratified our model by years since cancer diagnosis and cal-
endar time (Figure Sé). The overall association was similar in March
and April. However, in <1-year cancer patients, cancer was associated
with a significant increased risk of COVID-19 diagnosis in April (1.41
[1.23-1.60]) but not in March (0.91 [0.80-1.05]).

In models restricted to never smokers (n = 1 834 657), the results
were similar to those including all the population (Figure S7). Patients
with missing data (n = 1 502 442) were younger and had fewer com-
orbidities than patients without missing data, but the distribution of
cancer types was similar in both groups (Table S6). Despite these dif-
ferences, imputed models showed similar results to the main models
(Figure S8).

4 | DISCUSSION

In our population-based cohort study including 4 618 377 adults, a
prior diagnosis of cancer was associated with an increased risk of
COVID-19 COVID-19
hospitalisation (without a prior outpatient diagnosis) and COVID-
19-related death during the first wave of the COVID-19 pandemic in

Catalonia, Spain. Overall, these associations were stronger in patients

outpatient (clinical) diagnosis, direct

with a recent cancer diagnosis (<1 year), younger than 70 years and
with haematological cancers. Lung and bladder cancers were also
associated with higher risk of COVID-19 hospitalisation and death.
Prior studies investigating the risk of contracting SARS-CoV-2 in
patients with cancer have reported conflicting results.>*%27-28 Even
though we did not analyse the risk of COVID-19 infection per se,
patients with cancer had a modestly increased risk of having an outpa-
tient COVID-19 diagnosis, which was higher in <1-year cancer
patients with haematological cancers. This is consistent with two

studies from the United States (US) showing an increased risk of
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infection in patients with cancer, which was higher in those recently
diagnosed and/or with haematological cancers.®?” Increased risk of
diagnosis could be related to higher levels of interaction with
healthcare services among patients with cancers, especially among
those with a recent cancer diagnosis (thus, higher risk of being diag-
nosed with COVID-19 but also higher exposure to healthcare-
associated infections), and to factors related to the cancer itself
and/or cancer therapies (eg, haematological cancers, as well as
treatment-related immunosuppression, thus increasing the risk of
infection).??

Patients with cancer have also been reported to be at increased
risk of COVID-19 severity, including hospitalisation and death.>® We
found that cancer was associated with a higher risk of direct
hospitalisation, especially among <1-year cancer patients. Conversely,
<1-year cancer patients had not an increased risk of subsequent
hospitalisation (following an outpatient diagnosis). This counterintui-
tive finding could be explained by differences in care-seeking behav-
jours and/or in the clinical presentation of COVID-19. On the one
hand, patients recently diagnosed with cancer have more interactions
with hospital services and, therefore, could be more prone to seek
care directly at the hospital level than the general population.>® On
the other hand, these patients might have a higher risk of rapidly
developing severe COVID-19 symptoms due to their impaired immu-
nity, thus more likely to be directly hospitalised. It is worth noting that
although <1-year cancer patients had the highest risk of
hospitalisation, this association remained significant in >5-year cancer
patients (which mostly represent cancer survivors). This is consistent
with a study showing that cancer survivors have higher risks of
hospitalisation and death from influenza than cancer-free patients,®*
and could be related to long-term effects on the immune system of
cancer therapies.

Conversely, the risk of COVID-19-related death was only signifi-
cantly higher in <1-year cancer patients. Again, this could be due to
factors related to the cancer itself (ie, the group of <1-year cancer
patients might include individuals with more aggressive and active
cancers) and/or cancer therapies. However, while some studies have
shown that active cancer therapies increase the risk of COVID-19
death,’ others have not®%2 These studies included different
populations, cancer types or considered all different cancer therapies
combined, which might have a different impact on COVID-19 out-
comes. For instance, two meta-analyses reported an association
between recent chemotherapy and increased COVID-19-related
death, but a null association with recent surgery, radiotherapy, immu-
notherapy and targeted therapies.3®34

We found that the associations between cancer and direct
hospitalisation and COVID-19-related deaths were more pronounced
in patients younger than 70 years or with haematological cancers.
Given that age is strongly associated with severe COVID-19 out-
comes, cancer in older patients might not have a significantly worse
impact as compared to cancer-free patients. In a study including 1187
patients with solid cancers and COVID-19, younger patients
(<60 years) were also those with the highest risk of in-hospital mortal-

ity when compared to cancer-free patients.> Furthermore, increasing
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evidence shows that patients with haematological cancers have a
higher risk of poor COVID-19 outcomes.®”? The OpenSAFELY study
reported an association between cancer and increased COVID-19
death, which was stronger in <1-year cancer patients and in those
with haematological cancers.” Estimated aHRs for <1-year cancer
patients were similar to ours for death following a COVID-19 diagno-
sis, with an aHR of 1.72 (1.50-1.96) (vs 1.69 [1.30-2.19] in our study)
for solid cancer patients and an aHR of 2.80 (2.08-3.78) (vs 3.11
[1.67-5.81]) for haematological cancer patients. We also found a
higher risk of hospitalisation and COVID-19-related death for lung
and bladder cancers, both of which are strongly linked to tobacco
smoking. While lung cancer has already been associated with poor
COVID-19 outcomes,?® to our knowledge, our study is the first show-
ing an association with bladder cancer. However, these findings
should be interpreted with caution considering the small sample sizes,
which prevented us from performing analysis restricted to never
smokers by specific cancer types.

Our study has several strengths. First, we used prospective data
from a large and representative population covering almost all the
population in Catalonia, and we included a heterogeneous cancer pop-
ulation. Second, by including patients with a clinical COVID-19 diag-
nosis, we avoided selection bias due to testing restrictions, or to
(hypothetically) different testing patterns (ie, higher rates of testing in
patients with cancer), although some cases might be false positives.
Third, we performed our analysis across different cancer population
groups, allowing us to identify those at highest risk of poor COVID-19
outcomes. Finally, our results were robust after restricting participants
to never smokers and after multiple imputation of missing data, which
lends credibility to our findings.

However, our study also has weaknesses. First, we did not have
information on cancer stage nor specific-cancer therapy receipt and
used instead years since cancer diagnosis as a proxy for active/
inactive cancer. We also did not have information on the cause of
death and considered as COVID-19-related deaths those occurring
following a COVID-19 state. However, in patients with cancer, occur-
rence of death was substantially higher in those diagnosed (11.1%)
and hospitalised (24.8%) with COVID-19 than in those without
COVID-19 (1.3%), which suggests that we did capture deaths due to
COVID-19. In addition, the proportion of deaths among hospitalised
patients was in line with prior studies.3” On the other hand, we cannot
discard that some deaths in the general population might have
occurred in undiagnosed COVID-19 cases, especially at the beginning
of the pandemic. Second, due to the nature of our database, our
results are not representative of asymptomatic or pauci-symptomatic
COVID-19 cases that did not seek medical care. Third, our data
spanned to May 2020, and therefore, our results are generalizable to
the first wave of the pandemic. While changes over time might have
changed SARS-CoV-2 virulence (eg, the emergence of new variants),
it is unlikely that such changes have decreased the risk of severe dis-
ease among patients with cancer when compared to patients without
cancer. Finally, routinely collected data often raise concerns about
data quality, and some conditions, including cancer itself, may have

been incompletely or inaccurately recorded. However, we used

previously validated cancer codes,*” and we included only individuals
with at least 1 year of prior history available to comprehensively cap-
ture baseline characteristics.

Despite these weaknesses, our results highlight that patients with
cancer are a vulnerable population for COVID-19 and, therefore,
should be prioritised for vaccination against SARS-CoV-2. Unfortu-
nately, the efficacy and effectiveness of COVID-19 vaccines in this
subgroup population remain unknown. Indeed, patients with active
cancer were excluded from randomised clinical trials,®® and, to our
knowledge, observational studies describing vaccine's effectiveness
among patients with cancer are lacking to date. Emerging data suggest
that these patients might have a weakened response to COVID-19

3940 and recent studies have shown that COVID-19 vaccines

vaccines,
are less effective among individuals immunocompromised.**#? As a
result, the Centers for Disease Control and Prevention recently rec-
ommended a third mRNA-based vaccine dose among individuals
immunocompromised, which include patients with ongoing treatment
for haematological cancers or who have received a stem cell trans-
plant within the last 2 years.*® Further studies are needed to assess
the effectiveness of COVID-19 vaccines among patients with cancer,
overall and by oncologic features (eg, cancer type, cancer treatment),
as well as to elucidate the utility of antibody testing** and booster
vaccine doses. Meanwhile, these patients should also be protected
with continued non-pharmaceutical interventions, infection control
measures in healthcare settings and increased vaccination uptake
among their caregivers and close contacts.

In conclusion, our population-based cohort study including a het-
erogeneous cancer population provides a comprehensive analysis of
the associations between cancer and COVID-19 outcomes during the
first wave of the pandemic in a Southern European region. Cancer
was associated with an increased risk of COVID-19 diagnosis,
hospitalisation and COVID-19-related death, with higher risks for
patients diagnosed with cancer within the year prior, as well as those
younger than 70 years and those with haematological cancers.
Research is needed to address potential risk differences by specific
cancer types, such as lung or bladder cancer, as well as to analyse the
effect of subsequent COVID-19 waves. Notwithstanding that, our
results highlight that patients with cancer are a vulnerable population
for COVID-19. These patients, as well as their caregivers, should be
prioritised in preventive strategies, including vaccination campaigns

and continued non-pharmaceutical interventions.
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