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Abstract

95% Cl=0.61-1.19).

Background and aims: Some, but not all, prior studies have suggested that patients with chronic liver disease are
at increased risk of contracting COVID-19 and developing more severe disease. However, nationwide data are lacking
from well-phenotyped cohorts with liver histology and comparisons to matched general population controls.

Methods: We conducted a nationwide cohort study of all Swedish adults with chronic liver disease (CLD) confirmed
by liver biopsy between 1966 and 2017 (n=42,320), who were alive on February 1, 2020. CLD cases were matched

to <5 population comparators by age, sex, calendar year and county (n=182,147). Using Cox regression, we esti-
mated multivariable-adjusted hazard ratios (aHRs) and 95% confidence intervals (Cls) for COVID-19 hospitalization and
severe COVID-19 (intensive care admission or death due to COVID-19).

Results: Between February 1 and July 31,2020, 161 (0.38%) CLD patients and 435 (0.24%) general population
controls were hospitalized with COVID-19 (@HR=1.36, 95% Cl=1.11-1.66), while 65 (0.15%) CLD patients and 191
(0.10%) controls developed severe COVID-19 (aHR=1.08, 95% Cl=0.79-1.48). Results were similar in patients with
CLD due to alcohol use, nonalcoholic fatty liver disease, viral hepatitis, autoimmune hepatitis, and other etiologies.
Among patients with cirrhosis (n = 2549), the aHRs for COVID-19 hospitalization and for severe COVID-19 were 1.08
(95% C1 0.48-2.40) and 1.23 (95% Cl=0.37-4.04), respectively, compared to controls. Moreover, among all patients
diagnosed with COVID-19, the presence of underlying CLD was not associated with increased mortality (@HR=0.85,

Conclusions: In this nationwide cohort, patients with CLD had a higher risk of hospitalization for COVID-19 com-
pared to the general population, but they did not have an increased risk of developing severe COVID-19.
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Introduction

Coronavirus disease-2019 (COVID-19), caused by
infection with severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), is associated with high
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morbidity and mortality [1]. Established predictors
of poor outcomes in patients with COVID-19 include
older age, severity of the infection and clinical comor-
bidities, including immunosuppression and metabolic
dysfunction [2]. Given the immune dysregulation that
accompanies chronic liver disease (CLD), it has been
hypothesized that patients with CLD may be particu-
larly vulnerable to developing severe COVID-19. How-
ever, published data are conflicting. While several
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recent studies have reported significantly worse out-
comes among patients with CLD or cirrhosis and
COVID-19, compared to the general population or to
patients with cirrhosis but without COVID-19 [3-7],
others have found null associations [8]. However, those
published studies have been substantially limited by
the inclusion of highly-selected, hospitalized patients
[3, 4, 7], or had very small sample sizes, or relied upon
imprecise definitions of liver disease [5, 6]. Thus, at the
population level, the natural history of SARS-CoV-2
infection in patients with underlying CLD remains
largely undefined. Moreover, it is unknown whether
certain etiologies of liver disease might carry a worse
prognosis than others, or if the risk of developing
severe COVID-19 increases in the setting of cirrhosis.

Thus, we examined the risks of hospitalization for
COVID-19 and the development of severe COVID-19
(defined as ICU admission or death with confirmed
COVID-19), in a population-based cohort comprised
of all individuals in Sweden with biopsy-confirmed
CLD. As of October 19, 2020, Sweden has recorded
103,200 COVID-19 cases and 5918 deaths, and thus
has experienced higher rates of COVID-19 mortal-
ity than other neighboring countries [9]; this in turn
provides a novel opportunity to study COVID-19 at
the population level. Moreover, with prospectively-
recorded liver histopathology data that is complete for
the entire nation, this cohort permits a more compre-
hensive assessment of COVID-19 outcomes in patients
with established CLD.

Methods

Study population

We conducted a nationwide, matched cohort study
using the ESPRESSO (Epidemiology Strengthened by
Histopathology Reports in Sweden) cohort. ESPRESSO
is a nationwide cohort of prospectively-recorded liver
histopathology collected from all 28 Swedish pathol-
ogy departments, between 1969 and 2017 [10] cover-
ing both rural and urban areas in Sweden. Each report
includes a unique, individual personal identity number
(PIN), biopsy date, and Systematized Nomenclature
of Medicine (SNOMED) system topography and mor-
phology codes. We linked ESPRESSO to validated reg-
isters containing detailed data regarding demographics,
comorbidities, prescribed medications and death. The
current study was restricted to ESPRESSO participants
alive on February 1, 2020.

ESPRESSO was approved by the Stockholm Eth-
ics Board on August 27, 2014 (No. 2014/1287-31/4).
Informed consent was waived as the study was register-
based [11].
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Chronic liver disease (CLD) patients

CLD was defined using algorithms that we have previ-
ously described and validated in this cohort, with posi-
tive predictive values of >90% [12, 13]. We identified all
persons with an index liver biopsy between 1969 and
2017 that demonstrated viral hepatitis, nonalcoholic
fatty liver disease (NAFLD), alcohol-related liver disease
(ALD), autoimmune hepatitis (AIH), or another etiology
of liver disease (Additional file 1: Fig. S1; Additional file 1:
Table S1). Using the histopathology data, we further cat-
egorized patients with CLD according to the presence or
absence of cirrhosis at the time of biopsy. We also defined
individual etiologies of CLD in 5 categories (i.e. viral hep-
atitis, NAFLD, ALD, AIH and other CLD), using defini-
tions outlined in Additional file 1: Table S1.

Controls

For each CLD patient, the government agency Statis-
tics Sweden randomly selected up to 5 general popu-
lation comparators without a prior liver biopsy and
CLD, according to age, sex, calendar year and county of
residence (Additional file 1: Fig. S1). Comparators were
derived from the Total Population Register [14], and
identical exclusion criteria were applied.

Siblings

To address potential confounding related to shared
genetic or early-life factors, we also examined the risk
of COVID-19 in CLD patients, compared to non-CLD
full siblings. This analysis was restricted to CLD patients
alive on February 1, 2020, who also had >1 sibling alive
on that date. Siblings were retrieved through the Total
Population Register [14].

Covariates

In the spring of 2020, all Swedish Ethics Review Boards
and government agencies were urged to facilitate
COVID-19-related research. A fast track mechanism
was created that allowed researchers to update exist-
ing cohorts with prospectively-collected, nationwide
data regarding all deaths and hospital care for COVID-
19 (through July 31, 2020), including dates of death
(through July 31, 2020), to allow researchers to identify
eligible subjects within their cohorts still alive in 2020.
The ESPRESSO cohort was updated accordingly, but the
ethics permit did not allow for updating of non-COVID-
19-related information. Thus, our comorbidity data were
available only through December 31, 2016.

For the current study, we used the Patient Register
(hospital-based inpatient and outpatient care) to collect
data regarding the following comorbidities: cardiovascu-
lar disease including thromboembolic disease, diabetes
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mellitus, chronic obstructive pulmonary disease (COPD),
end-stage renal disease, alcohol use disorders, obesity,
dyslipidemia, obstructive sleep apnea, cancer, and psy-
chiatric disease (Additional file 1: Table S2). We also
retrieved data on education level as a proxy for socioeco-
nomic status, using the longitudinal integrated database
for health insurance and labour market studies (LISA)
database [15], and this was divided into four categories
(i.e. missing, <9, 10-12,>13 years in full time educa-
tion). Data on country of birth (Nordic vs. not Nordic
country) was obtained from the Total Population Regis-
ter [14].

Outcomes

In 2020, data regarding COVID-19 intensive care unit
(ICU) admissions were prospectively recorded by the
Swedish intensive care registry [16], which encom-
passes all 83 non-neonatal ICUs in Sweden. Through-
out the COVID-19 pandemic, this data recording has
been mandatory for all ICUs, in cooperation with The
Public Health Agency of Sweden. Information regarding
COVID-19-specific deaths were obtained through the
Cause of Death register [17]. We focused on two primary
outcomes (Additional file 1: Table S3): (1) hospitalization
with laboratory-confirmed COVID-19 (through PCR
test for SARS-Cov-2) as the primary diagnosis (ICD-10:
U07.1), and (2) severe COVID-19 (composite outcome,
including any of the following: (a) COVID-19 ICU admis-
sion, or (b) death due to COVID-19 or (c) death within
30 days of diagnosed COVID-19 (U07.1, coded as a pri-
mary diagnosis)).

Secondary outcomes included all-cause mortality and
any COVID-19 infection (a composite outcome, includ-
ing any of the following: (a) clinically-diagnosed COVID-
19 (i.e. ICD codes U07.1 and U07.2) in the Patient
Register or in the Cause of Death register), or (b) posi-
tive record for COVID-19 from the Public Health Agency
of Sweden, or (c) the development of severe COVID-19,
defined above).

Statistical analysis

Follow-up began on February 1, 2020, and continued to
the first recorded date of death, COVID-19 outcome, or
the end of follow-up (July 31, 2020). Our primary analy-
ses evaluated the risk of hospitalization for COVID-19
or the development of severe COVID-19, among 42,320
patients with biopsy-confirmed CLD, compared to
182,147 matched controls. We constructed Cox propor-
tional hazard regression models, conditioned on match-
ing factors (i.e. age, sex, county and calendar year), to
estimate multivariable-adjusted hazard ratios (aHRs)
and 95% ClIs. The multivariable-adjusted model further
accounted for comorbidities at the index date (i.e. date
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of index liver biopsy confirming CLD, or the correspond-
ing date among controls), as well as education level and
country of birth.

In subgroup analyses, we examined the risk of COVID-
19 hospitalization according to follow-up, sex, age at CLD
diagnosis (<18, 18 <40, 40 <60, > 60 years), year of diag-
nosis (1969-89, 1990-99, 2000-09, 2010-17), country of
birth, and education level. We also examined COVID-19
outcomes according to individual etiologies of CLD (i.e.
NAFLD, ALD, viral hepatitis, AIH and other CLD), and
according to CLD severity (defined as the presence or
absence of cirrhosis). Furthermore, we explored the asso-
ciations between individual covariates included in our
multivariable model and the risk of either a COVID-19
hospitalization or the development of severe COVID-19.

Sensitivity analyses

To test the robustness of our findings, we carried out
a sensitivity analysis in which CLD patients were re-
matched to non-CLD population controls in a 1:5 man-
ner on December 31, 2016, using a nearest-neighbor
propensity score algorithm, using a maximum caliper
width of 0.2 of the pooled standard deviation of the logit
of the propensity score, that included the aforemen-
tioned list of comorbidities, education level, country of
birth, and exact matching variables (i.e. birth year, sex
and county). This approach allowed us to more carefully
account for more recent diagnoses of relevant clinical
comorbidities. After applying this algorithm, > 99% of the
CLD cases alive on February 1, 2020 (n=42,008) were
successfully matched to population controls at the same
date.

To further address potential residual confounding,
we also compared CLD patients to their full siblings.
We also examined the risk of overall mortality among
CLD patients and controls that were hospitalized with
COVID-19, and further among CLD patients and con-
trols with any COVID-19 diagnosis (regardless of
hospitalization).

All statistical analyses were performed using SAS (ver-
sion 9.4) and STATA (version 16.0). A threshold P <0.05
was considered statistically significant.

Results

We identified 42,320 adults with histologically-confirmed
CLD between 1969-2017, who were alive on February
1, 2020, including 2549 (6.0%) with cirrhosis (Additional
file 1: Fig. S1). Among those with CLD, 13,848 (32.7%)
had viral hepatitis, 6350 (15.0%) had NAFLD, 2250 (5.3%)
had AIH, 881 (2.1%) had ALD, and 18,991 (44.9%) had
another etiology of CLD. The average age on the start
date of follow-up (i.e. February 1, 2020) was 60.9 years,
and 51.0% were female. Compared to population
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comparators, CLD patients were more likely to have
underlying comorbidities, including chronic obstruc-
tive pulmonary disease (COPD), obesity/dyslipidemia,
diabetes, cardiovascular disease, end-stage renal disease
(ESRD) and cancer (Table 1).
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Any COVID-19 hospitalization

Overall, we documented 161 (0.38%) hospitaliza-
tions for COVID-19 among CLD patients (incidence
rate, 7.7/1000 person-years), compared to 435 (0.24%)
among controls (4.8/1000 person-years), corresponding

Table 1 Baseline characteristics of patients with chronic liver disease (CLD; n=42,320) and matched population controls (n=182,147)

on February 1, 2020

Characteristic

CLD patients (n=42,320) Matched
controls
(n=182,147)

Females, no. (%)
Males, no (%)
Age at start of follow-up'
Mean (SD)
Median (IQR)
Range, min—-max
Categories, no. (%)

<18 years

18 to <40 years
40 to <60 years

> 60 years

Country of birth, no (%)

Nordic country
Other
Missing

Level of education® no (%)

<9years
10-12 years
>12 years
Missing
Index year’
1969-1989
1990-1999
2000-2009
2010-2017

21,591 (51.0%) 93,906 (51.6%)
20,729 (49.0%) 88,241 (48.4%)
60.9 (16.0) 594 (15.6)
62.8(51.8-72.8) 614 (50.5-71.0)
3.1-99.7 3.2-99.8

508 (1.2%) 2479 (1.4%)
4105 (9.7%) 19,274 (10.6%)
13,567 (32.1%) 62,844 (34.5%)
24,140 (57.0%) 97,550 (53.6%)
36,036 (85.2%) 162,473 (89.2%)
6284 (14.8%) 19,670 (10.8%)
0 4(0.0%)

Comorbidities?, ever before index date?, no. (%)
Any cardiovascular disease
Diabetes
Chronic obstructive pulmonary disease
End-stage renal disease
Alcohol use disorder
Obesity/dyslipidemia
Obstructive sleep apnea
Cancer
Psychiatric disease

9467 (22.4%) 33,283 (18.3%)
20,139 (47.6%) 83,677 (45.9%)
12,567 (29.7%) 64,460 (35.4%)
147 (0.3%) 727 (0.4%)
2966 (7.0%) 11,276 (6.2%)
11,722 (27.7%) 47,935 (26.3%)
15,979 (37.8%) 69,263 (38.0%)
11,653 (27.5%) 53,673 (29.5%)
5892 (13.9%) 11,509 (6.3%)
2312 (5.5%) 3548 (1.9%)
513 (1.2%) 869 (0.5%)
205 (0.5%) 118 (0.1%)
2450 (5.8%) 3184 (1.7%)
2399 (5.7%) 4026 (2.2%)
492 (1.2%) 1490 (0.8%)
5832 (13.8%) 4327 (2.4%)
5015 (11.9%) 11,090 (6.1%)

Complete covariate data were available through December 31, 2016

CLD, chronic liver disease; no., number; SD, standard deviation; IQR, interquartile range

' Start date of follow-up was defined as February 1, 2020 (see “Methods")

2The index date was defined as the date of liver biopsy confirming chronic liver disease (CLD), or the corresponding matching date among controls

3 Level of education was defined in 4 categories; among subjects with missing level of education, then the highest attained education level among parents was used

4 For definitions of comorbidities, see the Additional file 1
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to a multivariable aHR of 1.36 (95% CI 1.11-1.66)
(Table 2; Fig. 1A). The magnitude of observed risk did
not appear to increase with worsening CLD severity;
specifically, compared to controls, CLD patients with-
out cirrhosis had a multivariable aHR of 1.39 (95% CI
1.13-1.72), while those with cirrhosis had a multivari-
able aHR of 1.08 (95% CI 0.48-2.40).
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No individual etiology of CLD was associated with sig-
nificantly increased risk of COVID-19 hospitalization.
Compared to controls, we observed null associations for
viral hepatitis (aHR=1.12, 95% CI=0.78-1.62), NAFLD
(aHR=1.50, 95% CI1=0.91-2.48), ALD (aHR=0.70, 95%
CI=0.19-2.62), AIH (aHR=1.54, 95% CI=0.56—-4.27)
or other etiologies of liver disease (aHR=1.30, 95%
CI=0.93-1.81). Furthermore, the HRs for COVID-19

Table 2 Risk of COVID-19 hospitalization and severe COVID-19 in patients with chronic liver disease' (n=42,320) and matched

population controls (n=182,147), from February 1 to July 31,2020

Outcome N events (%) Time at risk (years) Incidence rate (95% Cl) per HR? (95% Cl) Adjusted HR3
1000 PY (95% CI)
Liver disease Comparators Liver disease Comparators Liverdisease = Comparators
Main out-
comes
Hospital admis- 161 (0.38%) 435 (0.24%) 20,786 89,945 7.7 (65-89) 4.8(44-53) 149 (1.24-1.79) 1.36 (1.11-1.66)
sion
Severe COVID- 65 (0.15%) 191 (0.10%) 20,816 90,021 3.1(4-39) 2.1(1.8-24) 1.16(0.87-1.55) 1.08(0.79-1.48)
19!
Secondary
outcomes
Main outcomes 182 (0.43%) 504 (0.28%) 20,786 89,945 8.8 (7.5-10.0) 56(5.1-6.1)  1.39(1.17-1.65) 1.28(1.06-1.54)
combined
All-cause 622 (1.47%) 1115(0.61%) 20,822 90,034 299(275-32.2) 124(11.7-13.1) 2.00(1.81-2.21) 1.62 (1.45-1.81)
mortality
Any COVID-19 566 (1.34%) 1832 (1.01%) 20,711 89,698 27.3(25.1-29.6) 204 (19.5-21.4) 1.29(1.17-142) 1.16 (1.05-1.28)

N., number; Cl, confidence interval; PY, person-years; HR, hazard ratio

T Severe COVID-19 was a composite outcome, defined by any of the following: (a) COVID-19 ICU admission, or (b) death due to COVID-19 or (c) death within 30 days of

diagnosed COVID-19 (for details, see “Methods”)

2 Conditioned on matching set (age, sex, county, and calendar period)

3 Conditioned on matching set and further adjusted for education, Nordic country of birth, and medical comorbidities at the index date (i.e. the date of index liver
biopsy or corresponding matching date among comparators), including: cardiovascular disease, diabetes, chronic obstructive pulmonary disease, end-stage renal
disease, alcohol use disorder, obesity/dyslipidemia, obstructive sleep apnea, cancer and psychiatric disease

Panel 1A. Hospitalization with COVID-192
1.0% -
0.8%
0.6%
0.4%

0.2%

0% T T T T T T
0 1 2 3 4 5 6
Follow-up Months

Subjects (events)
Lierdisease 42320 (0) 42218 (27) 42060 (69) 41880 (49) 41744 (13) 41635 (3) O
Comparators 182147 (1 181946 (56) 181707 (173) 181334 (122) 181046 (79) 180807 (4, 0

Liverdisease ———-—- Comparators

Panel 1B. Development of Severe COVID-192
1.0%
0.8%
0.6% -
0.4%

0.2%

0%

Follow-up Months

Subjects (events)
Liver disease 42320 0] 42218 8)
Comparators 182147 0] 181947 (17) 18175:

9) 41950 (20) 41850 (8) 41748 (0 0
85) 181493 (58) 181293 (28) 181115 (3 0

Liverdisease ————- Comparators

Fig. 1 Time to COVID-19 hospitalization (panel A) and the development of severe COVID-19 (panel B), among patients with chronic liver disease
(n=42,320) and population controls (n=182,147), matched at the index date'. 'Index date was defined as the date of index liver biopsy among
patients with chronic liver disease or the equivalent matching date among population controls (see “Methods” for details). Subjects were matched
by age, sex, calendar year and county of residence, and follow-up began on February 1, 2020. ?For definitions of COVID-19 hospitalization and
development of severe COVID-19, see "Methods”and Additional file 1: Table S3
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hospitalization did not differ substantially by sex, calen-
dar year of CLD diagnosis, country of birth or education
level (Table 3). However, the risk of COVID-19 hospitali-
zation did vary substantially according to age at the index
biopsy (P-interaction= < 0.001), and according to age at
the start date of follow-up (P-interaction 0.01; Table 3).

Severe COVID-19

We documented a total of 65 (0.15%) severe COVID-
19 infections (i.e. intensive care admission or death)
among CLD patients (incidence rate, 3.1/1000 person-
years), compared to 191 (0.10%) among population
controls (incidence rate, 2.1/1000 person-years); this cor-
responded to an aHR of 1.08 (95% CI 0.79-1.48) (Table 2;
Fig. 1B). The HRs for developing severe COVID-19
compared to non-CLD controls were significantly
higher among patients aged 40-<60 years at the start
of follow-up (aHR 2.20, 95% CI 0.67-7.28), compared
to those > 60 years of age (aHR 0.97, 95% CI 0.69-1.37)
(P-interaction=0.02), but otherwise they did not dif-
fer substantially by sex, calendar year of CLD diagnosis,
country of birth or education level (Additional file 1:
Table S4). These estimates were also consistent in patients
without cirrhosis (aHR=1.05, 95% CI=0.75-1.47), or
with cirrhosis (aHR=1.23, 95% CI=0.37-4.04), and fur-
ther among CLD patients with underlying viral hepatitis
(aHR=0.85, 95% CI=0.40-1.79), NAFLD (aHR=0.96,
95% CI=0.42-2.21), AIH (aHR=0.23, 95% CI=0.03—
1.78), and other etiologies of liver disease (aHR=1.03,
95% CI=0.64—1.65). There were only 5 recorded cases of
severe COVID-19 among patients with ALD, thus aHRs
were not calculated.

Compared to controls, CLD patients had increased
risk of all-cause mortality during the study period
(aHR=1.62, 95% CI=1.45-1.81). They were also at a
16% increased risk of any COVID-19 infection (i.e. any
clinically-diagnosed COVID-19 or a confirmed positive
record of COVID-19, or severe COVID-19; aHR=1.16,
95% CI=1.05-1.28) (Table 2).

We also examined the relationships between individ-
ual covariates included in our multivariable model and
the risk of COVID-19 hospitalization or the develop-
ment of severe COVID-19. As shown in Additional file 1:
Table S5, patients with diabetes and obesity or dyslipi-
demia had significantly higher risk of developing severe
COVID-19, compared to individuals without those
comordibities, which is consistent with prior literature.

Sensitivity analyses

To address underlying comorbidities relevant to
COVID-19 outcomes, we conducted a propensity score-
matched sensitivity analysis (Additional file 1: Fig. S2).
After propensity score-matching, comorbidities were
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well-balanced between CLD cases (n=42,008) and pop-
ulation controls (n=208,004), including diabetes, obe-
sity/dyslipidemia, cardiovascular disease, ESRD, COPD
and obstructive sleep apnea (Additional file 1: Table S6).
Compared to propensity matched controls, CLD patients
had a modestly increased risk of COVID-19 hospitali-
zation (aHR=1.20, 95% CI=1.01-1.43), but no signifi-
cantly increased risk of developing severe COVID-19
(aHR=1.16, 95% CI=0.88-1.52) (Additional file 1:
Table S7; Additional file 1: Fig. S3). Consistent with our
primary analyses, the HRs for both COVID-19 hospitali-
zation and for developing severe COVID-19 did not dif-
fer substantially by sex, age at the index biopsy, calendar
year of CLD diagnosis, country of birth, education level
or underlying cirrhosis (Additional file 1: Tables S8A,
S8B). Results also remained similarly null in subgroups
of CLD patients with viral hepatitis, NAFLD, ALD, AIH,
and other etiologies of CLD (data not shown).

After matching CLD patients to full sibling compara-
tors (Additional file 1: Table S9), we observed similar
results (aHRs for COVID-19 hospitalization and for
severe COVID-19 were, 142 (95% CI=0.99-2.03);
and 1.09 (95% CI=0.55-2.16), respectively), and none
of these risk estimates achieved statistical significance
(Additional file 1: Table S10; Additional file 1: Fig. S4).

In further analyses, we restricted our sample to (1)
CLD patients and controls diagnosed with any COVID-
19 (i.e. patients either tested positive for COVID-19 or
were hospitalized with COVID-19), or (2) CLD patients
and controls hospitalized with COVID-19 (Addi-
tional file 1: Table S3). The presence of underlying CLD
was not significantly associated with excess mortality
among patients with any COVID-19 (aHR=0.85, 95%
CI=0.61-1.19), or among patients hospitalized with
COVID-19 (aHR=0.91, 95% CI=0.54-1.51) (Table 4;
Fig. 2). Importantly, results were similar among patients
with any COVID-19 but no cirrhosis (aHR=0.80, 95%
CI 0.56-1.15) and among those with any COVID-19 and
with cirrhosis (aHR=0.81, 95% CI=0.30-2.17), com-
pared to matched controls (Table 4). We also observed
similar null associations after CLD patients and controls
were propensity score-matched (Additional file 1: Fig.
S5).

Discussion

In this nationwide, population-based cohort of 42,320
patients with biopsy-confirmed CLD, we found a mod-
estly increased risk of COVID-19 hospitalization, but no
increased risk of developing severe COVID-19, compared
to matched population controls. These findings were
similar across all etiologies of CLD, and they were con-
sistent in subjects with and without underlying cirrhosis.
They also were robust in numerous sensitivity analyses,
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Table 3 Risk of COVID-19 Hospitalization Overall and by Subgroups in Patients with Chronic Liver Disease (n=42,320) and Matched
Population Controls (n=182,147) from February 1 to July 31, 2020

Group N (%) N events (%) Incidence rate (95% Cl) per HR* (95% Cl)  Adjusted HR**
1000 PY (95% Cl)
Liver disease Comparators Liver disease Comparators Liver disesase Comparators
Overall 42320 (100%) 182 147 (100%) 161 (0.38%) 435 (0.24%) 7.7 (6.5-8.9) 4.8 (44-5.3) 149 (1.24- 136 (1.11-1.66)
1.79)
Follow-up,
months
Oto <1 42320 (100%) 182147 (100%) - (0.00%) 1 (0.00%) - 0.1 (0.0-0.2) - -
Tto <2 42218(99.8%) 181946 (99.9%) 27 (0.06%) 56 (0.03%) 77(48-106) 3.7 (2.7-47) 1.91 (1.20- 142 (0.83-2.43)
3.04)
2to <3 42060 (99.4%) 181707 (99.8%) 69 (0.16%) 173 (0.10%) 19.7 (15.1- 114(9.7-13.1) 158 (1.19— 1.61(1.17-2.22)
24.4) 2.10)
3to <4 41880 (99.0%) 181334 (99.6%) 49 (0.12%) 122 (0.07%) 14.1 (10.1- 8.1 (6.6-9.5) 1.60 (1.15- 1.56 (1.07-2.26)
18.0) 2.25)
410 <5 41744 (98.6%) 181046 (99.4%) 13(0.03%) 79 (0.04%) 3.7 (1.7-5.8) 52 (4.1-64) 0.71(0.39- 045 (0.22-0.92)
1.28)
5to <6 41 635(984%) 180807(99.3%) 3(0.01%) 4 (0.00%) 0.9 (0.0-1.9) 0.3 (0.0-0.6) 2.78 (0.60- -
12.78)
Sex
Females 21591 (51.0%) 93906 (51.6%) 60 (0.28%) 195(0.21%) 5.7 (4.2-7.1) 4.2 (3.6-4.8) 1.24(0.92- 1.03(0.74-143)*
1.65)
Males 20729 (49.0%) 88241 (484%) 101 (049%)  240(0.27%)  99(80-11.9) 55(4.8-6.2) 1.69 (1.34- 1.64 (1.26-2.15)
2.14)
Age at index
date
<18 years 2769 (6.5%) 12877 (7.1%) 2 (0.07%) 5 (0.04%) 1.5 (0.0-3.5) 0.8 (0.1-1.5) 1.93(0.37- 243 (0.35—
9.98) 16.95)"
18 to 13574 (32.1%) 61290 (33.6%) 38 (0.28%) 90 (0.15%) 57 (3.9-7.5) 3.0(24-36) 1.86 (1.27- 1.80(1.18-2.77)
<40 years 2.73)
40 to 18446 (43.6%) 79416 (43.6%) 85 (0.46%) 206 (0.26%) 94 (74-114) 53 (4.5-6.0) 172 (1.33- 1.64 (1.24-2.18)
<60 years 2.23)
> 60 years 7531 (17.8%) 28564 (15.7%) 36 (0.48%) 134 (0.47%) 9.9 (6.6-13.1) 9.6 (80-11.2) 091 (0.62— 0.69 (0.45-1.07)
1.32)
Index year
1969-1989 2966 (7.0%) 11276 (6.2%)  8(0.27%) 20(0.18%)  55(1.7-9.3) 36(.0-52) 145 (0.63- 0.98 (0.36-2.69)
332)
1990-1999 11722 (27.7%) 47935 (26.3%) 50 (0.43%) 137 (0.29%) 8.7 (6.3-11.1) 5.8 (4.8-6.8) 1.38 (1.00- 144 (1.02-2.04)
1.92)
2000-2009 15979 (37.8%) 69 263 (38.0%) 56 (0.35%) 165 (0.24%) 7.1(5.3-9.0) 4.8 (4.1-5.6) 1.35(0.99- 1.07(0.75-1.53)
1.84)
2010-2017 11653 (27.5%) 53673 (29.5%) 47 (0.40%) 113 (0.21%) 82(5.9-106) 43(3.5-5.0) 1.84(1.31- 1.63(1.08-2.45)
2.60)
Age at start of
follow-up
<18 years 508 (1.2%) 2479 (1.4%) - (0.00%) - (0.00%) - - - -
18to 4105 (9.7%) 19274 (10.6%) 7 (0.17%) 7(0.04%)  34(0.9-6.0) 0.7 (0.2-1.3) 4.67 (1.63— 11.45(2.17-
<40 years 13.36) 60.51)%
40 to 13567 (32.1%) 62844 (34.5%) 48 (0.35%) 95 (0.15%) 7.2(5.1-9.2) 3.1(4-37) 244 (1.72- 2.02 (1.34-3.05)
<60 years 345)
> 60 years 24140 (57.0%) 97 550 (53.6%) 106 (0.44%) 333(0.34%) 9.0(7.3-10.7) 69 (6.2-7.7) 1.21(0.97- 1.12(0.88-1.43)
1.51)
Country of
birth
Nordic 36 036 (85.2%) 162473 (89.2%) 115 (0.32%) 304 (0.19%) 6.5(5.3-7.7) 38(34-42) 146 (1.17- 136 (1.07-1.72)
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Group N (%) N events (%) Incidence rate (95% Cl) per HR* (95% Cl)  Adjusted HR**
1000 PY (95% Cl)
Liver disease Comparators Liver disease Comparators Liver disesase Comparators
Other 6284 (14.8%) 19670 (10.8%) 46 (0.73%) 131 (0.67%) 14.9 (10.6— 13.5(11.2- 1.87 (1.00- 1.73 (0.83-3.60)
19.2) 15.8) 3.49)
Level of educa-
tion
<9years 9467 (224%) 33283 (183%) 50(0.53%) 119 (0.36%) 10.8(7.8-13.8) 7.3(6.0-8.6) 1.73 (1.05- 145 (0.83-2.53)
2.87)
10-12years 20139 (47.6%) 83677 (45.9%) 76 (0.38%) 196 (0.23%) 7.7 (6.0-9.4) 4.7 (4.1-54) 144 (1.05- 1.74(1.20-2.51)
1.99)
>12 years 12567 (29.7%) 64460 (35.4%) 34 (0.27%) 113 (0.18%) 55(3.6-7.3) 35(9-42) 1.06 (0.63- 1.05 (0.58-1.92)
1.80)

N, number; Cl, confidence interval; PY, person-years; HR, hazard ratio
*Conditioned on matching set (age, sex, county, and calendar period)

**Conditioned on matching set and further adjusted for education, Nordic country of birth, and medical comorbidities at index date (cardiovascular disease, diabetes,
chronic obstructive pulmonary disease, end-stage renal disease, alcohol use disorder, obesity/dyslipidemia, obstructive sleep apnea, cancer, psychiatric disease)

¥ P-interaction values for sex, age at the index date and age at the start of follow-up =0.06, <0.001 and 0.01, respectively

Table 4 Risk of all-cause mortality in CLD patients with COVID-19" and population controls with COVID-19, matched at the index date

All-Cause N exposed (%) N death (%) Incidence rate (95% Cl) HR (95% Cl) Adjusted HR*
Mortality (95% Cl)
Liver disease Comparators Liver disesase Comparators Liver disease Comparators

Any COVID-19 566 1832 53(9.4%) 158 (8.6%) 0.5 (0.3-0.6) 0.5 (04-0.5) 1.08 (0.79-1.48) 0.85(0.61-1.19)
infection’

Cirrhosis 51 114 9 (17.6%) 15 (13.2%) 1.0 (0.3-1.6) 0.7 (04-1.1) 1.36(0.59-3.10) 0.81(0.30-2.17)

No Cirrhosis 515 1718 44 (8.5%) 143 (8.3%) 04 (0.3-0.6) 0.5 (04-0.5) 1.02 (0.73-1.43) 0.80(0.56-1.15)
Hospitalized with 161 435 23 (14.3%) 74 (17.0%) 0.6 (0.4-0.9) 0.8 (0.6-1.0) 0.82(0.51-1.31) 091 (0.54-1.51)
COVID-19

CLD, chronic liver disease; N, number; Cl, confidence interval; PY, person-years; HR, hazard ratio

" Adjusted for age, sex, index year, education, Nordic country of birth, and medical comorbidities at index date (i.e. cardiovascular disease, diabetes, chronic
obstructive pulmonary disease, end-stage renal disease, alcohol use disorder, obesity/dyslipidemia, obstructive sleep apnea, cancer, psychiatric disease)

' Any COVID-19 was defined as either a recorded diagnosis of COVID-19 or hospitalization for COVID-19 (see “Methods” and Additional file 1: Table S3 for definitions)

including after propensity score-matching for important
clinical comorbidities, and further after comparing CLD
patients with full siblings. Perhaps most importantly of
all, among individuals diagnosed with verified COVID-
19, the presence of CLD—including underlying cirrho-
sis—did not predict overall mortality.

Published data linking CLD to COVID-19 outcomes
are limited and conflicting, with some studies demon-
strating higher rates of ICU admissions or death in CLD
patients with COVID-19 [3-7], while others have found
null associations [8]. Our findings are broadly consistent
with a recent meta-analysis of 3 studies, which found that
the odds of developing severe COVID-19 did not differ
substantially, between patients with pre-existing CLD
and controls (pooled OR=0.81, 95% CI 0.31-2.09) [8].
However, that meta-analysis included just 70 patients
with CLD, and recorded very few events, and thus had
limited generalizability and produced imprecise risk

estimates. Moreover, prior registry-based studies to
date have restricted enrollment to subjects admitted to
the hospital or to the ICU with COVID-19, which could
introduce substantial selection bias, as patients were
identified using non-systematic approaches that focused
uniquely on severe cases or those with active Hepatology
involvement in patient care [4, 18].

In contrast, by leveraging the comprehensive, nation-
wide data of the Swedish healthcare registers, the current
study included more subjects with confirmed CLD than
any prior study, to date, as well as over 182,000 matched
population controls. This allowed us to calculate more
precise absolute and relative risks for the development of
clinically-meaningful COVID-19, on a nationwide scale.

We found that patients with biopsy-confirmed CLD
had an increased risk of hospitalization for COVID-19,
but the magnitude of that risk was modest. It is possi-
ble that patients with established CLD were more likely
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Panel 2A. Patients with any COVID-192
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COVID-19, see “Methods” and Additional file 1: Table S3

Fig. 2 Time from any COVID-19 infection (panel A) or hospitalization with COVID-19 (panel B) to all-cause mortality, among patients with chronic
liver disease and population controls, matched at the index date'. 'Index date was defined as the date of index liver biopsy among patients with
chronic liver disease or the equivalent matching date among population controls (see “Methods” for details). Subjects were matched by age,

sex, calendar year and county of residence, and follow-up began on February 1, 2020. 2For definitions of any COVID-19 and hospitalization with

Panel 2B. Patients Hospitalized with COVID-19?2
25%
20%

15%

10%

5%

0%

T
0 25 50 75 100 125 150
Follow-up days
Subjects (events)
Liver disease 161 (16) 142 (5)
Comparators 435 (65) 368 (7) 323 (2)

131 (2) 102 (0) 66 (0) 17 0) 0
229 (0) 149 (00 28 (0) 1

Liverdisease ———-—- Comparators

to receive COVID-19 testing, and further that there may
have been a lower threshold to hospitalize this vulnerable
population, upon receipt of a positive COVID-19 test. In
contrast, the rates of developing severe COVID-19 were
similar when we compared CLD patients to matched
population controls; moreover, among patients diag-
nosed with COVID-19, the presence of underlying CLD
did not predict overall mortality. These latter findings are
less susceptible to ascertainment bias, and they remained
similar in CLD patients with and without cirrhosis. Over-
all, our results are quite reassuring, for they suggest that
patients with biopsy-confirmed CLD—including those
with cirrhosis—are not predisposed to developing severe
COVID-19.

This study benefits from a nationwide population with
prospectively-recorded histopathology and strict, vali-
dated definitions of specific etiologies of CLD and cir-
rhosis. We leveraged comprehensive data from all of
Sweden’s 83 non-neonatal intensive care units, and the
Swedish registers provide near-complete follow-up for
the entire population, permitting calculation of more
precise absolute and relative risk estimates, while mini-
mizing the inherent limitations of previous, smaller stud-
ies. We constructed a propensity score-matched model
to account for comorbidities and relevant medication use
recorded up to 2016, and our unique sibling analyses ena-
bled us to minimize potential confounding from shared
genetics and early environmental factors.

We acknowledge several limitations. First, CLD
was defined histologically and not all patients with
CLD (including some with decompensated cirrho-
sis) undergo biopsy, which could introduce selection

bias. Due to our study design, we may have had a
lower prevalence of patients with advanced cirrho-
sis, because such patients would be more likely to
have died between the date of index liver biopsy and
the start date of the study period. We cannot rule out
that an overrepresentation of patients with milder cir-
rhosis contributed to the lack of association between
cirrhosis and severe COVID-19 in our paper. That our
study design requested patients to survive from 2016 to
2020 is also likely to explain the low prevalence of per-
sons with ALD, since such patients also have a dismal
prognosis [19]. Thus, our results should be interpreted
carefully when applied to patients with decompen-
sated cirrhosis that might be at a higher risk for severe
outcomes. However, our hazard estimates were con-
sistent in subgroups restricted to more recent time-
periods, and they also are broadly consistent with those
reported in a recent meta-analysis, which found a null
association between underlying CLD and the odds of
developing severe COVID-19 (n=70 subjects with
CLD from 3 studies; pooled OR, 0.81, 95% CI 0.31—
2.09) [8]. Second, ICU admission depends upon numer-
ous factors including age and comorbidities, and we
lacked ICU-level data regarding thresholds for admis-
sion. We cannot rule out that admission criteria to
the ICU may have changed during the pandemic with
a secondary impact on mortality rates. While we were
unable to examine the risk of invasive ventilation, such
measures are only offered through the ICU in Sweden.
Third, while it is reassuring that severe COVID-19 did
not appear to occur more frequently in CLD patients,
compared to controls, with a relatively small number of
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endpoints it is possible that our statistical power was
limited in certain subgroups and even for one of our
main outcomes: severe COVID-19.

Fourth, despite multivariable adjustment and
propensity-score matching for numerous comor-
bidities including COPD, obesity/dyslipidemia, car-
diovascular disease, ESRD and alcohol use disorder, our
cohort lacked detailed data regarding body mass index or
smoking, which may be important risk factors for devel-
oping severe COVID-19. We also lacked access to clinical
data to calculate Child—Pugh or model for end-stage liver
disease (MELD) scores in persons with cirrhosis. Moreo-
ver, we did not have data on progression, or regression,
of liver disease or covariates after December 31, 2016,
nor did we have data regarding treatment for viral hepa-
titis or autoimmune liver disease. Therefore, some cases
might have progressed to cirrhosis or had a modest
degree of regression, after the initial biopsy. It is also pos-
sible that a small number of controls may have developed
CLD in 2017-2020, but such numbers should be small
and unlikely to impact on our risk estimates. Fifth, the
Swedish population is primarily Caucasian, underscoring
the need for continued research in racially and ethnically
diverse populations. Finally, by nature of the national
registries, it is possible that some patients with asymp-
tomatic COVID-19 were not included as cases. How-
ever, the outcomes assessed in this study are likely to be
more informative and clinically relevant for patients and
providers, as they capture more severe manifestations
of disease. We also had no individual-level information
regarding specific precautions taken by patients with and
without CLD, during the pandemic.

Clinical implications

The lack of a clear association between CLD and severe
COVID-19 differentiates liver disease from for instance
cardiovascular disease which has been linked to a poorer
prognosis in COVID-19. This also points towards the
specificity of COVID-19 and it should be emphasized
that CLD may very well be an important risk factor
for both incident and death from other pandemics in
the future. We also acknowledge that our study design
requiring patients to survive from 2016 to 2020 may have
impacted on our risk estimates.

In conclusion, within a nationwide, population-based
cohort of more than 42,000 patients with biopsy-con-
firmed CLD, we found a modestly increased risk of
COVID-19 hospitalization, but no increased risk of
developing severe COVID-19. Moreover, among individ-
uals diagnosed with COVID-19, the presence of underly-
ing CLD did not predict overall mortality.
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