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Summary
Background Pulmonary fibrosis is characterized by lung parenchymal destruction and can increase morbidity and
mortality. Pulmonary fibrosis commonly occurs following hospitalization for SARS-CoV-2 infection. As there are
medications that modify pulmonary fibrosis risk, we investigated whether distinct pharmacotherapies
(amiodarone, cancer chemotherapy, corticosteroids, and rituximab) are associated with differences in post-COVID-
19 pulmonary fibrosis incidence.

Methods We used the National COVID-19 Cohort Collaboration (N3C) Data Enclave, which aggregates and
harmonizes COVID-19 data across the United States, to assess pulmonary fibrosis incidence documented at least
60 days after COVID-19 diagnosis among adults hospitalized between January 1st, 2020 and July 6th, 2022
without pre-existing pulmonary fibrosis. We used propensity scores to match pre-COVID-19 drug-exposed and
unexposed cohorts (1:1) based on covariates with known influence on pulmonary fibrosis incidence, and
estimated the association of drug exposure with risk for post-COVID-19 pulmonary fibrosis. Sensitivity analyses
considered pulmonary fibrosis incidence documented at least 30- or 90-days post-hospitalization and pulmonary
fibrosis incidence in the COVID-19-negative N3C population.

Findings Among 5,923,394 patients with COVID-19, we analyzed 452,951 hospitalized adults, among whom
pulmonary fibrosis incidence was 1.1 per 100-person-years. 277,984 hospitalized adults with COVID-19 were
included in our primary analysis, among whom all drug exposed cohorts were well-matched to unexposed cohorts
(standardized mean differences <0.1). The post-COVID-19 pulmonary fibrosis incidence rate ratio (IRR) was 2.5
(95% CI 1.2–5.1, P = 0.01) for rituximab, 1.6 (95% CI 1.3–2.0, P < 0.0001) for chemotherapy, and 1.2 (95% CI
1.0–1.3, P = 0.02) for corticosteroids. Amiodarone exposure had no significant association with post-COVID-19
pulmonary fibrosis (IRR = 0.8, 95% CI 0.6–1.1, P = 0.24). In sensitivity analyses, pre-COVID-19 corticosteroid use
was not consistently associated with post-COVID-19 pulmonary fibrosis. In the COVID-19 negative hospitalized
population (n = 1,240,461), pulmonary fibrosis incidence was lower overall (0.6 per 100-person-years) and for
patients exposed to all four drugs.

Interpretation Recent rituximab or cancer chemotherapy before COVID-19 infection in hospitalized patients is
associated with increased risk for post-COVID-19 pulmonary fibrosis.
Abbreviations: CI, Confidence interval; DLCO, Diffusion capacity of the lung for carbon monoxide; FVC, Forced vital capacity; HR, Hazard ratio; HRCT,
High-resolution computed tomography; ILD, Interstitial lung disease; IPF, Idiopathic pulmonary fibrosis; IRB, Institutional review board; PF, Pul-
monary fibrosis; PFT, Pulmonary function testing; SD, Standard deviation
*Corresponding author. Section of Pulmonary & Critical Care, Department of Medicine, Committee on Clinical Pharmacology & Pharmacogenomics,
The University of Chicago, 5841 S. Maryland Ave., Chicago, IL 60637, USA.

E-mail address: deji@uchicago.edu (A. Adegunsoye).
iDenotes equal contribution.

www.thelancet.com Vol 25 September, 2023 1

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:deji@uchicago.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lana.2023.100566&domain=pdf
https://doi.org/10.1016/j.lana.2023.100566
https://doi.org/10.1016/j.lana.2023.100566
https://doi.org/10.1016/j.lana.2023.100566
www.thelancet.com/digital-health


Articles

2

Funding The analyses described in this publication were conducted with data or tools accessed through the NCATS
N3C Data Enclave https://covid.cd2h.org and N3C Attribution & Publication Policy v1.2-2020-08-25b supported by
NIH K23HL146942, NIH K08HL150291, NIH K23HL148387, NIH UL1TR002389, NCATS U24 TR002306, and a
SECURED grant from the Walder Foundation/Center for Healthcare Delivery Science and Innovation, University
of Chicago. WFP received a grant from the Greenwall Foundation. This research was possible because of the
patients whose information is included within the data and the organizations (https://ncats.nih.gov/n3c/
resources/data-contribution/data-transfer-agreement-signatories) and scientists who have contributed to the on-
going development of this community resource (https://doi.org/10.1093/jamia/ocaa196).

Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Pulmonary fibrosis; Post-COVID; Pharmacotherapy; SARS-CoV-2; Rituximab
Research in context

Evidence before this study
We searched PubMed, Medline, and European PMC for studies
published before January 1, 2023, with the search terms
“amiodarone”, “cancer chemotherapy”, “corticosteroids”,
“rituximab”, “COVID”, “pulmonary fibrosis”, and “interstitial
lung disease”. We found no studies reporting associations
between these pharmacotherapeutic agents and risk of post-
COVID-19 pulmonary fibrosis.

Added value of this study
We found that treatment with rituximab or cancer
chemotherapies prior to hospitalization was associated with

an increased risk of post-hospitalization pulmonary fibrosis
among patients who were hospitalized in the United States
with SARS-CoV-2 infection.

Implications of all the available evidence
Hospitalized patients with SARS-CoV-2 infection who received
rituximab or cancer chemotherapies prior to hospitalization
may be at an increased risk of post-COVID-19 pulmonary
fibrosis. Strategies for risk mitigation should be considered.
Introduction
Pulmonary fibrosis is characterized by the destruction of
normal lung parenchymal structure, often leading to
irreversible architectural distortion, gas exchange
impairment, reduced quality of life, and higher mor-
tality. Current literature suggests substantially impaired
lung function is present in COVID-19 survivors after
hospitalization.1–3 Pulmonary fibrosis following SARS-
CoV-2 respiratory viral infection occurs as a sequela of
severe lung damage in which a significant fraction of
patients hospitalized with acute respiratory distress
syndrome develop progressive pulmonary fibrosis.4

Radiological evidence of post-COVID-19 pulmonary
fibrosis is common on chest CT scans of patients with
severe COVID-19.5–8 These persistent abnormalities vary
in prevalence from a tenth to three-quarters of patients
requiring hospitalization or recurring outpatient care at
60 days after first COVID-19 diagnosis.9,10 With over 640
million people diagnosed with COVID-19, and world-
wide mortality exceeding six million deaths, there is a
pressing need to identify factors that may complicate the
post-infection course and increase the risk of post-
COVID-19 pulmonary fibrosis.11

There are several potential risk factors for the
development of pulmonary fibrosis in COVID-19 pa-
tients, including older age, male sex, preexisting lung
conditions, and requirement for ventilation support.9–12

However, it is also possible that certain medications
could contribute to the development or worsening of
pulmonary fibrosis in patients with COVID-19, whereas
other medications might ameliorate pulmonary fibrosis
risk. Some medications have been shown to have toxic
effects on the lungs or to increase inflammation, which
may potentiate the development of pulmonary fibrosis.
For example, prolonged administration of amiodarone
or cancer chemotherapies such as bleomycin has long
been known to induce pulmonary fibrosis.13,14 In
contrast, immunomodulatory therapies such as corti-
costeroids and rituximab or other biological agents
directed against immune subcellular components are
often administered to ameliorate inflammatory pro-
cesses that may lead to pulmonary fibrosis.15,16 Whether
medications administered for comorbid diseases that
predated acute COVID-19 influence the development of
post-COVID-19 pulmonary fibrosis is unknown.

The objective of this study was to investigate whether
distinct classes of pharmacotherapy (amiodarone, can-
cer chemotherapies, corticosteroids, and rituximab) are
associated with the risk of post-COVID-19 pulmonary
fibrosis. We hypothesized that the use of amiodarone or
cancer chemotherapies prior to SARS-CoV-2 infection
would be associated with an increased risk of post-
www.thelancet.com Vol 25 September, 2023
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COVID-19 pulmonary fibrosis, while the use of corti-
costeroids or rituximab would be associated with a
decreased risk of post-COVID-19 pulmonary fibrosis in
hospitalized patients with SARS-CoV-2 infection. We
used a national electronic health record data repository
to determine the relative risk of post-COVID-19
pulmonary fibrosis based on the data available for
hospitalized adults (aged 18 years and older) at 60 days
post-hospitalization for SARS-CoV-2 infection by
pre-infection drug exposure.
Methods
Study setting
Our analysis was conducted with electronic health re-
cord (EHR) data using tools accessed through the Na-
tional COVID-19 Cohort Collaboration (N3C) Data
Enclave (see Supplementary Material page 5).17 The N3C
repository is hosted and supported by the National In-
stitutes of Health (NIH) National Center for Advancing
Translational Sciences (NCATS). N3C aggregates and
harmonizes EHR data for patients with laboratory-
confirmed or suspected COVID-19 during encounters
after January 1, 2020 from sites across the United
States.17 Based on demographic characteristics, COVID-
19 positive cases are matched to COVID-19 negative
controls at a ratio of 1:2.18 For each patient, N3C data
contributors were asked to provide all available historical
details from their EHRs within 2 years before the pa-
tient’s first recorded COVID-19 test date (or diagnosis
date if no prior test was recorded) and all details after
that date, including drug exposure information, with
detailed inpatient and outpatient records. The study
followed the Strengthening the Reporting of Observa-
tional studies in Epidemiology guidelines (see
Supplementary Material page 3).19

Study population
We identified adult (age ≥18 years) patients in the N3C
enclave who had laboratory-confirmed SARS-CoV-2
infection (at least one positive SARS-CoV-2 PCR or an-
tigen test result) or suspected18 COVID-19 from January
1, 2020 to June 31, 2022 (see Fig. 1). COVID-19 index
date was defined as the first positive SARS-CoV-2 PCR
or antigen test or first COVID-19 diagnosis. Subsequent
COVID-19 diagnoses were not factored into the ana-
lyses. Patients were included if they were hospitalized
with COVID-19, defined as the first hospitalization
encounter between one day before and 14 days after
their first COVID-19 diagnosis. Our analyses were
limited to inpatients with complete hospitalization epi-
sodes, as documented in the EHR by either discharge or
death. Patients who did not have a follow-up visit at least
60 days after their index date or who died within the first
60 days after their first COVID-19 diagnosis were
excluded from analysis because their outcome status
could not be assessed. Patients who were diagnosed
www.thelancet.com Vol 25 September, 2023
with pulmonary fibrosis before day 60 that was not also
recorded after day 60 were not labeled as having pul-
monary fibrosis to reduce the risk of capturing acute
COVID-19 lung damage that does not progress to
chronic pulmonary fibrosis.20–22 We excluded patients
who had a pre-existing diagnosis of pulmonary fibrosis,
as identified by whether that diagnosis, defined by the
“pulmonary fibrosis ITM” concept set (See
Supplementary Table S1), was assigned at any time
prior to or on the same day as their first COVID-19
positive test.23 Lung CT imaging and pulmonary func-
tion test results were not meaningfully available in the
N3C data enclave (FVC and/or DLCO results were
available for approximately 1% of the full cohort);
therefore pulmonary fibrosis was limited to diagnoses
captured in the EHR. We excluded patients with
missing data on age, sex, hospitalization status, and
those with implausible data points, such as COVID-19
diagnosis in 2017 or individuals for whom the date of
death predated their date of admission. Our analyses
included 54 clinical sites that met N3C standards of data
quality for analysis.

Pre-COVID-19 infection drug exposure definition
Included patients were categorized based on exposure
prior to COVID-19 diagnosis to four drugs of interest:
rituximab, cancer chemotherapeutic agents, systemic
corticosteroids, and amiodarone. Patients were consid-
ered exposed if the drug’s effects could have reasonably
been anticipated to persist at the time of COVID-19
infection. Therefore, we designated the exposure win-
dow for rituximab24 as six months prior to the COVID-
19 index date, systemic corticosteroids25 as two weeks
prior, chemotherapy26–28 as two years prior, and amio-
darone29 as four months prior. Because evidence
emerged several months into the COVID-19 pandemic
that demonstrated corticosteroid use (e.g., dexametha-
sone) could reduce mortality,30 the timeframe for corti-
costeroids excludes the period beginning 24 h prior to
the first COVID-19 diagnosis date up to time of death or
discharge. This avoids capturing corticosteroid use to
treat COVID-19 rather than comorbid disease. Exposure
group membership was determined independently by
drug and was not mutually exclusive across groups.

Statistical analysis
We constructed propensity scores using a logistic
regression model including covariates selected a priori
to predict the probability of exposure to each drug before
COVID-19 diagnosis. Covariates included in all models
were age at COVID-19 diagnosis, sex, race, ethnicity,
modified Charlson Comorbidity Index (mCCI) score,
history of chronic lung diseases, and contributing data
site. Several sites contributed too few patients to esti-
mate statistical associations between data partner
membership and drug exposure or our outcome in
multivariable models. Therefore, for each drug exposure
3
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Fig. 1: STROBE diagram depicting flow chart of adult hospitalized patients in the COVID-19 positive and COVID-19 negative population.
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cohort we created a categorical variable with levels for
each data partner whose patient counts exceeded five
percent of the exposed cohort, and the remaining pa-
tients aggregated into an “Other Data Partners” cate-
gory. We masked the N3C data partner identifiers with
an arbitrary identifier for this manuscript. The mCCI
was calculated as described by Quan et al.31 For each
examined drug, additional covariates include comor-
bidities associated with the drug type: (i) connective
tissue disease for rituximab and steroids; (ii) cancer for
chemotherapy; and (iii) arrhythmia for amiodarone.

We used R’s MatchIt package,32 with a 1:1 nearest
neighbor matching algorithm without replacement, and
a caliper of 0.2 pooled standard deviations32 (SDs) of the
estimated propensity score to generate comparison
groups. We assessed covariate balance independently of
sample size by evaluating the absolute value of the
standardized mean difference (SMD), interpreting an
SMD greater than 0.1 as significant. Continuous vari-
ables are presented as means with SDs and categorical
variables as frequency with percentages. All statistical
tests were two-sided and a p-value of less than 0.05 was
considered statistically significant.

The primary outcome was new diagnosis of pulmo-
nary fibrosis documented at least 60 days after first
COVID-19 diagnosis to remove candidates who only had
acute COVID-19 lung damage.21,33–37 Patients were fol-
lowed from their COVID-19 index date to either their
diagnosis of pulmonary fibrosis or if never diagnosed
with pulmonary fibrosis, their most recent outpatient
follow-up visit. If they had a pulmonary fibrosis diag-
nosis at least once after 60 days, they were counted as
having pulmonary fibrosis, and outcome status was not
changed based on additional follow up visits.

We calculated the incidence rate as number of cases
per 100 person-years for the matched drug exposed and
control groups. We then used a Poisson regression
model to estimate each drug’s post-COVID-19 pulmo-
nary fibrosis incidence rate ratio. Cluster-robust stan-
dard errors that accounted for the site-level clustering of
the data were used to calculate 95% confidence in-
tervals.38 We then estimated adjusted outcome models
which included indicator variables for COVID-19
vaccination status (patients were considered vaccinated
if they had any vaccine dose at least 14 days before their
first COVID-19 indication), and receiving COVID-
specific therapies (dexamethasone, Remdesivir, and
immunomodulatory drugs) during hospitalization.

All analyses were complete case analyses and were
performed using Python version 3.639 and R version
3.540 within the N3C Data Enclave.

Sensitivity analysis
Primary outcome sensitivity analyses
We performed sensitivity analyses that alternatively
applied more stringent and lenient cut-offs for new-
onset pulmonary fibrosis. We defined new-onset
www.thelancet.com Vol 25 September, 2023
pulmonary fibrosis in these sensitivity analyses as a
diagnosis documented at least (1) 30 days; and (2) 90
days after first COVID-19 diagnosis in keeping with
current European Respiratory Society recommendations
on Long COVID-19 follow-up for evidence of high-
resolution computerized tomography (HRCT)-identi-
fied pulmonary fibrosis.20 Patients were excluded if they
did not have a follow-up visit observed at least 30 days or
90 days after their index date; or if they died within 30 or
90 days, respectively. Additionally, we conducted a Cox
proportional hazard regression treating death as
censoring (death rates by cohort available in
Supplementary Table S9).

COVID-19 negative analysis
To comparatively assess the risk of new pulmonary
fibrosis after drug exposure and absent a COVID-19
diagnosis, we repeated this analysis among COVID-19
negative patients in the N3C Enclave. We identified
adult patients with a negative COVID-19 test and no
record of a positive COVID-19 test or diagnosis, from
January 1, 2020 to July 6, 2022. The index date was
defined as the first negative SARS-CoV-2 PCR or anti-
gen test. Patients were included if they were hospital-
ized within 14 days after their index date and if at least
60 days have passed since their index date. We excluded
patients that had an existing pulmonary fibrosis diag-
nosis, defined as being present on or before their index
date. All statistical analytic methods were conducted as
described in the primary analysis.

Ethical review
This study was approved by the University of Chicago
Institutional Review Board with a waiver of the
informed consent requirement (IRB21-0650, approved
on 4/30/2022). This study was approved by the N3C data
request review committee under DUR-7DB5C39. The
N3C data transfer to NCATS is performed under a
Johns Hopkins University Reliance Protocol #
IRB00249128 or individual site agreements with NIH.
The N3C Data Enclave is managed under the authority
of the NIH; information can be found at https://ncats.
nih.gov/n3c/resources.

Role of the funding source
The funders had no role in study design, data collection,
data analysis, data interpretation, or writing of the report.
Results
We analyzed data for 5,923,394 patients with a recorded
diagnosis of COVID-19 between January 1st, 2020 and
July 6th, 2022, of whom 452,951 were hospitalized
adults with no pre-existing pulmonary fibrosis or pul-
monary fibrosis within the first 14 days of hospitaliza-
tion and all of whom had valid death, last follow-up, and
COVID-19 diagnosis dates.
5
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Propensity score matching
COVID-19 positive patients who had exposure to the
four drugs of interest (rituximab n = 1035, chemother-
apeutic agent n = 9011, systemic corticosteroids
n = 43,862, and amiodarone n = 5861) were well-
matched (Fig. 2; i.e., standardized mean difference
(SMD) of <0.1 for each covariate) to patients without
exposure to that drug. There were 3021 observations
(6%) in the corticosteroid cohort that could not be
matched because they fell outside the caliper range and
were thus removed. There were three removed obser-
vations in the rituximab cohort, one from the chemo-
therapeutic agent group, and one from the amiodarone
cohort (less than 1% in each). Matching results were
similar in the 30-day and 90-day cohorts used in sensi-
tivity analyses (see Supplementary Figures S1 and S2).

Population descriptive statistics
All matched cohorts (See Supplementaary Tables S2–
S5) were predominantly White (rituximab = 69%
[1415/2064], chemotherapy = 65% [11,620/18,022],
Fig. 2: Covariate balance pre- and post- pro
steroid = 61% [53,085/87,724], amiodarone = 68%
[7953/11,722]) and non-Hispanic (rituximab = 82%
[1698/2064], chemotherapy = 84% [15,045/18,022], ste-
roid = 80% [70,321/87,724], amiodarone = 86% [10,073/
11,722]), and most were predominantly female (ritux-
imab = 53% [1098/2064], chemotherapy = 58% [10,467/
18,022], steroid = 56% [48,700/87,724], amiodar-
one = 37% [4342/11,722]). The mean age ± SD ranged
from 57 ± 16 years in the rituximab cohort, 58 ± 16 years
in the corticosteroid cohort, 60 ± 17 years in the
chemotherapy cohort and 67 ± 13 years in the amio-
darone cohort. Because steroids are given for a broad
range of conditions, we have included the proportion of
underlying conditions in Supplementary Table S6.

In the matched rituximab COVID-19 cohort
(n = 2064), mean follow-up was 419 days (SD 232; me-
dian follow-up 373 days [IQR 232–599]). In the matched
chemotherapeutic agent COVID-19 cohort (n = 18,022),
mean follow-up was 336 days (SD 334; median follow-
up 285 days [IQR 166–500]). In the matched systemic
corticosteroid COVID-19 cohort (n = 87,724), mean
pensity score matching, 60-day cohort.

www.thelancet.com Vol 25 September, 2023
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Fig. 3: Incidence Rate Ratios, new PF diagnosis at least 60 days post COVID-19 diagnosis.
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follow-up was 343 days (SD 205; median follow-up 298
days [IQR 171–508]). In the matched amiodarone
COVID-19 cohort (n = 11,722), mean follow-up was 325
days (SD 203; median follow-up 269 days [IQR
157–489]).

Incidence of new pulmonary fibrosis during follow-
up
The overall incidence of new pulmonary fibrosis was 1.1
per 100 person-years among our 452,951 COVID-
positive hospitalized patients. The mean follow-up
duration after index date was 1.17 years for patients
who developed pulmonary fibrosis and 1 year for those
who did not.

The incidence of pulmonary fibrosis in patients
exposed to rituximab was 2.8 cases per 100 person-
years compared with 1.1 cases per 100 person-years
in the matched controls (IRR = 2.5, 95% CI 1.2–5.0,
P = 0.01) (Fig. 3). Among patients exposed to chemo-
therapy, the incidence of pulmonary fibrosis was 2.2
per 100 person-years compared to 1.3 per 100 person-
years (IRR = 1.6, 95% CI 1.3–2.0, P < 0.0001). The
incidence rate ratios (IRR) and confidence intervals for
rituximab and chemotherapy exposures were not
www.thelancet.com Vol 25 September, 2023
changed appreciably by adjusting our analyses for
vaccination status or COVID-specific therapies
received during hospitalization. The incidence of new
pulmonary fibrosis among people exposed to cortico-
steroids was 1.5 per 100 person-years compared to 1.2
per 100 person-years in the unexposed matched cohort
(IRR = 1.2, 95% CI 1.0–1.3, P = 0.02). There was no
significant association between amiodarone and pul-
monary fibrosis (IRR = 0.8, 95% CI 0.6–1.1, P = 0.24)
(Fig. 3).

The results of our sensitivity analyses (see
Supplementary Figures S3 and S4) using a more lenient
(30 days) and more strict (90 days) follow-up show that
the IRR for pulmonary fibrosis following exposure to
rituximab and chemotherapy increases as the time in-
terval increases (from IRR = 1.9 at 30 days to
IRR = 2.6 at 90 days for rituximab and IRR = 1.4 at 30
days to IRR = 1.6 at 90 days for chemotherapy), indi-
cating that when the diagnosis of pulmonary fibrosis is
most certain (at 90 days) the association of rituximab
exposure and chemotherapy exposure and new pulmo-
nary fibrosis diagnosis is greatest. The IRR for cortico-
steroids and amiodarone remains similar across all
follow-up time periods.
7
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We also analyzed models with age–drug interactions,
to test for graduated pulmonary fibrosis IRRs by age.
None of the interaction term estimates were statistically
significant (Supplementary Table S7). Analyses among
the corticosteroid population removing caliper re-
strictions on the propensity score matching stage found
similar results (See Supplementary Table S8).

Our Cox regression models found similar results,
with the rituximab HR = 2.5 (95% CI 1.2–5.0), chemo-
therapy HR = 1.7 (95% CI 1.3–2.2), corticosteroid
HR = 1.2 (95% CI 1.1–1.4), and amiodarone HR = 0.8
(95% CI 0.6–1.1) (Supplementary Figure S5).

COVID-19 negative analysis
Among our COVID-19 negative population
(n = 1,240,461), the overall rate of new pulmonary
fibrosis diagnosis at 60 days was 0.5 per 100 person
years, half the rate of the COVID-19 positive population.
The IRRs for all four drugs were greater than 1 and
statistically significant, indicating that exposure to these
drugs is associated with greater rates of pulmonary
fibrosis independent of COVID-19 diagnosis (Fig. 4).
The IRR of new pulmonary fibrosis among those
exposed to rituximab was 1.7 (95% CI 1.0–2.9, P = 0.03),
lower than the IRR among the COVID-19 positive
population. The IRRs for chemotherapy (IRR = 1.7, 95%
CI 1.5–1.9, P < 0.0001) and steroids (IRR = 1.3, 95% CI
1.2–1.4, P < 0.0001) were similar to the COVID-19
positive population IRRs. However, unlike in the
COVID-19 positive population, there was a significant
association between amiodarone and pulmonary fibrosis
(IRR = 1.4, 95% CI 1.2–1.7, P < 0.0001).

Cox regression models among the COVID-19 nega-
tive population also found similar results, with the rit-
uximab HR = 1.5 (95% CI 0.9–2.6), chemotherapy
HR = 1.6 (95% CI 1.4–1.8), corticosteroid HR = 1.2 (95%
CI 1.1–1.3), and amiodarone HR = 1.4 (95% CI 1.1–1.6).
Discussion
In this nationwide cohort study, we examined the as-
sociation between several commonly-used medications
and the risk of post-COVID-19 pulmonary fibrosis. We
found that rituximab and cancer chemotherapeutic
drugs were associated with an increased risk of post-
COVID-19 pulmonary fibrosis in COVID-positive in-
dividuals compared to those who did not receive these
medications. This increased risk was observed over and
above the risk of these medications in those who did not
contract COVID.

We summarized risk for pulmonary fibrosis using
incidence risk ratios with findings that are informative
for public health and of interest to patients and clini-
cians. While new cases of idiopathic pulmonary fibrosis
were reported in the general US population to occur at
an annual rate of 93.7 per 100,000 person-years in 2011,
overall, the number of pulmonary fibrosis cases has
been increasing in incidence.41,42 As such, the U.S.
annual incidence of preclinical cases of pulmonary
fibrosis is presently much higher at 1023 per 100,000
person-years (95% CI 511–1831).43 Our conservative
estimates of pulmonary fibrosis incidence in those who
did not contract COVID-19 were on the lower end of this
spectrum at 600 per 100,000 person-years. However,
these estimates appear higher after COVID-19 hospi-
talization, with an annual incidence of 1100 per 100,000
person-years. In parallel, recent studies suggest that this
tremendous increase in lung parenchymal distortion
may ultimately impact up to eleven percent of patients
after hospitalization with COVID.9

A plethora of evidence implicates commonly used
pharmacotherapy in the subsequent development of
pulmonary fibrosis (www.pneumotox.com). These
include the prolonged use of cancer chemotherapeutic
drugs (such as bleomycin or gemcitabine), rheumato-
logic medications (such as rituximab), amiodarone, and
antibiotics, which together constitute the most common
drug causes of pulmonary fibrosis.44 Conversely,
immunomodulatory medications such as corticoste-
roids, directed against immune cells or cytokines, may
be given for inflammatory lung conditions and are
thought to inhibit related pathways that contribute to the
pathogenesis of pulmonary fibrosis.15 However, recent
evidence suggests that prolonged corticosteroid admin-
istration may be detrimental in idiopathic pulmonary
fibrosis.45,46

Rituximab is a monoclonal antibody that works by
targeting CD20-positive B cells and is used to treat a
variety of autoimmune and lymphoproliferative disor-
ders. Treatment with rituximab considerably increases
the risk of developing severe post-COVID-19 outcomes
(risk ratios 1.7–5.5).47 Similar to other biologic disease-
modifying anti-rheumatic agents such as Tofacitinib,48

the use of rituximab has been linked to lung toxicity
and fibrosis.44,49,50 However, the mechanism by which
rituximab may increase the risk of post-COVID-19
fibrosis is not fully understood. It is possible that the
drug’s immunosuppressive effects may disrupt the
body’s ability to effectively clear viral infections, leading
to an increased risk of fibrosis. Alternatively, rituximab
may directly alter the fibrotic process itself, either
through its effects on B cells or through other mecha-
nisms. Rituximab significantly increased pulmonary
fibrosis risk when compared to matched controls in the
COVID-negative population. However, this risk was
substantially amplified among patients within the
COVID-positive population that were exposed to ritux-
imab suggesting a synergistic effect with SARS-CoV-2
infection on the fibrotic process. Further research is
needed to fully understand the underlying mechanisms
by which rituximab may increase the risk of post-
COVID-19 fibrosis.

Chemotherapy, in which drugs are administered to
kill cancer cells, was also associated with an increased
www.thelancet.com Vol 25 September, 2023
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Fig. 4: Pulmonary fibrosis (PF) incidence at least 60 days post COVID-19 testing across all four drug categories in the COVID-19 negative and the
COVID-19 positive populations. *Significant P-value for within-group t-test comparisons between propensity-matched drug cohorts for all four
drugs in the COVID-19 negative and the COVID-19 positive populations; NS = non-significant.
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risk of post-COVID-19 pulmonary fibrosis. Patients with
cancer are particularly vulnerable to SARS-CoV-2
pneumonitis, and cancer chemotherapy is known to
have a range of side effects, including immunosup-
pression, which may increase the risk of infections,
severe organ complications, and death.51–56 Therefore, it
is possible that similar to sequelae observed among
patients infected with other RNA viruses, the immu-
nosuppressive effects of chemotherapy may lead to a
reactivation of SARS-CoV-2 in cancer patients who have
recovered from prior COVID-19 infection thus pro-
longing inflammation and heightening risk for post-
COVID-19 pulmonary fibrosis.57 We demonstrated a
statistically significant association between the use of
chemotherapy and the development of pulmonary
fibrosis consistent with previous studies that show a
higher incidence of pulmonary fibrosis in patients
receiving cancer chemotherapy.58–60 Additionally, several
mechanistic studies have shown that chemotherapeutic
agents activate fibroblast proliferation and collagen
synthesis, which are key pathogenic processes in the
development of pulmonary fibrosis.61–63 These results
www.thelancet.com Vol 25 September, 2023
provide strong rationale for further investigation into
the potential risks of chemotherapy and the need for
caution in prescribing these drugs in patients with acute
COVID. Further research is also needed to better un-
derstand the specific mechanisms by which chemo-
therapy may increase the risk of post-COVID-19
fibrosis.

The use of corticosteroids, a class of immunomod-
ulatory drugs used to reduce systemic inflammation and
frequently administered to patients with morphologic
inflammatory features within the lung parenchyma,15

was associated with a marginally increased risk of
post-COVID-19 pulmonary fibrosis when compared
with matched controls. Notably, this pulmonary fibrosis
risk was greater in COVID-positive individuals receiving
corticosteroid therapy compared to those in the COVID-
negative cohort who received corticosteroid therapy. As
corticosteroids are known to have a range of side effects,
including profound immunosuppression and the wors-
ening of outcomes in fibrotic lung disease,45 this
observation again raises the possibility of pulmonary
fibrosis propagation following the disruption of innate
9
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immunologic mechanisms responsible for effective viral
clearance. It is plausible that the use of corticosteroids
may propagate the fibrotic process that occurs in the
setting of COVID-19, leading to an increased risk of
post-COVID-19 fibrosis. However, further research is
needed to confirm this possibility and to understand the
specific mechanisms by which corticosteroids may in-
crease the risk of post-COVID-19 fibrosis.

Amiodarone, a drug that is used to treat heart
rhythm disorders, and strongly linked to occurrence of
pulmonary fibrosis,13,44 was not associated with an
increased risk of post-COVID-19 fibrosis. However, our
findings confirm that use of amiodarone amplifies the
risk of pulmonary fibrosis in the absence of SARS-CoV-
2 positivity.

Importantly, the risk of post-COVID-19 fibrosis
associated with the use of these medications appeared to
be independent of age. This suggests that the increased
risk of post-COVID-19 fibrosis may not be limited to
specific age groups, and highlights the importance of
considering the potential for these medications to in-
crease the risk of post-COVID-19 fibrosis in all
individuals.

Limitations
Our study has several inherent limitations. First, in our
analysis of this cohort, the code-based diagnoses and
drugs used for cohort identification, covariate annota-
tion, and outcome definitions are subject to user-created
concept sets within the N3C data enclave and preexist-
ing or follow-up lung CT imaging, pulmonary function
test results, development of symptoms, disease burden,
hospital/GP contacts, and new antifibrotic therapy use
were not meaningfully available. Despite thorough re-
view, it is possible that our analysis suffers from under-
identification or non-specific definitions of conditions
and drug exposures. In particular, the chemotherapy
concept set contains a wide range of therapeutics with
different mechanisms and toxicity profiles. Relatedly,
the data harmonization process may have resulted in
data being lost due to inconsistent definitions. Second,
data is only linked to that within the same N3C data
contributor (e.g., health system), and subjects with re-
cords at another N3C data contributor or a site not
included in N3C would not have their records linked to
our analysis. This may be particularly consequential in
the case of vaccination status, due to many patients
being vaccinated at retail pharmacies. Third, certain
patient level datapoints such as lung CT imaging report
and pulmonary function test indices were not captured
in the N3C enclave thus precluding our ability to
determine severity of lung function impairment, diag-
nostic ascertainment, progressive pulmonary fibrosis, or
the potential for improvement in lung injury over time
among those with a pulmonary fibrosis diagnosis. Thus,
our analyses were limited to diagnoses of pulmonary
fibrosis as documented by clinicians at the respective
clinical sites. Fourth, while we attempted to account for
covariates based on potential influence on the outcome
of new pulmonary fibrosis and/or exposure to the
selected drug, unmeasured variables may have influ-
enced exposure status, and there may be differential
impacts of measured variables (i.e. sex, ethnicity). For
example, N3C contained limited data on drug dosing
and duration prior to SARS-CoV2 infection and so we
were unable to account for potential implications of
drug dose or duration variation on the clinical trajectory
of patients with post-COVID-19 pulmonary fibrosis.
Additionally we were unable to account for preexisting
subclinical lung nodules or interstitial lung abnormal-
ities. Lastly, the different variants of SARS-CoV-2 that
were dominant during different waves of the COVID-19
pandemic may have had different potentials to induce
pulmonary fibrosis. Due to the date shifting in the N3C
deidentified dataset, we could not conduct sensitivity
analyses accounting for the dominant variant at the time
of COVID-19 diagnosis.

It is important to note that the IRRs obtained within
the COVID-positive and COVID-negative populations
were derived independently. As such, cross-cohort
comparisons of the magnitude of this risk should be
interpreted within that context. There may have been
other pulmonary fibrosis causing exposures in the non-
COVID population that were not accounted for, and
study participants taking these therapeutics were at
higher risk of developing pulmonary fibrosis regardless
of COVID.

In conclusion, in this cohort, the use of rituximab or
cancer chemotherapeutic drugs was associated with an
increased risk of pulmonary fibrosis in patients hospital-
ized with COVID-19. This information is of public health
significance for clinicians and patients navigating treat-
ment decisions together and would be valuable in guiding
future research. It is important to note that COVID might
not necessarily have been the pulmonary fibrosis causing
exposure in the COVID population, as study participants
taking these therapeutics may have been at higher risk of
developing pulmonary fibrosis regardless of COVID.
Although our study provides important insights into the
potential role of COVID-19 in the development of pul-
monary fibrosis, we also acknowledge that other factors
may contribute, and more research is needed to fully
understand this complex relationship.
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