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A B S T R A C T   

Our recently published study of >2.4 million adults in Northern California indicated that current versus never- 
tobacco smoking was associated with lower risk of SARS-CoV-2 infection and less severe coronavirus disease 
2019 (COVID-19). We extended this research by evaluating whether these associations were moderated by socio- 
demographic factors and medical comorbidities. This retrospective cohort study of 1,885,826 adults with current 
or never-smoking status in Kaiser Permanente Northern California from 3/5/2020 (baseline) to 12/31/2020 
(pre-vaccine) included electronic health record-based socio-demographics (sex, age, race/ethnicity, neighbor
hood deprivation index (NDI)) and medical comorbidities (obesity, cardiovascular conditions, diabetes, renal 
disease, respiratory conditions). We estimated the adjusted risk of SARS-CoV-2 infection and hospitalization 
(≤30 days of infection) associated with smoking status using Cox proportional hazard regression models. We 
estimated associations within subgroups of socio-demographics and comorbidities, and tested for effect modi
fication using interaction terms. During the study, 35,627 patients had SARS-CoV-2 infection. Current versus 
never-smoking status was associated with lower adjusted rates of SARS-CoV-2 infection (aHR ranging from 0.51 
to 0.89) and hospitalization (aHR ranging from 0.32 to 0.70) within nearly every socio-demographic and co
morbidity subgroup. Statistically significant interactions showed that the magnitude of protection for SARS-CoV- 
2 infection varied by sex, age, race/ethnicity, NDI, cardiovascular conditions and diabetes, and for SARS-CoV-2 
hospitalization by age and renal disease. Taken together, results indicated that while some socio-demographics 
and comorbidities moderated the associations, the lower risk of SARS-CoV-2 infection and hospitalization 
associated with current versus never-smoking status persisted among patients regardless of socio-demographics 
or comorbidities.   

1. Introduction 

The World Health Organization (WHO) has called for well-designed 
population-based studies to determine whether tobacco smoking is 
associated with SARS-CoV-2 infection and coronavirus disease 2019 
(COVID-19) severity (World Health Organization, 2023). While many 
prior studies have found that current versus never-smoking is associated 
with lower risk of SARS-CoV-2 infection (Simons et al., 2021; Lee et al., 
2021; Tsigaris and Teixeira da Silva, 2020; Paleiron et al., 2021; Prinelli 
et al., 2021; Nono Djotsa et al., 2022), studies of COVID-19 severity are 

equivocal (Farsalinos et al., 2021; Gulsen et al., 2020; Patanavanich and 
Glantz, 2020; Umnuaypornlert et al., 2021; Razjouyan et al., 2022). 
Existing research has suffered from limitations, including non- 
representative samples (e.g., voluntary participants, people tested for 
active infection, hospitalized patients), smoking status misclassification 
(e.g., due to inconsistent recording or combining former smoking with 
current or never-smoking), and inadequate adjustment for important 
potential confounders. 

Addressing many of these limitations, our recent retrospective cohort 
study of 2.4 million adults in Northern California within a closed 
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healthcare system followed from testing and infection to death, exam
ined the association between smoking status (never, former, current) 
and risk of SARS-CoV-2 infection and disease severity (Young-Wolff 
et al., 2023). Results indicated that current versus never tobacco 
smoking was associated with a lower risk of SARS-CoV-2 infection and 
lower risk of severe disease (hospitalization, intensive care unit [ICU] 
admissions, and death). Former versus never-smoking was associated 
with a slightly lower risk of SARS-CoV-2 infection and greater risk of 
hospitalization and death. The associations with former smoking were 
greatly reduced after adjusting for covariates. Given the strong associ
ations for current vs. never-smoking status, we sought to further inves
tigate whether these associations persisted across subgroups of patients 
at risk for more severe COVID-19 (e.g., racial/ethnic minorities, those 
with lower socioeconomic status, older age, male sex, and smoking- 
related comorbidities) (Razjouyan et al., 2022; Young-Wolff et al., 
2023; Karmakar et al., 2021). 

In the current population-based cohort study, we extended our prior 
work to test whether the associations between current versus never- 
smoking and polymerase chain reaction (PCR)-confirmed SARS-CoV-2 
infection and COVID-19-related hospitalization were moderated by pa
tient socio-demographics and medical comorbidities associated with 
increased risk for more severe COVID-19 (e.g., racial/ethnic minorities, 
those with lower socioeconomic status, older age, male sex, and 
smoking-related comorbidities) (Karmakar et al., 2021; Centers for 
Disease Control and Prevention, 2023; Pijls et al., 2022). Results are 
critical to inform better understanding of the epidemiology of SARS- 
CoV-2 infection and disease severity and to provide key information 
about whether differences in risks associated with current versus never- 
smoking vary among vulnerable subsets of the population. 

2. Methods 

2.1. Setting and population 

KPNC is a multispecialty, integrated healthcare delivery system 
serving >4 million diverse individuals who are representative of the 
insured population in Northern California (Gordon, 2020). Full details of 
this cohort have been presented previously (Young-Wolff et al., 2023). 
Briefly, we conducted a retrospective cohort study of KPNC enrollees 
from March 5, 2020 to December 31, 2020 and included patients aged 
≥18 years, with continuous KPNC health plan membership in the year 
prior (March 2019–March 2020), ≥1 in-person outpatient or inpatient 
non-emergency visit, and non-missing smoking status from March 5, 
2018-March 2020. The KPNC IRB approved and waived informed con
sent for this study. 

Of those 2,430,241 KPNC members meeting inclusion criteria, we 
excluded 120 (0.0%) missing sex and 2828 (0.1%) missing neighbor
hood deprivation index (NDI). For this follow-up study examining cur
rent versus never-smoking status, we additionally excluded 541,467 
(22.2%) patients with former smoking status, for a final sample of 
1,885,826 (eSupplement 1). 

2.2. Measures 

Measures have been described in detail elsewhere (Young-Wolff 
et al., 2023). Briefly, outcomes included: 1) SARS-CoV-2 infection 
documented by KPNC (based on a positive nasal/throat swab for SARS- 
CoV-2 by polymerase chain reaction [PCR]), and 2) COVID-19-related 
hospitalization (excluding hospitalizations associated with elective 
surgeries, trauma, and labor/delivery) from 5-days before to 30-days 
after a positive test. We did not include outcomes of ICU admission or 
death due to the small numbers of patients with these outcomes in 
stratified analyses. 

Tobacco smoking status from routine primary care screening by 
medical assistants while taking patients' vital signs was extracted from 
the Electronic Health Record [EHR] and defined as the most recent 

charted status during the 2 years before study start. 
Sociodemographics and medical comorbidities analyzed for evi

dence of moderation included age, sex, race/ethnicity, Medicaid insur
ance, NDI (Messer et al., 2006) (categorized into tertiles, with higher 
values representing greater deprivation), most recent documented body 
mass index (BMI = kg/m2; not obese<30 and obese≥30.0), and medical 
comorbidities associated with COVID-19 risk (diabetes, cardiovascular 
conditions [hypertension, atherosclerotic cardiovascular disease, car
diac dysrhythmias, heart failure], renal disease, and respiratory condi
tions [obstructive lung diseases, lung cancer, other lung conditions]) 
classified by ICD-10 codes (eSupplement 2) (Young-Wolff et al., 2023). 
Data on potential moderators were extracted from the EHR during the 2 
years before study start. 

2.3. Analysis 

First, we estimated the association of current vs never-smoking and 
the two study outcomes (SARS-CoV-2 infection & COVID-19 related 
hospitalization) within each socio-demographic and comorbidity sub
group using separate multivariable Cox proportional hazards regression 
models. Next, we tested whether these associations varied with socio
demographic characteristics and medical comorbidities by including a 
term for the interaction between smoking status and each moderator in 
multivariable Cox proportional hazards regression models. Following 
the same modeling framework as our prior study (Young-Wolff et al., 
2023), we adjusted for all socio-demographics and medical comorbid
ities except for smoking-related respiratory conditions, as they could be 
mediators rather than confounders. Respiratory conditions were only 
adjusted for in the model that examined an interaction between smoking 
status and respiratory conditions. We report the fully-adjusted hazard 
ratios (aHRs) and 95% confidence intervals (CI) from the stratified an
alyses, and the interaction p-values from the interaction models. 

As done previously (Young-Wolff et al., 2023), patients were fol
lowed from study start (March 5, 2020) until outcome occurrence, with 
censoring on death, health plan disenrollment, or study end (November 
30, 2020 for infection, December 31, 2020 for hospitalization). Patients 
with SARS-CoV-2 infection who were not hospitalized within 30 days of 
their positive PCR test were censored on the 30th day following that test. 
Analyses were conducted using SAS software, v9.4. Statistical signifi
cance was assessed at two-sided p < .05. 

3. Results 

The sample consisted of 1,739,938 (92.2%) patients with never- 
smoking status and 145,888 (7.8%) patients with current smoking sta
tus. The sample had a median (interquartile range) of 118 (42–229) days 
since the most recently recorded smoking status at study start. Smoking 
status was assessed within 1 year of study start for 94.2% of patients who 
self-reported current smoking and 93.0% who self-reported never- 
smoking. Patients with current smoking status were similar to those with 
never-smoking status on most socio-demographics and comorbidities, 
but were more likely to be male (59.3% vs. 39.0%) (eSupplement 3). 

COVID PCR-testing prevalence was comparable among patients with 
current (24.7%) and never-smoking status (24.6%). 

3.1. SARS-CoV-2 infection 

Overall, 1836 (1.3%) of patients with current smoking status and 
33,791 (1.9%) of patients with never-smoking status had a positive PCR 
test for SARS-CoV-2 over the study period. Current versus never- 
smoking was associated with a lower risk of SARS-CoV-2 infection 
(aHR 0.64, 95% CI:0.61–0.67). Nearly all within strata/subgroup asso
ciations for the risk of SARS-CoV-2 infection comparing current versus 
never-smoking status were statistically significant and < 1 (aHR ranging 
from 0.49 to 0.89), indicating a lower risk of SARS-CoV-2 infection for 
current versus never-smoking status (Fig. 1), with the exception of the 
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first tertile of NDI (least deprived) (aHR 0.89, 95% CI:0.77–1.03). Those 
aged 45–64 years old (aHR 0.53, 95%CI:0.49–0.57), non-Hispanic Black 
patients (aHR 0.53, 95% CI:0.45–0.62), those with cardiovascular con
ditions (aHR 0.53, 95% CI:0.48–0.57), and those with diabetes (aHR 
0.53, 95% CI:0.47–0.60) had the lowest risk of SARS-CoV-2 infection 
associated with current vs. never-smoking. 

Statistically significant interactions showed that the magnitude of 
protection for SARS-CoV-2 infection varied by sex, age, race/ethnicity, 
NDI, cardiovascular conditions and diabetes. However, the same general 
pattern of lower risk of SARS-CoV-2 infection for current versus never- 
smoking was observed across subgroups. For example, the interaction 
between smoking status and sex was statistically significant (p < .01), 
although associations were fairly similar in magnitude, with a slightly 
stronger association among females (aHR 0.58, 95% CI:0.54–0.63) than 
males (aHR 0.68, 95% CI:0.64–0.72). These small differences may not be 
clinically meaningful, and the consistency of the overall pattern of lower 
risk of SARS-CoV-2 infection within each subgroup was quite robust. 

3.2. Hospitalization 

Overall, 112 (0.1%) of patients with current smoking status and 2540 
(0.1%) of patients with never-smoking status were hospitalized for 
COVID-19 over the study period and current vs never-smoking status 

was associated with a lower risk of COVID-19 related hospitalization 
(aHR 0.48, 95% CI:0.40–0.58). Almost all within strata/subgroup as
sociations for the risk of COVID-19 related hospitalization comparing 
current versus never-smoking status were statistically significant and <
1 (aHR ranging from 0.32 to 0.70; Fig. 2), with the exception of Other/ 
Unknown race/ethnicity (not shown) and those living in the least 
deprived neighborhoods. Across subgroups, the lowest risk of hospital
ization associated with current vs. never-smoking was found for those 
with Medicaid insurance (aHR 0.29, 95% CI: 0.15, 0.56). 

Statistically significant interactions showed that the magnitude of 
protection for COVID-19 related hospitalization varied by age and renal 
disease. However, the same general pattern of lower risk of COVID-19 
related hospitalization for current vs never-smoking status was 
observed across subgroups. For example, while the interaction between 
smoking status and renal disease was statistically significant (p < .05), 
the magnitudes of association were fairly similar, although slightly 
stronger among those without renal disease (aHR 0.45, 95% 
CI:0.36–0.54) versus with renal disease (aHR 0.53, 95% CI: 0.39–0.70). 

4. Discussion 

Using data from >1.8 million patients in a large, integrated health
care delivery system in Northern California, we found that the lower risk 

Fig. 1. Cox Proportional Hazard Regression Results for Risk of SARS-CoV-2 Infection Associated with Current vs. Never-Smoking Status in KPNC, Overall and by 
Socio-Demographic Characteristics and Chronic Health Conditions, March 5, 2020 to December 31, 2020 (N = 1,885,826). 
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of SARS-CoV-2 infection and COVID-19 related hospitalization associ
ated with current versus never-smoking status generally persisted across 
patients regardless of socio-demographic factors or medical comorbid
ities. While there was evidence of moderation, such that there was 
significantly lower risk of SARS-CoV-2 infection and hospitalization 
associated with current versus never-smoking within certain strata of 
socio-demographics and comorbidities, the general pattern of results 
was consistent across strata. Results suggest that findings from our 
recently published cohort study are robust across patients with different 
socio-demographic and medical comorbidities. 

Notably, in most cases where the risk of SARS-CoV-2 infection 
associated with smoking status was moderated by socio-demographics 
or comorbidities, the lower risk of infection tended to be among those 
in the more at-risk subgroups (e.g., those living in the most deprived 
neighborhoods, those with cardiovascular conditions, those with dia
betes). This could reflect potential differences in heaviness of smoking 
across subgroups. This pattern did not hold for the outcome of hospi
talization, where there were fewer significant interactions, potentially 
due to lower power/smaller sample sizes. Hypothesized biologically 
plausible mechanisms for reduced risk SARS-CoV-2 infection and severe 
COVID-19 associated with current versus never-smoking have been 
described in detail elsewhere (Young-Wolff et al., 2023; Boutou et al., 
2020a; Lutchman, 2020; Tindle et al., 2020; Usman et al., 2021). 

Tobacco smoke and nicotine may downregulate the expression of 
angiotensin-converting enzyme 2 (ACE2), the principal receptor for 
SARS-CoV-2, which could prevent viral particles from entering cells thus 
reduce infection rates (Young-Wolff et al., 2023; Boutou et al., 2020a; 
Lutchman, 2020; Tindle et al., 2020; Usman et al., 2021). Nicotine also 
has anti-inflammatory properties that could prevent or suppress cyto
kine storms and modulate COVID-19 severity (Young-Wolff et al., 2023; 
Boutou et al., 2020a; Lutchman, 2020; Tindle et al., 2020; Usman et al., 
2021). 

4.1. Limitations 

Our cohort was limited to KPNC patients with a past-year in-person 
healthcare visit and results may not generalize to uninsured adults or 
those who did not interact with the healthcare system. However, 
because all patients were insured, results are unlikely to be due to var
iations in access to care. Tobacco smoking was based on the most recent 
smoking status in the EHR during the 2 years prior to the start of the 
study, and some patients may have been misclassified. While most pa
tients had their smoking status updated within the year before COVID- 
19, status changes during the pandemic are not reflected. Our study 
took place during the first 9 months of the pandemic before home tests 
were available, and findings may not generalize to later in the pandemic. 

Fig. 2. Cox Proportional Hazard Regression Results for Risk of COVID-19 Related Hospitalization Associated with Current vs. Never-smoking Status in KPNC, Overall 
and by Socio-Demographic Characteristics and Chronic Health Conditions, March 5, 2020 to December 31, 2020 (N = 1,885,826). 
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PCR-test results were limited to those recorded by KPNC and reasons for 
getting tested were not documented. Data on key aspects of tobacco use, 
including frequency, heaviness, and duration, were not available and 
should be included in future studies. Finally, while we adjusted for many 
covariates, some potentially important confounders (e.g., social 
distancing, essential worker designation, KPNC employee status) were 
not available. Notably, <2% of KPNC patients are KPNC employees 
(including non-patient facing employees). 

5. Conclusions 

During the first 9 months of the COVID-19 pandemic, before vaccines 
and treatments became widely available, lower risk of SARS-CoV-2 
infection and COVID-19-related hospitalization associated with cur
rent versus never-smoking status generally persisted among patients 
regardless of socio-demographic factors or medical comorbidities. Re
sults do not support prioritizing vaccination outreach or future treat
ments for individuals who currently smoke. Continued research is 
needed to replicate these findings and to better understand whether 
these risks have changed over time as the pandemic continues to unfold. 
Further, studies are needed to test whether nicotine replacement ther
apy (NRT) and other nicotinic agents might provide some protection 
against SARS-CoV-2 infection and COVID-19 severity (Simons et al., 
2021; Lutchman, 2020; Tindle et al., 2020; Boutou et al., 2020b); 
however, initial data on nicotine application in patients hospitalized 
with COVID-19 show no benefit (Nono Djotsa et al., 2022). Importantly, 
population-based findings from our study cannot be used to predict 
individual-level risk for SARS-CoV-2 infection or hospitalization for any 
patient based on smoking status and other characteristics. Given the 
substantial increased risk of preventable morbidity and mortality asso
ciated with tobacco smoking, clinicians should continue to screen for 
smoking status, strongly encourage patients who smoke to quit, offer 
cessation treatment, and provide referrals to evidence-based smoking 
cessation tools. 
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