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Abstract

Background: In the United States, lung cancer death rates have been declining for decades, primarily as a result of pronounced decreases
in cigarette smoking. It is unclear, however, whether there have been similar declines in mortality rates of lung cancer unrelated to
smoking. We estimated trends in US lung cancer death rates attributable and not attributable to smoking from 1991 to 2018.

Methods: The study included 30- to 79-year-olds in the National Health Interview Survey who were linked to the National Death
Index, 1991-2014. Adjusted hazard ratios for smoking status and lung cancer death were estimated, and age-specific population
attributable fractions were calculated. Annual population attributable fractions were multiplied by annual US national lung cancer
mortality, partitioning rates into smoking-attributable and smoking-unrelated lung cancer deaths. All statistical tests were 2-sided.

Results: During 1991-2018, the proportion of never smokers increased among both men (35.1%-54.6%) and women (54.0%-65.4%).
Compared with those who had ever smoked, those who had never smoked had 86% lower risk (hazard ratio =0.14; 95% confidence
interval [CI]=0.12 to 0.16) of lung cancer death. The fraction of lung cancer deaths attributable to smoking decreased from
81.4% (95% CI=78.9 to 81.4) to 74.7% (95% CI=78.1 to 71.4). Smoking-attributable lung cancer death rates declined 2.7% per year
(95% CI=-2.9% to -2.5%) and smoking-unrelated lung cancer death rates declined 1.8% per year (95% CI=-2.0% to -1.5%); these
declines have accelerated in recent years.

Conclusions: An increasing proportion of lung cancer deaths are unrelated to smoking based on declines in smoking prevalence.
Smoking-unrelated lung cancer death rates have declined, however, perhaps because of decreases in secondhand smoke and air

pollution exposure as well as treatment improvements.

Lung cancer is the leading cause of cancer death in the United
States, with 127 000 deaths expected to occur in 2023, comprising
21% of all cancer deaths (1). Lung cancer death rates have
declined substantially over the last 20 years, driven largely by
declines in cigarette smoking. Declines have accelerated in
recent years, attributed to improvements in lung cancer treat-
ment (2,3).

Cigarette smoking has been estimated to cause 80% to 90% of
lung cancer cases in the United States (4). Nevertheless, the num-
ber of lung cancer cases occurring among those who have never
smoked (“never smokers”) is substantial, with 1 study estimating
lung cancer among never smokers to be the seventh-largest con-
tributor to cancer death in the United States in 2004 (5).
Contemporary estimates of lung cancer mortality that reflect
declining cigarette smoking prevalence (from 26% in 1991 to 13% in
2020) (6) and the increasing proportion of never smokers in the US
population are needed. Several studies have reported an increasing
fraction of lung cancer cases occurring among never smokers. Such
changes could reflect rising rates of lung cancer from causes other
than cigarettes. Such trends, however, could also simply reflect the
increasing proportion of the US population that has never smoked
(7,8). As smoking is not thoroughly collected either by US cancer

registries or on death certificates, studies examining rates of
smoking-unrelated lung cancer incidence and mortality have relied
on large prospective cohort studies. Such studies generally do not
show evidence for increasing rates of smoking-unrelated lung can-
cer over time (5,9,10). These cohorts are not representative of the
US population, as they tend to include participants who are more
affluent and healthier than the general population and thus may
have different rates of lung cancer unrelated to smoking.

It is important to quantify trends in death rates due to lung can-
cers that are not attributable to smoking as increasing rates would
imply growing exposure to other causes of lung cancer. In the cur-
rent analysis, we used data from the National Health Interview
Survey (NHIS) and national death certificate data to partition lung
cancer death rates into those attributable and not attributable to
cigarette smoking and examined trends from 1991 to 2018.

Methods
Study population and case definition
National Health Interview Survey

Population attributable fractions for smoking and lung cancer
mortality were estimated with data from the NHIS, a nationally
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representative survey of the health of the US civilian noninstitu-
tionalized population (11). Enrollees completed personal house-
hold surveys on which they reported demographics, health
conditions, and health behaviors, including self-reported smok-
ing status. Those with missing smoking status information
(0.07%) were excluded. NHIS surveys from 1991 to 2015 were
linked to the National Death Index to ascertain date and cause of
death. Deaths due to neoplasms of the trachea, bronchus, and
lung were defined by 113 Causes of Death Recode (International
Statistical Classification of Diseases, Tenth Revision [ICD-10] codes
C33-C34). Individuals were aged 30 years or older at baseline and
were followed from the survey date to the first of death or age
80years. NHIS-National Death Index linked data are available
through application to the National Center for Health Statistics
(NCHS). Institutional review board approval was not needed as
the data were all deidentified and publicly available.

NCHS death certificate data

Data on national trends in age-standardized death rates were
estimated with NCHS death certificate data from 1991 to 2018
and analyzed in SEER*Stat software version 8.4.2 (12). Deaths
from lung cancer were identified with International Classification of
Diseases, Ninth Revision, code 162 and ICD-10 codes C33-C34.
Death certificate data are publicly available through NCHS.

Statistical analysis

The association between smoking status (current, former, never
smoker) and lung cancer mortality was estimated with hazard
ratios (HRs) from Cox proportional hazards regression, with age
as the time scale, adjusting for self-reported sex, self-reported
race and ethnicity (Hispanic, non-Hispanic Black [ie, Black], non-
Hispanic White [ie, White], non-Hispanic all other races com-
bined, and missing), and education (high school or less, some col-
lege, >4years of college, missing), using appropriate sample
weights to account for the complex survey design. Other racial
groups included individuals who identify as Asian, Pacific
Islander, American Indian, or Alaska Native. Hazard ratios were
estimated overall and stratified by survey year (1991-1993, 1994-
1995, 1997-1999, 2000-2002, 2003-2005, 2006-2008, 2009-2011,
and 2012-2014), sex, time, age group (30-49, 50-69, and 70-79
years), and race and ethnicity. In age-stratified analyses, partici-
pants were censored when they reached the upper limit of the
age range. Prevalence of smoking was estimated from each
annual NHIS, when this information was collected (1991-1995,
1997-2018). As smoking data were not available in 1996, the
weighted number of never, former, and current smokers was
estimated as the average of the 1995 and 1997 numbers.

Population attributable fractions for each calendar year were
computed by combining the adjusted hazard ratios for all the
covariates in the Cox regression model, with the covariate distri-
butions from the NHIS time period (13). Population attributable
fractions can be interpreted as the proportion of lung cancer
deaths that could be avoided if everyone were a never smoker. As
hazard ratios differed substantially by age group, population
attributable fraction estimates were also estimated separately
for those aged 30 to 49, 50 to 69, and 70 to 79 years. NHIS data
used in this paper were analyzed using SAS software, version 9.4
(SAS Institute Inc, Cary, NC) and SAS-callable SUDAAN statistical
software, version 11.01 (RTI International, Research Triangle
Park, NC), which accounted for the complex sample design of the
NHIS for the estimation of smoking prevalence, hazard ratios,
and population attributable fraction estimation.

Age-stratified population attributable fractions were then
multiplied by annual lung cancer deaths among those aged 30 to
49, 50 to 69, and 70 to 79 years to partition the number of lung
cancer deaths attributable to smoking (ie, smoking-attributable
lung cancer deaths) and unrelated to smoking (ie, smoking-
unrelated lung cancer deaths). We then estimated annual age-
standardized lung cancer death rates and annual percent
changes in smoking-attributable and smoking-unrelated lung
cancer death rates with Joinpoint software (14), which identifies
calendar years where there is a statistically significant change in
the slope of mortality rate trends over time. Average annual per-
cent changes also were estimated for the full 1991-2018 time
period.

All statistical tests were 2-sided, and P are less than or equal
to .05 was considered statistically significant.

Results

In total, 578302 people aged 30 to 79 years participated in the
annual NHIS from 1991 to 2014 (excluding 1996 because of miss-
ing smoking information) (Table 1). During follow-up through
2015, a total of 3221 study participants died from lung cancer
(Supplementary Table 1, available online). Compared with the
full population, people who went on to die from lung cancer were
more likely to be men (58.0% vs 48.1%), 50years of age or older at
interview (88.8% vs 48.3%), White (82.5% vs 72.2%), and have no
more than a high school education (66.3% vs 44.0%). More than
half of the participants who died from lung cancer were current
smokers at baseline (53.1%), 36.7% were former smokers, and
10.2% were never smokers.

The risk of lung cancer death was 86% less in never smokers
than in ever smokers (ie, former or current smokers) (HR=0.14,
95% confidence interval [CI]=0.12 to 0.16), with a 78% lower risk
than former smokers and a 92% lower risk than current smokers.
The inverse association between never having smoked and lung
cancer death was stronger in women than in men and among
Black and White participants than among Hispanic participants
and participants in other racial groups (Table 2). The association
was also stronger among 70- to 79-year-olds (HR=0.11, 95%
CI=0.09 to 0.14) and 50- to 69-year-olds (HR =0.15, 95% CI=0.12
to 0.18) than among 30- to 49-year-olds (HR=0.31, 95% CI=0.19
to 0.53). The association between smoking and lung cancer death
did not differ by survey year (Supplementary Figure 1, available
online).

Population attributable fractions were estimated from age-
specific hazard ratios (those aged 30-49, 50-69, and >70 years)
and annual smoking prevalence estimates in 5-year age groups.
During 1991-2018, the prevalence of current smoking declined
from 29.6% to 16.9% among men and from 24.5% to 13.3% among
women, while the prevalence of being a former smoker
decreased among men (35.4% to 28.5%) and remained stable
among women (21.5% to 21.3%). During 1991-2018, there were
3.36 million lung cancer deaths among people aged 30 to 79 years
in the US population. The fraction of lung cancer deaths attribut-
able to smoking decreased during 1991-2018 from 81.4% (95%
CI=78.9 to 84.0) to 74.7% (95% CI=71.4 to 78.1). Declines in pop-
ulation attributable fractions occurred across age groups: 55.2%
(95% Cl1=36.3 to 74.2) to 40.5% (95% CI=21.6 to 59.4) among 30-
to 49-year-olds, 79.6% (95% CI=76.1 to 83.1) to 72.7% (95%
CI=68.3 to 77.1) among 50- to 69-year-olds, and 82.5% (95%
CI=79.6 to 85.3) to 78.4% (95% CI=74.8 to 82.0) among 70- to 79-
year-olds (Figure 1).
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Age-standardized lung cancer death rates declined 49.0%
from 89.0 per 100000 (n=122154 deaths) to 45.3 per 100000
(n=105248) during 1991-2018 (Figure 2). Rates of smoking-
attributable lung cancer death declined from 70.4 to 33.7 per
100000 (n=96897 in 1991 to n=78450 in 2018), and smoking-
unrelated lung cancer death rates declined from 18.6 to 11.6 per
100000 (n=25257 in 1991 to n=26798 in 2018) (Supplementary
Table 2, available online). During 1991-2018, rates of smoking-
attributable lung cancer declined an average of 2.7% per year
(95% CI=-2.9 to -2.5), and smoking-unrelated lung cancer death
rates declined an average of 1.8% per year (95% CI=-2.0 to -1.5)
(Table 3). Declines in both smoking-attributable (2014-2018
annual percent change, -5.6%/year, 95% CI=-6.3% to -4.9%, vs

Table 1. Characteristics of the National Health Interview Survey
participants included in the study and those who died from lung
cancer during follow-up

All participants Lung cancer deaths
No. Weighted % No.  Weighted %

All 578302 100.0 3221 100.0
Sex

Men 256273 48.1 1781 58.0

Women 322029 51.9 1440 42.0
Age atinterview, y

30-39 149251 25.9 57 1.8

40-49 136986 25.7 279 9.5

50-59 119486 21.7 715 23.4

60-69 100577 16.2 1372 42.7

70-79 72002 10.4 798 22.7
Race and ethnicity

Black 79656 11.1 495 10.9

Hispanic 81898 11.5 157 3.5

White 388069 72.2 2489 82.5

Other racial groups® 28114 5.2 75 3.0

Missing 565 0.1 5 0.1
Education completed

High school orless 265873 44.0 2173 66.3

Some college (<4y) 154528 26.6 663 20.8

>4y of college 155182 28.8 366 12.3

Missing 2719 0.5 19 0.6
Smoking status

Never 306210 534 319 10.2

Former 146 449 25.7 1157 36.7

Current 125643 20.9 1745 53.1

& “Other racial groups” include individuals who identify as Asian, Pacific

Islander, American Indian, or Alaska Native.

Table 2. Risk of lung cancer death, by baseline smoking status®
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1991-1995 annual percent change, -0.9%/year, 95% CI=-1.4% to
-0.4%) and smoking-unrelated lung cancer death rates (2015-
2018 annual percent change, -5.0%/year, 95% CI=-6.8% to -3.0%
vs 1991-2004 annual percent change, -0.7%/year, 95% CI=-0.9%
to-0.5%) accelerated in recent years.

Discussion

The fraction of lung cancer deaths attributable to smoking in the
United States declined from 81% in 1991 to 75% in 2018, driven
by consistent declines in smoking prevalence over time. We esti-
mated that on average, death rates of smoking-attributable lung
cancer declined 2.7% per year during 1991-2018, while smoking-
unrelated lung cancer death rates declined 1.8% per year over
the same time period. For both smoking-attributable lung cancer
and smoking-unrelated lung cancer, the declines in death rates
accelerated during the last several years of follow-up.

Several studies have reported that an increasing fraction of
lung cancers are occurring among never smokers; however, the
population of never smokers has grown over time (7,8). Adult
smoking prevalence in the United States is at an all-time low,
falling from 41.9% in 1965 to 12.7% in 2020, while youth smoking
prevalence peaked in 1997 at 36.4% and declined to 5.4% in 2018
(6). These changes reflect both increases in smoking cessation
and decreases in smoking initiation, and the proportion of never
smokers in the US population continues to increase.

Overall declines in lung cancer mortality have been driven by
both decreases in lung cancer incidence and improvements in
survival after diagnosis (15). In our study, we separately esti-
mated trends in smoking-attributable and smoking-unrelated
lung cancer mortality. We found that rates of smoking-
attributable lung cancer declined more rapidly than smoking-
unrelated lung cancer mortality, likely driven by decreases in the
prevalence of smoking and improvements in treatment (15).
Survival has improved for non-small cell lung carcinomas, which
make up about three-quarters of lung cancer cases in the United
States. Recent improvements in lung cancer mortality have been
attributed to immune-based therapies and therapies targeted at
oncogenic driver mutations in the EGFR and ALK genes (3,15).
Declines in smoking-unrelated lung cancer mortality may reflect
improved treatments, given that lung cancer among nonsmokers
is likely to be non-small cell adenocarcinoma, and alterations in
EGFR and ALK have been found in lung cancers occurring in never
smokers (16). Lung cancer screening with low-dose computed

Never vs ever smokers

HR (95% CI)

Never vs former smokers

HR (95% CI)

Never vs current smokers

HR (95% CI)

Total
Sex
Men
Women
Race and ethnicity
Black
Hispanic
White
Other racial groups®
Age,y
30-49
50-69
70-79

a

0.14 (0.12 t0 0.16)

0.19 (0.15 t0 0.23)
0.11 (0.09 t0 0.13)

0.12
0.48
0.11
0.46

0.09 t0 0.17)
0.30 t0 0.75)
0.09 t0 0.13)
0.24 10 0.87)

0.31(0.19 t0 0.53)
0.15 (0.12 t0 0.18)
0.11 (0.09 to 0.14)

0.22 (0.19 t0 0.26)

0.30 (0.24 t0 0.38)
0.17 (0.14 t0 0.21)

0.19 (0.12 t0 0.28)
0.69 (0.38 to 1.22)
0.19 (0.16 t0 0.23)
0.71(0.34 to 1.49)

0.63 (0.35 to 1.16)
0.27 (0.21 to 0.34)
0.16 (0.13 t0 0.21)

Model used age as the time scale and adjusted for sex, race and ethnicity, and education level.

“Other” include individuals who identify as Asian, Pacific Islander, American Indian, or Alaska Native.

0.08 (0.07 to 0.09)

0.10 (0.08 t0 0.12)
0.07 (0.05 t0 0.08)

0.09 (0.06 t0 0.12)
0.30 (0.18 t0 0.50)
0.06 (0.05 t0 0.07)
0.28 (0.13 t0 0.61)

0.22 (0.12 to 0.39)
0.08 (0.07 t0 0.10)
0.06 (0.05 t0 0.07)
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Figure 1. Population attributable fractions for ever smokers and lung cancer mortality, by calendar year, 1991-2018. Points represent population
attributable fractions, and lines represent 95% confidence intervals. A) All ages; B) 30- to 49-year-olds; C) 50- to 69-year-olds; and D) 70- to 79-year-olds.
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Figure 2. US age-standardized lung cancer death rates, 1991-2018 A) overall and B) partitioned into death rates due to smoking-attributable (squares)
and smoking-unrelated lung cancer (dots).

Table 3. Annual percent change and average annual percent change in smoking-attributable and smoking-unrelated lung cancer death
rates

Smoking-attributable Smoking-unrelated

lung cancer deaths lung cancer deaths
Years Estimate Years Estimate
Age-standardized death rate per 100 000 1991 70.4 1991 18.6
2018 33.7 2018 11.6
Average annual percent change, %/y (95% confidence interval) 1991-2018 -2.7 (2.9 to-2.5) 1991-2018 -1.8 (-2.0to-1.5)
Annual percent change, %/y (95% confidence interval) 1991-1995 -0.9 (-1.4 to-0.4) 1991-2004 -0.7 (0.9 to -0.5)
1995-2003 -1.6 (-1.8t0-1.4) 2004-2015 -2.1(-2.4t0-1.8)
2003-2009 -2.6 (-3.0t0-2.2) 2015-2018 -5.0 (-6.8t0 -3.0)
2009-2014 -3.6 (4.3t0-2.9) — —
2014-2018 -5.6 (-6.3t0—4.9) —




tomography has been recommended based on age and smoking
history criteria by the US Preventive Services Task Force since
2013 (17,18). Low-dose computed tomography has been shown to
reduce the risk of death and may have contributed to recent
declines in lung cancer death rates (19), particularly for smoking-
attributable lung cancers. The impact of low-dose computed
tomography has been limited, however, given the low uptake of
this screening modality (20-22).

It is also possible that the decreasing prevalence of other
exposures has contributed to the declines in smoking-unrelated
lung cancer deaths. For example, secondhand smoke exposure
among never smokers decreased substantially, from 83% in
1988-1994 to 26% in 2017-18 (6), and secondhand smoke exposure
increases lung cancer risk 20% to 30% (23). Radon exposure also
increases lung cancer risk among both smokers and never smok-
ers (24,25). The number of homes that have operating radon miti-
gation systems has increased over time (26), which could also
have influenced lung cancer mortality rates. Air pollution is
another cause of lung cancer (27), and exposure to particulate
matter 2.5 um or smaller in diameter has declined over the past
20years (28).

In this study, 15.3% of lung cancer deaths were not attribut-
able to smoking in 2018, which would translate to about 19400
deaths in 2023 if this fraction remained stable. Ideally, we would
have directly estimated trends in lung cancer mortality rates
among people who have never smoked; however, this was not
possible, given the limited number of lung cancer deaths in this
group in the linked NHIS-mortality data. Instead, we estimated
trends in smoking-unrelated lung cancer deaths using popula-
tion attributable fractions, with the entire population as the rate
denominator. Although a fraction of these deaths occurred in
smokers, most are likely to have occurred among never smokers
due to the strong association between smoking and lung cancer.
Given that the population of never smokers has grown over time
in the United States, our results strongly suggest that lung cancer
mortality rates in never smokers have declined over the time
period.

The main strength of this analysis is the use of nationally rep-
resentative survey data from a large sample of the US population
over nearly 2 decades combined with lung cancer death rates
from national death certificate data. Even with such a large
study, the limited number of lung cancer deaths that occurred
among never smokers precluded us from cross-stratifying hazard
ratios by age, sex, and racial and ethnic groups. As the largest dif-
ferences in hazard ratios were seen across age groups, we strati-
fied population attributable fractions in 3 age groups and
assumed that the hazard ratios were constant within each age
group across sex and race and ethnicity. Given prior evidence
that the fraction of lung cancers among never smokers varies
substantially across joint categories of sex and race and ethnic-
ity, with a notably higher fraction of lung cancers among Asian
women who never smoked (29), this is an important limitation.
The weaker association between smoking and lung cancer death
among Hispanic individuals may be due to fewer cigarettes
smoked per day in this group (22). Additional years of follow-up
in the NHIS-mortality linkage may yield sufficient power to fur-
ther stratify these calculations in the future. In addition, though
lung cancer mortality largely reflects lung cancer incidence due
to the overall poor prognosis of lung cancer, it would be of inter-
est to similarly estimate trends for lung cancer incidence overall
and by histology, given the strength of the association between
smoking and lung cancer, and survival differs by histologic sub-
type (3,4). Finally, smoking status was self-reported in the NHIS.
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Misreporting of smoking status could have affected our hazard
ratios and smoking prevalence estimates.

We showed that in the United States, rates of both smoking-
attributable and smoking-unrelated lung cancer mortality
declined significantly during 1999-2018, with accelerated
declines observed in the most recent years. Declines in rates of
smoking-unrelated lung cancer deaths are likely driven by
improved treatments, decreased exposure to secondhand smoke,
and possibly by decreased exposure to nontobacco risk factors.
As the prevalence of never smokers continues to increase, the
fraction of lung cancer caused by smoking will continue to
decline over time. Cigarette smoking still causes 3 of 4 lung can-
cer deaths, however, as well as other cancers and chronic dis-
eases. Sustained public health efforts are urgently needed to
further reduce smoking prevalence and disparities, particularly
in communities where smoking prevalence remains high.
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