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Abstract
Aim and background Identifying risk factors for cancer initiation and progression is the cornerstone of the preventive 
approach to cancer management and control (EPMA J. 4(1):6, 2013). Tobacco smoking is a well-recognized risk factor for 
initiation and spread of several cancers. The predictive, preventive, and personalized medicine (PPPM) approach to cancer 
management and control focuses on smoking cessation as an essential cancer prevention strategy. Towards this end, this 
study examines the temporal patterns of cancer burden due to tobacco smoking in the last three decades at global, regional, 
and national levels.
Data and methods The data pertaining to the burden of 16 cancers attributable to tobacco smoking at global, regional, and 
national levels were procured from the Global Burden of Disease 2019 Study. Two main indicators, deaths and disability-
adjusted life years (DALYs), were used to describe the burden of cancers attributable to tobacco smoking. The socio-
economic development of countries was measured using the socio-demographic index (SDI).
Results Globally, deaths due to neoplasms caused by tobacco smoking increased from 1.5 million in 1990 to 2.5 million in 
2019, whereas the age-standardized mortality rate (ASMR) decreased from 39.8/100,000 to 30.6/100,000 and the age-stand-
ardized DALY rate (ASDALR) decreased from 948.9/100,000 to 677.3/100,000 between 1990 and 2019. Males accounted 
for approximately 80% of global deaths and DALYs in 2019. Populous regions of Asia and a few regions of Europe account 
for the largest absolute burden, whereas countries in Europe and America have the highest age-standardized rates of cancers 
due to tobacco smoking. In 8 out of 21 regions, there were more than 100,000 deaths due to cancers attributable to tobacco 
smoking led by East Asia, followed by Western Europe in 2019. The regions of Sub-Saharan Africa (except southern region) 
had one of the lowest absolute counts of deaths, DALYs, and age-standardized rates. In 2019, tracheal, bronchus, and lung 
(TBL), esophageal, stomach, colorectal, and pancreatic cancer were the top 5 neoplasms attributable to tobacco smoking, 
with different burdens in regions as per their development status. The ASMR and ASDALR of neoplasms due to tobacco 
smoking were positively correlated with SDI, with pairwise correlation coefficient of 0.55 and 0.52, respectively.
Conclusion As a preventive tool, tobacco smoking cessation has the biggest potential among all risk factors for preventing 
millions of cancer deaths every year. Cancer burden due to tobacco smoking is found to be higher in males and is positively 
associated with socio-economic development of countries. As tobacco smoking begins mostly at younger ages and the 
epidemic is unfolding in several parts of the world, more accelerated efforts are required towards tobacco cessation and 
preventing youth from entering this addiction. The PPPM approach to medicine suggests that not only personalized and 
precision medicine must be provided to cancer patients afflicted by tobacco smoking but personalized and targeted preven-
tive solutions must be provided to prevent initiation and progression of smoking.
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Introduction

Tobacco smoking is a global epidemic with an estimated 
1.14 billion tobacco smokers worldwide and tobacco smok-
ing accounting for 7.7 million deaths and 20 million disa-
bility-adjusted life years (DALYs) worldwide in 2019 [1]. 
The total economic cost of tobacco smoking (including 
healthcare cost and productivity loss) was estimated to be 
PPP $1852 billion (US $1436 billion) in 2012 [2]. As of 
now, tobacco smoking has been recognized as the biggest 
risk factor for several diseases, including cancers. Tobacco 
smoking and its role in carcinogenesis was highlighted by 
the landmark studies by Wynder and Graham [3] and Doll 
and Hill [4], and the ill effects of smoking were recognized 
publicly after the United States surgeon general’s report on 
tobacco smoking [5]. In the beginning, tobacco smoking 
was recognized as a risk factor for lung carcinoma, but later 
epidemiological studies found an association of tobacco 
smoking with several different cancers. The International 
Agency for Research on Cancer lists tobacco smoking as 
a risk factor with sufficient evidence for cancers on several 
sites, including pharynx, esophagus, stomach, colorectum, 
pancreas, larynx, oral cavity, lung, ovary, kidney, urinary 
bladder, and few leukemia types, among others [6].

Predictive, preventive, and personalized medicine 
(PPPM) provides a new approach to medicine by applying 
a proactive approach to cancer management and control 
[7]. Under this approach, recognition of major risk factors 
responsible for cancer initiation and progression is an essen-
tial component of cancer management and control [8]. Ciga-
rette smoke is made up of more than 7000 chemicals; out of 
which, more than 70 have been found to be carcinogenic [9]. 
Nicotine-derived N-nitrosamine, 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK) is the most lethal carcinogen 
in tobacco smoke and is linked with lung carcinogenesis 
in humans [10]. A recent study has found that insulin-like 
growth factor 2 mRNA-binding protein 1 (IGF2BP1), pos-
sibly via  N6-methyladenosine (m6a) modification, results 

in NNK-induced malignant changes [11]. Besides the direct 
effects of carcinogenic compounds, tobacco smoking also 
plays a role in carcinogenesis through heightened inflam-
mation, which can ultimately culminate in lung cancer 
[12]. Several studies have discussed the developments in 
the PPPM approach of cancer management and control 
[12–18]. The relative success of cancer prevention policies 
in the past and devising prevention policies suiting the socio-
economic setup of different countries and regions for the 
future requires an assessment of the temporal patterns of 
cancer burden attributable to tobacco smoking at the global, 
regional, and national levels.

Our study seeks to provide a comprehensive and holis-
tic examination of the burden of neoplasms due to tobacco 
smoking in 21 regions and 204 countries using data from 
the Global Burden of Diseases, Injuries, and Risk Factors 
2019 Study [19–21]. Specifically, this study has three objec-
tives. First, we describe the risk-attributable burden of neo-
plasms due to tobacco smoking using data on country, age, 
and sex-wise deaths and DALYs from 1990 to 2019. Apart 
from deaths and incidence, DALYs has become an important 
metric to evaluate the burden of a disease, as it incorporates 
the effects of both death and disability caused by the disease. 
The second objective of this study is to examine the tempo-
ral patterns of mortality and DALYs of 16 neoplasms attrib-
utable to tobacco smoking in 21 regions. We also examine 
how the burden of neoplasms varied as per sex in different 
regions. The third objective of this study is to examine the 
bivariate association between smoking-attributable cancer 
burden and socio-demographic index (SDI)—an indicator 
of the development status of countries.

The results of our study can help countries devise tar-
geted prevention strategies suiting their socio-economic and 
demographic landscape, which again signifies the impor-
tance of the personalized and targeted solutions advocated 
by the PPPM approach rather than focusing on the “one-
size-fits-all” kind of solutions.

Data and methods

The estimates of deaths, DALYs, and age-standardized rates 
of all cancers attributable to tobacco smoking in 204 coun-
tries/territories and 21 regions for the period 1990–2019 were 
procured from the Global Burden of Disease (GBD) results 
tool [22]. The attributable burden of a risk factor involves 
estimating disease burden (measured by deaths and DALYs) 
and then estimating the population attributable fraction (PAF) 
of a risk factor. The GBD uses all information available from 
cancer registries, vital statistics, and verbal autopsies to 
arrive at the estimates of incidence, mortality, and DALYs. 
The estimates of mortality are generated using spatiotempo-
ral Gaussian process regression, mortality-to-incidence ratio, 
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and cause of death ensemble model in multiple steps detailed 
elsewhere [19, 20, 23]. The years of life lost are calculated 
as the difference between standard life expectancy and age 
at each premature death due to the disease. The DALYs are 
calculated as the sum total of years lost and years lived with 
disability due to the disease. The age-standardized rates are 
calculated using GBD standard population.

The GBD estimates the burden of diseases due to 87 risk 
factors, out of which, we extracted estimates of tobacco 
smoking-attributable deaths and DALYs due to 16 neo-
plasms. The sixteen neoplasms which have been linked 
with tobacco smoking as per epidemiological studies and are 
included in GBD estimation framework are: bladder, breast, 
cervical, colorectum, esophageal, kidney, larynx, leukemia, 
lip and oral cavity (LOC), liver, nasopharynx, other phar-
ynx, pancreatic, prostate, stomach, and tracheal, bronchus, 
and lung (TBL) cancer. The GBD risk factor methodology 
is detailed elsewhere [21]; here, we briefly outline the steps 
involved in the estimation of risk-attributable burden. The 
GBD risk factor estimation begins with the identification of 
risk-outcome pairs; only those risk-outcome pairs are cho-
sen which have plausible/convincing evidence as per World 
Cancer Research Fund criteria. The relative risk (RR) is cal-
culated using meta-analysis as a function of risk exposure. 
Thereafter, the PAF and attributable burden are calculated 
as a function of RR and theoretical minimum risk exposure 
level (TMREL)—the level of exposure of a risk factor with 
minimum risk. For harmful risk factors with monotonically 
increasing risk functions such as smoking, TMREL is taken 
to be zero.

For continuous risk j , the PAF is calculated by the fol-
lowing equation [21].

In above equation, j is the risk factor, o is the cause, for 
age group a , sex s , location g , and time t (year), and RR is 
defined as a function of the exposure level; P is the distribu-
tion of exposure. The attributable burden of tobacco smok-
ing (i.e., deaths and DALYs) is calculated by multiplying 
deaths and DALYs due to cancer with the PAF calculated 
for the smoking-cancer pair.

The development status of countries was measured using 
SDI—an indicator of development proposed and developed 
by the GBD as an alternative to human development index. It 
comprises three components: per capita income, educational 
attainment, and total fertility rate in a country. Based on SDI 
values in 2019, the countries were categorized into five quin-
tiles: low SDI, lower-middle SDI, middle SDI, upper-middle 
SDI, and high SDI. Lastly, the data on adult tobacco smoking 
prevalence in 164 countries were procured from the WHO 
global health observatory for 2005 and 2019 [24]. All the data 

PAFjoasgt =
∫ u

x=l
RRjoasg(x)Pjasgt(x)dx − RRjoasg(TMRELjas)

∫ u

x=l
RRjoasg(x)Pjasgt(x)dx

analysis and visualization were done using statistical software 
Stata 13.0, R 4.1.1, and Python 3.8.

Results

Global burden of neoplasms due to tobacco 
smoking

Globally, deaths due to neoplasms caused by tobacco smok-
ing for both sexes combined increased from 1.5 million in 
1990 to 2.5 million in 2019, whereas the age-standardized 
mortality rate (ASMR) decreased from 39.8/100,000 in 
1990 to 30.6/100,000. Number of DALYs increased from 
38.8 million in 1990 to 56.4 million in 2019, and the 
age-standardized DALY rate (ASDALR) decreased from 
948.9/100,000 in 1990 to 677.3/100,000 in 2019. Out of 
2.5 million deaths and 56.4 million DALYs in 2019, males 
accounted for 2.0 million deaths (80%) and 46.7 million 
DALYs (82.8%). Notably, deaths and DALYs increased 
between 1990 and 2019 in both males and females, whereas 
the age-standardized rates decreased between 1990 and 2019 
(Fig. 1).

Table 1 shows the burden of 16 neoplasms attributable 
to tobacco smoking in 1990 and 2019, and Supplementary 
Fig. 1 shows the temporal patterns of number of deaths and 
ASMR due to 16 neoplasms between 1990 and 2019. Out of 
16 cancers, tobacco smoking caused the highest number of 
deaths due to TBL cancer (1.3 million), esophageal cancer 
(203,328), and stomach cancer (171,920) in 2019 (Table 1). 
Tobacco smoking accounted for 28.6 million DALYs due 
to TBL cancer, 4.7 million due to esophageal cancer, and 
3.8 million due to stomach cancer in 2019. Between 1990 
and 2019, the absolute count of deaths and DALYs due to 
tobacco smoking increased for all 16 cancers (Table 1). 
Among 16 cancers, the absolute count of deaths and DALYs 
increased most rapidly as well as the lowest reduction in 
age-standardized rates occurred for the cancers of the kid-
ney, pancreatic, and other pharynx (Table 1). For esophageal 
cancer, the absolute count of deaths remained almost same 
in 2005 and 2019, whereas, in the case of stomach cancer, 
deaths due to tobacco smoking decreased after 2005 (Sup-
plementary Fig. 1). As a result, stomach cancer had more 
deaths, DALYs, and age-standardized rates than esopha-
geal cancer in 1990; however, by 2019, esophageal cancer 
replaced stomach cancer as the second-ranked cancer due 
to tobacco smoking.

Region‑wise burden of neoplasms due to tobacco 
smoking in 2019

In terms of absolute counts, East Asia was the leading 
region in 2019, with 924,474 deaths and 21.0 million 
DALYs. Western Europe, with 332,759 deaths and 6.8 
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million DALYs, was the second leading region, followed 
by high-income North America with 256,115 deaths and 
5.3 million DALYs in 2019 (Supplementary Table 1). The 
age-standardized rates of smoking-attributable cancers were 
the highest in Central Europe, with ASMR of 50.4/100,000 
and ASDALR of 1261.1/100,000 in 2019. East Asia was 
the second-ranked region with ASMR of 45.0/100,000 and 
ASDALR of 972.6/100,000, followed by high-income North 
America (ASMR: 40.0/100000; ASDALR: 874.8/100,000). 
Western Sub-Saharan Africa (SSA) recorded the lowest 
ASMR of 6.7/100,000 and ASDALR of 152.2/100,000 in 
2019. The age-standardized rates were the lowest in the SSA 
regions, with 3/5 regions with the lowest age-standardized 
rates belonging to SSA. Among SSA regions, only south-
ern SSA had intermediate levels of ASMR (22.8/100,000) 
and ASDALR (543.5/100,000) in 2019 (Supplementary 
Table 1).

Figure 2 shows the deaths due to 16 neoplasms caused 
by tobacco smoking in 21 regions in 2019. In most regions, 
TBL cancer was the leading neoplasm caused by tobacco 
smoking, with death count being the highest in East Asia 

(503,631), followed by Western Europe (183,984) and 
high-income North America (163,787). East Asia was 
the leading region in terms of deaths caused by tobacco 
smoking for ten cancers, followed by South Asia leading 
in three cancers (larynx, LOC, and other pharynx) and 
Western Europe leading in three cancers (breast, kidney, 
and prostate). Besides TBL cancer, tobacco smoking 
caused more than 100,000 deaths due to esophageal 
cancer in East Asia (125,696). To understand the relative 
burden of different neoplasms in different regions, we 
also presented the ASMR of 16 neoplasms in 21 regions 
in 2019 (Supplementary Fig.  2). Across regions, TBL 
cancer had the highest ASMR due to tobacco smoking. 
Even for TBL cancer, the ASMR due to tobacco smoking 
varied from the low of 2.88/100,000 in Western SSA and 
3.01/100,000 in Andean Latin America to 28.25/100,000 
in Central Europe and 25.49/100,000 in high-income North 
America. The rank of different cancers, other than TBL 
cancer, due to tobacco smoking was different in regions as 
per continent as well as development levels of the regions 
(Supplementary Fig. 2).

Fig. 1  Global temporal patterns 
of cancer burden attributable to 
tobacco smoking, 1990–2019. 
Deaths: all-age deaths; DALYs: 
disability-adjusted life years. 
The age-standardized rates 
of deaths and DALYs are 
expressed per 100,000 popula-
tion. Data source: Global Bur-
den of Disease 2019 Study
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Table 1  Burden of all neoplasms due to tobacco smoking in 1990 and 2019

Data source: Global Burden of Disease 2019 Study
Deaths all-age deaths, DALYs disability-adjusted life years, ASMR age-standardized mortality rate, ASDALR age-standardized DALY rate

1990 2019

Cancer Deaths ASMR DALYs ASDALR Deaths ASMR DALYs ASDALR

Bladder cancer 49,869 1.38 1,100,126 28.12 77,521 0.98 1,615,088 19.67
Breast cancer 16,295 0.42 476,106 11.46 18,958 0.23 513,437 6.13
Cervical cancer 27,422 0.67 863,495 20.08 30,137 0.36 893,735 10.62
Colon and rectum cancer 78,784 2.11 1,856,999 46.45 142,931 1.77 3,226,829 38.87
Esophageal cancer 134,682 3.42 3,475,304 84.38 203,328 2.48 4,746,524 56.71
Kidney cancer 14,980 0.39 370,849 9.13 30,126 0.37 687,231 8.25
Larynx cancer 62,626 1.57 1,741,178 41.81 78,269 0.95 2,023,841 24.05
Leukemia 43,064 1.12 1,131,917 27.43 64,585 0.80 1,529,056 18.46
Lip and oral cavity cancer 37,407 0.94 1,040,593 25.01 63,434 0.77 1,656,260 19.69
Liver cancer 66,456 1.64 1,871,099 44.53 85,884 1.04 2,125,827 25.33
Nasopharynx cancer 12,848 0.31 393,963 9.24 17,918 0.21 526,563 6.24
Other pharynx cancer 27,028 0.66 779,977 18.54 53,612 0.64 1,442,986 17.07
Pancreatic cancer 53,204 1.42 1,217,116 30.43 113,384 1.40 2,443,356 29.42
Prostate cancer 19,316 0.55 384,707 10.23 29,298 0.37 571,587 7.04
Stomach cancer 152,082 3.94 3,705,929 91.16 171,920 2.12 3,812,627 45.82
Tracheal, bronchus, and lung cancer 747,908 19.22 18,391,550 450.92 1,311,721 16.13 28,631,972 343.97
Total 1,543,971 39.8 38,800,908 948.9 2,493,026 30.6 56,446,919 677.3

Fig. 2  Deaths due to 16 cancers attributable to tobacco smoking in 2019. The numbers in the cells represent absolute count of deaths due to a 
cancer in a given region. Data source: Global Burden of Disease 2019 Study
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Country‑wise burden of neoplasms due to tobacco 
smoking in 2019

China, United States, and India were the three leading 
countries in terms of mortality, with 900,362, 230,494, 
and 138,980 deaths, respectively, in 2019 (Supplementary 
Table 2). These three countries were also the top three coun-
tries in terms of DALYs, with 20.4 million, 4.8 million, and 
3.5 million DALYs, respectively, in 2019. In 8/204 countries 
(China, United States, India, Japan, Russia, Germany, United 
Kingdom, and Brazil), more than 50,000 cancer deaths 
were attributable to tobacco smoking in 2019. The ASMR 
was the highest in Greenland, Montenegro, and Monaco at 
97.6/100,000, 68.4/100,000, and 68.3/100,000, respectively, 
and the lowest ASMR occurred in Ethiopia (3.3/100,000), 
Nigeria (3.8/100,000), and Niger (4.8/100,000) in 2019 
(Fig.  3). In heavily burdened countries  such as China 
and United States, the ASMR was at 45.5/100,000 and 
40.5/100,000, respectively, in 2019. The ASDALR varied 
31-folds across countries, from 72.2/100,000 in Ethiopia to 
2224.0/100,000 in Greenland. In terms of ASDALR, Mon-
tenegro (1708.0/100,000) and Hungary (1588.6/100,000) 
were also the top-ranked countries after Greenland in 2019. 
The ASDALR was generally lower in SSA countries, with 
Nigeria (80.6/100,000) and Niger (102.2/100,000) being the 
other two countries with low ASDALR besides Ethiopia in 
2019 (Fig. 3).

Between 1990 and 2019, the burden of cancers due to 
tobacco smoking increased the most in United Arab Emirates, 
which reported a growth in deaths by 776.2% and DALYs 
by 860.8% between 1990 and 2019 (Supplementary Table 2). 
All-age deaths more than doubled (growth > 100%) in 68/204 
countries/territories, and all-age DALYs doubled or more in 
58/204 countries/territories between 1990 and 2019. In 28/204 
countries/territories, all-age DALYs decreased between 1990 
and 2019, led by Kazakhstan (− 32.5%) and Latvia (− 32.0%). 
Similarly, all-age deaths decreased the most in Kazakhstan 
(− 26.3%) and Ukraine (− 27.3%) between 1990 and 2019. 
Supplementary Fig. 3 presents geographically the percent 
changes in age-standardized rates between 1990 and 2019. 
The ASMR increased the most by 54.6% in Sao Tome and 
Principe and 44.0% in Lesotho, with ASMR increasing by 
10% or more in 25/204 countries. The ASMR decreased 
the most in decreased the most in Singapore (−60.1%), and 
Colombia (−57.6%), with 126/204 countries posting negative 
growth of 10% or more (< − 10%) between 1990 and 2019. 
Among eight countries with more than 50,000 deaths in 2019, 
Brazil posted the highest reduction in ASMR (− 42.4%), fol-
lowed by Japan (− 37.6%). The ASDALR decreased the most 
in Singapore (− 63.7%), followed by Colombia (− 59.6%) 
and Bahrain (− 57.7%), and increased the most in Sao Tome 
and Principe (53.4%), Lesotho (47.6%), and Egypt (32.2%) 
between 1990 and 2019.

Supplementary Fig. 4 shows the burden of neoplasms 
by SDI quintile in 2019 and percent changes between 1990 
and 2019. In general, DALYs and deaths as well as age-
standardized rates increased with SDI, with the highest 
absolute count and age-standardized rate in upper-mid-
dle SDI quintile. In contrast, the percent change was the 
highest in middle SDI quintile (deaths: 123.56%; DALYs: 
98.53%), followed by lower-middle SDI and low SDI quin-
tile. In contrast to absolute counts, the age-standardized 
rates decreased between 1990 and 2019 in all SDI quin-
tiles, with the highest negative growth posted by high SDI 
quintile (ASMR: − 32.94%; ASDALR: − 37.96%), fol-
lowed by upper-middle SDI quintile (ASMR: − 20.42%; 
ASDALR: − 27.81%). Fig. 4 shows the bivariate plot of age-
standardized rates and SDI in 2019. In general, SDI had a 
positive correlation with ASMR ( r = 0.55 ) and ASDALR 
( r = 0.52 ), showing that countries with higher SDI levels, on 
average, had higher age-standardized rates of neoplasms due 
to tobacco smoking. By contrast, percent change in ASMR 
and ASDALR was negatively correlated with SDI with a 
pairwise correlation of − 0.28 and − 0.31, respectively (Sup-
plementary Fig. 5).

Sex‑wise burden of neoplasms due to tobacco 
smoking in regions in 2019

Males had higher number of deaths as well as age-stand-
ardized rates than females in all 21 regions in 2019, with 
death count and age-standardized rate among males being 
1.5 to 10-folds higher than females across regions (Fig. 5A, 
B). Among males, East Asia had the highest absolute 
burden with 831,218 deaths, followed by 231,186 deaths 
in Western Europe. Among females, high-income North 
America (104,027), Western Europe (101,573), and East 
Asia (93,255) were the three leading regions (Fig. 5A). 
The ASMR among males was the highest in East Asia 
(88.4/100,000), Central Europe (85.7/100,000), and East-
ern Europe (77.7/100,000), whereas high-income North 
America (29.9/100,000), Central Europe (23.5/100,000), 
and Western Europe (20.9/100,000) were the three leading 
regions among females (Fig. 5B). The male–female differ-
ences in death count and age-standardized rate were much 
wider in Asia and SSA regions than in Europe and America 
(Fig. 5A, B).

Burden of neoplasms by age

Figure 6 demonstrates number of deaths and age-specific 
mortality rate in different age groups in 1990 and 2019. Four 
key observations emerge from this figure. First, number of 
deaths as well as age-specific mortality rate of neoplasms due 
to tobacco smoking was much lower in females than males 
both in 1990 and 2019. Second, between 1990 and 2019, the 
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Fig. 3  Age-standardized rates of neoplasms due to tobacco smoking in 2019. ASMR: age-standardized mortality rate; ASDALR: age-standard-
ized DALY rate. Data source: Global Burden of Disease 2019 Study
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number of deaths increased in all age groups, whereas age-
specific mortality rate declined in all age groups except among 
those above the age of 85 years.Third, number of deaths in 
both sexes combined peaked at 65–69 years and 70–74 years 
in 1990 and 2019, respectively, and declined thereafter; the 
age-specfic mortality rate, however, peaked by 80–84 years 
and 85–89 years in 1990 and 2019, respectively, and declined 
marginally thereafter. In slight deviation from males, the age-
specific mortality rate among females continued to increase 
with age both in 1990 and 2019, resulting in the highest age-
specific mortality rate among those aged 95 years and above 
(Fig. 6B).

Discussion

The PPPM approach to cancer management is bringing 
a paradigm shift to cancer management and control [7, 
8]. Under this approach, we need not wait for cancer to 

proliferate and start therapy; in fact, the PPPM approach 
focuses on targeting the risk factors such that the prob-
ability of cancer initiation and progression can be mini-
mized. In this direction, our study brings forth the temporal 
patterns of the burden of cancers attributable to tobacco 
smoking at the global level in 21 regions and 204 coun-
tries. At the global as well as regional level, the age-stand-
ardized rates of deaths and DALYs due to cancers caused 
by tobacco smoking decreased, whereas due to population 
growth, the absolute count of deaths and DALYs increased 
between 1990 and 2019. This finding follows a similar 
observation of increasing number of tobacco smokers but 
decreasing prevalence rates worldwide [1]. In 8/21 regions, 
there were more than 100,000 deaths due to cancers attrib-
utable to tobacco smoking, led by East Asia and Western 
Europe in 2019. The regions of SSA (except southern SSA) 
had one of the lowest absolute counts of deaths, DALYs, 
and age-standardized rates. In 2019, TBL, esophageal, 
stomach, colorectal, and pancreatic cancer were the top 5 

Fig. 4  Bivariate association between age-standardized rates of neo-
plasms due to tobacco smoking in 2019. ASMR: age-standardized 
mortality rate; ASDALR: age-standardized DALY rate. Fitting line 

represents the estimated values as per linear fit. SDI: Socio-demo-
graphic index. Data source: Global Burden of Disease 2019 Study
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Fig. 5  Sex-wise all-age deaths and age-standardized rate of mortality of neoplasms by region, 2019. Data source: Global Burden of Disease 
2019 Study

Fig. 6  Global age-wise deaths and mortality rate in 1990 and 2019. Data source: Global Burden of Disease 2019 Study
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neoplasms attributable to tobacco smoking, with different 
burden in regions as per their development status.

We observed that the cancer deaths attributable to 
tobacco smoking increased the most (absolute counts) in 
middle SDI quintile, followed by lower-middle and low SDI 
quintiles between 1990 and 2019, implying that tobacco 
control efforts need to be accelerated in these countries. A 
study has found that tobacco companies employ a range of 
activities (e.g., marketing/promotion, economic and polit-
ical, and manipulative/deceptive) to block the effects of 
tobacco control policies in low and middle-income coun-
tries [25]. Furthermore, the financial resources spent on 
tobacco control efforts might not be sufficient. As per a 
WHO report, globally, taxes on tobacco generated gov-
ernment revenues of US$ 269 billion in 2013–14, yet only 
US$ 1 billion was spent on tobacco control efforts [26]. 
It shows that more resources, innovative strategies, and 
political-will are required to curtail the tobacco smoking 
prevalence in these countries. Among low and middle-
income countries, a few exemplar countries have adopted 
stringent policies to curtail tobacco smoking. Madagascar, 
for instance, is the only low-income country maintaining 
tax on tobacco sales at more than 75% of the price [27]. 
Similarly, increased tax rate on tobacco products in coun-
tries such as Georgia and Morocco has been effective in 
reducing tobacco consumption [27]. Among low and mid-
dle-income countries, Brazil is also an exemplar country, 
which posted a reduction in adult smoking prevalence by 
72.5% in males and 74.7% in females between 1990 and 
2019 [1]. Consequently, Brazil posted one of the biggest 
reductions in ASMR and ASDALR of neoplasms attribut-
able to tobacco smoking. Brazil’s remarkable performance 
could be attributed to “national program to fight smoking” 
initiated in 1986 (later renamed tobacco control plan in 
2006), focused on tobacco taxes and other tobacco legisla-
tions [1, 28, 29].

Males account for 4/5th of the total cancer deaths and 
DALYs due to tobacco smoking in 2019, reflecting greater 
smoking prevalence among males than females [1, 27]. 
The male–female differences in cancer burden varied from 
1.5 to 10-folds in different regions, reflecting the differen-
tial prevalence of tobacco smoking in males and females. 
Consequently, the male–female differences in death count 
and age-standardized rate were much wider in regions of 
Asia due to much higher smoking prevalence in males than 
females compared to lesser male–female differences in 
Europe and America. For instance, adult tobacco smoking 
prevalence is nearly similar between males and females in 
countries such as France (males: 35.2%; females: 31.9%) 
and Germany (males: 24.6%; females: 20.4%), whereas it 
is widely different in China (males: 45.6%; females: 1.7%), 
India (males: 15.6%; females: 1.6%), and Indonesia (males: 
62.0%; females: 2.6%) (Supplementary Table 3).

PPPM approach to disease management and control sug-
gests adopting targeted prevention approaches. Towards 
targeted prevention, the underlying reasons for differences 
in smoking prevalence among males and females must be 
more researched upon. The results from a neuroimaging 
study indicated that smoking activates pathways of male’s 
rewards more than female’s [30]. Fewer male–female dif-
ferences in smoking prevalence in high-income countries 
and regions may also be linked with greater female labor 
force participation and hence greater economic independ-
ence among females. In low and middle-income countries 
of Asia and North Africa, females have lesser participation 
in the labor force [31], which results in low earning capacity 
and autonomy. In contrast to Asian countries, female labor 
force participation is high in the SSA region; however, low 
earning capacity and income levels might have led to low 
tobacco smoking rates in both males and females. The over-
all effects of gender equality are positive for the health of 
both males and females [32]; however, a study found that as 
gender inequality decreased in Spain, the smoking preva-
lence among males and females began to converge [33]. 
However, we abstain from providing a causal interpretation 
of the linkage between country’s economic levels, gender 
equality, and smoking prevalence among females; these 
interlinkages (or lack of) require further research.

Globally, the number of deaths due to neoplasms 
increased with age and peaked among those aged 
65–74 years, and it is evident because tobacco smoking has 
a latency period to manifest its harmful effects. Research has 
identified that most people start smoking at younger ages 
[34–36] and there are life-long consequences of early smok-
ing initiation in the form of respiratory problems, cardio-
vascular diseases, and cancers. As per a global study, there 
were 155 million smokers of age 15 to 24 years worldwide 
in 2019, with prevalence rate varying from 4.95% in females 
to 20.1% among males [37]. As there is a low probability 
of a person becoming a smoker after the age of 25 years, 
the tobacco control policies must target these age groups 
(15 to 24 years), which can have tremendous effects on 
smoking-induced disease burden in the future [37]. One 
such public health policy measure is increasing the legal 
age of tobacco sale. In 2019, United States passed legisla-
tion named Tobacco 21, under which the minimum age for 
selling tobacco products was raised from 18 to 21 years [38]. 
By contrast, in most European Union countries, the legal age 
for tobacco sale is 18 years [39, 40].

Apart from these public health efforts, the PPPM 
approach to medicine suggests that more targeted and indi-
vidualized prevention techniques must be applied as several 
individual-specific factors predict smoking behavior among 
adolescents. Among individual-specific factors, research 
has identified the role of four personality-related factors for 
substance abuse among young and adolescents—namely, 
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impulsivity, sensation-seeking, hopelessness, and anxiety 
[41]. A selective personality-targeted preventive approach 
termed “preventure” successfully reduced tobacco uptake 
and intention to use tobacco among adolescents even after 
36 months of baseline [42]. Those among the “preventure” 
treatment group also reported high self-efficacy in resisting 
peer pressure to smoke even after three years of the treat-
ment [42]. The personality-targeting preventive approaches 
represent the trait-based approach of health interventions 
that seek to target the underlying psychological processes to 
help regulate and shape behaviors [43]. A recent study has 
also found that personalized genetically informed risk tool 
can potentially reduce tobacco smoking [44].

In most regions, TBL is the most dominant malignancy 
caused by tobacco smoking, followed by cancers of esopha-
gus, stomach, and colorectal. In the carcinogenic process, 
besides the direct carcinogenic effects of tobacco smoking, 
heightened inflammation due to tobacco smoking might 
also be responsible for the increased risk of several cancers, 
including lung cancer [12, 45, 46]. PPPM approach to medi-
cine suggests that cancer predisposing syndromes particu-
larly the monogenic subtypes must be identified to catego-
rize at-risk population for preventive measures and screening 
[13]. Studies have indicated that smokers with arylamine 
N-acetyltransferase 2 (NAT2) slow acetylation genotype 
have a modestly increased risk of bladder cancer [47, 48], 
which emanates from the role of NAT2 in the metabolism 
of aryl amines present in the tobacco smoke. Similarly, the 
association between susceptibility single nucleotide poly-
morphisms (SNPs) and risk of colorectal cancer might be 
modified by smoking behavior [49]. A recent study con-
cluded that abstinence from smoking could attenuate to a 
great extent the genetic risk of colorectal cancer [50].

In case of lung cancer, several SNPs were identified in the 
European Prospective Investigation into Cancer and Nutri-
tion trials, which influence lung cancer survival in smok-
ers and non-smokers [51]. Genome-wide association stud-
ies (GWAS) have found one or two copies of 15q25.1 locus as 
the susceptibility region for lung cancer, smoking behavior, 
and nicotine addiction [52–57]. However, some studies sug-
gested no association between 15q25.1 susceptibility locus 
and risk of lung cancer among never-smokers [58, 59], which 
suggests that the risk of lung cancer due to 15q25.1 vari-
ant might be mediated through smoking or through higher 
intensity of nicotine that an individual with this variant can 
extract from cigarette smoke [57]. The potential pathogenic 
pathways through which 15q25.1 susceptibility locus influ-
ences the lung cancer risk must be identified to bridge the 
gap between cancer biology and patient care [60]. A recent 
GWAS study analyzing data of 38,602 smokers has found 
that individuals with DNA variant located at DNMT3B have 
higher predisposition to nicotine dependence, heavy smok-
ing, and consequent lung cancer [61].

Recent research has highlighted the role of  m6A in cancer 
pathogenesis and progression [62–64]. The  m6A modifica-
tion is one of the most important RNA modifications closely 
linked with lung carcinoma [65, 66], and studies have found 
that  m6A regulator signatures have independent prognostic 
value to risk stratify patients and prognostic assessment and 
to offer personalized treatments [65–67]. Towards targeted 
prevention and personalized treatments, a recent study has 
also highlighted the role of  m6A-related non-coding RNA as 
a potential biomarker for predicting bladder cancer progno-
sis as well as therapeutic response to immunotherapy [68]. 
Towards precision medicine, the role of  m6A RNA methyla-
tion in human cancers can provide targeted treatment strate-
gies in the future [69].

The PPPM approach to cancer management suggests 
not only targeted prevention but also focuses on person-
alized and precision medicine. Towards this end, nomo-
grams—based on individual patient profiles and disease 
characteristics—have been found to be useful in oncology 
in providing single probability estimate for events such as 
lymph node metastasis, cancer recurrence or relapse, prob-
ability of death, effect of treatment on survival, and quality 
of life [70]. Studies have found nomograms to be useful in 
predicting the recurrence of bladder cancer [71], assessing 
risk of indolent prostate tumor [72] and risk of recurrence 
of ductal carcinoma in situ or invasive cancer after surgery 
[73]. Recently, a study [74] has developed nomogram to pre-
dict the probability of lung cancer in non-smoking females 
in the Chinese context. Nomograms have also been used to 
predict smoking cessation and smoking relapse [75, 76]. A 
recent study in Chinese context has found that cohabitation 
and depression were associated with greater risk of smoking 
relapse [76].

WHO Framework Convention on Tobacco Control

At the global level, tobacco control efforts were accelerated 
by the WHO Framework Convention on Tobacco Control 
(FCTC) [27], which focuses on a slew of a measures for 
demand reduction of tobacco use across countries: banning 
tobacco advertisements, labeling health warnings, rehabili-
tation of former tobacco users, taxes on tobacco products, 
and banning illicit trade of tobacco products. Ever since 
the WHO FCTC came into force in 2005, the adult tobacco 
prevalence has decreased substantially across countries, 
yet adult tobacco prevalence increased in 13 countries for 
males and 13 countries for females between 2005 and 2019 
(Supplementary Table 3). One of the Sustainable Develop-
ment Goals targets strengthening the implementation of 
WHO FCTC for all countries [77]. WHO tracks the pro-
gress of countries on the MPOWER framework—M: moni-
tor tobacco use and prevention policies, P: protect people 
from tobacco smoke, O: offer help to quit tobacco, W: warn 
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about the dangers of tobacco, E: enforce bans on tobacco 
advertising, promotion, and sponsorship, R: raise taxes on 
tobacco [27].

As per the WHO report, by 2020, 146 countries have 
adopted at least one MPOWER measure at the highest level, 
yet 49 nations have not adopted any MPOWER measure 
at the highest level. Taxation has been recognized as one 
of the most potent means of reducing tobacco use [27] as 
it reduces affordability, leading to either quitting or lesser 
consumption of tobacco. As per a WHO report, the number 
of countries with taxes on tobacco > 75% of the selling price 
increased from 23 to 40 between 2008 and 2020 and only 1 
belonged to the low-income, 15 to middle-income, and 24 to 
high-income category [27]. Between 2010 and 2020, ciga-
rette affordability decreased in 34/62 high-income, 42/104 
middle-income, and 8/29 low-income countries [27]. The 
varying progress on the MPOWER framework across coun-
tries shows tremendous potential and requirement of more 
concerted efforts to reduce smoking prevalence and as a 
result, reduce the burden of smoking-induced cancers.

Strengths and limitations of the study

The main strength of this study is that the GBD estimates 
are based on all available data from cancer registries, vital 
statistics, and verbal autopsy, and spatiotemporal modeling 
is used along with covariates to arrive at the estimates of 
incidence, deaths, and DALYs. Additionally, GBD uses 
available epidemiological studies on the link between risk 
and disease. A major strength of this study is that estimates 
are examined on a temporal basis, allowing a more nuanced 
analysis of how the cancer burden attributable to tobacco 
smoking has been changing in the last three decades. How-
ever, it should also be noted that carcinogenesis involves 
a complex interplay of several factors, including genetic, 
environmental, and behavioral factors apart from smok-
ing. Therefore, our results do not indicate that a particular 
cancer death or DALY occurred solely because of tobacco 
smoking and the role of interaction among risk factors in 
carcinogenesis can be an agenda for future research. The 
main limitation of the study relates to the availability of 
quality data from cancer registries in low and middle-income 
countries. For instance, deaths are attributed to the risks by 
multiplying absolute count of deaths with PAF; however, if 
death estimates are downward biased for a location, then it 
would reflect that tobacco smoking has caused fewer cancer 
deaths in a particular country or region. This might be the 
case with several low and middle-income countries in Asia, 
Africa, Oceania, and America. The role of cancer registra-
tion, therefore, becomes crucial in properly coding the cause 
of death in low and middle-income countries and thereby 
understanding the underlying risk factors.

Conclusions and expert recommendations

Even after 50 years of the United States surgeon general’s 
report on health implications of tobacco, 2.5 million deaths 
occurred worldwide due to neoplasms caused by tobacco 
smoking in 2019. The prevalence rates of tobacco smoking 
are higher in high-income countries and regions, whereas 
populous countries at low and middle-income spectrum 
have the highest absolute number of tobacco smokers. As 
tobacco smoking is the single biggest risk factor of several 
neoplasms, which entail large healthcare costs, more con-
certed efforts at a war-footing level are required to curtail 
the tobacco prevalence especially given that the smoking 
epidemic is unfolding in parts of low and middle-income 
countries of Africa, Asia, and Oceania. Smoking cessa-
tion demands a multi-pronged approach from the policy-
makers in the form of banning advertisements, increasing 
taxes, increasing legal age of selling tobacco, smoking bans 
at public places, and labeling cigarette packs. However, 
these efforts alone might not be sufficient to reduce tobacco 
prevalence and the disease burden attributable to tobacco 
smoking. The PPPM approach to medicine suggests that 
the behavioral, psychological, socio-economic, and cul-
tural factors behind different smoking prevalence across 
countries and regions must be understood such that country 
and context-specific personalized and targeted prevention 
approaches can be devised and adopted.

Most tobacco smokers begin smoking at younger ages, 
suggesting that interventions during early ages might pro-
duce large public health dividends in the future. To this 
end, targeted personality-based prevention approaches 
have tremendous potential by identifying vulnerable 
youth and providing targeted prevention solutions. Impor-
tantly, there are several approaches for helping people quit 
tobacco smoking, such as nicotine replacement therapy, 
behavior counseling, and group-based smoking cessation 
programs [78]. Recent research has pointed toward the 
success of some tobacco cessation strategies focusing on 
the personality and behavior of smokers. A meta-analysis 
found that behavioral interventions can assist smokers in 
quitting; however, interventions tailored for those with low 
socio-economic status were ineffective in helping disad-
vantaged smokers [79]. A recent review highlighted the 
importance of strategies such as text-message interven-
tions, quit and win contests, and multiple behavioral inter-
ventions on tobacco cessation among youth [80].

Behavior or personality-targeting programs for smok-
ing cessation currently face few challenges. First, mis-
conceptions and risk denial among smokers present one 
of the biggest challenges encountered while encouraging 
smokers to quit [81–83]. Second, the long-term effects of 
behavioral therapies in tobacco cessation are inconclusive. 
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A review of Cochrane database has found limited evidence 
of the effectiveness of behavioral interventions among 
young people to quit smoking on long-term sustained 
basis [84]. Third, there is limited or no research on the 
cost-effectiveness and scalability of these approaches at 
the country level. For instance, the total population of 
adult tobacco smokers is estimated to be 341 million in 
China [1]; research, as of now, is silent on the effective-
ness and scalability of trait-based targeted prevention 
methods in countries such as China. Therefore, towards 
PPPM approach to cancer management and control, future 
research can focus on three dimensions: (1) behavioral 
interventions for those with low socio-economic status, (2) 
whether behavioral interventions lead to sustained tobacco 
cessation on a long-term basis, and (3) the scope, scalabil-
ity, and cost-effectiveness of personality or behavior-based 
preventive medicine at the country level.

Lastly, cancer burden due to tobacco smoking is widely 
different across regions and countries due to different prev-
alence of tobacco smoking. Moreover, burden of cancers 
is higher among males than females reflecting differential 
smoking prevalence. Apart from this, the role of several 
individual-specific factors modulates the risk of smoking 
initiation and progression as well as risk of cancers due to 
tobacco smoking. The PPPM approach suggests health risk 
assessment of those at higher risk of smoking initiation as 
well as smoking progression, followed by targeted interven-
tions tailored to individual patient profiles. Among genetic 
factors, GWAS studies have highlighted the role of SNPs 
located at 15q25, 19q13, and 8p11 in nicotine addiction and 
smoking behaviors [54, 55]. A study has found that early 
smokers with high genetic risk score (GRS)—identified 
through GWAS—are more likely to progress to heavy smok-
ing with high nicotine dependence, and for those individu-
als with higher GRS, smoking cessation was more difficult 
than those with low GRS [85]. However, a previous research 
study has pointed out that personalized medicine based only 
on genomics has limited applicability for PPPM in oncology 
[86]. Rather, towards personalized and precision medicine, 
multiple data from genomics, transcriptomics, proteomics, 
metabolics, and radiomics can better help in patient stratifi-
cation and providing personalized medicine [86, 87].
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