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Associations between Cigarette Smoking and Total Mortality 
Differ Depending on Serum Concentrations of Persistent Organic 
Pollutants among the Elderly

There are substantial variations of relative risks (RR) in smoking-related mortality by 
country and time. We hypothesized the RRs in smoking-related mortality might differ 
depending on serum concentrations of persistent organic pollutants (POPs). We evaluated 
the associations of cigarette smoking with total mortality in 610 elderly (aged ≥ 70 yr) (702 
elderly for organochlorine pesticides [OCPs]) after stratification by serum concentration of 
POPs, in the National Health and Nutrition Examination Survey (NHANES) 1999-2004 
followed through 2006. Summary measures of POPs subclasses showed significant or 
marginally significant interaction with cigarette smoking on the risk of total mortality. P 
values for interaction were 0.069 for polychlorinated dibenzo-p-dioxins (PCDDs), 0.008 
for polychlorinated biphenyls (PCBs), and 0.024 for OCPs. The effect of smoking on total 
mortality showed different patterns according to the serum concentration of some POPs. 
Former or current smokers had 1.4 to 2.9 times higher mortality rates compared with 
never smokers among participants with higher serum concentrations of POPs (2nd or 3rd 
tertiles). However, when the level of PCBs or OCPs were low (1st tertile), there were little 
positive associations between smoking and mortality. Our study suggests that the 
background exposure to several POPs may be related to variability in smoking-related total 
mortality.
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INTRODUCTION

Cigarette smoking is the leading cause of mortality as a risk fac-
tor for lung cancer, coronary heart disease, stroke, chronic ob-
structive pulmonary disease (COPD), and other diseases (1, 2). 
However, substantial variations in smoking-related mortality 
have been noted by nation, time or ethnicity (2-5). For example, 
cigarette smoking tended to be less predictive of mortality in 
southern Europe and Japan than in the United States and north-
ern Europe from the seven countries studies with some excep-
tions (2). In the 40 yr prospective study of male British doctors, 
mortality associated with smoking was two to three times higher 
during the second half of follow-up (1971-1991) than the first 
half (1951-1971) (3). One review article on differences between 
studies in relative risks on incidence of various diseases associ-
ated with cigarette smoking similarly reported the lower esti-
mates of relative risks in earlier studies compared with recent 
studies (5). 
  The variation of risks associated with smoking has been 
mainly attributed to methodological problems such as misclas-

sification of smoking status, differences in risk among non-
smokers rather than smokers, cohort effects, or random varia-
tions due to chance (2-5). However, the possibility of interac-
tion with biological factors should be considered. 
  Among possible modifying factors, we are interested in per-
sistent organic pollutants (POPs), highly lipophilic chemicals 
that accumulate mainly in adipose tissue and that have long 
half-lives. POPs include several hundred different chemicals 
that share properties like lipophilicity and resistance to biodeg-
radation. Among a variety of POPs, chlorinated POPs such as 
polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated 
dibenzofurans (PCDFs), polychlorinated biphenyls (PCBs), 
and organochlorine pesticides (OCPs) have been particularly 
considered as problematic.
  In experimental studies, pretreatment of PCBs or some OCPs 
like DDT increased genotoxicity of carcinogens like benzopy-
rene, dimethylnitrosamine, and N-nitrosodiethylamine, which 
are important components of cigarette smoke (6, 7). In fact, the 
chronic exposure to low dose POPs has recently been linked to 
various common diseases in general population (8-12). Also, 
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we recently reported that an interaction between obesity and 
POPs on mortality in elderly (13). Therefore, considering appar-
ent variations in smoking-related mortality, it is interesting to 
examine if the association between cigarette smoking and mor-
tality differs by serum concentrations of POPs. 

MATERIALS AND METHODS

Study subjects
The continuous NHANES, conducted annually since 1999 by 
the Centers for Disease Control and Prevention (CDC), is an 
ongoing survey designed to measure the health and nutritional 
status of the civilian non-institutionalized US. population. In 
the NHANES 1999-2002, all POPs were measured in the same 
subsample while in the NHANES 2003-2004, OCPs were mea-
sured in a different subsample from the subsample in which 
other POPs were measured. Thus, the final sample sizes were 
610 for PCDDs, PCDFs, and PCBs and 702 for OCPs, including 
subjects aged 70 yr or older and followed for mortality through 
the end of 2006.

Measurement 
Each participant completed a household interview and under-
went a physical examination (14). The interview included de-
mographic, socioeconomic, dietary, and health-related ques-
tions and the examination component consists of medical, 
dental, and physiological measurements, as well as laboratory 
tests. Information on cigarette smoking was obtained from 
questions on tobacco use for participants over twenty years old. 
  Venous blood samples were collected and shipped weekly at 
-20°C. PCDDs, PCDFs, PCBs, and OCPs were all measured as 
individual chemicals by high-resolution gas chromatography/
high-resolution mass spectrometry using isotope dilution for 
quantification. All details on POPs analyses including quality 
control (QC) have been discussed previously in the NHANES 
Laboratory Procedure Manual (15, 16). We selected 3 PCDDs 
(1,2,3,6,7,8-Hexachlorodibenzo-p-dioxin, 1,2,3,4,6,7,8-Hepta-
chlorodibenzo-p-dioxin, and 1,2,3,4,6,7,8,9-Octachlorodiben-
zo-p-dioxin), 3 PCDFs (2,3,4,7,8-Pentachlorodibenzofuran, 
1,2,3,4,7,8-Hexachlorodibenzofuran, and 1,2,3,4,6,7,8-Hepta-
chlorodibenzofuran), 11 PCBs (PCB074, PCB099, PCB118, 
PCB126, PCB146, PCB153, PCB156, PCB169, PCB170, PCB180, 
and PCB187), and 5 OCPs (p,p´-DDE, trans-nonachlor, oxy-
chlordane, heptachlor epoxide, and β-hexachlorocyclohexane) 
for which at least 80% of study subjects had concentrations 
more than the limit of detection. 

Mortality 
Probabilistic matching was used to link NHANES participants 
with the national death index to ascertain vital status. Matching 
was based on 12 identifiers for each participant (e.g., Social Se-

curity number, sex, and date of birth). Persons who survived 
the entire follow-up period were administratively censored on 
December 31, 2006. Follow-up time for each person was calcu-
lated as the difference between the NHANES examination date 
and the last known date alive or censored.

Statistical analysis
For the analysis, smoking status was expressed as never, former 
and current. Those who reported having smoked fewer than 
100 cigarettes in their lives were classified as never-smokers 
and who reported that they smoked at least 100 cigarettes but 
discontinued cigarette smoking were defined as former smok-
ers. Those who reported that they had smoked at least 100 ciga-
rettes and continued cigarette smoking everyday at the baseline 
interview were defined as current smokers. 
  First, we checked if there were statistically significant interac-
tions of cigarette smoking and serum concentrations of indi-
vidual POP (tertiles) in predicting total mortality using Cox pro-
portional hazard models. Cutoff points of tertiles of individual 
POP were presented in Supplementary Table S1. As the associ-
ations of cigarette smoking with mortality were not very differ-
ent between 2nd tertile and 3rd tertile of POPs, we presented 
results focusing on the comparison of 1st tertile of POPs with 
2nd and 3rd tertile of POPs to increase the statistical stability of 
analyses.
  In addition to individual POPs, we also used the summary 
measures of subclasses of POPs by summing the rank orders of 
the individual POPs belonging to in each subclass for subjects 
with detectable values of each POP, assigning rank 0 to not de-
tectable values. Second, we calculated hazard ratios (HRs) of 
the associations between total mortality with cigarette smoking 
by stratifying the summary measure of subclasses of POPs 
which showed statistically significant (P < 0.05) or marginally 
significant (P < 0.15) interactions, using non-smokers as a ref-
erence category. And adjusting covariates were age, gender, 
race-ethnicity (Mexican American, other Hispanic, Non-His-
panic white, Non-Hispanic black, and other race), physical ac-
tivity (none, moderate, and vigorous), and body mass index 
(BMI, kilograms per square meter).
  All statistical analyses were performed with SAS 9.1 and SU-
DAAN 9.0. Estimates of main results were calculated account-
ing for stratification and clustering (17), adjusting for age, gen-
der, race-ethnicity, physical activity and BMI instead of using 
sample weights; this adjustment has been regarded as a good 
compromise between efficiency and bias (17, 18). As results 
were very similar with SAS 9.1 and SUDAAN 9.0, we present the 
results based on SAS 9.1.

Ethics statement
The study protocol was reviewed and approved by the institu-
tional review board of CDC/NCHS (Protocol No. 98-12). Writ-
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ten informed consent was obtained from all subjects before 
they took part in the study.

RESULTS

General characteristics of study subjects
Among 610 elderly with information on PCDDs, PCDFs, and 
PCBs, 142 subjects died during the mean follow-up time of 4.0 

yr (underlying causes: 50 cardiovascular diseases, 36 cancer, 15 
respiratory diseases, and 41 others). Among 702 elderly with in-
formation on OCPs, the number of deaths was 157. Based on 
the 610 participants, distributions of several factors including 
demographic variables according to the status of cigarette smok-
ing were shown in Table 1. Current smokers were likely to be 
younger, men, lower BMI and physically inactive compared 
with never smokers. Results based on 702 participants with in-
formation on OCPs were similar to those in Table 1 (data not 
shown).

Serum concentrations of POPs by cigarette smoking 
Table 2 indicates mean concentrations of individual POPs de-
pending on the status of cigarette smoking. Among 22 individu-
al POPs, 2 out of 3 PCDDs, 2 out of 3 PCDFs, 5 out of 11 PCBs, 
and 3 out of 5 OCPs showed decreasing trend according to the 
smoking status from never smokers to current smokers and 
some of these were statistically significant. In particular, POPs 
with dioxin activity like PCDDs, PCDFs, dioxin-like PCBs 
showed much lower levels among current smokers compared 
with never smokers. 

Table 1. Baseline characteristics according to the status of cigarette smoking among 
610 elderly

Characteristics

Status of cigarette smoking

Never smokers
(n = 292)

Former smokers 
(n = 276)

Current smokers 
(n = 42)

P for  
trend

Number of Deaths 
  (% dead)

57 (19.5) 76 (27.5) 9 (21.4)

Age (yr,
  mean ± SD)

78.2 ± 5.2 77.3 ± 4.9 75.9 ± 4.7 0.006†

Men (%) 34.6 67.4 69.1 < 0.001†

White (%) 69.5 70.7 66.7 0.459
BMI (kg/m2, 
  mean ± SD)

27.5 ± 4.8 27.6 ± 4.4 24.9 ± 5.3 0.011*

Physically inactive 
  (%)

56.2 56.2 71.4 0.250

*P value < 0.05; †P value < 0.01. SD, standard deviation.

Table 2. Adjusted* serum concentrations (mean±standard error) of individual persistent organic pollutants (POPs) according to the status of cigarette smoking

Analytes
Status of cigarette smoking

Never smokers (n = 292) Former smokers (n = 276) Current smokers (n = 42) P for trend

Polychlorinated dibenzo-p-dioxins (PCDDs)
1,2,3,6,7,8-Hexachlorodibenzo-p-dioxin† (pg/g of lipid) 75.3 ± 2.8 65.2 ± 2.9 67.2 ± 7.4 0.034‡

1,2,3,4,6,7,8-Heptachlorodibenzo-p-dioxin† (pg/g of lipid) 93.7 ± 3.8 69.0 ± 4.0 34.6 ± 10.1 < 0.001§

1,2,3,4,6,7,8,9-Octachlorodibenzo-p-dioxin† (pg/g of lipid) 733.5 ± 36.7 624.9 ± 37.9 482.2 ± 96.6 0.006§

Polychlorinated dibenzofurans (PCDFs)
2,3,4,7,8-Pentachlorodibenzofuran† (pg/g of lipid) 12.1 ± 0.4 11.0 ± 0.4 10.1 ± 1.0 0.013‡

1,2,3,4,7,8-Hexachlorodibenzofuran† (pg/g of lipid) 9.3 ± 0.3 8.2 ± 0.3 7.9 ± 0.9 0.021‡

1,2,3,4,6,7,8-Heptachlorodibenzofuran† (pg/g of lipid) 10.6 ± 0.6 9.9 ± 0.6 13.4 ± 1.5 0.552 
Polychlorinated biphenyls (PCBs) 

PCB074† (ng/g of lipid) 26.8 ± 1.1 23.8 ± 1.1 18.6 ± 2.9 0.006§

PCB099 (ng/g of lipid) 16.7 ± 0.9 15.0 ± 1.0 15.1 ± 2.4 0.235 
PCB118† (ng/g of lipid) 36.8 ± 2.1 30.1 ± 2.1 22.0 ± 5.4 0.003§

PCB126† (pg/g of lipid) 73.7 ± 4.1 57.6 ± 4.3 35.5 ± 10.9 < 0.001§

PCB146 (ng/g of lipid) 12.3 ± 0.6 10.9 ± 0.7 11.0 ± 1.7 0.184 
PCB153 (ng/g of lipid) 100.3 ± 4.6 85.2 ± 4.7 91.4 ± 12.1 0.076 
PCB156† (ng/g of lipid) 15.5 ± 1.0 12.6 ± 1.0 14.0 ± 2.7 0.125 
PCB169† (pg/g of lipid) 43.1 ± 1.4 39.0 ± 1.4 38.1 ± 3.6 0.040‡

PCB170 (ng/g of lipid) 28.3 ± 1.2 25.0 ± 1.2 27.1 ± 3.1 0.164 
PCB180 (ng/g of lipid) 75.2 ± 3.1 67.0 ± 3.2 75.5 ± 8.1 0.290 
PCB187 (ng/g of lipid) 22.9 ± 1.1 21.0 ± 1.1 20.8 ± 2.8 0.243 

Analytes
Status of cigarette smoking

Never smokers (n = 344) Former smokers (n = 311) Current smokers (n = 47) P for trend

Organochlorines pesticides (OCPs)
p,p´-DDE (ng/g of lipid) 1,447.0 ± 108.8 1,474.7 ± 112.9 1,437.9 ± 292.1 0.929 
Trans-nonachlor (ng/g of lipid) 71.2 ± 3.1 64.4 ± 3.3 52.6 ± 8.4 0.027‡

Oxychlordane (ng/g of lipid) 41.2 ± 1.5 38.2 ± 1.5 36.6 ± 3.9 0.124 
Heptachlor epoxide (ng/g of lipid) 14.2 ± 1.0 15.5 ± 1.1 11.0 ± 2.8 0.893 
β-hexachlorocyclohexane (ng/g of lipid) 58.2 ± 8.9 62.3 ± 9.2 33.1 ± 23.8 0.668 

*Adjusted for age, gender, race/ethnicity, physical activity, and BMI; †POPs with dioxin activity; ‡P value < 0.05; §P value < 0.01.
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Interaction between smoking and POPs on mortality
Table 3 shows P values for interactions of cigarette smoking 
with concentrations of individual POPs in prediction of total 
mortality after adjusting for age, gender, race/ethnicity, BMI 
and physical activity. Among 22 individual POPs included in 
the analyses, 1 out of 3 PCDDs, 1 out of 3 PCDFs, 3 out of 11 
PCBs, and 3 out of 5 OCPs showed statistically significant (P for 
interaction < 0.05) or marginally significant (P for interac-
tion < 0.15) interactions with cigarette smoking in the predic-
tion of total mortality. The summary measure calculated from 
statistically significant or marginally significant individual 
POPs, PCDDs (P for interaction = 0.069), PCBs (P for interac-
tion = 0.008) and OCPs (P for interaction = 0.024) showed sig-

nificant or marginally significant interaction with cigarette 
smoking.    

Association between smoking and mortality by serum 
concentrations of POPs 
  Table 4 shows results of stratified analyses by summary mea-
sures of POPs subclass calculated from statistically significant or 
marginally significant individual POPs already used in Table 3, 
and those results were depicted as the Fig. 1. Patterns of adjust-
ed hazard ratios (HRs) for all-cause mortality of former and cur-
rent smokers compared with never smokers differed by concen-
trations of POPs (Fig. 1). When serum concentrations of PCDDs, 
PCDFs, PCBs, and OCPs belonged to the 2nd or 3rd tertiles, for-
mer or current smokers showed about 1.4 to 2.9 times higher 
mortality rates compared with never smokers, showing signifi-
cant or marginally significant increasing trends. However, when 
the level of PCDDs, PCDFs, PCBs, and OCPs were low, there 
were no clear positive associations between cigarette smoking 
and mortality. 

DISCUSSION

The present study demonstrates that the risk of cigarette smok-
ing on total mortality show different associations according to 
serum concentration of POPs. Among subjects with relatively 
high POPs, former or current smokers showed a higher risk of 
mortality than never smokers. Meanwhile, when subjects had 
relatively low serum concentrations of POPs, there was no clear 
association between cigarette smoking and total mortality. 
  Cigarette smoke is a typical source of complex environmen-
tal chemical exposure. More than 3,000 chemicals have been 
identified in cigarette smoke, and many of them are both muta-
genic and carcinogenic. Experimental findings on increased 
carcinogenicity of chemicals contained in cigarette smoking af-
ter pretreatment of some POPs strongly suggest the biological 
interaction between cigarette smoking and POPs (6, 7). 
  Among POPs evaluated in the current study, OCPs and PCBs 
were widely used after the World War II and the commercial 
production was banned during the 1970s in most developed 
countries. However, measurable levels of POPs are still found in 
human tissue and blood samples. This persistence has been at-
tributed to their slow metabolism and high lipid solubility, lead-
ing to stable storage in adipose tissue. Also as they have widely 
contaminated the environment surrounding humans, includ-
ing the food chain, humans remain exposed to low dose POPs 
through food consumption, in particular fatty animal food. 
  Therefore, the different associations between cigarette smok-
ing and mortality by serum concentrations of POPs may partly 
explain why cigarette smoking was more weakly associated 
with mortality in southern Europe and Japan than in the United 
States and northern Europe from the seven countries studies in 

Table 3. Different associations between cigarette smoking and mortality according to 
serum concentrations of persistent organic pollutants (POPs)

Analytes P for interaction*

Polychlorinated dibenzo-p-dioxins (PCDDs)
1,2,3,6,7,8-hxcdd 0.491
1,2,3,4,6,7,8-hpcdd  0.069§

1,2,3,4,6,7,8,9-ocdd 0.571
Summary measure of apparently interacting PCDDs†  0.069§

Summary measure of all PCDDs‡ 0.179
Polychlorinated dibenzofurans (PCDFs)

2,3,4,7,8-pncdf 0.611
1,2,3,4,7,8-hxcdf 0.170
1,2,3,4,6,7,8-hpcdf  0.126§

Summary measure of apparently interacting PCDFs†  0.126§

Summary measure of all PCDFs‡ 0.308
Polychlorinated biphenyls (PCBs) 

PCB074 0.491
PCB099 0.315
PCB118  0.028ll

PCB126  0.018ll

PCB146 0.825
PCB153 0.620
PCB156 0.133§

PCB169 0.250
PCB170 0.810
PCB180 0.172
PCB187 0.512
Summary measure of apparently interacting PCBs†   0.008ll

Summary measure of all PCBs‡ 0.202
Organochlorines pesticides (OCPs)

p,p´-DDE 0.417
Trans-nonachlor  0.079§

Oxychlordane  0.045ll

Heptachlor Epoxide  0.081§

β-hexachlorocyclohexane  0.322
Summary measure of apparently interacting OCPs†   0.024ll

Summary measure of all OCPs‡   0.020ll

*Adjusted for age, gender, race/ethnicity, physical activity, and BMI; †Values of indi-
vidual POPs that showed apparent interaction (P for interaction < 0.15) in each sub-
class were individually ranked; then the rank orders of the individual POPs were 
summed and divided by tertiles to calculate summary measures for each POPs sub-
class; ‡Values of all individual POPs included in each subclass were individually 
ranked; then the rank orders of the individual POPs in each subclass were summed 
and divided by tertiles to calculate summary measures for each POPs subclass; 
§P value < 0.15; llP value < 0.05.
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Table 4. Adjusted* hazard ratios (HRs) for all-cause mortality rate by summary measures† of persistent organic pollutants (POPs)

Pollutants
Status of cigarette smoking

P for trend P for interaction
Never smokers Former smokers Current smokers

Polychlorinated dibenzo-p-dioxins (PCDDs)
1st tertile Cases/No. 14/54 30/111 9/38

Adjusted HR (95% CI) Referent 0.7 (0.3-1.4) 0.6 (0.2-1.4) 0.232 0.069
2nd+3rd tertile Cases/No. 43/238 46/165 0/4

Adjusted HR (95% CI) Referent 1.5(1.0-2.4)‡ 0.065
Polychlorinated dibenzofurans (PCDFs)
1st tertile Cases/No. 25/94 28/99 2/10

Adjusted HR (95% CI) Referent 1.0 (0.6-1.8) 0.5 (0.1-2.1) 0.529 0.126
2nd+3rd tertile Cases/No. 32/198 48/177 7/32

Adjusted HR (95% CI) Referent 1.7 (1.1-2.7) 1.7 (0.7-4.0) 0.047§

Polychlorinated biphenyls (PCBs)
1st tertile Cases/No. 20/66 33/108 5/29

Adjusted HR (95% CI) Referent 0.9 (0.5-1.6) 0.5 (0.2-1.3) 0.148 0.008ll

2nd+3rd tertile Cases/No. 37/226 43/168 4/13
Adjusted HR (95% CI) Referent 1.6 (1.0-2.5) 2.9 (1.0-8.8) 0.021§

Organochlorines pesticides (OCPs)
1st tertile Cases/No. 18/108 19/103 1/22

Adjusted HR (95% CI) Referent 0.9 (0.4-1.9) 0.2 (0.1-1.7) 0.211 0.024§

2nd+3rd tertile Cases/No. 51/236 60/208 8/25
Adjusted HR (95% CI) Referent 1.4 (1.0-2.1) 1.8 (0.8-3.9) 0.047§

*Adjusted for age, sex, race/ethnicity, physical activity and BMI; †Values of individual POPs with apparent interaction (P for interaction < 0.15) in each subclass were individually 
ranked; the rank orders of the individual POPs were summed and divided by tertiles to calculate summary measures of POPs subclass; ‡As there was no death among current smok-
ers belonging to the 2nd or 3rd tertile group of serum PCDDs concentrations, we merged the former and current smokers group into a single group; §P value < 0.05; llP value < 0.01.

Fig. 1. Interactions of cigarette smoking with polychlorinated dibenzo-p-dioxins (PCDDs, A), polychlorinated dibenzofurans (PCDFs, B), polychlorinated biphenyls (PCBs, C), and 
organochlorines pesticides (OCPs, D) on mortality. Hazard ratios (HRs) adjusted for age, gender, race/ethnicity, physical activity and BMI. T1, first tertile; T2, second tertile; T3, 
third tertile. Values of individual POPs with statistically significant (P for interaction < 0.05) or marginally significant (P for interaction < 0.15) in each subclass were individually 
ranked and the rank orders of the individual POPs were summed and divided by tertiles to calculate summary measures of POPs subclass. Second tertile and third tertile were 
combined to a single group. *P value < 0.05; †P value < 0.01.
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which the baseline examination was performed between 1957 
and 1964 (2). Even though the contamination of POPs is uni-
versal at present, it could be substantially different among re-
gions depending on the extent of industrialization during the 
1950s and 1960s. Compared with the United States and north-
ern Europe, other areas on earth might be less industrialized 
and less contaminated with POPs during those periods. Also, 
the higher mortality associated with smoking during the sec-
ond half of follow-up (1971-1991) than the first half (1951-1971) 
in the study on male British doctors (3) may be also related to 
the POPs contamination in general population. 
  When stratified by the tertiles of serum concentrations of 
POPs, the strength of associations between cigarette smoking 
and mortality among subjects belonging to the 3rd tertile of 
POPs was not stronger than those of subjects in the 2nd tertile 
of POPs. It suggests that certain levels of POPs would be enough 
to show the association between cigarette smoking and mortal-
ity and there were no further increase, or sometimes even de-
crease, of smoking-related mortality as POPs concentrations 
increase. This kind of relationship seems to be similar with low 
dose effects or inverted U-shaped associations which were ob-
served in previous studies on health effects of POPs (19-21). 
Low dose effects or inverted U-shaped associations of POPs 
have been interpreted to be related to endocrine disrupting 
properties of POPs rather than traditional toxicity of POPs 
which are expected to show linear dose-response relationship 
(19-21).
  In relation to the role of POPs as endocrine disruptors, it is 
important to note that endogenous estrogen hormones or 
chemicals with estrogenic activities are thought to interact with 
mutagenic and carcinogenic compounds contained in cigarette 
smoking to increase the risk of lung cancer (22). However, POPs 
which showed significant interactions with cigarette smoking 
in this study include various chemicals with estrogenic or anti-
estrogenic effects. Therefore, other unknown endocrine dis-
rupting properties of POPs may explain the interaction between 
POPs and cigarette smoking. 
  In fact, no association between cigarette smoking and mor-
tality among subjects with very low concentrations of POPs was 
an unexpected finding. Even though we hypothesized the in-
teraction between cigarette smoking and POPs, our prior hy-
pothesis was that cigarette smoking does predict mortality even 
without the exposure to POPs, but that the association would 
be stronger at higher serum concentrations of POPs. It may be 
related to the age distribution of our participants because lower 
relative risks for cigarette smoking have been reported for the 
elderly for some diseases such as coronary heart disease and 
stroke due to selective survivor (23, 24).
  In this study, we presented that current smokers had gener-
ally lower concentrations of POPs, in particular POPs with di-
oxin activity like PCDDs, PCDFs, or dioxin-like PCBs. As both 

cigarette smoking and POPs with dioxin activity are known to 
induce CYP1A1 activity which is related to metabolism as well 
as toxicity of these chemicals (25), the lower concentrations of 
POPs with dioxin activity among current smokers seem to be 
biologically plausible. However, the associations between ciga-
rette smoking and serum concentrations of POPs varied among 
previous studies (26, 27). 
  In our previous study, we demonstrated that the associations 
between obesity and mortality differed depending on serum 
concentrations of POPs among elderly participants (13). In 
those with low POPs concentrations, mortality increased with 
fat mass. However, in those with high POPs concentrations, 
there was decreased mortality with increased fat mass. We in-
terpreted this finding that good prognosis among overweight or 
obese elderly may reflect the relative safety of storing POPs in 
adipose tissue rather than in other critical organs (13). When 
the interaction terms of BMI and POPs were additionally in-
cluded in our models, the interactions between smoking and 
POPs seemed to be still present even though statistical signifi-
cance was weakened (data not shown). As smokers tend to be 
less obese compared to never smokers, there may be a compli-
cated relation among cigarette smoking, adipose tissue, and 
mortality. There was not adequate power in the present data to 
address this issue in more detail. 
  This study has several limitations. First, we could not further 
categorize former or current smokers in detail due to the small 
sample size. As duration of smoking cessation and total pack-
years influence risk of disease, further evaluation is needed to 
understand dose-response relationship using more detailed 
cigarette smoking status categories. Second, we could not eval-
uate the interaction between cigarette smoking and POPs on 
cause-specific mortality because of the small number of out-
come. However, when we repeated the same analyses to the 50 
cardiovascular deaths or 36 cancer deaths, we observed the 
similar pattern of interaction between cigarette smoking and 
POPs mainly on the risk of cancer death. Third, the sizes of 
some subgroups of study subjects, especially current smokers, 
were so small that we cannot exclude that some effects oc-
curred only by chance. 
  In conclusion, our current study indicates that the back-
ground exposure to some POPs may influence the smoking-re-
lated total mortality. Future epidemiological studies among 
large cohorts with substantial heterogeneity of serum POPs and 
smoking status and large numbers of specific mortality cases 
are needed to confirm the current findings.
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Supplementary Table S1. Distribution of serum concentrations by tertiles of serum concentrations of individual persistent organic pollutants (POPs)

Analytes
Tertiles of serum concentrations of POPs

1st tertile 2nd tertile 3rd tertile

Polychlorinated dibenzo-p-dioxins (PCDDs)
1,2,3,6,7,8-Hexachlorodibenzo-p-dioxin (pg/g of lipid) 1.8-47.4 47.6-78.7 78.9-314.0
1,2,3,4,6,7,8-Heptachlorodibenzo-p-dioxin (pg/g of lipid) 3.0-44.4 44.5-81.2 81.4-760.0
1,2,3,4,6,7,8,9-Octachlorodibenzo-p-dioxin (pg/g of lipid) 58.5-351.0 352.0-714.0 719.0-8,190.0

Polychlorinated dibenzofurans (PCDFs)
2,3,4,7,8-Pentachlorodibenzofuran (pg/g of lipid) 0.8-8.0 8.1-13.2 13.3-39.7
1,2,3,4,7,8-Hexachlorodibenzofuran (pg/g of lipid) 1.0-5.6 5.7-9.3 9.4-44.4
1,2,3,4,6,7,8-Heptachlorodibenzofuran (pg/g of lipid) 1.0-6.1 6.2-10.4 10.5-114.0

Polychlorinated biphenyls (PCBs)
PCB074 (ng/g of lipid) 1.2-14.0 14.0-26.3 26.4-167.0
PCB099 (ng/g of lipid) 0.7-7.1 7.1-15.9 16.0-146.0
PCB118 (ng/g of lipid) 0.9-14.7 14.7-32.1 32.2-361.0
PCB126 (pg/g of lipid) 1.8-28.6 28.9-62.3 62.6-726.0
PCB146 (ng/g of lipid) 0.1-6.2 6.3-10.8 10.9-116.0
PCB153 (ng/g of lipid) 1.9-56.4 56.7-93.6 93.9-986.0
PCB156 (ng/g of lipid) 0.9-8.8 8.8-14.1 14.1-367.0
PCB169 (pg/g of lipid) 3.0-28.0 28.2-45.5 45.6-196.0
PCB170 (ng/g of lipid) 2.6-17.7 17.8-28.1 28.2-299.0
PCB180 (ng/g of lipid) 4.9-48.5 48.8-74.2 74.3-627.0
PCB187 (ng/g of lipid) 1.8-13.0 13.1-22.0 22.1-158.0

Organochlorines pesticides (OCPs)
p,p´-DDE (ng/g of lipid) 1.6-565.0 566.0-1,390.0 1,400.0-24,200.0
Trans-nonachlor (ng/g of lipid) 1.6-37.9 38.3-65.3 65.5-584.0
Oxychlordane (ng/g of lipid) 1.3-26.2 26.3-41.9 42.2-289.0
Heptachlor epoxide (ng/g of lipid) 1.3-6.9 7.0-12.9 13.0-201.0
β-hexachlorocyclohexane (ng/g of lipid) 1.6-20.5 20.6-43.7 44.0-3,500.0


