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ABSTRACT
Objective: Reduced pulmonary function is an
important predictor of environment-related pulmonary
diseases; however, evidence of an association between
exposures to various metals from all possible routes
and altered pulmonary function is limited. We aimed to
investigate the association of various metals in urine
with pulmonary function, restrictive lung disease (RLD)
and obstructive lung disease (OLD) risks in the general
Chinese population.
Design: A cross-sectional investigation in the Wuhan
cohort population.
Setting: A heavily polluted Chinese city.
Participants: A total of 2460 community-living
Chinese adults from the Wuhan cohort were included
in our analysis.
Main outcome measures: Spirometric parameters
(FVC, forced vital capacity; FEV1, forced expiratory
volumes in 1 s; FEV1/FVC ratio), RLD and OLD.
Results: The dose–response associations of pulmonary
function, and RLD and OLD, with 23 urinary metals
were assessed using regression analysis after adjusting
for potential confounders. The false discovery rate (FDR)
method was used to correct for multiple hypothesis
tests. Our results indicated that there were positive
dose–response associations of urinary iron with FEV1
and FEV1/FVC ratio, vanadium with FEV1, and copper
and selenium with FEV1/FVC ratio, while a negative
dose–response association was observed between
urinary lead and FEV1/FVC ratio (all p<0.05). After
additional adjusting for multiple comparisons, only iron
was dose dependently related to FEV1/FVC ratio (FDR
adjusted p<0.05). The dose–response association of
iron and lead, with decreased and increased chronic
obstructive pulmonary disease risk, respectively, was
also observed (both p<0.05). Additionally, we found
significant association of urinary zinc with RLD and
interaction effects of smoking status with lead on FEV1/
FVC, and with cadmium on FVC and FEV1.
Conclusions: These results suggest that multiple
urinary metals are associated with altered pulmonary
function, and RLD and OLD prevalences.

INTRODUCTION
Reduced pulmonary function is an important
predictor of cardiorespiratory morbidity and
mortality, and chronic obstructive pulmonary
disease (COPD),1–3 which was the third
leading cause of death in China.4 There has
also been a growing body of evidence suggest-
ing that exposure to heavy metals such as
arsenic, cadmium and lead, is associated with
cardiopulmonary disease.5–8 However, evi-
dence for the association of exposure to
metals with altered pulmonary function,
restrictive lung disease (RLD) and obstructive
lung disease (OLD) risks among the general
Chinese population, is largely unclear. Several
epidemiological studies have focused on inves-
tigating the relationships of altered pulmon-
ary function with exposure to arsenic from

Strengths and limitations of this study

▪ This is the first study using urinary data to investi-
gate the associations of multiple metals with
altered pulmonary function, and restrictive lung
disease (RLD) and obstructive lung disease (OLD)
risks, among the general Chinese population.

▪ We observed consistent evidence of dose–
response associations of iron and lead with
altered pulmonary function and chronic obstruct-
ive pulmonary disease risk.

▪ Some metal concentrations in urine may not reflect
real environmental exposure, and may therefore
result in possible exposure misclassification.

▪ We estimated the levels of exposure to metals
based on body burden data, which may not
clarify the potential exposure pathway.

▪ Causal inferences cannot be made between
metals and pulmonary function, and RLD and
OLD risks, because of the cross-sectional design
of the study.
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drinking water, cadmium and lead from cigarette
smoking,9–12 iron and copper from dietary intake,13 14

and multiple metal irons in particulate matter.15 However,
little is known of the relationship between exposure to
various metals from all possible routes and altered pul-
monary function. Given the fact that humans are exposed
concomitantly to multiple metals through a variety of
routes such as dietary intake, air particulate inhalation
and drinking of water, it may be important for us to evalu-
ate the health effects of various metals from all possible
routes on pulmonary function.
Body burden monitoring of metals with theoretical

advantages accounting for interindividual differences
and all exposure routes is a useful tool to assess expos-
ure to multiple metals. A recent study revealed that
urinary arsenic was especially associated with impaired
pulmonary function among 950 Bangladeshi patients
with respiratory disease.16 Nevertheless, evidence from
the general population with a large sample size is so far
scarce. Moreover, although there is clear evidence that
cigarette smoking is a major determinant for impaired
pulmonary function and OLD risk, knowledge regarding
the interaction effects of exposure to metals and
smoking habits on pulmonary function was limited.
In the present study, we aimed to examine the associa-

tions of spirometric parameters, RLD, OLD and spiro-
metrically defined COPD, with the urinary levels of 23
nutrient elements and heavy metals including alumin-
ium, titanium, vanadium, chromium, manganese, iron,
cobalt, nickel, copper, zinc, arsenic, selenium, rubidium,
strontium, molybdenum, cadmium, tin, antimony,
barium, tungsten, thallium, lead and uranium, among
2460 community-living Chinese adults. We also investi-
gated the potential interaction of metals with smoking
status on pulmonary function.

METHODS
Study population
We reported the baseline cross-sectional data from the
Wuhan cohort study. Detailed information about the
study designs and populations is provided in online sup-
plementary material. The present analysis included 2460
participants from the cohort with available data of pul-
monary function, urinary metals and other covariates.

Definition of RLD and OLD
We considered participants who responded that they cur-
rently had asthma, bronchitis and emphysema, and parti-
cipants with self-reported and spirometry-defined COPD
(forced expiratory volumes in 1 s, FEV1/forced vital cap-
acity (FVC) ratio <70%) to have a current diagnosis of
OLD. We defined other participants with FEV1/FVC ratio
≥70% and FVC <80% predicted as patients with RLD.

Determination of urinary metals and creatinine
Metals in urine were analysed by inductively coupled
plasma mass spectrometry. Duplicate analysis, spiked

pooled sample, National Institute of Standards and
Technology (NIST) Standard Reference Material (SRM)
2670a and 1640a, were used for quality control.
A detailed description of the determination of urinary
metal and quality control is included in online supple-
mentary material. Urinary creatinine concentrations were
measured by a fully automated clinical chemistry analyser.

Pulmonary function testing
Spirometry was performed using a digital spirometer
interfaced to a computer (Chestgraph HI-101, CHEST
MI, Inc, Tokyo, Japan) calibrated each morning accord-
ing to the manufacturer’s instruction. All spirometric
examinations were performed with the participants in
sitting position, wearing a nose clip and using a dispos-
able mouthpiece. Each participants was asked to
perform three satisfactory blows according to the recom-
mendations of the American Thoracic Society. Values
used in this analysis included the FVC, FEV1 and the
ratio of FEV1 to FVC.

Statistical analysis
All analyses were conducted with the use of SPSS soft-
ware. A p<0.05 was considered statistically significant.
Generalised linear regression models were used to assess
the dose–response associations of FVC, FEV1, FEV1/FVC
ratio with 23 urinary metals as well as the interactions of
metals with smoking status due to the skewed distribu-
tion of pulmonary function parameters. We also
adopted logistic regression models to investigate the
potential associations of RLD and OLD with 23 urinary
metals. In order to robustly correct for multiple hypoth-
esis tests, we used positive false discovery rate (FDR)
method to adjust each P from 23 hypothesis tests. The
FDR-adjusted p value was calculated using a spreadsheet
software provided by Pike.17 A p value was considered
significant when the FDR-adjusted p value of the test was
less than 0.05. Finally, we examined the correlation
between COPD and spirometry-related metals. Detailed
illustrations of the statistical analysis are provided in
online supplementary material.

RESULTS
Descriptive statistics of participants
The basic characteristics and pulmonary function para-
meters of the 2460 participants with and without
lung diseases are summarised in table 1. The study
population with a mean age of 52.3 years consisted of
1630 participants with normal pulmonary function, 602
individuals with RLD and 228 participants with OLD,
which included 70 patients with COPD.

Distribution of urinary metals
The urinary excretion levels of 23 metals in the study
sample are described in online supplementary table S1.
Among 23 metals, most can be quantified in almost all
samples except for tin and lead.
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Pulmonary function and urinary metals
The associations of metals with pulmonary function are
presented in online supplementary table S2. After
adjusting for age, gender, height, smoking status, pack
year, alcohol status, body mass index (BMI), exercise
and urinary creatinine, significant dose–response asso-
ciations of urinary iron with elevated FEV1 and FEV1/
FVC ratio, urinary vanadium with increased FEV1, and
urinary copper and selenium with increased FEV1/FVC
ratio were seen, while urinary lead with decreased FEV1/
FVC ratio was observed (all P for trend <0.05). For
example, relative to the referent (first quartile), the
regression coefficients (95% CIs) of FEV1 and FEV1/
FVC ratio in the fourth quintile of urinary iron were
0.085 (0.029 to 0.141) and 1.796 (0.742 to 2.850),
respectively; the regression coefficients (95% CIs) of
FEV1/FVC ratio in the third and fourth quartiles of
urinary copper were 1.745 (0.697 to 2.793) and 1.328
(0.187 to 2.468), respectively; and the regression
coefficient (95% CIs) in the third quartile of selenium
was 1.348 (0.230 to 2.467). In contrast, compared with
participants with urinary lead in the lowest quartile,
decreased regression coefficients (95% CIs) were esti-
mated for FEV1/FVC ratio in participants with urinary
lead in the fourth quartile (β=−1.286; 95% CIs: −2.355
to −0.216). However, after additional adjusting for

multiple hypothesis testing, only urinary iron was dose-
dependently associated with FEV1/FVC.

RLD and urinary metals
We found that urinary zinc levels were dose-dependently
associated with increased RLD risk after adjusting for
potential cofounders (p<0.05). However, a significant
association was not obtained after additional adjusting
for multiple hypothesis testing. We also found that parti-
cipants in the fourth quartile of urinary copper had a
significant increase in RLD risk (ORs=1.394, 95% CIs
1.018 to 1.909) compared with those in the first quartile,
but there was a lack of dose–response trends. The results
can be found in online supplementary table S3.

OLD and urinary metals
The results of association between OLD and 23 urinary
metals are shown in online supplementary table S4. We
found that urinary metals were not associated with OLD
risk in multivariable models. However, results showed
that there were dose–response associations of urinary
iron and lead, with decreased and increased prevalence
of COPD, respectively (both p<0.05). As seen in table 2,
the ORs and 95% CIs for the second through fourth
quartiles relative to the referent of urinary iron were
0.431 (0.222 to 0.835), 0.405 (0.210 to 0.781) and 0.335

Table 1 Basic characteristics and pulmonary function indexes of total population, participants with normal lung function, RLD

and OLD in Wuhan City, China

Variables
Normal lung
function (n=1630) RLD (n=602) OLD (n=228) Total (n=2460)

Age, year 50.6±12.7 55.0±13.9 59.8±12.5 52.5±13.3

Gender

Male 544 (33.3) 248 (41.2) 90 (39.5) 882 (35.9)

Female 1086 (66.6) 354 (58.8) 138 (60.5) 1578 (64.1)

Height, m 1.6±0.1 1.6±0.1 1.6±0.1 1.6±0.1

BMI, kg/m2 24.1±3.3 24.2±3.8 24.2±3.5 24.1±3.4

Smoking status

Never 1239 (76.0) 428 (71.1) 169 (74.1) 1836 (74.6)

Former 78 (4.8) 44 (7.3) 21 (9.2) 143 (5.8)

Current 313 (19.2) 130 (21.6) 38 (16.7) 481 (19.6)

Pack year 24.0±20.2 32.0±28.0 28.9±18.9 26.7±22.8

Alcohol status

Never 1275 (78.2) 458 (76.1) 186 (81.6) 1919 (78.0)

Former 54 (3.3) 26 (4.3) 12 (5.3) 92 (3.7)

Current 301 (18.5) 118 (19.6) 30 (13.2) 449 (18.3)

Exercise intensity

Low activity 944 (57.9) 324 (53.8) 116 (50.9) 1384 (56.3)

Moderate activity 401 (24.6) 180 (29.9) 78 (34.2) 659 (26.8)

High activity 285 (17.5) 98 (16.3) 34 (14.9) 417 (17.0)

Serum haemoglobin*, g/L 141.4±20.3 141.2±18.4 141.2±18.9 141.3±19.7

Urinary creatinine, mmol/L 13.6±7.8 13.6±7.4 13.2±7.7 13.6±7.7

FVC, L 2.8±0.7 2.0±0.6 2.3±0.8 2.6±0.8

FEV1, L 2.4±0.6 1.8±0.6 1.9±0.7 2.2±0.7

FEV1/FVC ratio, % 85.5±7.3 91.2±8.3 78.1±14.4 86.2±9.1

Data were presented as mean±SD or n (%).
*Forty-eight missing haemoglobin count.
BMI, body mass index; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; OLD, obstructive lung disease; RLD, restrictive lung
disease.
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(0.161 to 0.698), respectively. At the same time, the ORs
and 95% CIs for the second and fourth quartiles relative
to the referent of urinary lead were 2.735 (1.241 to
6.028) and 3.002 (1.269 to 7.101), respectively. However,
we did not find any dose–response association of van-
adium, copper or selenium with COPD risk.

Interaction of urinary metals and smoking status
Subsequently, we investigated the difference in urinary
levels of 23 metals among participants with different
smoking status by multivariate analysis of covariance
after adjusting for age, gender, BMI, alcohol status, exer-
cise and urinary creatinine, and found that urinary
nickel, zinc, cadmium, barium and lead levels were sig-
nificantly higher in current smokers than those in never-
smokers (FDR adjusted p<0.05 or 0.001, respectively,
online supplementary table S5). We then examined the
interaction effects of smoking status with vanadium,
iron, copper, selenium, lead and cadmium on pulmon-
ary function. Significant interactions of smoking status
with lead on FEV1/FVC ratio, and cadmium on FVC
and FEV1, were observed (all P for interaction <0.05;
figure 1). Among current and former smokers but not
among participants who had never smoked, urinary lead
was significantly associated with decreased FEV1/FVC
ratio. Also, urinary cadmium was strikingly correlated
with FVC among current smokers rather than among
former and never-smokers. However, we did not find sig-
nificant interaction of vanadium, iron, copper and selen-
ium with smoking habits on the three pulmonary
function parameters (data not shown).

DISCUSSION
We observed consistent evidence of dose–response asso-
ciations of iron and lead with altered pulmonary

function and COPD risk, in linear and in logistic regres-
sion models. We also found that zinc was dose-
dependently associated with RLD but not pulmonary
function and OLD risk, while vanadium and selenium
were significantly and dose-dependently associated with
increased pulmonary function but not RLD and OLD
risks, based on the large Chinese population of commu-
nity residents. Although we did not observe significant
dose–response association between copper and RLD,
participants in the fourth quartile of copper had a sig-
nificant increase in RLD risk compared with those in
the first quartile.

Iron
Iron is an essential metal for haemoglobin synthesis of
erythrocytes, oxidation–reduction reactions and cellular
proliferation, while excess iron accumulation causes
organ dysfunction through the production of reactive
oxygen species.18 Previous studies have suggested that
there is positive association between serum iron and pul-
monary function parameters among the US population
and in male Japanese participants.14 19 Consistently, we
found in the population that significant associations
existed between urinary iron and increased pulmonary
function and decreased COPD risk. Our results sug-
gested that current exposure levels of iron in our popu-
lation did not contribute to airflow limitation but
increased pulmonary function and COPD risk. Exposure
to carbon monoxide from cigarette smoking and other
routes can cause human disease, which was associated
with a significant increase in haemoglobin levels.20 In
the present study, we also examined the correlation
between urinary iron and serum haemoglobin levels
among the total population, and participants stratified
by smoking status. The results can be seen in online sup-
plementary table S6. We found that urinary iron was

Table 2 The dose–response relationships of metals with COPD risk among Wuhan community residents, China

Quartiles of urinary metals (units: μg/L)
Variables Q1 (lowest) Q2 Q3 Q4 (highest) p Value

Vanadium <0.336 0.336–0.491 0.492–0.748 >0.748

n (case/control) 23/597 18/598 15/598 14/597

COPD 1.000 (reference) 0.815 (0.418, 1.589) 0.736 (0.365, 1.487) 0.780 (0.374, 1.628) 0.455

Iron <44.864 44.864–77.108 77.109–142.849 >142.849

n (case/control) 30/597 14/598 15/598 11/597

COPD 1.000 (reference) 0.431 (0.222, 0.835) 0.405 (0.210, 0.781) 0.335 (0.161, 0.698) 0.002

Copper <5.199 5.199–7.554 7.555–11.210 >11.210

n (case/control) 26/598 14/597 9/598 21/597

COPD 1.000 (reference) 0.550 (0.273, 1.111) 0.331 (0.145, 0.753) 0.735 (0.363, 1.488) 0.291

Selenium <4.489 4.489–7.639 7.640–12.512 >12.512

n (case/control) 24/597 16/599 13/597 17/597

COPD 1.000 (reference) 0.695 (0.344, 1.405) 0.618 (0.282, 1.351) 0.841 (0.373, 1.896) 0.650

Lead <2.062 2.062–3.164 3.165–4.548 >4.548

n (case/control) 10/597 23/598 16/598 21/597

COPD 1.000 (reference) 2.735 (1.241, 6.028) 2.033 (0.852, 4.850) 3.002 (1.269, 7.101) 0.048

All models were adjusted for age, gender, height, smoking status, pack year, alcohol status, body mass index, exercise and urinary creatinine.
COPD, chronic obstructive pulmonary disease.
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significantly associated with decreased haemoglobin
levels among the total population and never-smokers,
but not among smokers, although there were higher
levels of haemoglobin in smokers than those in never-
smokers (data not shown). It can be speculated that iron
supplements may ameliorate damage induced by low-
level exposure to carbon monoxide.

Vanadium, copper and zinc
Vanadium, copper and zinc have all been established as
essential micronutrients and have numerous structural
and biochemical roles in human health.21–23 Serum van-
adium, copper and zinc were usually used as biomarkers
to evaluate the deficiency of these elements in the
human body. Imbalances (deficiency or excess) in the
optimum levels of these elements may affect biological
processes and can result in many diseases. In the
present study, we also found that urinary vanadium was
positively associated with FEV1. Nonetheless, there is cur-
rently little evidence suggesting that exposure to van-
adium is associated with altered pulmonary function,
despite a previous study indicating that occupational
exposure to vanadium resulted in acute changes in pul-
monary function.24 Moreover, Pearson et al13 found that
serum copper was related to lower FEV1 among a UK
general population. However, we found a positive dose–
response association between urinary copper and FEV1/
FVC among Chinese adults. We observed a dose-
dependent association between urinary zinc and RLD
risk in the general population. A prior study suggested
that sputum zinc was related to airway inflammation
among participants with bronchiectasis.25 No previous
study has investigated the association between the three
metals in blood and urine, and (or) suggested which
biomarkers may be better to reflect internal exposure to
these metals. Meanwhile, we are unable to exclude
the possibility of dependent measure error due to mul-
tiple metals measured in the same urine sample by the
same assay.26 Thus, the present results and biological
interpretations should be further investigated in future
research.

Selenium
Selenium contributes to human antioxidant defences as
an essential coenzyme in glutathione peroxides. Our
results showed that urinary selenium was related to
increased pulmonary function in the general Chinese
population, which is consistent with previous studies sug-
gesting the positive association of dietary and serum sel-
enium with spirometric parameters in the general US
and British population.13 27 It has been suggested that
pulmonary function may be impaired by both free
radical and oxidant exposure, while antioxidant intake is
positively related to pulmonary function.28 Therefore,
selenium intake may improve airflow obstruction by pro-
tecting against the injurious effects of free radicals or
oxidants.29

Lead
Lead is undoubtedly one of the oldest toxins. Several
studies have examined the relationship of exposure to
lead with cardiopulmonary disease.6 30 Only a recent
study has shown that serum lead was associated with the
increased risk of COPD in the National Health and
Nutrition Examination Survey (NHANES) population
and decreased FEV1 among these participants was strati-
fied by smoking status.11 While the concentration of
lead in blood was the most widely used indicator to
monitor exposure, measurement of lead in urine has
been used as a biomarker of internal dose, particularly
for internal organic lead exposure.31 32 In the current
study, although the COPD prevalence of 2.8% in our
population was lower than that in the NHANES popula-
tion (12.4%), we still observed significant association of
urinary lead with reduced FEV1/FVC ratio and
increased COPD risk. The results were difficult to inter-
pret, however, because the temporal sequence of caus-
ation could not be determined. Intriguingly, there were
3.5, 2.2 and 3.0 times higher geometric mean concentra-
tions of urinary lead in our population as compared
with those in the 2007–2008 NHANES, Belgian adult
and Canada populations, respectively.33–35 Similarly, a
recent study indicated that New Yorkers of Chinese

Figure 1 Interaction of lead and

cadmium with smoking status on

pulmonary function parameters.

All stratified analyses were

adjusted for age, gender, height,

alcohol status, body mass index,

exercise and urinary creatinine.

Data markers represent the

estimated changes (error bars are

95 CIs) of pulmonary function

indexes associated with per unit

increasing natural log-transformed

urinary lead and cadmium

stratified by smoking status

(FEV1, forced expiratory volume

in 1 s; FVC, forced vital capacity).

Feng W, et al. BMJ Open 2015;5:e007643. doi:10.1136/bmjopen-2015-007643 5

Open Access

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2015-007643 on 21 M

ay 2015. D
ow

nloaded from
 

http://bmjopen.bmj.com/


origin have higher lead exposures than New Yorkers of
Chinese descent not born in Mainland China.36

The reasons for the differences remain unclear and
deserve further investigation. We speculated that the
high levels of body lead burden in the Chinese popula-
tion may at least in part be attributable to the high levels
of airborne lead particles emitted mainly from heavy
fuel oil, and therefore contribute to decreased pulmon-
ary function in this population.15 Toxicological evidence
on the mechanisms of lead-induced pulmonary function
impairment is sparse. Some evidence has suggested that
lead may involve the direct formation of reactive oxygen
species, depletion of the cellular antioxidant pool and
have other effects.37 Moreover, previous studies reported
an association between oxidative stress and pulmonary
function.28 38 Therefore, it has been postulated that oxi-
dative stress may mediate lead-induced pulmonary func-
tion impairment.

Effect modification
Smoking habits are important determinants in
reduced pulmonary function and developed COPD.39

Meanwhile, smokers have higher levels of toxic metals
in their bodies.40 Our results suggested that higher
urinary levels of cadmium in current smokers are asso-
ciated with impaired pulmonary function, which is
consistent with previous findings of negative associa-
tions of urinary cadmium with pulmonary function
among smokers in the US population.9–11 A previous
study indicated that the adverse association of lead with
pulmonary function was stronger in current smokers
than in never-smokers.11 Similarly, our results revealed
that there was an interaction between lead and
smoking status, and a striking association with urinary
lead was observed for decreased pulmonary function
among these smokers but not among those without
smoking.

Study limitations
First, a degree of measurement error may be present in
this study due to multiple metals measured in the same
urine sample by the same assay, coupled with using
morning urine after overnight fasting instead of 24 h
urine testing, which may be better for assessing the
short-term variability in metal excretion and urine dilu-
tion. However, a 24 h urine collection, which is time
consuming, cumbersome and improper, is less preferred
than spot urine sample collection for biological monitor-
ing of exposure in large population groups.
Furthermore, the urinary level of metal adjusted for cre-
atinine concentration in the present work may reduce
the variability in the volume of urine and the metal
content from void to void. Second, we did not evaluate
the other confounders such as socioeconomic status and
working environment. However, over-adjustments may
also cause considerable bias.41 Third, some metal con-
centrations in urine may not reflect real environmental
exposure, and therefore result in possible exposure

misclassification. Further research is needed to detect
the associations using other biological specimens such as
blood and hair. Finally, we estimated the levels of expos-
ure to metals based on body burden data, which may
not clarify the potential exposure pathway. Further
works are required to identify the possible routes of
metals exposure, especially for lead exposure.

CONCLUSION
Our findings provide the first evidence suggesting a
dose–response association between environmental
exposure to metals and spirometric parameters, and
RLD and COPD, in the general Chinese population.
Our results also illustrate that there are interactions of
heavy metal with smoking status on altered pulmonary
function.
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METHODS 

Study population 

We reported the baseline cross-sectional data from a perspective cohort study, which 

was conducted in Wuhan city of China. A total of 3053 community residents aged 

18-80 years were recruited during April-May 2011. All participants gave their written 

informed consent. Information on demographic characteristics, lifestyle variables and 

a history of disease (asthma, bronchitis, emphysema, chronic obstructive pulmonary 

disease, pneumoconiosis, etc.) and medication use were collected using a standardized 

structured questionnaire 1. Anthropometric characteristics such as height, weight, and 

other clinical indexes were taken by qualified physicians. Fasting blood and spot urine 

sample were collected for biochemical measurements and metals analysis respectively. 

The research protocol was approved by the Ethics and Human Subject Committee of 

Tongji Medical College, Huazhong University of Science and Technology. For this 

analysis, we excluded 550 subjects with missing spirometric or urinary data (69 

missing spirometric parameters, 465 missing urinary metals and 47 missing urinary 

creatinine). In addition, 39 subjects were excluded because of missing covariate data 

(2 missing smoking status, 36 missing height and 6 missing exercise intensity). We 

also excluded 52 subjects with self-reported nephritis, which may contribute to 

disorders of metals metabolism. Finally, 2460 subjects were included. Body mass 

index (BMI) was calculated as weight in kilograms divided by height in meters 

squared. Current smokers were defined as participants who reported to have smoked 

at least one cigarette daily and have been smoking for at least 6 months. Former 
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smokers were defined as subjects who had smoked daily but had stopped. Of these 

ever-smokers, median duration of smoking cessation was 7.0 years (interquartile 

range, 2.3 to 13.5 years). Never smokers were participants who had never smoked 

during their lifetime. One pack year was regarded as the equivalent of 20 cigarettes 

smoked per day for one year. Current alcohol users were defined as subjects had 

consumed any alcoholic beverage at least one drink a week for at least 6 months. 

Former alcohol users were participants who had quit alcohol consumption for at least 

one year prior to at the time of the interview. Never alcohol users were subjects who 

had never consumed any alcoholic beverage during their lifetime. Physical activity 

were divided into low (little to no exercise), moderate (walking, playing taichi, etc), 

and high (swimming, dancing, climbing, ball sports, etc) categories according to 

subjects’ self-reported intensity of weekly exercise. 

Determination of urinary metals and creatinine 

A detailed description of the measurement of urinary metal levels was available 

elsewhere with minor modifications 2. In brief, a 3.0 ml aliquot of urine was 

transferred to a polypropylene tube (Jiayu experiment instrument Co., Ltd., Haimen, 

China) containing 15 μL of 67% (v/v) HNO3 (OptimaTM grade, Fisher, Belgium) and 

stored in a refrigerator at 5 °C for at least 24 hours before use. Two hours before 

sample preparation the urine samples were brought to room temperature. One 

milliliter of the sample was pipetted into a 10mL disposable polypropylene tube and 

then filled up to 5 mL with 1.2% (v/v) HNO3 (OptimaTM grade, Fisher, Belgium) 

using adjustable volume pipette samplers. Metals in urine were then analyzed by 
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inductively coupled plasma mass spectrometry (Agilent 7700x, Agilent Technologies, 

Waldbronn, USA). Multi-element standard stock solutions were purchased from 

Inorganic Ventures Inc. (USA). Working standard solutions were obtained by 

appropriately diluting the stock solution before use. Duplicate analysis, spiked pooled 

sample (randomly collected from 100 samples) and NIST SRM 2670a (toxic elements 

in urine) were used for quality control 3. The spiked recoveries of the pooled urine 

ranged from 78.3–113.2% for titanium, iron, rubidium, and strontium owing to no 

available certified reference materials. For other metals, the measurement results by 

this method were in agreement with the certified values and close to the reference or 

information values given by SRM 2670a. Furthermore, NIST SRM 1640a (trace 

elements in natural water) was used to monitor the accuracy of the procedure for each 

analytic batch. The mean of three replicate measurements for every metal was 

reported. The limits of quantification (LOQ) for the urinary metals were in the range 

0.0004–0.292 μg/L and the concentrations of those samples with below the LOQ were 

replaced with LOQ/2. Urinary creatinine concentrations were measured by a fully 

automated clinical chemistry analyzer (Mindray Medical International Ltd., Shenzhen, 

China). 

Statistical analysis 

We initially performed descriptive analyses of the covariates, pulmonary function 

variables among subjects with normal pulmonary function and subjects with COPD. 

Subsequently, all subjects were divided into quartiles according to each urinary metal 

level, and generalized linear regression models were used to assess the dose-response 
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associations of FVC, FEV1, and FEV1/FVC ratio with 23 urinary metals. Adjusted 

covariates included age, gender, height, smoking status, pack year, alcohol status, 

BMI, exercise and urinary creatinine. We also investigated the dose-response 

associations of RLD and OLD with urinary 23 metals (quartiles according to their 

distribution in the normal participants or subjects without OLD respectively) using 

logistic regression models with adjustment for age, gender, height, smoking status, 

pack year, alcohol status, BMI, exercise and urinary creatinine. In order to robustly 

correct for multiple hypothesis tests, we used positive false discovery rate (FDR) 

method to adjust each P from 23 hypothesis tests. The FDR-adjusted P was calculated 

using the spreadsheet software provided by Pike 4. A P-value was considered 

significant when the FDR-adjusted P value of the test was less than 0.05. We also used 

multiple logistic regressions to explore the potential associations of COPD risk and 

spirometry-related urinary metals (quartiles according to their distribution in the 

subjects without COPD) identified by the present study. Age, gender, height, smoking 

status, pack year, alcohol status, BMI, exercise and urinary creatinine were included 

in the logistic regression analyses of COPD. Finally, we assessed the difference in 

urinary metal levels of subjects stratified by smoking status and investigated the 

interaction effects of smoking status with spirometry-related urinary metals 

(vanadium, iron, copper, selenium and lead) as well as cadmium considering that 

tobacco smoking is a key environmental risk factor for impaired pulmonary function 

and an important route of cadmium exposure 5,6. All analyses were conducted with the 
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use of SPSS software (version 12.0; SPSS Inc., Chicago, IL, USA). P<0.05 were 

considered statistically significant.
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Supplementary Table S1. Distribution of metal concentrations in urine (n=2460) 

Urinary metals Geometric 
mean 

Percentile N < 
LOQ 5th 25th 50th 75th 95th 

Aluminum 33.528  12.155  21.401 31.731  49.451  116.102 0 

Titanium 42.207  10.841  25.660 44.916  73.532  140.373 0 

Vanadium 0.497  0.179  0.335 0.490  0.745  1.342  0 

Chromium  1.438  0.493  0.927 1.418  2.210  4.340  3 

Manganese 2.452  0.794  1.569 2.442  3.773  7.543  0 

Iron  81.905  21.699  44.436 76.396  141.170  374.321 0 

Cobalt 0.260  0.076  0.155 0.242  0.411  1.187  4 

Nickel 2.298  0.742  1.480 2.291  3.612  7.771  8 

Copper 7.654  2.778  5.174 7.535  11.225  21.039  1 

Zinc 269.468  79.412  167.480 276.129 437.927  898.169 0 

Arsenic 27.581  6.199  16.723 29.101  48.417  92.219  0 

Selenium 7.308  1.910  4.456 7.604  12.510  24.391  0 

Rubidium 1801.263  399.797 1160.688 1989.764 3147.674 5221.634 0 

Strontium 113.069  32.260  73.491 121.591 180.687  316.656 0 

Molybdenum 45.235  10.278  27.189 46.883  81.103  160.202 0 

Cadmium 0.860  0.214  0.519 0.892  1.473  2.952  0 

Tin 0.249  0.112  0.112 0.271  0.401  0.812  934 

Antimony  0.162  0.058  0.110 0.164  0.238  0.435  2 

Barium  3.830  1.425  2.497 3.768  5.765  11.115  0 

Tungsten 0.120  0.022  0.066 0.118  0.218  0.777  75 

Thallium 0.503  0.119  0.318 0.554  0.865  1.513  0 

Lead 2.973  0.446  2.095 3.166  4.566  8.777  145 

Uranium 0.030  0.009  0.020 0.030  0.047  0.088  23 

Abbreviations: LOQ, the limits of quantification. Units: μg/L. 
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Supplementary Table S2. The dose-response relationships of urinary metals with altered pulmonary function among Wuhan community 

residents, China. 

Variables 
Quartiles of urinary metals (units: μg/L) 

P FDR-adjusted P  
Q1 (Lowest) Q2 Q3 Q4 (Highest) 

Aluminum < 21.408 21.408 - 31.731 31.732 - 49.430 > 49.430 

FVC 0.000 (reference) 0.041 (-0.023, 0.105) 0.001 (-0.065, 0.066) 0.057 (-0.010, 0.123) 0.224 0.940 

FEV1 0.000 (reference) 0.027 (-0.026, 0.079) 0.010 (-0.045, 0.066) 0.009 (-0.044, 0.062) 0.906 0.906 

FEV1/FVC 0.000 (reference) -0.401 (-1.386, 0.584) -0.936 (-1.956, 0.085) -0.781 (-1.795, 0.233) 0.082 0.309 

Titanium < 25.666 25.666 - 44.916 44.917 - 73.528 > 73.528 

FVC 0.000 (reference) -0.054 (-0.119, 0.011) -0.018 (-0.086, 0.050) -0.018 (-0.090, 0.054) 0.941 0.941 

FEV1 0.000 (reference) -0.036 (-0.089, 0.016) 0.007 (-0.048, 0.062) -0.001 (-0.063, 0.060) 0.636 0.860 

FEV1/FVC 0.000 (reference) 0.779 (-0.222, 1.779) -0.086 (-1.132, 0.959) -0.119 (-1.246, 1.007) 0.440 0.675 

Vanadium < 0.336 0.336 - 0.490 0.491 - 0.745 > 0.745 

FVC 0.000 (reference) -0.038 (-0.106, 0.029) -0.057 (-0.123, 0.010) 0.019 (-0.049, 0.087) 0.649 0.940 

FEV1 0.000 (reference) -0.035 (-0.088, 0.018) 0.001 (-0.055, 0.056) 0.049 (-0.007, 0.106) 0.032 0.368 

FEV1/FVC 0.000 (reference) 0.291 (-0.713, 1.295) -0.017 (-1.036, 1.002) 0.428 (-0.595, 1.451) 0.563 0.809 

Chromium < 0.928 0.928 - 1.418 1.419 - 2.210 > 2.210 

FVC 0.000 (reference) -0.059 (-0.124, 0.006) -0.013 (-0.078, 0.051) -0.001 (-0.067, 0.065) 0.680 0.940 
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FEV1 0.000 (reference) -0.008 (-0.061, 0.044) -0.001 (-0.056, 0.054) 0.043 (-0.009, 0.096) 0.104 0.598 

FEV1/FVC 0.000 (reference) -0.066 (-1.075, 0.942) -0.054 (-1.037, 0.929) 0.580 (-0.392, 1.551) 0.262 0.539 

Manganese < 1.570 1.570 - 2.442 2.443 - 3.773 > 3.773 

FVC 0.000 (reference) -0.016 (-0.081, 0.048) -0.032 (-0.097, 0.033) 0.025 (-0.041, 0.091) 0.566 0.940 

FEV1 0.000 (reference) 0.004 (-0.047, 0.056) -0.017 (-0.070, 0.036) 0.026 (-0.028, 0.080) 0.510 0.860 

FEV1/FVC 0.000 (reference) 0.177 (-0.818, 1.172) 0.016 (-0.985, 1.018) 0.175 (-0.840, 1.190) 0.824 0.893 

Iron < 44.443 44.443 - 76.396 76.397 - 141.169 > 141.169 

FVC 0.000 (reference) 0.006 (-0.059, 0.071) -0.023 (-0.087, 0.041) 0.019 (-0.047, 0.084) 0.797 0.940 

FEV1 0.000 (reference) 0.077 (0.024, 0.129) 0.051 (-0.001, 0.104) 0.085 (0.029, 0.141) 0.012 0.276 

FEV1/FVC 0.000 (reference) 0.887 (-0.138, 1.913) 1.983 (0.942, 3.025) 1.796 (0.742, 2.850) < 0.001 0.003 

Cobalt < 0.156 0.156 - 0.241 0.242 - 0.411 > 0.411 

FVC 0.000 (reference) -0.082 (-0.151, -0.014) -0.062 (-0.133, 0.008) -0.082 (-0.156, -0.009) 0.072 0.940 

FEV1 0.000 (reference) -0.005 (-0.060, 0.049) -0.039 (-0.099, 0.021) -0.051 (-0.112, 0.009) 0.053 0.406 

FEV1/FVC 0.000 (reference) 0.250 (-0.785, 1.285) -0.153 (-1.240, 0.934) 0.221 (-0.892, 1.335) 0.891 0.893 

Nickel < 1.481 1.481 - 2.291 2.292 - 3.612 > 3.612 

FVC 0.000 (reference) -0.028 (-0.094, 0.038) -0.037 (-0.101, 0.027) -0.039 (-0.108, 0.030) 0.273 0.940 

FEV1 0.000 (reference) 0.009 (-0.044, 0.063) -0.013 (-0.068, 0.043) -0.032 (-0.089, 0.024) 0.187 0.614 

FEV1/FVC 0.000 (reference) 0.386 (-0.627, 1.400) -0.041 (-1.059, 0.977) -0.006 (-1.092, 1.080) 0.782 0.893 
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Copper < 5.716 5.176 - 7.535 7.536 - 11.223 > 11.223 

FVC 0.000 (reference) -0.025 (-0.091, 0.041) -0.020 (-0.091, 0.051) -0.028 (-0.102, 0.046) 0.532 0.940 

FEV1 0.000 (reference) 0.016 (-0.038, 0.069) 0.016 (-0.041, 0.074) 0.030 (-0.032, 0.092) 0.372 0.860 

FEV1/FVC 0.000 (reference) 0.904 (-0.107, 1.915) 1.745 (0.697, 2.793) 1.328 (0.187, 2.468) 0.011 0.115 

Zinc < 167.496 167.496 - 276.129 276.130 - 437.853 > 437.853 

FVC 0.000 (reference) -0.022 (-0.090, 0.046) -0.056 (-0.127, 0.014) -0.015 (-0.093, 0.063) 0.523 0.940 

FEV1 0.000 (reference) -0.011 (-0.065, 0.043) -0.031 (-0.088, 0.025) -0.016 (-0.082, 0.050) 0.521 0.860 

FEV1/FVC 0.000 (reference) 0.840 (-0.163, 1.843) 0.756 (-0.319, 1.830) 1.230 (0.037, 2.422) 0.068 0.309 

Arsenic < 16.727 16.727 - 29.101 29.102 - 48.411 > 48.411 

FVC 0.000 (reference) -0.002 (-0.072, 0.067) -0.031 (-0.107, 0.044) 0.000 (-0.083, 0.082) 0.836 0.940 

FEV1 0.000 (reference) -0.011 (-0.066, 0.044) -0.001 (-0.061, 0.059) 0.042 (-0.026, 0.109) 0.185 0.614 

FEV1/FVC 0.000 (reference) 0.075 (-0.985, 1.134) 0.631 (-0.506, 1.768) 0.453 (-0.820, 1.727) 0.351 0.583 

Selenium < 4.459 4.459 - 7.604 7.605 - 12.510 > 12.510 

FVC 0.000 (reference) -0.070 (-0.138, -0.002) -0.054 (-0.127, 0.018) -0.057 (-0.135, 0.021) 0.291 0.940 

FEV1 0.000 (reference) -0.047 (-0.102, 0.008) -0.033 (-0.093, 0.028) 0.006 (-0.061, 0.073) 0.628 0.860 

FEV1/FVC 0.000 (reference) 0.661 (-0.380, 1.703) 1.348 (0.230, 2.467) 1.189 (-0.022, 2.400) 0.036 0.207 

Rubidium < 1160.897 1160.897 - 1989.764 1989.765 - 3147.184 > 3147.184 

FVC 0.000 (reference) 0.005 (-0.065, 0.075) -0.009 (-0.083, 0.064) 0.000 (-0.083, 0.083) 0.899 0.940 
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FEV1 0.000 (reference) -0.009 (-0.066, 0.047) 0.007 (-0.052, 0.066) 0.041 (-0.028, 0.111) 0.177 0.614 

FEV1/FVC 0.000 (reference) 0.080 (-0.998, 1.158) 0.282 (-0.848, 1.413) 0.790 (-0.509, 2.089) 0.209 0.534 

Strontium < 73.496 73.496 - 121.591 121.592 - 180.602 > 180.602 

FVC 0.000 (reference) -0.036 (-0.103, 0.032) -0.034 (-0.103, 0.035) 0.001 (-0.071, 0.074) 0.898 0.940 

FEV1 0.000 (reference) -0.013 (-0.068, 0.042) -0.016 (-0.073, 0.040) -0.010 (-0.072, 0.051) 0.746 0.903 

FEV1/FVC 0.000 (reference) -0.430 (-1.448, 0.589) -0.405 (-1.467, 0.657) -0.772 (-1.889, 0.344) 0.208 0.534 

Molybdenum < 27.193 27.193 - 46.883 46.884 - 81.088 > 81.088 

FVC 0.000 (reference) -0.037 (-0.103, 0.030) -0.061 (-0.131, 0.008) -0.019 (-0.095, 0.057) 0.549 0.940 

FEV1 0.000 (reference) -0.021 (-0.075, 0.032) -0.034 (-0.092, 0.024) 0.011 (-0.053, 0.075) 0.796 0.906 

FEV1/FVC 0.000 (reference) -0.391 (-1.403, 0.621) 0.065 (-1.022, 1.152) -0.848 (-2.049, 0.353) 0.281 0.539 

Cadmium < 0.521 0.521 - 0.892 0.893 - 1.472 > 1.472 

FVC 0.000 (reference) -0.059 (-0.130, 0.013) 0.004 (-0.069, 0.078) 0.012 (-0.071, 0.095) 0.345 0.940 

FEV1 0.000 (reference) -0.002 (-0.060, 0.056) 0.004 (-0.056, 0.064) 0.017 (-0.053, 0.086) 0.589 0.860 

FEV1/FVC 0.000 (reference) 1.018 (-0.025, 2.061) 1.021 (-0.116, 2.158) 0.302 (-0.955, 1.558) 0.824 0.893 

Tin <LOQ LOQ - 0.309 0.310 - 0.449 > 0.449 

FVC 0.000 (reference) 0.028 (-0.036, 0.091) 0.038 (-0.027, 0.102) 0.043 (-0.026, 0.112) 0.188 0.940 

FEV1 0.000 (reference) -0.009 (-0.064, 0.046) -0.001 (-0.055, 0.053) 0.012 (-0.045, 0.069) 0.700 0.894 

FEV1/FVC 0.000 (reference) -0.053 (-1.043, 0.936) 0.107 (-0.880, 1.093) -0.134 (-1.207, 0.939) 0.893 0.893 
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Antimony < 0.111 0.111 - 0.164 0.165 - 0.238 > 0.238 

FVC 0.000 (reference) -0.051 (-0.119, 0.017) -0.051 (-0.122, 0.019) -0.056 (-0.133, 0.020) 0.186 0.940 

FEV1 0.000 (reference) -0.041 (-0.095, 0.014) -0.022 (-0.080, 0.035) -0.015 (-0.080, 0.051) 0.875 0.906 

FEV1/FVC 0.000 (reference) -0.089 (-1.087, 0.909) 0.502 (-0.573, 1.578) 0.518 (-0.636, 1.672) 0.234 0.538 

Barium < 2.498 2.498 - 3.768 3.769 - 5.764 >  5.764 

FVC 0.000 (reference) 0.018 (-0.048, 0.084) 0.042 (-0.023, 0.107) 0.003 (-0.063, 0.070) 0.768 0.940 

FEV1 0.000 (reference) 0.017 (-0.040, 0.074) 0.001 (-0.052, 0.054) -0.010 (-0.064, 0.044) 0.606 0.860 

FEV1/FVC 0.000 (reference) -0.363 (-1.369, 0.644) -0.010 (-1.001, 0.982) -1.024 (-2.038, -0.011) 0.094 0.309 

Tungsten < 0.067 0.067 - 0.118 0.119 - 0.218 >  0.218 

FVC 0.000 (reference) 0.001 (-0.065, 0.066) -0.022 (-0.089, 0.046) -0.005 (-0.072, 0.062) 0.742 0.940 

FEV1 0.000 (reference) -0.004 (-0.056, 0.049) -0.022 (-0.077, 0.033) -0.013 (-0.070, 0.043) 0.524 0.860 

FEV1/FVC 0.000 (reference) -0.404 (-1.392, 0.585) 0.008 (-1.006, 1.022) -0.656 (-1.693, 0.381) 0.355 0.583 

Thallium < 0.319 0.319 - 0.554 0.555 - 0.865 > 0.865 

FVC 0.000 (reference) -0.038 (-0.108, 0.031) -0.037 (-0.111, 0.037) -0.019 (-0.099, 0.061) 0.769 0.940 

FEV1 0.000 (reference) -0.033 (-0.090, 0.023) -0.017 (-0.078, 0.043) -0.006 (-0.073, 0.061) 0.889 0.906 

FEV1/FVC 0.000 (reference) 0.040 (-1.035, 1.115) -0.253 (-1.395, 0.889) -0.235 (-1.486, 1.017) 0.608 0.823 

Lead < 2.096 2.096 - 3.166 3.167 - 4.565 > 4.565 

FVC 0.000 (reference) -0.046 (-0.111, 0.018) -0.013 (-0.082, 0.056) -0.007 (-0.080, 0.067) 0.855 0.940 
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FEV1 0.000 (reference) -0.050 (-0.103, 0.003) -0.012 (-0.070, 0.046) -0.045 (-0.104, 0.014) 0.331 0.860 

FEV1/FVC 0.000 (reference) -0.400 (-1.364, 0.565) -0.804 (-1.827, 0.218) -1.286 (-2.355, -0.216) 0.015 0.115 

Uranium < 0.021 0.021 - 0.030 0.031 - 0.047 > 0.047 

FVC 0.000 (reference) 0.024 (-0.042, 0.091) 0.024 (-0.044, 0.091) -0.018 (-0.087, 0.052) 0.588 0.940 

FEV1 0.000 (reference) 0.016 (-0.037, 0.068) 0.013 (-0.042, 0.067) 0.026 (-0.032, 0.085) 0.419 0.860 

FEV1/FVC 0.000 (reference) -0.078 (-1.047, 0.892) -0.377 (-1.381, 0.628) 0.210 (-0.829, 1.248) 0.812 0.893 

All models were adjusted for age, gender, height, smoking status, pack year, alcohol status, body mass index, exercise and urinary creatinine. 

Abbreviations: FEV1, forced expiratory volume in one second; FVC, forced vital capacity; LOQ, limits of quantification.
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Supplementary Table S3. Adjusted OR and 95% CIs of RLD risk by quartiles of urinary metals. 

Variables 
Quartiles of urinary metals (units: μg/L) 

P 
Q1 (Lowest) Q2 Q3 Q4 (Highest) 

Aluminium < 21.52 21.52 - 32.15 32.16 - 49.72 > 49.72 

N (cases/control) 148/407 170/408 137/408 147/407 

Adjusted OR (95%CIs) 1.000 (reference) 1.136 (0.869, 1.486) 0.922 (0.696, 1.223) 0.993 (0.752, 1.312) 0.599 

Titanium < 25.73 25.73 - 46.04 46.05 - 74.38 > 74.38 

N (cases/control) 147/407 181/408 135/408 139/407 

Adjusted OR (95%CIs) 1.000 (reference) 1.185 (0.901, 1.559) 0.912 (0.680, 1.224) 0.980 (0.723, 1.330) 0.443 

Vanadium < 0.34 0.34 - 0.50 0.51 - 0.76 > 0.76 

N (cases/control) 133/396 181/425 153/406 135/403 

Adjusted OR (95%CIs) 1.000 (reference) 1.185 (0.897, 1.566) 1.068 (0.800, 1.427) 0.995 (0.736, 1.344) 0.705 

Chromium < 0.93 0.93 - 1.43 1.44 - 2.27 > 2.27 

N (cases/control) 133/411 175/404 158/409 136/406 

Adjusted OR (95%CIs) 1.000 (reference) 1.355 (1.031, 1.780) 1.172 (0.887, 1.549) 1.072 (0.805, 1.428) 0.953 

Manganese < 1.58 1.58 - 2.48 2.49 - 3.81 > 3.81 

N (cases/control) 146/412 172/402 138/411 146/405 

Adjusted OR (95%CIs) 1.000 (reference) 1.172 (0.897, 1.531) 0.941 (0.712, 1.243) 0.997 (0.755, 1.316) 0.596 

Iron < 44.53 44.53 - 76.37 76.38 - 148.18 > 148.18 
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N (cases/control) 149/407 151/408 175/408 127/407 

Adjusted OR (95%CIs) 1.000 (reference) 0.939 (0.716, 1.234) 1.053 (0.806, 1.377) 0.788 (0.591, 1.051) 0.221 

Cobalt < 0.17 0.17 - 0.25 0.26 - 0.42 > 0.42 

N (cases/control) 153/429 166/400 147/391 136/410 

Adjusted OR (95%CIs) 1.000 (reference) 1.174 (0.889, 1.550) 1.030 (0.764, 1.389) 1.138 (0.829, 1.563) 0.653 

Nickel < 1.49 1.49 - 2.28 2.29 - 3.61 > 3.61 

N (cases/control) 142/408 146/408 164/405 150/409 

Adjusted OR (95%CIs) 1.000 (reference) 0.996 (0.752, 1.319) 1.161 (0.875, 1.542) 1.020 (0.757, 1.374) 0.658 

Copper < 5.16 5.16 - 7.48 7.49 - 10.86 > 10.86 

N (cases/control) 124/407 146/407 151/409 181/407 

Adjusted OR (95%CIs) 1.000 (reference) 1.197 (0.890, 1.609) 1.178 (0.868, 1.599) 1.394 (1.018, 1.909) 0.056 

Zinc < 161.99 161.99 - 268.76 268.77 - 420.43 > 420.43 

N (cases/control) 118/408 135/407 167/408 182/407 

Adjusted OR (95%CIs) 1.000 (reference) 1.127 (0.835, 1.521) 1.326 (0.976, 1.802) 1.384 (0.987, 1.940) 0.039 

Arsenic < 16.51 16.51 - 28.68 28.68 - 48.25 > 48.25 

N (cases/control) 136/407 150/408 168/408 148/407 

Adjusted OR (95%CIs) 1.000 (reference) 0.996 (0.742, 1.336) 1.110 (0.813, 1.515) 0.953 (0.674, 1.348) 0.933 

Selenium < 4.36 4.36 - 7.58 7.59 - 12.64 > 12.64 

N (cases/control) 126/407 164/408 171/408 141/407 

Adjusted OR (95%CIs) 1.000 (reference) 1.263 (0.939, 1.699) 1.381 (1.008, 1.893) 1.157 (0.812, 1.648) 0.449 
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Rubidium < 1160.39 1160.39 - 2025.78 2025.79 - 3193.82 > 3193.82 

N (cases/control) 145/407 162/408 159/408 136/407 

Adjusted OR (95%CIs) 1.000 (reference) 1.024 (0.765, 1.371) 1.012 (0.743, 1.379) 0.883 (0.618, 1.262) 0.487 

Strontium < 74.43 74.43 - 121.32 121.33 - 183.25 > 183.25 

N (cases/control) 144/407 142/408 170/408 146/407 

Adjusted OR (95%CIs) 1.000 (reference) 1.030 (0.774, 1.370) 1.245 (0.936, 1.657) 1.101 (0.811, 1.493) 0.324 

Molybdenum < 26.68 26.68 - 46.38 46.39 - 80.70 > 80.70 

N (cases/control) 138/407 152/408 156/406 156/409 

Adjusted OR (95%CIs) 1.000 (reference) 1.092 (0.820, 1.454) 1.080 (0.797, 1.462) 1.022 (0.737, 1.418) 0.961 

Cadmium < 0.53 0.53 - 0.89 0.90 - 1.47 > 1.47 

N (cases/control) 140/409 157/403 158/414 147/404 

Adjusted OR (95%CIs) 1.000 (reference) 1.088 (0.811, 1.459) 0.963 (0.703, 1.320) 0.900 (0.636, 1.273) 0.377 

Tin < LOQ LOQ - 0.31 0.32 - 0.44 > 0.44 

N (cases/control) 232/606 121/348 114/330 135/346 

Adjusted OR (95%CIs) 1.000 (reference) 0.887 (0.678, 1.162) 0.877 (0.661, 1.164) 1.063 (0.806, 1.402) 0.813 

Antimony < 0.12 0.12 - 0.16 0.17 - 0.24 > 0.24 

N (cases/control) 126/424 156/371 162/444 158/391 

Adjusted OR (95%CIs) 1.000 (reference) 1.319 (0.987, 1.763) 1.165 (0.862, 1.573) 1.193 (0.858, 1.659) 0.524 

Barium < 2.52 2.52 - 3.80 3.81 - 5.77 > 5.77 

N (cases/control) 138/409 164/406 151/406 149/409 
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Adjusted OR (95%CIs) 1.000 (reference) 1.187 (0.903, 1.562) 1.126 (0.850, 1.492) 1.166 (0.878, 1.549) 0.390 

Tungsten < 0.07 0.07 - 0.11 0.12 - 0.22 > 0.22 

N (cases/control) 110/367 159/417 186/438 147/408 

Adjusted OR (95%CIs) 1.000 (reference) 1.299 (0.970, 1.739) 1.415 (1.053, 1.901) 1.169 (0.853, 1.603) 0.354 

Thallium < 0.33 0.33 - 0.56 0.57 - 0.88 > 0.88 

N (cases/control) 140/405 166/403 163/412 133/410 

Adjusted OR (95%CIs) 1.000 (reference) 1.233 (0.919, 1.654) 1.228 (0.900, 1.675) 1.097 (0.780, 1.541) 0.742 

Lead < 2.07 2.07 - 3.17 3.18 - 4.53 > 4.53 

N (cases/control) 138/407 160/408 146/408 158/407 

Adjusted OR (95%CIs) 1.000 (reference) 1.079 (0.815, 1.428) 0.955 (0.710, 1.283) 1.049 (0.776, 1.418) 0.971 

Uranium < 0.020 0.020 - 0.030 0.030 - 0.047 > 0.047 

N (cases/control) 130/409 164/405 153/409 155/407 

Adjusted OR (95%CIs) 1.000 (reference) 1.191 (0.899, 1.578) 1.073 (0.802, 1.436) 1.046 (0.777, 1.409) 0.972 
All models were adjusted for age, gender, height, smoking status, pack year, alcohol status, body mass index, exercise and urinary creatinine. 

Abbreviations: LOQ, limits of quantification; RLD, restrictive lung disease. 
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Supplementary Table S4. Adjusted OR and 95% CIs of OLD risk by quartiles of urinary metals. 

Variables 
Quartiles of urinary metals (units: μg/L) 

P 
Q1 (Lowest) Q2 Q3 Q4 (Highest) 

Aluminium < 21.65 21.65 - 31.57 31.58 - 49.58 > 49.58 

N (cases/control) 65/558 53/558 53/558 55/558 

Adjusted OR (95%CIs) 1.000 (reference) 0.815 (0.550, 1.207) 0.883 (0.595, 1.309) 0.932 (0.627, 1.385) 0.818 

Titanium < 25.81 25.81 - 44.96 44.97 - 73.42 > 73.42 

N (cases/control) 64/558 51/558 53/558 60/558 

Adjusted OR (95%CIs) 1.000 (reference) 0.813 (0.541, 1.222) 0.928 (0.612, 1.409) 1.164 (0.760, 1.782) 0.390 

Vanadium < 0.35 0.35 - 0.49 0.50 - 0.75 > 0.75 

N (cases/control) 69/566 54/543 54/569 51/554 

Adjusted OR (95%CIs) 1.000 (reference) 0.812 (0.545, 1.210) 0.809 (0.541, 1.210) 0.848 (0.558, 1.287) 0.450 

Chromium < 0.94 0.94 - 1.42 1.43 - 2.22 > 2.22 

N (cases/control) 63/553 54/564 63/556 48/559 

Adjusted OR (95%CIs) 1.000 (reference) 0.894 (0.603, 1.326) 1.064 (0.723, 1.565) 0.858 (0.570, 1.292) 0.684 

Manganese < 1.58 1.58 - 2.44 2.45 - 3.79 > 3.79 

N (cases/control) 60/558 53/556 62/560 53/558 

Adjusted OR (95%CIs) 1.000 (reference) 0.868 (0.583, 1.291) 1.054 (0.716, 1.551) 0.882 (0.590, 1.319) 0.780 

Iron < 44.63 44.63 - 76.53 76.54 - 142.69 > 142.69 
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N (cases/control) 62/558 53/558 62/558 51/558 

Adjusted OR (95%CIs) 1.000 (reference) 0.797 (0.536, 1.185) 0.865 (0.588, 1.273) 0.759 (0.504, 1.144) 0.261 

Cobalt < 0.17 0.17 - 0.24 0.25 - 0.41 > 0.41 

N (cases/control) 74/582 47/510 59/569 48/571 

Adjusted OR (95%CIs) 1.000 (reference) 0.749 (0.497, 1.130) 0.820 (0.541, 1.242) 0.885 (0.563, 1.393) 0.665 

Nickel < 1.50 1.50 - 2.31 2.32 - 3.61 > 3.61 

N (cases/control) 66/562 58/555 46/556 58/559 

Adjusted OR (95%CIs) 1.000 (reference) 0.891 (0.602, 1.317) 0.709 (0.464, 1.083) 0.856 (0.563, 1.300) 0.324 

Copper < 5.23 5.23 - 7.59 7.60 - 11.14 > 11.14 

N (cases/control) 73/558 55/558 34/559 66/557 

Adjusted OR (95%CIs) 1.000 (reference) 0.684 (0.459, 1.019) 0.411 (0.258, 0.654) 0.769 (0.502, 1.178) 0.122 

Zinc < 167.42 167.42 - 276.89 276.90 - 438.21 > 438.22 

N (cases/control) 56/558 63/558 53/558 56/558 

Adjusted OR (95%CIs) 1.000 (reference) 1.098 (0.733, 1.643) 0.792 (0.509, 1.232) 0.786 (0.485, 1.274) 0.168 

Arsenic < 16.83 16.83 - 29.22 29.23 - 48.10 > 48.10 

N (cases/control) 62/558 57/558 46/557 63/559 

Adjusted OR (95%CIs) 1.000 (reference) 0.852 (0.564, 1.286) 0.693 (0.437, 1.099) 0.902 (0.557, 1.462) 0.588 

Selenium < 4.51 4.51 - 7.64 7.65 - 12.53 > 12.53 

N (cases/control) 66/559 54/557 54/559 54/557 

Adjusted OR (95%CIs) 1.000 (reference) 0.798 (0.527, 1.207) 0.799 (0.515, 1.239) 0.815 (0.502, 1.323) 0.462 
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Rubidium < 1172.08 1172.08 - 2015.55 2015.56 - 3151.24 > 3151.24 

N (cases/control) 63/558 61/558 49/558 55/558 

Adjusted OR (95%CIs) 1.000 (reference) 0.909 (0.601, 1.377) 0.776 (0.489, 1.230) 0.937 (0.562, 1.562) 0.676 

Strontium < 74.93 74.93 - 122.95 122.96 - 182.93 > 182.93 

N (cases/control) 75/558 58/558 52/558 43/558 

Adjusted OR (95%CIs) 1.000 (reference) 0.862 (0.586, 1.267) 0.800 (0.534, 1.199) 0.722 (0.465, 1.121) 0.135 

Molybdenum < 27.05 27.05 - 46.88 46.89 - 80.82 > 80.82 

N (cases/control) 53/558 59/558 53/558 63/558 

Adjusted OR (95%CIs) 1.000 (reference) 1.126 (0.745, 1.702) 1.010 (0.646, 1.577) 1.128 (0.704, 1.807) 0.750 

Cadmium < 0.54 0.54 - 0.90 0.91 - 1.46 > 1.46 

N (cases/control) 70/563 49/557 42/553 67/559 

Adjusted OR (95%CIs) 1.000 (reference) 0.742 (0.485, 1.135) 0.562 (0.352, 0.897) 0.961 (0.598, 1.543) 0.788 

Tin < LOQ LOQ - 0.31 0.32 - 0.45 > 0.45 

N (cases/control) 96/838 45/469 37/467 50/458 

Adjusted OR (95%CIs) 1.000 (reference) 0.857 (0.580, 1.266) 0.751 (0.491, 1.149) 1.121 (0.749, 1.676) 0.898 

Antimony < 0.12 0.12 - 0.16 0.17 - 0.24 > 0.24 

N (cases/control) 61/550 49/527 62/606 56/549 

Adjusted OR (95%CIs) 1.000 (reference) 0.789 (0.519, 1.199) 0.860 (0.566, 1.306) 0.752 (0.471, 1.201) 0.324 

Barium < 2.55 2.55 - 3.80 3.81 - 5.77 > 5.77 

N (cases/control) 76/558 51/559 47/557 54/558 
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Adjusted OR (95%CIs) 1.000 (reference) 0.725 (0.493, 1.067) 0.726 (0.487, 1.081) 0.970 (0.656, 1.434) 0.766 

Tungsten < 0.08 0.08 - 0.12 0.13 - 0.22 > 0.22 

N (cases/control) 62/600 58/536 59/541 49/555 

Adjusted OR (95%CIs) 1.000 (reference) 1.111 (0.750, 1.646) 1.099 (0.734, 1.644) 0.830 (0.539, 1.279) 0.434 

Thallium < 0.25 0.25 - 0.56 0.57 - 0.87 > 0.87 

N (cases/control) 47/343 80/771 47/561 54/557 

Adjusted OR (95%CIs) 1.000 (reference) 0.821 (0.531, 1.269) 0.746 (0.449, 1.240) 1.059 (0.622, 1.804) 0.677 

Lead < 2.12 2.12 - 3.18 3.19 - 4.57 > 4.57 

N (cases/control) 62/559 57/556 52/562 57/555 

Adjusted OR (95%CIs) 1.000 (reference) 0.904 (0.606, 1.349) 0.831 (0.544, 1.271) 1.012 (0.659, 1.556) 0.971 

Uranium < 0.020 0.020 - 0.030 0.031 - 0.047 > 0.047 

N (cases/control) 60/555 52/559 65/560 51/558 

Adjusted OR (95%CIs) 1.000 (reference) 0.817 (0.542, 1.231) 1.007 (0.672, 1.510) 0.722 (0.467, 1.117) 0.280 

All models were adjusted for age, gender, height, smoking status, pack year, alcohol status, body mass index, exercise and urinary 
creatinine. Abbreviations: LOQ, limits of quantification; OLD, obstructive lung disease. 
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Supplementary Table S5. The level of urinary metals in subjects with different 

smoking status. 

Urinary metals Never smokers Former smokers Current smokers P FDR-adjusted 
P  

Aluminum 3.516 (0.017) 3.498 (0.061) 3.501 (0.037) 0.928 0.971 

Titanium 3.741 (0.017) 3.679 (0.061) 3.766 (0.037) 0.400 0.920 

Vanadium -0.703 (0.015) -0.730 (0.051) -0.677 (0.031) 0.566 0.971 

Chromium 0.367 (0.017) 0.357 (0.060) 0.349 (0.037) 0.922 0.971 

Manganese 0.891 (0.018) 0.884 (0.063) 0.921 (0.038) 0.753 0.971 

Iron 4.381 (0.022) 4.493 (0.079) 4.473 (0.048) 0.215 0.617 

Cobalt -1.353 (0.019) -1.302 (0.065) -1.334 (0.040) 0.768 0.971 

Nickel 0.800 (0.017) 0.949 (0.060) 0.919 (0.037) 0.010 0.048 

Copper 2.017 (0.014) 2.038 (0.049) 2.104 (0.030) 0.043 0.141 

Zinc 5.560 (0.015) 5.691 (0.052) 5.706 (0.032) < 0.001 0.005 

Arsenic 3.319 (0.016) 3.263 (0.055) 3.325 (0.034) 0.557 0.971 

Selenium 1.988 (0.015) 2.008 (0.052) 1.986 (0.031) 0.920 0.971 

Rubidium 7.499 (0.014) 7.521 (0.049) 7.479 (0.030) 0.676 0.971 

Strontium 4.709 (0.015) 4.714 (0.054) 4.805 (0.033) 0.038 0.141 

Molybdenum 3.817 (0.017) 3.803 (0.059) 3.794 (0.036) 0.862 0.971 

Cadmium -0.252 (0.015) -0.047 (0.053) 0.202 (0.032) < 0.001 < 0.001 

Tin -1.383 (0.017) -1.407 (0.061) -1.407 (0.037) 0.854 0.971 

Antimony -1.826 (0.013) -1.814 (0.045) -1.806 (0.028) 0.832 0.971 

Barium 1.321 (0.016) 1.309 (0.058) 1.437 (0.035) 0.009 0.048 

Tungsten -2.092 (0.031) -2.137 (0.108) -2.209 (0.066) 0.332 0.848 

Thallium -0.688 (0.015) -0.688 (0.054) -0.687 (0.033) 1.000 1.000 

Lead 1.064 (0.017) 1.061 (0.061) 1.197 (0.037) 0.005 0.040 

Uranium -3.528 (0.018) -3.538 (0.062) -3.486 (0.038) 0.568 0.971 

Data are presented as natural log transformed least-squares mean (SEM). All models 

were adjusted for age, gender, body mass index and urinary creatinine. 
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Supplementary Table S6. Association of urinary iron with hemoglobin levels 

among total population and participants stratified by smoking status. 

Population n β (95CIs) P 

Total†  2412 -0.932 (-1.720, -0.145) 0.020 

Never smokers‡ 1799 -0.971 (-1.870, -0.017) 0.034 

Former smokers‡ 140 -0.851 (-4.021, 2.318) 0.599 

Current smokers‡ 473 -1.121 (-3.000, 0.758) 0.242 

  †Model was adjusted for age, gender, smoking status, pack year, alcohol status, body 

mass index, exercise and urinary creatinine; ‡All models were adjusted for age, gender, 

alcohol status, body mass index, exercise and urinary creatinine.  
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