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Introduction 
Cadmium is a metal with high toxic effects, has an
elimination half-life of 10–30 years, and accumulates in
the human body, particularly the kidney. Urinary
excretion of cadmium over 24 h is a biomarker of
lifetime exposure.1,2 Exposure to cadmium occurs
through intake of contaminated food or water, or by
inhalation of tobacco smoke or polluted air.1,2 We have
shown that environmental exposure to cadmium in
north-east Belgium in the neighbourhood of zinc
smelters was associated with about 30% increased
urinary cadmium excretion,3 renal dysfunction,4,5

increased calciuria,6 osteoporosis,7 and a 35%
population-attributable risk of fractures.7

In 1993, the International Agency for Research on
Cancer (IARC) classified cadmium as a human
carcinogen.8 As reviewed by Verougstraete and
colleagues,9 longitudinal studies have shown
consistently that workers exposed to cadmium or
cadmium compounds are at increased risk of lung
cancer. In five large cohorts of industrial workers,10–14

standardised mortality ratios ranged from 101 to 176
(median 120).9 However, in a study15 of 926 men who
manufactured nickel-cadmium batteries in the UK
followed up from 1947 to 2000, the ratio was non-

significantly increased to 111. Few population-based
studies, mostly Japanese,16–18 have addressed the
association between cancer and environmental exposure
to cadmium, and have reported inconsistent results. We
started recruitment of Flemish participants of the
Cadmium in Belgium Study (CadmiBel)19 on Sept 1,
1985.3–7 We aimed to assess prospectively the incidence
of fatal cancer and non-fatal cancer until June 30, 2004,
to investigate whether environmental exposure to
cadmium is associated with increased risk of cancer,
particularly that of the lung.  

Methods 
Study population
The Flemish CadmiBel participants were recruited
from Sept 1, 1985, to Dec 17, 1989,19 and were from
north-east Belgium (Noorderkempen); this region has
an area contaminated with cadmium and a reference
area with low exposure to cadmium. We selected ten
districts where we expected mean concentration of
cadmium in soil to be more than 3 mg/kg or less than
1 mg/kg on the basis of a preliminary screen done
1983–84 by the Research Institute for Ecology and
Forestry, Genk, Belgium. The environmentally
contaminated (ie, high-exposure) study area of 300 km2
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Summary 
Background Cadmium is a ubiquitous environmental pollutant, which accumulates in the human body such that
24-h urinary excretion is a biomarker of lifetime exposure. We aimed to assess the association between
environmental exposure to cadmium and cancer. 

Methods We recruited a random population sample (n=994) from an area close to three zinc smelters and a reference
population from an area with low exposure to cadmium. At baseline (1985–89), we measured cadmium in urine
samples obtained over 24 h and in the soil of participants’ gardens, and followed the incidence of cancer until June
30, 2004.  We used Cox regression to calculate hazard ratios for cancer in relation to internal (ie, urinary) and
external (ie, soil) exposure to cadmium, while adjusting for covariables.

Findings Cadmium concentration in soil ranged from 0·8 mg/kg to 17·0 mg/kg. At baseline, geometric mean
urinary cadmium excretion was 12·3 nmol/day for people in the high-exposure area, compared with 7·7 nmol/day
for those in the reference (ie, low-exposure) area (p�0·0001). During follow-up (median 17·2 years [range
0·6–18·8]), 50 fatal cancers and 20 non-fatal cancers occurred, of which 18 and one, respectively, were lung cancers.
Overall cancer risk was significantly associated with a doubling of 24-h cadmium excretion (hazard ratio 1·31 [95%
CI 1·03–1·65], p=0·026. Population-attributable risk of lung cancer was 67% (95% CI 33–101) in the high-exposure
area, compared with that of 73% (38–108) for smoking. For lung cancer, adjusted hazard ratio was 1·70 (1·13–2·57,
p=0·011) for a doubling of 24-h urinary cadmium excretion, 4·17 (1·21–14·4, p=0·024) for residence in the high-
exposure area versus the low-exposure area, and 1·57 (1·11–2·24, p=0·012) for a doubling of cadmium
concentration in soil. 

Interpretation Historical pollution from non-ferrous smelters continues to present a serious health hazard,
necessitating targeted preventive measures.

Environmental exposure to cadmium and risk of cancer:

a prospective population-based study



Articles

2 http://oncology.thelancet.com Published online January 16, 2006 DOI:10.1016/S1470-2045(06)70545-9

has an estimated population of 9840, borders on three
zinc smelters, and consists of six districts of the
municipalities Balen, Lommel, and Overpelt (figure 1).
This area remains polluted by toxic metals, despite
dismantlement of the smelter in Lommel in 1974,
transition from pyrolytic to electrolytic zinc refining in
Overpelt in 1974, and a complete stop to cadmium
production in Overpelt in 1992 and Balen in 2002. The
reference (ie, low exposure) study area has
9390 inhabitants, is located more than 10 km south-east
of the smelters, and includes four districts of the
villages Hechtel and Eksel (figure 1). In the 1980s, equal
proportions of residents in these two areas worked in
the agricultural sector or in the service industry.
However, men in the high-exposure area were more
likely to be employed at zinc smelters, whereas those
living in the low-exposure area worked more frequently
at coal mines about 15 km south of Hechtel. 
In every district, we identified a random population

sample stratified by sex and age (20–39 years vs
40–59 years vs �60 years), with the aim of recruiting
equal numbers in each group. The six municipalities
gave listings of all inhabitants sorted by address.
Households, defined as those who lived at the same
address, were the sampling unit. We numbered
households consecutively, and generated a random-
number list by use of SAS random function.

Households with a number matching the list were
invited; household members older than 20 years were
eligible, but were not included if the quota of age–sex
stratum had been met. To ascertain data for
occupational exposure to cadmium, lists of participants
who reported working, or having worked, at the zinc-
refining plants were given to the occupational-health
physician of the company that owned the plants. The
physician gave details of these participants’ employment
history and their role in the production process. 
Of 1107 participants,5,7 we excluded 113 people from

analyses because of: previous history of cancer (n=10,
four in low-exposure area vs six in high-exposure area);
pneumoconiosis, which is associated with a substantially
increased risk of lung cancer20 (n=22, 17 in low-exposure
area vs five in high-exposure area); or no 24-h urine
sample (n=81, 49 in low-exposure area vs 32 in high-
exposure area). Thus, the study population consisted of
994 people: 521 residents from the high-exposure
(ie, smelter) area and 473 from the low-exposure area.
The ethics committee of the University of Leuven,
Belgium, approved the study and follow-up of the
participants. Participants signed the questionnaire to
confirm informed consent.
At baseline, we used a validated questionnaire that

inquired about lifestyle, past and current residence,
possible exposure to cadmium at work, smoking habits,
and previous medical history. At baseline, every house-
hold was visited by the same study nurse, who gave
participants a self-administered questionnaire and
container for urine sampling. If needed, nurses assisted
participants in completion of the questionnaire, and
instructed participants on how to obtain urine samples
without external contamination. 1 week later, nurses
revisited the homes to collect the questionnaire and
urine samples and to obtain a sample of venous blood.19

This procedure was also used during follow-up.5,7 The
prinicipal investigator (JAS) coordinated the administra-
tion of questionnaires and wrote the manuals of opera-
tion, code books, and SAS programs for compliation of
the coded data sheets; we developed these programs to
convert questionnaire replies after coding them into
analysable variables. Questionnaires were coded by
trained nurses, and technicians entered the data into an
SAS database. For quality assurance, 10% of question-
naires coded by a nurse were selected randomly and
recoded by another nurse. All data were inputted twice
into the database by different technicians. Duplicate
datasets were compared with the PROC COMPARE
application in the SAS software to trace input errors.19

Data coders and SAS programmes checked for internal
consistency of questionnaire replies.
Because smoking is a major cause of exposure to

cadmium in the general population and because
cadmium is a cumulative toxicant, participants were
classified as smokers if they had ever used smoking
materials. Socioeconomic status was coded according to
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the methods of the UK office of population censuses and
surveys,21 and condensed into a scale with scores ranging
from 1 to 3.5,7

Analyses of exposure
Participants collected urine samples obtained over 24 h in
a wide-neck polyethylene container. Cadmium concentra-
tion in the blood and urine were measured with an
electrothermal atomic absorption spectrometer fitted
with a stabilised-temperature-platform furnace and
Zeeman background correction.19,22 For 734 (74%)
participants, urinary arsenic was measured after arsine
was generated under conditions that allow measurement
of the sum of inorganic arsenic and its methylated
metabolites (ie, monomethylarsonic acid and dimethyl-
arsenic acid).23 In an external quality-control programme
completed by Trace Element control scheme (organised
by Robens Institute, University of Surrey, UK), the
accuracy of the cadmium measurements did not differ
significantly over time.22 For 260 participants who did not
have data for 24-h urinary arsenic excretion, we calculated
geometric mean excretion within the ten districts
(ie, model A), or used a multiple regression equation,
which included as predictor variables sex, the linear and
squared terms of age, smoking, and nine design variables
coding for the ten districts (ie, number of design
variables=number of groups to be modelled–1; model B). 
From 1985–89, soil samples were taken from

307 gardens owned by the CadmiBel participants by
researchers at the Section of Environmental Biology,
Department of Biology and Geology, University of
Hasselt, Belgium.5 Ten samples were obtained from
the top layer of soil in every garden, at depths ranging
from 0 cm to 25 cm.4,5 Samples were dried for 24 h at
60ºC, passed through a sieve with holes of 2-mm
diameter, blended, digested in aqua regia, and analysed
for cadmium by use of atomic absorption spectrometry.
Participants’ houses and zinc smelters were located by
use of the global positioning system, GPS Pathfinder
Pro XL (Trimble Navigation Europe, Hampshire, UK).
Degrees longitude and latitude (projection of the
earth’s curved surface onto a flat map by use of
ellipsoid WGS84) were converted into kilometres by
use of the Lambert projection system of Belgian maps.
We used SAS/GRAPH mapping software and the
database of Teleatlas (Gent, Belgium). For privacy, we
calculated spatial summary statistics for small
geographic sectors (figure 1), consisting of one or two
statistical units as defined by the Belgium national
institute of statistics. 
By use of the Belgium national population registry, we

ascertained vital status of all participants until June 30,
2004. We obtained data for incidence of all non-fatal
health outcomes by follow-up visits to participants’
homes or at a local examination centre5,7 with repeated
administration of the same standardised questionnaire
as that used at baseline. Diseases reported on death

certificates or questionnaires were checked systematically
against records held by general practitioners, hospitals,
or both by HC and JAS. If discrepancies were uncovered,
the diagnosis of the treating physician was accepted in
most cases. We coded diseases according to the
International Classification of Diseases (ICD), revision 8.
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Aqua regia 

A highly corrosive liquid used to

dissolve metals, formed by a

fresh mixture of concentrated

nitric acid and concentrated

hydrochloric acid, usually in a

ratio of one to three.

Low exposure (n=473) High exposure (n=521) p 

Sex

Women  257 (54%) 266 (51%) 0·30* 

Men 216 (46%) 255 (49%)

Age (years)

Median (range) 45·6 (19·8–91·0) 46·8 (19·9–87·5) 0·60† 

Smokers 

Never 197 (42%) 190 (37%) 0·36*

Past 98 (21%) 120 (23%) 

Current 178 (38%) 211 (41%) 

Socioeconomic status 

Low (partly skilled or unskilled occupation) 349 (74%) 451 (87%) �0·0001*

Medium (manual and non-manual skilled 117 (25%) 68 (13%)

occupation)

High (professional or intermediate occupation) 7 (2%) 2 (�1%)

Occupational exposure

Proportion (%) 3 (1%) 39 (8%) �0·0001*

Serum creatinine (�mol/L)

Mean (SD) 97·8 (24·1) 101·2 (18·5) 0·017‡

Urinary excretion of creatinine (mmol/day)

Mean (SD) 12·1 (3·9) 12·3 (4·4) 0·59‡

Distance to nearest smelter (km)

Geometric mean (IQR) 10·7 (9·7–12·6) 1·12 (1·06–1·18) �0·0001‡ 

Cadmium concentration in soil (mg/kg)

Geometric mean (IQR) 0·81 (0·79–0·88) 7·97 (7·75–8·21) �0·0001‡ 

Blood cadmium (nmol/L)

Geometric mean (IQR) 10·5 (5·4–11·8) 11·9 (11·2–12·8) 0·0061‡ 

Cadmium excretion (nmol/day) 

Geometric mean (IQR) 7·7 (7·3–8·2) 12·3 (11·5–13·2) �0·0001‡ 

Urinary excretion of arsenic (nmol/day)§

Geometric mean (IQR) 144·5 (80·0–253·6) 323·6 (186·8–600·6) �0·0001‡

Model A¶ 146·3 (106·8–226·9) 321·3 (170·5–561·7) �0·0001‡

Model B|| 146·8 (93·4–226·9) 340·9 (240·3–546·8) �0·0001‡

Data are number (%), unless otherwise stated. *Fisher’s exact test. †Mann-Whitney test. ‡Large-sample z test. §Data available

for 397 (84%) in reference group and 337 (65%) in high-exposure group. ¶Data calculated from geometric mean urinary

excretion of arsenic within every district for 260 people with missing data for 24-h urinary arsenic excretion. ||Data calculated

from multiple regression equation that included the predictor variables sex, age, linear and squared terms of age, smoking, and

nine design variables coding for the ten districts for 260 people with missing data for 24-h urinary arsenic excretion. 

Table 1: Baseline characteristics of participants by study area 

Low exposure (n=473) High exposure (n=521) 

Women (n=257) Men (n=216) Women (n=266) Men (n=255)* 

Lung (ICD 162·0–163·9, 196·1) 1 2  6  10  

Colon (ICD 153·0–154·1) 3  ·· 2  4  

Gastric (ICD 151·9) 1  2  ·· 2  

Gall bladder and pancreas ·· 1 2 1  

(ICD 156·0, 156·2, 157·0, 157·8) 

Urinary (ICD 188·0–189·0) ·· ·· ·· 2  

Prostate (ICD 185·0) ·· 4 ·· 2  

Uterus and ovaries (ICD 182·0, 183·0) 5 ·· 1  ·· 

Breast (ICD 174·0) ·· ·· 4  ·· 

Other (ICD 172·0, 200·0–209·9) 4  4  3  4  

*Of 42 men with occupational exposure to cadmium, four developed lung cancer, one gallbladder cancer, one prostate cancer,

one urinary bladder cancer, and one cancer of unspecified origin with generalised metastases. 

Table 2: Number of participants who developed cancer, by study area and sex 
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We preplanned a case-control comparison as an
internal validation of results: we used SAS RANBIN to
match randomly 42 occupationally exposed men with
84 men of similar age (ie, within 5 years), smoking
habits, and residence.

Statistical analyses
For database management and statistical analyses, we
used SAS software version 8.2. We log-transformed non-
normally distributed data and reported these data as geo-
metric mean and IQR. We compared means using the

standardised normal z test, medians using the Mann-
Whitney test, and proportions using Fisher’s exact test.
We contrasted survival curves by Kaplan-Meier survival
function estimates and the log-rank test. We used
StatsDirect, version 2.4 to calculate the population-
attributable risk with 95% CI.24 We investigated
associations between variables by use of simple and
multiple linear regression. We applied Cox regression to
model the relation between failure time (ie, occurrence
of fatal or non-fatal cancer) and the external (ie, soil) or
internal (ie, urinary) exposure to cadmium, adjusting for
other explanatory variables including sex, age, and
smoking status. Additional explanatory variables in
sensitivity analyses were number of pack years, duration
that past smokers had ceased smoking, concentration of
serum creatinine at baseline, and 24-h urinary arsenic
excretion. In stepwise regression, we set p values for
variables to enter and stay in the model at 0·10. All
p-values were for 2-sided tests. We based our sample-
size calculation on the log-rank test: we assumed that the
incidence of lung cancer in the low-exposure area would
be much the same as that for the whole Flemish region.
25 cases of lung cancer and 360 participants from the
low-exposure area and the high-exposure area were
needed to show a three-times increased risk of lung
cancer, with a 2-sided � level of 5% and 80% power. 

Role of the funding source 
The funding source had no role in the study design; in
the collection, analysis, and interpretation of the data; or
in the writing of the report. The corresponding author
had full access to all data and had final responsibility for
the decision to submit for publication. 

Results 
At baseline, the characteristics of the 521 residents of the
districts near the smelters (ie, in high-exposure areas)
did not differ from those living in the low-exposure area
with the exception of internal and external exposure to
cadmium, internal exposure to arsenic and socioeco-
nomic status (table 1). The median number of follow-up
visits for ascertainment of non-fatal health outcomes
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Figure 2: Incidence of all cancer and lung cancer in low-exposure and high-

exposure areas

Total cohort (n=994) Environmental exposure (n=952)*

Hazard ratio (95% CI)† p Hazard ratio (95% CI)† p

All cancer‡  

Doubling of 24-h urinary cadmium excretion 1·31 (1·03–1·65) 0·026 1·29 (1·00–1·66) 0·050 

Doubling of cadmium concentration in soil  1·10 (0·95–1·27) 0·189 1·08 (0·93–1·26) 0·298

High-exposure vs low-exposure area 1·31 (0·81–2·12) 0·276 1·28 (0·77–2·13) 0·333

Lung cancer§

Doubling of 24-h urinary cadmium excretion 1·70 (1·13–2·57) 0·011 1·73 (1·09–2·72) 0.019 

Doubling of cadmium concentration in soil 1·57 (1·11–2·24) 0·012 1·49 (1·04–2·14) 0·032 

High exposure vs low-exposure 4·17 (1·21–14·4) 0·024 3·58 (1·00–12·7) 0·049 

*Excludes 42 men with history of occupational exposure to cadmium, eight of whom developed cancer. †Adjusted for sex, age, and smoking. ‡n=70 in total cohort and n=62 in group

with environmental exposure. §n=19 in total cohort and n=15 in group with environmental exposure.

Table 3: Risk of cancer 
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was three (range 2–4). The proportion of smokers in
districts with low exposure and high exposure were
much the same (table 1). For current smokers, median
daily tobacco consumption was 17 cigarettes (IQR
11–24) in 224 men and 15 cigarettes (10–20) in
165 women. For past smokers, median daily tobacco
consumption was 16 cigarettes (10–25) in 145 men and
15 cigarettes (7–25) in 73 women. Median number of
pack-years was 17·9 (10·2–29·3) in men and 13·6
(5·8–22·2) in women. During their lifetime, 42 (9%) of
471 men and 0 of 523 women had been exposed to
cadmium at work. 
24-h urinary cadmium excretion increased with age by

2·59 (SE 0·29, p�0·0001) nmol per 10 years. Geometric
mean cadmium excretion was higher at baseline in men
than in women (11·3 nmol/day [IQR 6·5–19·4] vs
8·7 nmol/day [5·7–13·6], p�0·0001), in ever smokers
than in never smokers (10·8 nmol/day [6·5–17·3] vs
8·6 nmol/day [5·6–14·3], p�0·0001), and in cadmium-
exposed workers than in men not occupationally
exposed (26·9 nmol/day [19·7–39·7] vs 10·4 nmol/day
[6·6–15·1], p=0·0001). In the case-control comparison
of 42 occupationally exposed men and 84 men of similar
age (ie, within 5 years), smoking habits, and residence,
the occupationally exposed workers had significantly
raised cadmium excretion (26·9 nmol/day [19·7–39·7]
vs 18·1 nmol/day [15·3–21·2], p=0·006).  
During follow-up from Sept 1, 1985, until June 30,

2004, 16 681 person-years accrued. Median follow-up
was much the same in areas with low exposure and high

exposure, and totalled 17·2 years (range 0·6–18·8).
During follow-up, 50 fatal cancers and 20 non-fatal
cancers occurred, of which 18 and one, respectively,
were lung cancers (table 2).  Figure 1 shows the
geographical association between risk of lung cancer
and 24-h urinary cadmium excretion. Incidence of lung
cancer was significantly higher in the high-exposure area
than in the low-exposure area (figure 2), with incidence
of 1·80 per 1000 person-years and 0·38 per 1000 person-
years, respectively (p=0·016). Population-attributable
risk of lung cancer was 67% (95% CI 33–101) in the
high-exposure area compared with that of 73% (38–108)
for smoking. Total incidence of cancer was 4·99 per
1000 person-years in the high-exposure area and 3·55
cases per 1000 person-years in the low-exposure area
(p=0·17).  
Risk of cancer was not associated with sex (p=0·13) or

socioeconomic status (p=0·51). However, every 10-year
increase in age at enrolment was associated with a
hazard ratio of 1·64 (95% CI 1·24–2·18, p=0·0006) for
lung cancer and 1·63 (1·41–1·89, p�0·0001) for all
cancer. The hazard ratio for smokers was 4·39
(1·58–12·2, p=0·0045) and for non-smokers was 1·39
(0·87–2·23, p=0·17). With additional adjustment for
24-h urinary cadmium excretion, the hazard ratio for
smoking versus non-smoking was 3·69 (1·31–10·30,
p=0·013) for lung cancer and was 1·26 (0·78–2·03,
p=0·33) for all cancer. Analyses of the total cohort
adjusted for sex, age, and smoking at baseline showed a
significant association between 24-h urinary cadmium
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Total cohort (n=994) Environmental exposure (n=952)*

Hazard ratio (95% CI)† p Hazard ratio (95% CI)† p

All cancer‡

Cadmium excretion, unadjusted for arsenic 1·31 (1·03–1·65) 0·026 1·29 (1·00–1·66) 0·050 

Cadmium excretion, adjusted for arsenic 

Model A§ 1·28 (1·01–1·63) 0·041 1·26 (0·97–1·63) 0·085 

Model B¶ 1·29 (1·01–1·65) 0·043 1·26 (0·97–1·64) 0·084 

Arsenic excretion, unadjusted for cadmium 

Model A§ 1·10 (0·93–1·35) 0·245 1·13 (0·93–1·37) 0·226

Model B¶ 1·10 (0·91–1·34) 0·312 1·11 (0·91–1·35) 0·310

Arsenic excretion, adjusted for cadmium 

Model A§ 1·07 (0·88–1·30) 0·495 1.08 (0·89–1·33) 0·415

Model B¶ 1·04 (0·85–1·27) 0·692 1·05 (0·86–1·30) 0·611

Lung cancer||

Cadmium excretion, unadjusted for arsenic 1·70 (1·13–2·57) 0·011 1·73 (1·09–2·72) 0·019 

Cadmium excretion, adjusted for arsenic 

Model A§ 1·60 (1·04–2·45) 0.031 1·61 (1·00–2·59) 0·048 

Model B¶ 1·57 (1·01–1·35) 0.045 1·57 (0·96–2·56) 0·073 

Arsenic excretion, unadjusted for cadmium 

Model A§ 1·42 (0·95–2·12) 0·088 1·49 (1·04–2·14) 0·032 

Model B¶ 1·51 (0·99–2·31) 0·056 1·59 (1·00–12·7) 0·043 

Arsenic excretion, adjusted for cadmium 

Model A§ 1·29 (0·84–2·00) 0·247 1·32 (0·83–2·11) 0·234

Model B¶ 1·35 (0·85–2·15) 0·206 1·57 (0·89–2·37) 0·134

*Excludes 42 men with history of occupational exposure to cadmium, eight of whom developed cancer. †Adjusted for sex, age, and smoking. ‡n=70 in total cohort and n=62 in subgroup

with environmental exposure. §Data calculated from geometric mean urinary excretion of arsenic within every district for 260 people with missing data for 24-h urinary arsenic excretion.

¶Data calculated from multiple regression equation that included the predictor variables sex, age, linear and squared terms of age, smoking, and nine design variables coding for the ten

districts for 260 people with missing data for 24-h urinary arsenic excretion. ||n=19 in total cohort and n=15 in group with environmental exposure.   

Table 4: Risk of cancer associated with a doubling of 24-h urinary excretion of toxic metals 
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excretion and all cancer or lung cancer (table 3); we also
recorded a significant association between cadmium
concentration in the soil or residence in the high-
exposure area and lung cancer (table 3). Our results
remained consistent when we replaced the adjustment
for ever-smoking with that of current smoking (hazard
ratio 1·59 [1·08–2·34], p=0·018) or with number of
pack-years (1·76 [1·17–2·63], p=0·006), when we
accounted for duration that past smokers had stopped
smoking (�10 years vs �10 years; 1·68 [1·12–2·52],
p=0·013), when we adjusted for concentration of serum
creatinine (1·73 [1·16–2·59], p=0·007), or when we
used the ratio of cadmium to creatinine concentration in
urine as a biomarker of cadmium exposure (1·61
[1·05–2·47], p=0·028). 
Of 42 workers exposed to cadmium, four developed

lung cancer during follow-up and four developed other
cancer. On adjustment for age and ever smoking,
cadmium-exposed workers had a hazard ratio of
3·23 times (1·00–10·8, p=0·05) for lung cancer than did
environmentally exposed men. Sensitivity analyses, in
which we adjusted for occupational exposure to cad-
mium or from which we excluded the 42 occupationally
exposed men, confirmed our findings (table 3). 
Data for 24-h urinary arsenic excretion were available

for 397 (84%) people in the low-exposure area and 337
(65%) in the high-exposure area. 43 of these
734 individuals developed any cancer (61% of those
occurring in the total cohort), and 11 developed lung
cancer (58% of those arising in total cohort). For
individuals with data for urinary arsenic, neither
cadmium excretion nor arsenic excretion were
significant predictors of any cancer or of lung cancer. For
any cancer, the hazard ratio associated with a doubling of
biomarker of exposure on adjustment for sex, age, and
smoking was 1·04 (0·71–1·53, p=0·82) for cadmium
and was 1·09 (0·87–1·31, p=0·51) for arsenic. For lung
cancer, the corresponding hazard ratios were 1·38
(0·63–3·01, p=0·41) for cadmium and 1·42 (0·90–2·23,
p=0·13) for arsenic, respectively. In further analyses that
calculated urinary arsenic excretion for 260 people by use
of two different models, only unadjusted analyses of the
environmentally exposed cohort showed 24-h urinary
arsenic excretion to be a significant predictor of lung-
cancer incidence, but not all cancer (table 4). Urinary
arsenic excretion lost its prognostic role on adjustment
for cadmium. By contrast, urinary cadmium excretion
remained a significant predictor of any cancer and of
lung cancer after adjustment for arsenic in the whole
cohort, and for lung cancer (model A) in those who were
environmentally exposed (table 4). 

Discussion 
We have shown an association between risk of cancer
and cadmium exposure as shown by 24-h urinary
excretion—a finding that remained consistent after:
adjustment for sex, age, and smoking; exclusion of

42 cadmium-exposed workers; and accounting for
exposure to inorganic arsenic.  
Cadmium is a ubiquitous environmental pollutant in

industrialised countries. Residence in the area with high
environmental exposure to cadmium was associated
with a hazard ratio for lung cancer of 3·58. Our current
findings might remove some uncertainty about the
association between cadmium exposure and cancer risk,
doubt that comes from a large number of human studies
on the association between cytogenetic endpoints and
exposure to cadmium.9,25 Our findings are also consis-
tent with circumstantial evidence from a previous study
of mortality statistics in north-east Belgium:26 Buchet
and Lison26 noted that standardised rate ratios for death
from lung cancer were unrelated to moderate environ-
mental exposure to arsenic via air (ie, 0·3 �g/m3) or
drinking water (ie, 20–50 �g/L), but also recorded a
higher proportion of death from lung cancer in areas
with zinc smelters compared with areas without such
plants. In 1992–94, the age-standardised incidence of
lung cancer per 100 000 Flemish residents was 64·2
(113·6 in men and 16·0 in women).27 Our study was in
progress for a median of 17·2 years, and assuming that
these incidence rates would apply equally to the whole
region and total follow-up, ten individuals would be
expected to develop lung cancer, equally distributed over
the two areas with low exposure and high exposure.
Moreover, the incidence of lung cancer we recorded in
the high-exposure area exceeded that expectation by
more than three times. 
Findings from studies in workers cannot be

extrapolated to the general population. Employers select
healthy people for physically demanding labour, which
explains the so-called healthy-worker effect.9 Further-
more, compared with the general population, workers in
the non-ferrous industry are exposed to higher levels of
cadmium, mainly through inhalation of contaminated
dust or fumes frequently in the presence of other toxic
substances. Consistent with findings from early studies
reviewed by Verougstraete and colleagues,9 cadmium-
exposed workers in our study had greater risk of lung
cancer than did environmentally exposed men. For these
reasons, we recalculated hazard ratios after exclusion of
42 workers with a history of exposure to cadmium at
work. Findings in this environmentally exposed cohort
were confirmatory.  
Inorganic arsenic is a strong carcinogen. Particularly

in the past when environmental regulations were less
stringent, emissions from zinc and copper smelters
were important sources of inorganic arsenic. Bessö and
colleagues28 found that with adjustments for smoking
and occupational exposure, the relative risk of lung
cancer for people who lived within 20 km of a large
copper smelter was 1·38 (95% CI 0·89–2·14) in men
and 0·88 (0·48–1·62) in women. These researchers
suggested that the increased hazard ratio in men,
although not significant, might be attributable to arsenic
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exposure. In the high-exposure area of our study, the
arsenic concentration in the soil of kitchen gardens (ie, a
garden in which vegetables are grown for home use) was
raised (ie, �20 parts per million) in Overpelt and
Lommel, and especially near the zinc smelter in Lommel
that was dismantled in 1974.23 The general population is
exposed to inorganic arsenic through inhalation of
polluted dust particles, ingestion of contaminated food
or water pumped from geological layers containing
arsenic, and possibly through smoking.26 24-h urinary
excretion of arsenic is a biomarker of recent exposure
(ie, about 3 days), and in unexposed people is usually
less than 200 nmol per day. In 1985–89, geometric mean
24-h urinary arsenic excretion was 144 nmol (IQR
80–253) in Hechtel and Eksel, 158 nmol (106–227) in
Balen, 373 nmol (253–547) in Overpelt and Neerpelt,
and 570 nmol (394–827) in Lommel (figure 1).23

Confounding by arsenic is unlikely to explain our
recorded association between risk of lung cancer and
exposure to cadmium. Moreover, 24-h urinary arsenic
excretion was a significant predictor of lung cancer only
in unadjusted analyses and lost its prognostic role after
adjustment for cadmium. By contrast, on adjustment for
arsenic, 24-h urinary cadmium excretion remained a
significant predictor of all cancer and lung cancer in the
whole cohort and of lung cancer (model A) in those who
were environmentally exposed. 
Three lines of evidence explain why the International

Agency for the Research on Cancer8 classified cadmium
as a human carcinogen. First, as reviewed by
Verougstaete and colleagues,9 several,10,11,13,14 but not all12,15

studies in workers showed a positive association between
risk of lung cancer and occupational exposure to
cadmium; discrepancies between these studies should
not be ascribed to the better design of the more recent
studies.9 Verougstraete and colleagues9 and Sorahan and
Lancashire13 suggested that such inconsistencies might
be attributed to the high relative risk of cancer in the
presence of coexposure to arsenic, nickel, or toxic fumes,
and Sorahan and Esmen15 suggested that the
increasingly stringent regulations with regard to levels of
exposure permissible at work might be a factor. Second,
data from rats showed that the pulmonary system is a
target site for carcinogenesis after cadmium inhalation.29

However, exposure to toxic metals in animal studies have
usually been much higher than those reported for
human beings who had been environmentally exposed to
toxic metals.30 Third, several studies done in vitro have
shown plausible pathways such as increased oxidative
stress,29 modified activity of transcription factors,31 and
inhibition of DNA repair.32,33 However, the role of these
pathways in the response to toxic-metal exposure has not
been defined in human beings.
Our study should be interpreted within the context of

its possible limitations. Observational studies, even if
prospective and based on predefined hypotheses, do not
prove causality. The number of people who developed

cancer was fairly small. In analyses of the role of arsenic
as a potential confounder of the relation between cancer
risk and cadmium exposure, we had to calculate urinary
arsenic excretion for 26% of the study population,
implying a greater level of uncertainty than for the
recorded cadmium data—a factor that will affect the
overall interpretation of current evidence. Furthermore,
we cannot exclude with certainty that cancer risk in the
vicinity of smelters might be related to pollutants other
than cadmium that are emitted during refining or
smelting of zinc. However, on the basis of our current
findings and an ecological mortality study26 the
possibility that arsenic might be involved is unlikely.
However, we assessed fatal and non-fatal outcomes. As

exemplified by the closely similar incidence of all cancer
in areas with low exposure and high exposure, all
participants were followed up equally, irrespective of
area of residence. We recruited participants from Sept 1,
1985, to Dec 17, 1989. That after about 6 years of follow-
up no new cases of lung cancer occurred in the low-
exposure area probably reflects the history of the
airborne exposure to cadmium. In the study region, zinc
smelters had emitted cadmium into the atmosphere
since 1888.5,34 Cadmium concentration in the soil is a
historical record of the pollution: in the early 1970s, zinc
ovens were replaced by electrolytic refining such that
airborne cadmium emissions dropped from 125 000 kg
in 1950 to 130 kg in 1989.34 In Lommel and Overpelt, the
emission of cadmium fell from 12 mg/m2 a day in 1985
to less than 0·01 mg/m2 a day in 1994.34However, in the
polluted area, cadmium emitted in the past continues to
contaminate the soil and remains a source of
contaminated particles. In 2002, the industry reported a
total toxic metal load of about 9902 kg per year in the
high-exposure area, compared with loads of 12–2100 kg
per year in settlements of the same company in western
Europe and North America.35 In 473 participants of our
study, 24-h urinary cadmium excretion increased by 3%
(p=0·0007) for every 2-fold increase in cadmium loading
rate in house dust (median 0·16 ng/cm2 [5th to 95th
percentile 0·04–1·27 ng/cm2] per 92 days; Vangronsveld
J, unpublished data). These findings highlight that in
areas with historically contaminated soils, house dust is
a potential persistent source of exposure, with the lungs
being both the route of entrance and a potential target.  
In conclusion, consistent with indirect evidence

currently available, we have shown a significant associa-
tion between risk of lung cancer and environmental
exposure to cadmium. To our knowledge, this is the first
time such an association has been reported in an
environmentally exposed population. These findings
suggest that continuing or past pollution from non-
ferrous smelters continues to present a serious health
hazard, necessitating targeted preventive measures. A
signed agreement between the Flemish government and
industry will force the company to sanitise soil in the
immediate vicinity of the former zinc smelters.
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Remarkably, their agreement leaves the Flemish govern-
ment as the only party responsible for the consequences
of past pollution in the wider surroundings of industrial
settlements.  
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