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Key messages

What is already known about this subject?
►► Inorganic lead is considered a probable 
carcinogen by the International Agency for 
Research on Cancer, based primarily on findings 
for brain, stomach, kidney and lung cancer.

What are the new findings?
►► We have studied a large two-country cohort of 
30000 lead-exposed workers, with documented 
blood lead levels, who had 7000 incident 
cancers during the follow-up period.

►► We have found significant positive exposure-
response relationships for brain and lung 
cancer, and also for Hodgkin’s lymphoma and 
rectal cancer.

►► We found a significant negative trend for 
melanoma.

How might this impact on policy or clinical 
practice in the foreseeable future?

►► The positive findings for lung and brain cancer 
confirm earlier findings.

►► Our data suggest that permissible standards for 
blood lead levels, often set to 40 μg/dL, are too 
high.

Abstract
Objective  Study carcinogenicity of inorganic lead, 
classified as ’probably carcinogenic’ to humans by the 
International Agency for Research on Cancer (brain, lung, 
kidney and stomach).
Methods  We conducted internal and external analyses 
for cancer incidence in two cohorts of 29 874 lead-
exposed workers with past blood lead data (Finland, 
n=20 752, Great Britain=9122), with 6790 incident 
cancers. Exposure was maximum measured blood lead.
Results  The combined cohort had a median maximum 
blood lead of 29 μg/dL, a mean first blood lead test of 
1977, and was 87% male. Significant (p<0.05) positive 
trends, using the log of maximum blood lead, were 
found for brain cancer (malignant), Hodgkin’s lymphoma, 
lung cancer and rectal cancer, while a significant 
negative trend was found for melanoma. Borderline 
significant positive trends (0.05≤p≤0.10) were found 
for oesophageal cancer, meningioma and combined 
malignant/benign brain cancer. Categorical analyses 
reflected these trends. Significant interactions by country 
were found for lung, brain and oesophageal cancer, with 
Finland showing strong positive trends, and Great Britain 
showing modest or no trends. Larynx cancer in Finland 
also showed a positive trend (p=0.05). External analyses 
for high exposure workers (maximum blood lead >40 μg/
dL) showed a significant excess for lung cancer in both 
countries combined, and significant excesses in Finland 
for brain and lung cancer. The Great Britain data were 
limited by small numbers for some cancers, and limited 
variation in exposure.
Conclusions  We found strong positive incidence trends 
with increasing blood lead level, for several outcomes 
in internal analysis. Two of these, lung and brain cancer, 
were sites of a priori interest.

Introduction
With the worldwide elimination of leaded gaso-
line, lead levels have dropped considerably in 
world populations.1 2 However, lead has been and 
remains a relatively common occupational expo-
sure in many countries. For example, in the UK 
there were an estimated 250 000 workers exposed 
to lead in the early 1990s (approximately 1% of the 
employed population, see https://​tradingeconomics.​
com/​united-​kingdom/​employed-​persons), and as of 
2005 an estimated 2% of the employed population 
was estimated to have been exposed to lead occu-
pationally at some point.3 In Finland in the period 
1970–1990, approximately 2% of the workforce 

was estimated to have had lead exposure, based on 
a Finnish job-exposure matrix.4 

The International Agency for Research on Cancer 
(IARC) and the National Toxicology Programme 
(NTP) have concluded that inorganic lead 
compounds are probably carcinogenic to humans 
and reasonably anticipated to be human carcin-
ogens, respectively, based primarily  on lung and 
stomach cancers, and some suggestive effects  on 
kidney and brain cancer.5 6 A 2010 IARC workshop 
on future research priorities called for more studies 
of lead-exposed workers.7

Since the IARC and NTP reviews, there have 
been several publications describing cancer inci-
dence in lead-exposed workers. Regarding brain 
cancer, van Wijngaarden and  Dosemeci8 studied 
brain cancer using a job-exposure matrix data 
(JEM) to estimate lead exposure, in a large popula-
tion-based cohort followed in the USA in the 1980s 
(n=317 000), using occupation and industry from 
death certificates. They found an association with 
presumed lead exposure (18% exposed) and brain 
cancer mortality (120 deaths), with an HR of 1.5 
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(95% CI 0.9 to 2.3) for exposed versus non-exposed, and indi-
cations of an exposure-response trend. Liao et al,9 using a JEM, 
studied a large general population (n=135 000) in Shanghai, 
with about 8% exposed occupationally. These authors found an 
excess, although non-significant, risk for incident brain cancer 
(relative risk (RR)=1.8 (95% CI 0.7 to 4.8)). Parent et al10 found 
no association with glioma using a JEM in a seven-country popu-
lation-based case-control study with 1800 incident glioma cases. 
In an analogous case-control study in the same seven countries 
using the same JEM, Sadetzki et al11 likewise found no associa-
tion between lead and meningioma, with 1906 incident cases. In 
both these studies, the percentage of exposed cases and controls 
was between 5% and 10%.

Findings for lung cancer have been mixed. In the study by Liao 
et al9 in Shanghai, an excess risk of lung cancer (after controlling 
for smoking) was found for men (lung RR=1.4 (95% CI 1.0 
to 2.0), 35 exposed cases), but not for women. Wynant et al12 
found no elevation of lung cancer in exposed workers in a popu-
lation-based case-control study (1500 cases, 1500 controls) in 
Montreal in which exposure was assessed by a JEM. Ilychova 
and Zaridze13 found no increased lung cancer among Moscow 
printing workers, but the number of lung cancers was small 
(n=40),  with no direct measurements of exposure. Regarding 
other cancers, the studies by Liao et al9 and Ilychova and 
Zaridze13 found little or no excess in stomach cancer, but did 
find an excess of kidney cancer in the highest exposed workers.

To further investigate possible associations, we have conducted 
a pooled analysis for cancer incidence among two cohorts of 
workers with documented blood lead levels (n=29 874), enrolled 
in surveillance programmes in Finland and Great Britain. The 
Finnish cohort (n=20 752) has been followed previously for 
cancer incidence, in the mid-1990s.14 15 The Finnish cohort 
also formed part of a more recent mortality analysis of Great 
Britain, the USA and Finnish cohorts.16 The Great Britain cohort 
(n=9122) has not been studied previously for cancer incidence, 
although it has for mortality.17

The documented blood lead levels among these workers 
avoid some of the uncertainty of whether workers were actually 
exposed to lead, which occurs when exposure is estimated based 
on job title or a job-exposure matrix.

Findings for health risk by blood lead levels may have impli-
cations for standards. Current regulations in the UK require 
consultation with a doctor to consider removal from the work-
place when levels reach 30 μg/dL for pregnant women, 40 μg/
dL for teenage workers and 50 μg/dL for other adult workers 
(http://www.​hse.​gov.​uk/​pubns/​priced/​l132.​pdf). If the doctor 
recommends removal, the employer must comply, and the 
worker can return only with the doctor’s recommendation. 
In Finland, workers must be removed when their blood levels 
exceed 50 μg/dL (or 1.9 μg/dL for pregnant women) (Markku 
Sallmen,  personal communication). In the USA, the  Occu-
pational Safety and Health Administration (OSHA) requires 
removal of workers from exposure when blood lead levels 
exceed 50 μg/dL (construction) or 60 μg/dL (general industry), 
based on a standard adopted in 1978, motivated by acute lead 
poisoning.18 Several authors have called for lowering currently 
permissible occupational blood lead levels to 20 μg/dL.18 19

Methods
Cohorts
The Finnish cohort of 20 752 workers (12% women) with docu-
mented blood lead was originally followed for cancer incidence 
through 1988.16 17 Follow-up has now been extended through 

2013. Blood lead levels were measured during the years 1973–
1982, as part of a nationwide surveillance programme.

The Great Britain cohort (9122 workers, 15% women) was 
followed previously for mortality through 2011.19 The cohort 
had blood lead levels measured in the period 1975–1979.

The subjects in these cohorts were exposed to lead occupa-
tionally; they were exposed in a large number of different occu-
pations and industries in each country.

Exposure data
The exposure data consisted of blood lead tests, conducted 
under occupational surveillance programmes. Details are avail-
able in the original publications.17 19 Complete work histories 
were not available, nor were data on any demographic variables 
beside birth date, death date, emigration date and gender. Half 
(47%) of the combined cohort had only one blood lead test, 
while the other half had a median of 3.

For workers with multiple blood measurements, values were 
available in the Finland cohort, but for Great Britain we had 
only the maximum lead level, the minimum lead level and the 
number of measurements. We used the maximum blood lead as 
the principal exposure metric, motivated by two factors. First, 
when more than one blood lead measurement was available, 
they tended to be similar to each other, so the maximum was 
not far from the mean (see data below). Second, any accurate 
measure of cumulative exposure being absent, we believed that 
the maximum blood lead was likely to be a reasonable choice for 
the most biologically relevant measure to predict future disease 
risk.20

Analyses
Person-time began at time of first blood lead test, and continued 
until the end of follow-up, death or year of emigration. For 
persons with an incident cancer, person-time at risk for that 
cancer ended at time of diagnosis. However, person-time for 
other cancers continued, starting from time of first blood test 
until date of death, end of follow-up or an incident cancer of 
interest (16% of people with cancer had more than one primary 
cancer). Follow-up for these cohorts matched the original 
mortality follow-up dates, that is, 31 December 2011 for Great 
Britain and 31 December 2013 for Finland.

There are some data indicating that those with a primary 
cancer are more likely to have a second primary cancer.21 As a 
sensitivity analysis, we re-ran our internal analyses for malignant 
brain and lung cancer using 1) only primary cancers and 2) all 
primary cancers but taking into account the correlation among 
subjects with more than one cancer22 via a procedure available 
in SAS PROC PHREG (https://​support.​sas.​com/​documentation/​
cdl/​en/​statug/​63347/​HTML/​default/​viewer.​htm#​statug_​phreg_​
sect054.​htm).

We conducted internal analyses for different incidence 
outcomes via Cox regression (SAS V.9.22, http://​support.​sas.​
com/​en/​support-​home.​html), with age as the time variable, while 
controlling for decade of year of birth, gender and country. We 
tested the proportional hazard assumption for exposure, which 
was not violated. We also tested for interaction by country, and 
by gender. We conducted both categorical and continuous anal-
yses. Categorical analyses used lead exposure categories of <20, 
20–29, 30–39 and 40+ μg/dL. The lower cutpoint of <20 μg/
dL was motivated by the scarcity of many workers in the Great 
Britain cohort with levels <20 μg/dL, while the upper bound was 
motivated by its use by OSHA as the upper bound of a safe level.
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Table 1  Descriptive data for cohorts from Finland and Great Britain (GB)

Country N Person-years Deaths Incident cancers
Mean year first 
follow-up* Last year follow-up

Mean year of 
birth % female

GB 9122 272 682 3477 1950 1976 2011 1939 15

Finland 20 752 655 766 7109 4840 1977 2013 1943 12

Combined 29 874 928 448 10 586 6790 1977 n.a. 1942 13

*Year of first blood lead test.
n.a., not available.

Table 2  Distribution of maximum blood lead levels (μg/dL) from cohorts in Finland and Great Britain

Country Total
Max blood lead
<10 μg/dL

Max blood lead
10–<20
μg/dL

Max blood
lead
20–<30
μg/dL

Max blood
lead
30-<40
μg/dL

Max blood lead
40+ μg/dL

Median max 
blood lead μg/dL

Mean # blood 
leads per person

Great Britain 9122 1% 9% 17% 16% 58% 48 4

Finland 20 752 16% 41% 22% 9% 11% 19 3

Combined 29 874 11% 31% 21% 11% 26% 23 3

Max, maximum.

For brain cancer, we conducted analyses of malignant cancers 
only, and for malignant and benign combined, given that benign 
tumours can be as lethal as malignant tumours, and their 
pathology is not markedly different (​www.​cancer.​org/​cancer/​
brain-​spinal-​cord-​tumors-​adults.​html). There were 85 malignant 
brain tumours and 76 benign brain tumours in the combined 
cohorts. We also analysed gliomas and meningiomas separately.

For Finland, where we had data on multiple tests per person, 
we also ran analyses using time-dependent maximum blood 
lead. Results were virtually identical to results based on analyses 
using time-independent maximum blood lead, and we present 
only time-independent analyses. We tested for continuous trends 
using either maximum blood lead or its natural log, and report 
both for the combined country analyses. For country-specific 
analyses, we report the better-fitting log term for all sites except 
larynx cancer in Finland, where the untransformed term fits 
better, and there we give both results.

We conducted external analyses via SIRs (rate ratio for exposed 
vs referent), using national incidence rates as the reference, strat-
ified by 5-year age and calendar time categories, via the NIOSH 
Life Table Analysis System.23 We used the International Clas-
sification of Diseases  groupings for disease-specific rates from 
the NIOSH Life Table categories.24  Great Britain and Finnish 
national cancer incidence rates were provided by Dr McElvenny 
(Great Britain) and Dr Anttila (Finland).

Results
Table  1 provides a summary of cohort statistics. The Finnish 
cohort is twice as large as the Great Britain cohort; the cohorts 
are quite similar with regard to year of first follow-up, age and 
gender.

Table 2 provides summary data on the blood lead tests. Great 
Britain had much higher median maximum blood lead, with few 
people under 20 μg/dL, and 58% of workers above 40 μg/dL. 
Nonetheless, the Finnish cohort also contributed a substantial 
number to the highest lead category (>40 μg/dL).

Forty-seven per cent of the combined cohort had more than 
one blood lead test (mean of three for those with >1). The intra-
class correlation coefficient (proportion of variance between 
subjects out of total variance, ie, the sum of between and within 
variance) for those with multiple measurements was a high 
0.93, indicating that the variance within a person’s multiple 

measurements was much less than the variance between the 
mean blood lead levels of different workers.

Table 3 gives the results for cancer incidence risk among the 
combined cohort, for all cancers for which there was a trend in 
continuous log transformed or untransformed maximum blood 
lead with p≤0.10, as well as for several of a  priori interest. 
There were positive trends (p<0.10) for brain cancer (malignant 
and malignant+benign), lung cancer, oesophageal cancer, rectal 
cancer and Hodgkin’s lymphoma. There was a negative trend 
for melanoma. Stomach and kidney cancers, both of a priori 
interest, showed no evidence of trends.

There were significant (p≤0.05) interactions, using either log 
or untransformed maximum blood lead, between countries for 
brain cancer, lung cancer and oesophageal cancer. Most of these 
interactions were for the untransformed exposure metric (only 
lung cancer showed an interaction using logged maximum blood 
lead). Table 4 shows the country-specific data for all cancers with 
a significant interaction as shown in table 3, using either expo-
sure metric. Table  4 also includes larynx cancer, although the 
interaction term with country was not significant as shown in 
table 3, because it was a cancer of a priori interest, and because 
the trend in Finland using untransformed maximum blood lead 
was significant. Table 4 shows that in general positive significant 
trends were largely confined to Finland.

We also conducted a random effects meta-analysis for the 
trend test using log maximum blood lead, across the two coun-
tries,  for the results in table 4, given the significant heterogeneity 
found in table 3.25 For lung cancer, the meta-analytic random 
effects rate ratio was 1.26 (95% CI 0.93 to 1.70), slightly lower 
than the result as shown in table 3 (RR=1.34). Results for malig-
nant brain cancer and all brain cancer were 1.28 (95% CI 0.71 
to 2.30) and 1.37 (95% CI 1.00 to 1.87), respectively, while the 
result for oesophageal cancer was 1.32 (95% CI 0.91 to 1.93). 
For larynx cancer, we used untransformed maximum blood lead 
as our metric as it fits appreciably better in Finland; results for 
the meta-analysis were 1.01 (95% CI 0.99 to 1.02).

We also ran a series of sensitivity analyses. We ran analyses 
restricting to the first primary cancer, or taking into account 
possible correlations between multiple primaries. Results differed 
slightly when using only first primaries, but hardly at all when 
taking correlations into account (online supplemental table 1). 
We also calculated HRs for an increase in IQR (75%–25%) for 
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Table 3  Results for cancer incidence for sites with either a p value for BL trend <0.10, or of a priori interest, Great Britain and Finland combined*

Cancer site†

Max BL
(μg/dL) and 
cutpoints N HR LCL HR UCL HR

P for country 
interaction, log 
continuous max 
BL† country

P for country 
interaction, 
continuous max 
BL† country

Brain malignant <20 (referent) 36 1.00

Brain malignant 20–29 16 1.02 0.56 1.84

Brain malignant 30–39 10 1.34 0.66 2.74

Brain malignant 40+ 23 1.71 0.94 3.12

Brain malignant Log max BL 1.42 1.01 2.00 0.14 0.04

Brain malignant+benign <20 (referent) 73 1.00

Brain malignant+benign 20–29 38 1.18 0.73 1.91

Brain malignant+benign 30–39 17 1.27 0.68 2.37

Brain malignant+benign 40+ 33 1.62 0.96 2.72

Brain malignant+benign Log max BL 1.37 1.02 1.83 0.31 0.06

Glioma <20 (referent) 32 1.00

Glioma 20–29 12 0.87 0.44 1.70

Glioma 30–39 10 1.31 0.61 2.82

Glioma 40+ 19 1.40 0.71 2.76

Glioma Log max BL 1.34 0.92 1.96 0.13 0.05

Meningioma <20 (referent) 25 1.00

Meningioma 20–29 15 2.14 0.86 5.33

Meningioma 30–39 4 2.16 0.66 7.07

Meningioma 40+ 9 2.03 0.68 6.09

Meningioma Log max BL 1.65 0.92 2.97 0.79 0.35

Oesophagus <20 (referent) 30 1.00

Oesophagus 20–29 19 1.20 0.67 2.15

Oesophagus 30–39 18 2.00 1.08 3.71

Oesophagus 40+ 42 1.81 1.03 3.19

Oesophagus Log max BL 1.34 0.98 1.83 0.16 0.009

Hodgkin’s lymphoma <20 (referent) 12 1.00

Hodgkin’s lymphoma 20–29 10 1.89 0.81 4.42

Hodgkin’s lymphoma 30–39 6 2.37 0.87 6.43

Hodgkin’s lymphoma 40+ 10 2.36 0.93 5.99

Hodgkin’s lymphoma Log max BL 1.70 1.01 2.84 0.37 0.15

Lung <20 (referent) 330 1.00

Lung 20–29 220 1.39 1.17 1.65

Lung 30–39 128 1.56 1.26 1.93

Lung 40+ 305 1.57 1.30 1.90

Lung Log max BL 1.34 1.21 1.48 0.0002 <0.0001

Melanoma <20 (referent) 98 1.00

Melanoma 20–29 85 1.09 0.80 1.48

Melanoma 30–39 59 1.01 0.71 1.44

Melanoma 40+ 142 0.74 0.54 1.01

Melanoma Log max BL 0.84 0.72 0.97 0.79 0.95

Rectum <20 (referent) 93 1.00

Rectum 20–29 54 1.25 0.89 1.76

Rectum 30–39 22 0.98 0.61 1.58

Rectum 40+ 77 1.49 1.03 2.17

Rectum Log max BL 1.30 1.06 1.59

Max BL 1.005 1.002 1.008 0.39 0.55

Stomach <20 (referent) 80 1.00

Stomach 20–29 58 1.55 1.10 2.18

Stomach 30–39 26 1.39 0.88 2.21

Stomach 40+ 42 1.02 0.66 1.58

Stomach Log max BL 1.11 0.89 1.39 0.67 0.84

Kidney <20 (referent) 109 1.00

Kidney 20–29 49 1.05 0.75 1.48

Kidney 30–39 20 0.91 0.56 1.49

continued
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Cancer site†

Max BL
(μg/dL) and 
cutpoints N HR LCL HR UCL HR

P for country 
interaction, log 
continuous max 
BL† country

P for country 
interaction, 
continuous max 
BL† country

Kidney 40+ 41 1.00 0.66 1.51

Kidney Log max BL 0.99 0.81 1.22 0.70 0.51

Larynx <20 (referent) 20 1.00

Larynx 20–29 16 1.61 0.83 3.13

Larynx 30–39 9 1.73 0.77 3.93

Larynx 40+ 24 1.92 0.94 3.91

Larynx Log max BL 0.89 0.62 1.26

Max BL 1.004 0.998 1.010 0.24 0.13

Bladder <20 (referent) 115 1.00

Bladder 20–29 53 0.94 0.68 1.31

Bladder 30–39 26 0.90 0.58 1.40

Bladder 40+ 83 1.24 0.87 1.75

Bladder Log max BL 1.10 0.91 1.33 0.97 0.38

*Categorical results, trend test and country heterogeneity test for all cancer sites with a trend test <0.10, or cancers of a priori interest elevated in some prior studies (stomach, 
kidney, larynx). Cox models, with age as the time scale, adjusted for country, gender and year of birth category (year of birth <1920, 1920–1929, 1930–1939, 1940–1949, 
1950–1959 and 1960–1969). Trend tests (change in rate ratio for unit BL) reported for log max BL and untransformed BL trend.
†Bladder cancer, ICD-9 188–9, ICD-10 C67–8, brain cancer malignant ICD-9 191–2, ICD-10 C47, C70–2, brain cancer benign ICD-9 225, ICD-10 D32–3, oesophageal cancer ICD-9 
150, ICD-10 C15, glioma (malignant or benign) ICD-9 191, 225, ICD-10 C71, D33, Hodgkin’s lymphoma ICD-9 201, ICD-10 C81, kidney cancer ICD-9 189, ICD-10 C64–6, larynx 
cancer ICD-9 161, ICD-10 C32, lung cancer ICD-9 162, ICD-10 C33–4, melanoma ICD-9 173–3, ICD-10 C43–4, meningioma (malignant or benign) ICD-9 192, ICD-10 C70, D32, 
rectal cancer ICD-9 1544, ICD-10 C19021, stomach cancer ICD-9 151, ICD-10 C16.
BL, blood lead; ICD, International Classification of Diseases; LCL HR, 95% lower confidence limit of HR; max, maximum; UCL HR, 95% upper confidence limit of HR. Values in bold 
are p-values <0.10. 

Table 3  continued

maximum blood lead for each country (IQR 8.2 in Finland, 20.7 
in Great Britain) (for some specific cancer, see online supple-
mental table 2). Finally, given the small numbers of cancers in 
some cases in the referent categories for Great Britain as shown 
in table  4 (cancers with significant heterogeneity by country), 
we also calculated categorical results for these cancers for Great 
Britain combining the lowest referent category (<20) with 
the second category (20–20), making the referent <30. These 
results show no significant positive trends in the Great Britain 
data (online supplemental table 3) by increasing categories of 
blood lead.

We found no suggestion of a trend between blood lead and 
breast cancer (rate ratios 1.00, 1.04, 1.28 and 1.02 in the 
combined analyses, by increasing lead category, with no sugges-
tion of effect modification by country). We also tested for inter-
action between gender and logged maximum blood lead for all 
specific cancers. For both countries combined, there were no 
significant (p<0.05) interactions. For Great Britain, there was 
only one, for larynx cancer, but it was based on only one female 
case. For Finland, there were two, colon and multiple myeloma, 
both higher in women but not showing a significant positive 
trend. Overall, there were 75 analyses for gender interactions, 
hence about three would have been expected by chance.

Results for SIRs (external comparisons) for both countries 
combined (using national rates as the referent) are shown in 
table  5, for those with maximum blood lead  ≥40 μg/dL, for 
causes listed in table  4. Only lung cancer showed a signifi-
cantly elevated SIR (p<0.05) for both countries combined. For 
Finland, brain cancer, lung cancer and Hodgkin’s lymphoma 
showed significant excesses.

Discussion
Our study was based on workers with documented lead exposure 
via blood lead tests. Blood lead reflects short-term exposure, in 
the last few months,26 although with high cumulative exposure 

lead stored in bone can leach into the blood, causing chronically 
elevated blood lead.27 This cohort definition has both advan-
tages and disadvantages. Without work history, we do not have 
data on length of time in a job potentially exposed to lead. On 
the other hand, for each individual worker we avoid the uncer-
tainty arising from many job-exposure matrices, as to whether 
workers in specific jobs were actually exposed to lead, by having 
a measure of an internal dose. A recent study has also shown that 
maximum past blood lead, for 211 US lead-exposed workers in a 
lead surveillance programme, was strongly correlated with bone 
lead, which is a marker of cumulative exposure.20

Our strongest findings were for brain and lung cancer. Brain 
cancer was an outcome of a priori interest, given the prior find-
ings for brain cancer incidence from the Finnish cohort with 
follow-up through 1990.16 Brain cancer showed positive trends 
which were consistent for the two main subtypes, glioma and 
meningioma, and for the combined malignant and benign brain 
tumours. Lead is known be able to pass through the blood–brain 
barrier due its ability to mimic calcium.28

Regarding lung cancer, other metals are also well known to 
cause lung cancer (nickel, chromium, cadmium, beryllium). On 
the other hand, our lung cancer findings could be confounded 
by smoking, which might be associated with higher exposure 
(tobacco smoke also has lead in it, but this would be small 
percentage compared with the occupational contribution). 
Two other smoking-related cancers showed significant positive 
trends (oesophagus, larynx (Finland only)). We had no data on 
smoking. However, internal analyses comparing workers with 
workers are generally less subject to confounding by smoking, 
compared with external analyses comparing workers with the 
general population.29 30 In particular, internal comparisons in 
which the uppermost lead exposure category showed HRs of 
1.5 or above (oesophagus, lung, larynx) are unlikely to be due 
to confounding by smoking under hypothetical or observed 
smoking differences between low-exposed and high-exposed 
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Table 4  Results for cancer incidence by country, for sites showing interaction between country and continuous blood lead (p interaction≤0.10)*, 
with blood lead trend tests

Outcome
Maximum blood lead
(μg/dL) and cutpoints

Number 
of cancers HR

LCL
HR

UCL
HR

P trend log continuous 
maximum blood lead

Brain malignant, Finland <20 (referent) 35 1.00

Brain malignant, Finland 20–29 11 0.79 0.40 1.57

Brain malignant, Finland 30–39 8 1.41 0.65 3.06

Brain malignant, Finland 40+ 14 2.06 1.10 3.85

Brain malignant, Finland Log max blood lead 1.59 1.09 2.32 0.02

Brain malignant, Great Britain <20 (referent) 1 1.00

Brain malignant, Great Britain 20–29 5 2.86 0.33 24.49

Brain malignant, Great Britain 30–39 2 1.23 0.11 13.65

Brain malignant, Great Britain 40+ 9 1.50 0.19 12.01

Brain malignant, Great Britain Log max blood lead 0.84 0.38 1.85 0.66

Brain malignant+benign, Finland <20 (referent) 72 1.00

Brain malignant+benign, Finland 20–29 32 1.04 0.61 1.75

Brain malignant+benign, Finland 30–39 14 1.44 0.75 2.77

Brain malignant+benign, Finland 40+ 19 1.74 0.99 3.08

Brain malignant+benign, Finland Log max blood lead 1.48 1.07 2.03 0.02

Brain malignant+benign, Great Britain <20 (referent) 1 1.00

Brain malignant+benign, Great Britain 20–29 6 3.36 0.40 27.92

Brain malignant+benign, Great Britain 30–39 3 1.22 0.11 13.44

Brain malignant+benign, Great Britain 40+ 14 2.26 0.29 17.33

Brain malignant+benign, Great Britain Log max blood lead 0.99 0.49 1.97 0.97

Glioma, Finland <20 (referent) 31 1.00

Glioma, Finland 20–29 7 0.59 0.26 1.36

Glioma, Finland 30–39 7 1.44 0.63 3.30

Glioma, Finland 40+ 10 1.71 0.83 3.54

Glioma, Finland Log max blood lead 1.55 1.01 2.37 0.05

Glioma, Great Britain <20 (referent) 1 1.00

Glioma, Great Britain 20–29 5 2.87 0.33 24.61

Glioma, Great Britain 30–39 3 1.23 0.11 13.63

Glioma, Great Britain 40+ 9 1.52 0.19 12.19

Glioma, Great Britain Log max blood lead 0.81 0.37 1.77 0.59

Oesophagus, Finland <20 (referent) 27 1.00

Oesophagus, Finland 20–29 12 1.08 0.54 2.13

Oesophagus, Finland 30–39 10 2.25 1.09 4.67

Oesophagus, Finland 40+ 10 1.86 0.90 3.85

Oesophagus, Finland Log max blood lead 1.58 1.05 2.38 0.03

Oesophagus, Great Britain <20 (referent) 3 1.00

Oesophagus, Great Britain 20–29 7 1.29 0.33 5.00

Oesophagus, Great Britain 30–39 8 1.56 0.41 5.87

Oesophagus, Great Britain 40+ 32 1.64 0.50 5.37

Oesophagus, Great Britain Log max blood lead 1.07 0.66 1.71 0.79

Lung, Finland <20 (referent) 306 1.00

Lung, Finland 20–29 159 1.28 1.06 1.56

Lung, Finland 30–39 78 1.63 1.27 2.09

Lung, Finland 40+ 105 1.77 1.42 2.21

Lung, Finland Log max blood lead 1.46 1.29 1.65 <0.0001

Lung, Great Britain <20 (referent) 24 1.00

Lung, Great Britain 20–29 61 1.37 0.85 2.19

Lung, Great Britain 30–39 50 1.19 0.73 1.94

Lung, Great Britain 40+ 200 1.26 0.82 1.93

Lung, Great Britain Log max blood lead 1.07 0.89 1.28 0.46

Larynx, Finland <20 (referent) 19 1.00

Larynx, Finland 20–29 11 1.38 0.66 2.90

Larynx, Finland 30–39 4 1.29 0.44 3.79

Larynx, Finland 40+ 9 2.39 1.08 5.28

Larynx, Finland Log max blood lead 0.80 0.57 1.12 0.20

continued
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Outcome
Maximum blood lead
(μg/dL) and cutpoints

Number 
of cancers HR

LCL
HR

UCL
HR

P trend log continuous 
maximum blood lead

Larynx, Finland Max blood lead 1.02 1.00 1.03 0.05

Larynx, Great Britain <20 (referent) 1 1.00

Larynx, Great Britain 20–29 5 2.47 0.29 21.20

Larynx, Great Britain 30–39 5 2.66 0.31 22.83

Larynx, Great Britain 40+ 15 1.94 0.25 14.70

Larynx, Great Britain Log max blood lead 0.80 0.57 1.12 0.55

Max blood lead 1.001 0.992 1.011 0.76

*Adjusted for gender and year of birth (10-year categories).
LCL HR, 95% lower confidence limit of HR; UCL HR, 95% upper confidence limit of HR.

Table 4  continued

Table 5  SIRs for those with ≥40 μg/dL maximum blood lead*

Cause
Observed
combined

SIR
combined Lower 95% CL

Upper 95%
CL

Observed
Finland† 

SIR
Finland† Lower 95% CI Upper 95% CI

Bladder cancer 83 0.93 0.73 1.10 28 1.27 0.84 1.83

Brain cancer 23 0.97 0.57 1.31 14 2.31 1.26 3.88

Oesophogeal cancer 42 1.14 0.79 1.43 10 1.89 0.91 3.47

Hodgkin’s lymphoma 10 1.28 0.49 1.96 7 2.89 1.16 5.96

Kidney cancer 36 0.83 0.56 1.07 15 0.98 0.55 1.61

Larynx cancer 24 1.26 0.76 1.69 9 2.05 0.94 3.89

Lung cancer 306 1.19 1.06 1.31 105 1.71 1.4 2.07

Rectal cancer 78 1.07 0.84 1.28 19 1.17 0.70 1.82

Stomach cancer 42 0.68 0.48 0.86 9 0.56 0.25 1.05

*SIRs calculated using national rates for Great Britain and Finland as the referent rates for each country-specific cohort, then combining observed and expected across countries. 
Adjusted for age/gender/calendar time. Rates for non-Hodgkin’s lymphoma not available consistently for both countries.
†No SIR was significantly elevated in Great Britain.
CL, confidence limit. 

workers. Earlier work has shown that for diseases which are 
strongly related to smoking (eg, lung cancer), observed smoking 
differences between low-exposed and high-exposed workers are 
likely to account for excesses of only 20%–40%.31 32 It might 
also be noted that in an earlier nested case-control study of lung 
cancer in the Finnish cohort which has smoking data, smoking 
was not associated with blood lead level.17 Also, we found no 
positive trends for bladder cancer and kidney cancer, both of 
which are typically associated with smoking. Finally, in a recent 
study of 211 lead-exposed workers in another lead surveillance 
system in the USA, no association was found between maximum 
past blood lead level and pack-years of smoking (correlation 
0.01), although this finding is limited by small sample size and 
by being in a different country.20

Socioeconomic status (SES) may be related to cancer risk 
for some cancers, perhaps mediated by smoking. We matched 
the Finnish data to 1970, 1975, 1980, 1985 and 1990 census 
data by broad occupational category; 99% of cohort workers 
had a match. Using the last available census for each worker, 
the percentage of workers in the blue-collar category of blood 
lead (ie,  <10, 10–20, 20–30, 30–40 and 40+  μg/dL) were 
71%, 77%, 78%, 78% and 81%, respectively, indicating some, 
but only modest, decrease in SES with higher lead exposure. It 
seems unlikely that this level of difference in SES between blood 
levels would have strongly confounded our internal comparison 
in Finland. We had no data on SES in England.

We found an association between lead and larynx cancer, 
although only in Finland. Larynx cancer is not known to be asso-
ciated with lead.33 A prior association has been seen previously 
in only one mortality study.34 On the other hand, larynx cancer 
is rare and power to detect associations is generally quite low in 

lead cohort studies; often no data are presented for this cancer. 
Furthermore, it is an organ directly impacted by inhaled lead. A 
recent analysis of a large European case-control study found that 
several known lung carcinogens were also significantly associ-
ated with larynx cancer.35

We also found new associations, not previously found in the 
literature, between lead and Hodgkin’s lymphoma and oesoph-
ageal cancer. On the other hand, we found no evidence of an 
association between lead and either stomach or kidney cancer, 
both sites of a priori concern.

External comparison analysis via SIRs, restricted to the highest 
category (≥40 μg/dL), showed lower excesses for high-exposed 
workers than internal analyses, possibly due to a healthy worker 
effect. On the other hand, when limiting SIR analyses to Finland, 
we found high SIRs for lung, oesophageal, brain and Hodgkin’s 
lymphoma, which were similar in magnitude to those shown in 
internal analysis.

Most of the positive cancer trends with higher exposure were 
found in Finland. The lack of positive findings in Great Britain 
diminishes the likelihood that the excesses observed predomi-
nantly in Finland are causal. However, the scarcity of cancers in 
Great Britain in the low exposure range, in contrast with Finland, 
may have limited our ability to observe trends in Great Britain in 
internal analyses. Most workers in Great Britain were exposed to 
levels >40 μg/dL, unlike Finland; possibly this reflects a different 
strategy in choosing which workers to include in lead surveil-
lance. The number of cancers in the reference category in Great 
Britain is correspondingly frequently sparse.

We made a large number of comparisons, and cannot rule out 
the possibility that some of country-specific findings on cancers 
not of a priori interest could be due to random chance, given the 
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multiple comparisons. On the other hand, positive exposure-re-
sponse trends greatly outnumbered negative ones, suggesting 
random chance might not be the explanation.

In summary, findings are suggestive of lead effects on several 
sites of cancer incidence, in particular the a priori sites of lung 
and brain. Other sites are unexpected, including rectum, oesoph-
agus and Hodgkin’s lymphoma. Confounding by smoking and 
SES may be playing a minor role in some excesses, but are 
unlikely to explain them entirely. On the other hand, prior sites 
of interest, kidney and stomach, find no support in our data.

Correction notice  This article has been corrected since it published Online First. 

Acknowledgements  Dr Steenland worked on this project as part of his stay at 
IARC as a Visiting Scientist in the summers of 2014 and 2015.

Contributors  KS and VB worked on all phases of the study, including data 
collection, analysis and writing. AA and MS participated by providing the cohort 
data from Finland, providing Finnish cancer rates and also participated in the 
writing. DMMcE, WM and PR participated by providing the cohort data from Great 
Britain, providing cancer rates from Great Britain and participated in the writing. KS 
participated in helping store the data at a common site, facilitating Dr Steenland’s 
stay at IARC and in writing the paper.

Funding  This work was partly funded by a grant from the National Institute for 
Occupational Health and Safety (NIOSH), Grant 5R01OH010745-04.

Competing interests  None declared.

Patient consent for publication  Not required.

Ethics approval  This study was approved by the Emory Institutional Review Board. 

Provenance and peer review  Not commissioned; externally peer reviewed.

References
	 1	T sai P, Hatfield T. Global benefits from the phase-out of leaded fuel. J Env Hlth 

2011;74:8–14.
	 2	 Holland MG, Cawthon D. ACOEM Task Force on Blood Lead Levels. Workplace Lead 

Exposure. J Occup Environ Med 2016;58:e371–e374.
	 3	 Brown T, Young C, Rushton L. British Occupational Cancer Burden Study Group. 

Occupational cancer in Britain. Remaining cancer sites: brain, bone, soft tissue 
sarcoma and thyroid. Br J Cancer 2012;19(107 Suppl 1):S85–91.

	 4	 Kauppinen T, Uuksulainen S, Saalo A, et al. Trends of occupational exposure to 
chemical agents in Finland in1950-2020. Ann Occup Hyg 2013;57:593–609.

	 5	IARC . Monographs on the Evaluation of Carcinogenic Risks to Humans, Inorganic and 
Organic Lead Compounds, Volume 87, IARC Lyon. 2006 http://​monographs.​iarc.​fr/​
ENG/​Monographs/​vol87/.

	 6	N ational Toxicology Program. Report on carcinogens: lead and lead compounds, NTP. 
2004 http://​ntp.​niehs.​nih.​gov/​ntp/​roc/​content/​profiles/​lead.​pdf.

	 7	 Ward EM, Schulte PA, Straif K, et al. Research recommendations for selected IARC-
classified agents. Environ Health Perspect 2010;118:1355–62.

	 8	 van Wijngaarden E, Dosemeci M. Brain cancer mortality and potential occupational 
exposure to lead: findings from the National Longitudinal Mortality Study,1979-1989. 
Int J Cancer 2006:119:1136–44.

	 9	L iao LM, Friesen MC, Xiang YB, et al. Occupational Lead Exposure and Associations 
with Selected Cancers: The Shanghai Men’s and Women’s Health Study Cohorts. 
Environ Health Perspect 2016;124:97–103.

	10	 Parent ME, Turner MC, Lavoué J, et al. Lifetime occupational exposure to metals and 
welding fumes, and risk of glioma: a 7-country population-based case-control study. 
Environ Health 2017:16:90.

	11	 Sadetzki S, Chetrit A, Turner MC, et al. Occupational exposure to metals and risk of 
meningioma: a multinational case-control study. J Neurooncol 2016;130:505–15.

	12	 Wynant W, Siemiatycki J, Parent MÉ, et al. Occupational exposure to lead and lung 
cancer: results from two case-control studies in Montreal, Canada. Occup Environ 
Med 2013;70:164–70.

	13	I lychova SA, Zaridze DG. Cancer mortality among female and male workers 
occupationally exposed to inorganic lead in the printing industry. Occup Environ Med 
2012;69:87–92.

	14	A nttila A, Heikkilä P, Nykyri E, et al. Risk of nervous system cancer among workers 
exposed to lead. J Occup Environ Med 1996;38:131–6.

	15	A nttila A, Heikkilä P, Pukkala E, et al. Excess lung cancer among workers exposed to 
lead. Scand J Work Environ Health 1995;21:460–9.

	16	 Steenland K, Barry V, Anttila A, et al. A cohort mortality study of lead-exposed workers 
in the USA, Finland and the UK. Occup Environ Med 2017;74:785–91.

	17	 McElvenny DM, Miller BG, MacCalman LA, et al. Mortality of a cohort of 
workers in Great Britain with blood lead measurements. Occup Environ Med 
2015;72:625–32.

	18	 Schwartz BS, Hu H. Adult lead exposure: time for change. Environ Health Perspect 
2007;115:451–4.

	19	 Kosnett MJ, Rothenberg SJ, Rothenberg SJ, et al. Recommendations for medical 
management of adult lead exposure. Environ Health Perspect 2007;115:463–71.

	20	 Barry V, Todd AC, Steenland K. Bone lead associations with blood lead, kidney function 
and blood pressure among US, lead-exposed workers in a surveillance programme. 
Occup Environ Med 2019;76:349–54.

	21	 Utada M, Ohno Y, Hori M, et al. Incidence of multiple primary cancers and interval 
between first and second primary cancers. Cancer Sci 2014;105:890–6.

	22	L in DY. Cox regression analysis of multivariate failure time data: the marginal 
approach. Stat Med 1994;13:2233–47.

	23	 Schubauer-Berigan MK, Hein MJ, Raudabaugh WM, et al. Update of the NIOSH life 
table analysis system: a person-years analysis program for the windows computing 
environment. Am J Ind Med 2011;54:915–24.

	24	R obinson CF, Schnorr TM, Cassinelli RT, et al. Tenth revision U.S. mortality rates for use 
with the NIOSH Life Table Analysis System. J Occup Environ Med 2006;48:662–7.

	25	 DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin Trials 
1986;7:177–88.

	26	 Hu H, Shih R, Rothenberg S, et al. The epidemiology of lead toxicity in adults: 
measuring dose and consideration of other methodologic issues. Environ Health 
Perspect 2007;115:455–62.

	27	N ie H, Sánchez BN, Wilker E, et al. Bone lead and endogenous exposure in an 
environmentally exposed elderly population: the normative aging study. J Occup 
Environ Med 2009;51:848–57.

	28	 Sanders T, Liu Y, Buchner V, et al. Neurotoxic effects and biomarkers of lead exposure: 
a review. Rev Environ Health 2009;24:15–45.

	29	 Kriebel D, Zeka A, Eisen EA, et al. Quantitative evaluation of the effects of 
uncontrolled confounding by alcohol and tobacco in occupational cancer studies. Int J 
Epidemiol 2004;33:1040–5.

	30	 Siemiatycki J, Wacholder S, Dewar R, et al. Smoking and degree of occupational 
exposure: are internal analyses in cohort studies likely to be confounded by smoking 
status? Am J Ind Med 1988;13:59–69.

	31	A xelson O, Steenland K. Indirect methods of assessing the effects of tobacco use in 
occupational studies. Am J Ind Med 1988;13:105–18.

	32	 Siemiatycki J, Wacholder S, Dewar R, et al. Degree of confounding bias related to 
smoking, ethnic group, and socioeconomic status in estimates of the associations 
between occupation and cancer. J Occup Med 1988;30:617–25.

	33	 Bayer O, Cámara R, Zeissig SR, et al. Occupation and cancer of the larynx: a 
systematic review and meta-analysis. Eur Arch Otorhinolaryngol 2016;273:9–20.

	34	C howdhury R, Sarnat SE, Darrow L, et al. Mortality among participants in a lead 
surveillance program. Environ Res 2014;132:100–4.

	35	 Hall A, Kromhout H, Shuz J. Laryngeal cancer risks in workers exposed to lung 
carcinogens. Occ Env Med 2019;76(Suppl 1):A1–109.

by copyright.
 on June 25, 2020 at S

tephen B
. T

hacker C
D

C
 Library. P

rotected
http://oem

.bm
j.com

/
O

ccup E
nviron M

ed: first published as 10.1136/oem
ed-2019-105786 on 11 July 2019. D

ow
nloaded from

 

http://dx.doi.org/10.1093/annhyg/mes090
http://monographs.iarc.fr/ENG/Monographs/vol87/
http://monographs.iarc.fr/ENG/Monographs/vol87/
http://ntp.niehs.nih.gov/ntp/roc/content/profiles/lead.pdf
http://dx.doi.org/10.1289/ehp.0901828
http://dx.doi.org/10.1002/ijc.21947
http://dx.doi.org/10.1289/ehp.1408171
http://dx.doi.org/10.1186/s12940-017-0300-y
http://dx.doi.org/10.1007/s11060-016-2244-4
http://dx.doi.org/10.1136/oemed-2012-100931
http://dx.doi.org/10.1136/oemed-2012-100931
http://dx.doi.org/10.1136/oem.2011.065201
http://dx.doi.org/10.1097/00043764-199602000-00010
http://dx.doi.org/10.5271/sjweh.62
http://dx.doi.org/10.1136/oemed-2017-104311
http://dx.doi.org/10.1136/oemed-2014-102637
http://dx.doi.org/10.1289/ehp.9782
http://dx.doi.org/10.1289/ehp.9784
http://dx.doi.org/10.1136/oemed-2018-105505
http://dx.doi.org/10.1111/cas.12433
http://dx.doi.org/10.1002/sim.4780132105
http://dx.doi.org/10.1002/ajim.20999
http://dx.doi.org/10.1097/01.jom.0000229968.74906.8f
http://dx.doi.org/10.1016/0197-2456(86)90046-2
http://dx.doi.org/10.1289/ehp.9783
http://dx.doi.org/10.1289/ehp.9783
http://dx.doi.org/10.1097/JOM.0b013e3181aa0106
http://dx.doi.org/10.1097/JOM.0b013e3181aa0106
http://dx.doi.org/10.1515/REVEH.2009.24.1.15
http://dx.doi.org/10.1093/ije/dyh151
http://dx.doi.org/10.1093/ije/dyh151
http://dx.doi.org/10.1002/ajim.4700130105
http://dx.doi.org/10.1002/ajim.4700130107
http://dx.doi.org/10.1097/00043764-198808000-00004
http://dx.doi.org/10.1007/s00405-014-3321-y
http://dx.doi.org/10.1016/j.envres.2014.03.008
http://oem.bmj.com/

	Cancer incidence among workers with blood lead measurements in two countries
	Abstract
	Introduction﻿﻿
	Methods
	Cohorts
	Exposure data
	Analyses

	Results
	Discussion
	References


