
Biomonitoring of cadmium 
and lead  in adults

RIVM letter report 2024-0141 
M. Mengelers et al.





Biomonitoring of cadmium and lead in adults 

RIVM letter report 2024-0141 



RIVM letter report 2024-0141 

Page 2 of 77 

Colophon 

© RIVM 2024 
Parts of this publication may be reproduced, provided acknowledgement 
is given to the: National Institute for Public Health and the Environment, 
and the title and year of publication are cited. 

DOI 10.21945/RIVM-2024-0141 

M. Mengelers (author), RIVM 
A. van den Brand (author), RIVM 
S. Picavet (author), RIVM 
W. Visser (author), RIVM 
L. Bogaardt (author), RIVM 

Contact:  
Marcel Mengelers 
Department of Chemical Food Safety 
marcel.mengelers@rivm.nl 

This investigation was performed by order, and for the account, of the 
Dutch Ministry of Public Health, Welfare and Sports, within the 
framework of the Program 5 “Risicoschatting en -beoordeling ten bate 
van beleid” (project number 5.1.14). The research was co-financed by 
the European project on Human Biomonitoring in Europe (HBM4EU). 

Published by:  
National Institute for Public Health 
and the Environment, RIVM 
P.O. Box 1 | 3720 BA Bilthoven 
The Netherlands 
www.rivm.nl/en 

https://www.rivm.nl/en


RIVM letter report 2024-0141 

Page 3 of 77 

Synopsis 

Biomonitoring of cadmium and lead in adults 

Humans may be exposed to chemicals in several ways, for example 
through the ingestion of food and drinking water and the inhalation of 
air. High exposure to chemicals can have adverse health effects. The 
National Institute for Public Health and the Environment (RIVM) 
investigates to which extent people are exposed to chemicals. One way 
of monitoring exposure is by measuring concentrations of chemicals in 
blood and urine. This internal exposure in humans reflects the total 
exposure originating from different (external) sources. This type of 
research is called human biomonitoring (HBM). 
 
RIVM has used HBM to investigate to what extent adults are exposed to 
two heavy metals, namely cadmium and lead, and to what extent 
exposure through food contributes to the total internal exposure. 
Cadmium and lead were found in blood and urine samples of almost all 
participants. The HBM guidance value for cadmium was hardly ever 
exceeded. An HBM guidance value for lead is not yet available. This 
exposure can be largely attributed to the presence of cadmium and lead 
in food. Furthermore, this study confirmed that smoking is another 
important source of exposure to cadmium and lead. 
 
High concentrations of these heavy metals can be harmful to the human 
kidneys and other organs. Therefore, RIVM has investigated if there was 
a relationship between the measured heavy metal concentrations and 
the kidney function of the participants. It was shown that 15 per cent of 
the participants had a significantly reduced kidney function. Cadmium 
was not associated with this reduced kidney function, but lead exposure 
was. This exposure is undesirable, because kidney function decreases 
with age anyway. 
 
These results show that HBM is an adequate tool to estimate the total 
internal exposure to cadmium and lead. This total exposure can then be 
compared with the exposure through food. Moreover, HBM can be used 
to determine possible adverse health effects in a population. RIVM 
recommends monitoring the concentrations of cadmium and lead in food 
continuously. 
 
This study was carried out by order, and for the account, of the Dutch 
Ministry of Health, Welfare and Sport. For this study, RIVM was able to 
use blood and urine samples from the Doetinchem Cohort Study. In this 
Dutch cohort the health of a large group of adults has been monitored 
for over 30 years. 
 
Keywords: human biomonitoring, HBM, cadmium, lead, exposure, 
Doetinchem Cohort Study, blood, urine, kidneys 
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Publiekssamenvatting 

Biomonitoring van cadmium en lood bij volwassenen 

Mensen kunnen onder andere via voedsel, lucht en drinkwater in 
aanraking komen met chemische stoffen. Als de blootstelling aan deze 
stoffen te hoog is, dan kan dat schadelijk zijn voor de gezondheid. Het 
RIVM onderzoekt in welke mate mensen aan deze stoffen worden 
blootgesteld. Een manier om dat te doen is om deze stoffen in bloed en 
urine te meten. We meten daarmee in het lichaam de totale hoeveelheid 
van een stof waaraan iemand via verschillende bronnen is blootgesteld. 
Dit type onderzoek heet humane biomonitoring (HBM). 
 
Het RIVM onderzocht met deze methode hoe hoog de totale blootstelling 
aan twee zware metalen, cadmium en lood, voor volwassenen is. En of 
mensen daar vooral via voedsel aan blootstaan. In het bloed en de urine 
van bijna alle deelnemers is cadmium en lood gevonden. De HBM-
grenswaarde voor cadmium wordt nauwelijks overschreden. Voor lood is 
er nog geen HBM-grenswaarde bepaald. Voedsel is inderdaad de 
belangrijkste bron van de blootstelling. Het onderzoek bevestigt ook dat 
roken een andere belangrijke bron is voor zowel de blootstelling aan 
cadmium als aan lood.  
 
Hoge concentraties van deze stoffen kunnen schadelijk zijn voor, onder 
andere, de nieren. Daarom is onderzocht of er een relatie was tussen de 
gemeten metaalconcentraties en de nierfunctie. Het blijkt dat 15 procent 
van de deelnemers een minder goede nierfunctie heeft. Cadmium droeg 
daar niet aantoonbaar aan bij, maar de blootstelling aan lood wel. Dit is 
niet wenselijk omdat de nierfunctie van nature al afneemt naarmate 
mensen ouder worden.  
 
Dit onderzoek laat zien dat HBM een geschikte methode is om de totale 
blootstelling van cadmium en lood te meten. Deze totale blootstelling 
kan vervolgens worden vergeleken met de hoeveelheden waaraan 
mensen via voedsel blootstaan. Bovendien kan met HBM de relatie 
tussen blootstelling en gezondheid worden onderzocht. Het RIVM beveelt 
aan de concentratie van cadmium en lood in voedsel te blijven 
monitoren. 
 
Het onderzoek is in opdracht van het ministerie van VWS gedaan. Het 
RIVM kon hiervoor bloed en urine van deelnemers aan de Doetinchem 
Cohort Studie gebruiken. Deze studie volgt al ruim 30 jaar de 
gezondheid van een groep volwassenen uit Doetinchem.  
 
Kernwoorden: humane biomonitoring, HBM, cadmium, lood, 
blootstelling, Doetinchem Cohort Studie, bloed, urine, nieren 
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Summary 

Humans are exposed to many chemicals that may cause adverse effects 
to human health. Possible health effects are dependent on the level and 
duration of exposure. Concentrations of these substances in human 
body fluids (i.e. biomarkers of exposure) can be measured and used to 
estimate the internal exposure to these substances in humans. This type 
of research is called human biomonitoring (HBM). Subsequently, this 
internal exposure can be used to calculate the external exposure. A 
second important aspect of HBM is to measure so-called biomarkers of 
effect that can be used to determine possible adverse effects in a 
population. 
 
Description of two types of biomarker and exposure mentioned in this 
report. 
 
Biomarker 
Biomarkers of exposure are the actual chemicals, or chemical 
metabolites, that can be measured in the body or after excretion from 
the body to determine different characteristics of an organism’s 
exposure. 
Biomarkers of effect are the quantifiable changes that an individual 
endures, which indicates an exposure to a compound and may indicate a 
resulting health effect. 
 
Exposure 
Internal exposure reflects the internal concentrations of chemicals or 
their metabolites in human biological samples such as urine or blood. It 
is expressed as an amount per volume, e.g. µg/L. 
External exposure reflects the external dose of a chemical to which the 
human body is exposed. It is expressed as an amount per kilogram body 
weight (bw) per day or week, e.g. µg/kg bw/day. 
 
In this study, we used the human biomonitoring approach to calculate 
the internal and external exposure to cadmium and lead. Urine and 
blood samples of adult participants of the Doetinchem Cohort Study 
were analysed for cadmium and lead (biomarkers of exposure), and for 
indicators of kidney dysfunction (biomarkers of effect). Concentrations 
of cadmium and lead were used to calculate the external exposure to 
these substances by applying biokinetic models to the internal exposure. 
The external exposure was compared to the, previously estimated, 
dietary exposure. This so-called backward calculation, from internal to 
external exposure, was based for cadmium on urinary concentrations 
and for lead on blood concentrations. 
The aim of this study was threefold:  

1) to compare the internal exposure of cadmium and lead of the 
participants of the Doetinchem Cohort Study with HBM reference 
and guidance values; 

2) to use biomonitoring data of cadmium and lead to estimate the 
total external exposure to these toxic metals in these participants 
and compare this to dietary exposure estimates; 
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3) to investigate whether this exposure could have a negative effect 
on the kidney function of the participants.  

 
The median urinary cadmium concentration in the participants was 0.29 
µg/g creatinine, which corresponded to an estimated median external 
exposure of 0.20 µg cadmium/kg bw/day. For lead, the median blood 
concentration was 14.6 µg/L, corresponding to an estimated median 
external exposure of 0.49 µg lead/kg bw/day. These median exposures 
corresponded well to the most recent estimates of dietary exposure in 
the Netherlands based on combining concentrations of cadmium and 
lead in food with consumed amounts of food (Sprong et al, 2015; Boon 
et al., 2017). For the highly exposed population (95th percentile), the 
estimated external exposure for cadmium was 1.9-fold and for lead 1.6-
fold higher than the corresponding estimates of dietary exposure. This 
discrepancy between the estimated external exposure and the dietary 
exposure could be due to additional exposure via other routes that are 
not accounted for in the dietary exposure assessment. Our data show 
that tobacco smoking contributed to the additional exposure to cadmium 
and also, but to a smaller extent, to the exposure of lead.  
 
The cadmium and lead concentrations in urine and blood were 
predominantly below or similar to the levels in adult participants from 
other European cohorts. This indicates that the external exposure to 
cadmium and lead in the Doetinchem cohort is below or similar to that 
of other European regions or countries. 
 
In addition, we investigated adverse effects on kidney functioning that 
may have been caused by the exposure to these toxic metals. Several 
biomarkers for kidney dysfunction (i.e. glomerular and proximal tubular 
function) were analysed and many participants did not show biomarker 
levels above international reference values. The actual concentrations of 
cadmium and lead in urine and/or blood were significantly correlated 
with concentrations of two out of five effect biomarkers. Urinary 
cadmium concentration was positively correlated to an effect biomarker 
for the proximal tubular function. Yet, no adverse effect of cadmium on 
the kidney functioning was observed. Blood lead concentration was 
negatively correlated to an effect biomarker for the glomerular function. 
Blood lead levels contributed to a small extent to the age-dependent 
decrease of the glomerular filtration rate. These findings could be 
relevant for future health impact assessments of these (or other) heavy 
metals. 
In conclusion, the human biomonitoring approach is an adequate tool to 
estimate the internal and external exposure to cadmium and lead (aims 
1 and 2) and it can be used to determine possible adverse effects in a 
population (aim 3).  
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1 Introduction 

Humans are exposed to many chemicals that may cause adverse effects 
to the human body (WHO, 2010). The health effects are dependent on 
the level and duration of exposure. To assess the risks involved, it is 
important to estimate the level of exposure. Human biomonitoring 
(HBM) provides a tool for this by measuring these chemicals, or their 
metabolites, in human specimens (CDC, 2005). A major advantage of 
biomonitoring is that the total exposure to a chemical from all sources 
and exposure routes can be assessed, as opposed to exposure via 
ingestion, inhalation or dermal absorption separately (WHO, 2015). The 
use of HBM in risk assessment has recently been investigated in an 
European project on HBM (HBM4EU)1, in which RIVM also participated.  
 
Total exposure to a chemical can thus be estimated by analysing body 
fluids or tissues for chemicals or their metabolites, the so-called 
biomarkers of exposure. Using biokinetic models, the external levels of 
exposure can be reconstructed from the internal levels, independent of 
the exposure route (Figure 1). These external exposure level estimates 
can subsequently be compared to toxicological reference values (TRVs), 
if available, in order to assess a possible risk.  
 
In addition to biomarkers of exposure, the human specimens can also be 
used to detect potential adverse health effects, by means of so-called 
biomarkers of effect. A comparison between the two types of biomarkers 
can provide more insight in the potential health risks of the chemicals. 
 

Figure 1 Simplified representation of the use of biomarkers to assess the exposure 
(1) and of biomarkers to assess possible health effects (2) as measured in body 
fluids like blood and/or urine.  
 
Cadmium and lead are heavy metals that can be present as 
contaminants in soil, and subsequently end up in the food supply chain 
(e.g. in grains and grain-based products, potatoes and vegetables). 
Food is the predominant source of exposure to these chemicals in the 
(non-smoking) general population (Boon et al., 2017; EFSA, 2009; 
EFSA, 2010; Sprong et al., 2015). However, smoking is considered to 
add a considerable level of exposure to cadmium, as it is present in 
tobacco smoke (WHO, 2000). Lead is also present in tobacco smoke but 
to a lesser extent than cadmium (Campbell et al., 2015). In addition, in 
 
1 HBM4EU: https://www.hbm4eu.eu/  

https://www.hbm4eu.eu/
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older houses lead could be present in drinking water as a result of the 
use of lead pipes (Boon et al., 2019).  
 
Cadmium and lead accumulate in the human body and may cause a 
variety of adverse effects, including kidney dysfunction. RIVM calculated 
in 2015 and 2017 the dietary exposure to cadmium and lead in the 
Dutch population (Boon et al., 2017; Sprong et al., 2015). For cadmium 
it was concluded that the average, life-long dietary exposure is 
sufficiently low and a risk of developing kidney failure was considered 
negligible for the general population (Sprong et al., 2015). The risk for 
adverse effects on the kidney due to the dietary exposure of lead of 
highly exposed adults could not be excluded (Boon et al., 2017). 
 
The aim of this study was threefold:  

1) to compare the internal exposure of cadmium and lead of the 
participants of the Doetinchem Cohort Study with HBM reference 
and guidance values; 

2) to use biomonitoring data of cadmium and lead to estimate the 
total external exposure to these toxic metals in these participants 
and compare this to dietary exposure estimates; 

3) to investigate whether this exposure could have a negative effect 
on the kidney function of the participants.  

 
The Doetinchem Cohort Study already runs for over 30 years and 
consists of approximately 3000 participants, currently aged between 50-
90 years. The adult population, and especially the elderly, is of interest 
because cadmium and lead accumulate over a lifetime. In other 
European countries, human biomonitoring of toxic metals like cadmium 
and lead was performed in previous years. The European project on 
human biomonitoring (HBM4EU) has recently collected these (published 
and unpublished) data and has generated new data. RIVM is partner in 
this project, which allows us to compare the results from the 
Doetinchem Cohort Study with other populations in Europe. 
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2 Methods 

Referring to the aims mentioned in the first chapter, cadmium and lead 
concentrations were analysed in blood and urine samples from 
participants of the Doetinchem Cohort Study. This data was compared 
with HBM reference and/or guidance values. Using biokinetic modelling, 
these biomarkers of exposure were used to estimate the (total) external 
exposure of the participants of the Doetinchem cohort. Indicators of 
renal dysfunction (biomarkers of effect) were also analysed in the urine 
and blood samples. Statistics were used to analyse the relation between 
the biomarkers of exposure and the biomarkers of effect.  
 

2.1 Doetinchem Cohort Study 
The Doetinchem Cohort Study already runs since 1987 and currently 
consists of approximately 3000 participants (53% males, 47% females), 
aged between 50-90 years, originally sampled from the general 
population (Verschuren, 2008; Picavet et al., 2017). Doetinchem is 
located in a rural area in the eastern part of the Netherlands 
(Gelderland). Both cadmium and lead have long half-lives and 
accumulate in the human body (EFSA, 2008; EFSA 2010). This means 
that a relatively high internal exposure is expected in elderly (i.e. in this 
cohort) which may lead to negative health effects. As all participants 
have been followed in this cohort for over 30 years, information 
regarding their health status is available since 1987. Especially 
information about their smoking habits is of importance, as smoking can 
add considerably to the level of exposure to cadmium and, to a lesser 
extent, to lead. At the beginning of the Doetinchem cohort, 
approximately 36% of the cohort were smokers, 27% ex-smokers and 
37% non-smokers (never-smokers) (Verschuren, 2008).  
 

 Power analysis 
The number of participants (i.e. the sample size) needed for this study 
was calculated prior to the data collection in a power analysis. This 
analysis considered how to test whether the concentration of cadmium 
and lead in urine and blood is predictive for the exposure assessment. 
With a significance value (alpha) of 5% and a power of 80%2, in a group 
of 300 participants, the following differences can be detected: a ratio of 
1.17 for cadmium and a ratio of 1.26 for lead. This indicates that if the 
true differences between external exposure levels of cadmium and lead 
are smaller than 17% and 26%, it is likely that no statistically significant 
differences in internal exposure can be detected using a sample size of 
300. In total, 336 participants were included in this study (see section 
2.2.2). In Annex 1, the details regarding the power calculations are 
described. 
 

 
2 This alpha level is the chance one is willing to accept to erroneously conclude that an effect is present. Usually 

a significance of 5% is chosen. A power of 80% indicates that there is an 80% chance that the null 
hypothesis (= no effect) will be correctly rejected.  
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2.2 Data collection 
 Informed consent 

Informed consent from all participants within the Doetinchem Cohort 
Study (DCS) is obtained by default. An additional approval from the 
medical ethical committee for the purpose of this study was not 
required, as biomonitoring complies with the study goals of the 
Doetinchem Cohort Study and no additional medical procedures were 
requested. The study was conducted according to the guidelines of the 
Declaration of Helsinki and approved by the Dutch Medical Ethical 
Committee under registration number WMO dossier NL63779.01417 
version 2. A copy of the informed consent form is given in Annex 2.  
 

 Selection of participants 
The participants of the DCS are re-examined every 5 years. In May 
2018, the seventh 5-year period in the cohort study started and lasted 
until May 2022. Participants that were examined during the first year of 
this period were asked to participate in our study. To ensure that urine 
and blood samples were obtained from at least 300 participants (see 
section 2.1.1), 336 participants were recruited (47% males and 53% 
females) aged 52 to 90 years. Of the total of 336 participants, blood 
samples were collected from 327 participants, urine samples from 313 
participants, and both urine and blood samples from 303 participants. 
All samples were obtained between the June 2018 and March 2019.   
 

 Questionnaires 
A general questionnaire was distributed among the 336 participants. 
This questionnaire contained questions related to sociodemographic 
characteristics and life-style factors; gender, age, socio-economic 
status, smoking habits, alcohol and/or drug use and medical history. 
This questionnaire was completed on paper by the individual participants 
personally, prior to a meeting at the local research centre. During this 
meeting, the completeness of the questionnaire was checked and any 
questions by the participants were answered.   
 
Additionally, the participants were requested to answer a validated food 
frequency questionnaire (FFQ) (Eussen et al., 2018). Here, questions 
were related to the consumption of various food categories and/or 
products and portion sizes. Additional questions related to specific food 
products that are known to contain high concentrations of cadmium and 
lead were added based on the studies of Sprong et al. (2015) and Boon 
et al. (2017). If necessary, the answers to the latter questions were 
used in case a significant high exposure was noticed for some 
participants. The FFQ was completed either on paper or online. During 
the meeting at the local research centre, assistance was provided to 
complete this FFQ online, if needed.  
 

 Sample collection 
During the meeting at the local research centre two types of blood were 
sampled: whole blood to analyse cadmium and lead, and blood serum to 
analyse the biomarkers of effect. A special collection tube for whole 
blood was used that contained very low traces of heavy metals. The 
blood serum collection tubes were used to analyse cystatin C and 
creatinine, the biomarkers of effect. The standard protocol for blood 
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sample collection, processing and transport was used from the 
information sheet for staff of the Doetinchem study (an example is 
added in Annex 3). The samples were stored at -20 °C until analysis. 
 
The participants were also asked to collect morning urine for analysis of 
cadmium and lead. The collection of 24 hours urine was considered too 
demanding and too time consuming. The results of the morning urine 
samples can be better compared to other studies, considering that 
morning urine is often used to assess cadmium and lead in urine and the 
use of morning urine is recommended within HBM4EU (HBM4EU, 2018). 
The participants received a pre-treated urine collection jar in which they 
collected their morning urine. This pre-treatment consisted of a pre-
wash with diluted (nitric) acid to rinse possible traces of heavy metals. 
Thereafter, the jars were cleaned with distilled water and dried. Specific 
(graphical) instructions were provided on how to collect the morning 
urine and store the jar (See Annex 4). The pre-treated jar was sent to 
the participant’s personal address together with the questionnaires. At 
the local research centre, the pH of the urine was measured and the 
sample was divided in aliquots of in total 3 tubes of urine (6 mL each). 
The samples were stored at -20°C until analysis. 
 

2.3 Sample analysis 
 Biomarkers of exposure 

The biomarkers of exposure (cadmium and lead) were analysed in both 
blood and urine samples at the laboratory of the Centre for Health 
Protection from the National Institute for Public Health and the 
Environment (RIVM) in Bilthoven, the Netherlands.  
 
The protocol for the analysis is given in Annex 5. In short, the urine and 
blood samples were thawed, homogenized and diluted fivefold with 2% 
nitric acid. The blood samples were mixed with an internal standard and 
subjected to microwave-assisted digestion. They were subsequently 
analysed using a Thermo Scientific iCAP RQ ICP-MSMS in standard 
mode. For the analysis of the urine samples, the internal standard 
solution was mixed on-line with each sample. Calibration samples were 
included in every run. Lead was quantified as the sum of isotopes 206Pb, 
207Pb and 208Pb, using iridium as internal standard. Cadmium was 
quantified by its 112Cd isotope using indium as internal standard. 
Interference at m/z=112 and m/z=115 by isotopes of tin were corrected 
using 118Sn. All samples were analysed in duplicate, on different days 
(one sample/day). 
 
The limit of quantification (LOQ) for cadmium and lead in urine and 
blood was 0.05 µg/L, and the limit of detection (LOD) was 0.01 µg/L for 
cadmium and 0.013 µg/L for lead in both urine and blood. Samples that 
were analysed below the LOQ or LOD were substituted by ½*LOQ or 
½*LOD, respectively. This was done to avoid an underestimation of the 
concentrations in participants if the <LOQ/D samples were to be 
excluded or set to zero, since only three urine samples were analysed 
with concentrations below the LOD.  
 
To correct for urine density, urine specific gravity was measured using a 
Mettler Toledo MD-40 Density Meter. The instrument was calibrated 
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before use with air, water and tetrachloroethylene. No sample pre-
treatment was used and therefore the second set of aliquots of frozen 
urine samples were thawed at room temperature and were then 
homogenized. They were left for 15-30 minutes to allow insoluble 
residue to settle. One mL of the clear supernatant was subsequently 
used for the density measurement.   
 

 Biomarkers of effect 
Urine 
The urinary biomarkers of effect, in this case biomarkers for kidney 
dysfunction, were analysed by Medische Laboratoria Dr. Stein & 
Collegae in Maastricht, the Netherlands. The selected urinary biomarkers 
were α-N-acetyl-β-D-glucosaminidase (NAG), α-1 microglobulin (A1M), 
β-2 microglobulin (B2M) and (micro) albumin. NAG, A1M and B2M are 
biomarkers for tubular dysfunction and are often used in cadmium 
epidemiology (Moriguchi et al., 2009; Nordberg, 2010; Rastogi, 2008). 
The presence of (micro) albumin in urine is also an indicator of kidney 
disease (Fassett et al., 2011). As B2M is degraded in urine samples with 
a low pH value, B2M samples with a pH< 6 were excluded from the 
dataset (Tomlinson et al., 1997). The pH was analysed using pH 
indicator strips at the local research centre. 
 
Blood 
Another biomarker for renal dysfunction is the glomerular filtration rate 
(GFR) (Buser et al., 2016; Rastogi, 2008). This rate can be estimated 
based on either or both blood serum creatinine and cystatin C levels. 
These levels were analysed by Erasmus Medical Center, Rotterdam, the 
Netherlands. 
 
GFR can be estimated using the Chronic Kidney Disease Epidemiology 
Collaboration (CDK-EPI) equation which is based on serum creatinine:  
eGFR = 141 × min(SCr/κ,1)α × max(SCr/κ,1)-1.209 × 0.993Age × [1.018 if 
female] × [1.159 if black], where  

• eGFR is estimated GFR, 
• SCr is serum creatinine (mg/dL),  
• κ is a correction factor for females (0.7) or for males (0.9), 
• α is a correction factor for females (-0.329) or for males (-

0.411), 
• min indicates the minimum of SCr/κ or 1, if the ratio is above 1, 
• max indicates the maximum of SCr/κ or 1, if the ratio is below 1 

(Levey et al., 2009).  
 
The authors state that there were essentially no racial or ethnic 
minorities other than blacks in the development data set and there were 
very few blacks in the validation data set. Therefore, we decided to 
leave out the correction factor used for ethnicity. 
 
However, the CDK-EPI equation combining both serum creatinine and 
serum cystatin C described by Inker et al. (2012) to estimate GFR in 
elderly was suggested to be superior to the other equations (Fan et al., 
2015): eGFR = 135 × min(Scr/κ, 1)α × max(Scr/κ, 1)−0.601 × 
min(Scys/0.8, 1)−0.375 × max(Scys/0.8, 1)−0.711 × 0.995Age [× 0.969 if 
female], where  

• eGFR is estimated GFR 
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• Scr is serum creatinine,  
• Scys is serum cystatin C,  
• κ is a correction factor for females (0.7) for males (0.9),  
• α is a correction factor for females (-0.248) or for males (-

0.207),  
• min indicates the minimum of Scr/κ or 1, if the ratio is above 1, 
• max indicates the maximum of Scr/κ or 1, if the ratio is below 1. 

 
In this study, the latter equation was used to calculate the eGFR, when 
both blood serum creatinine and cystatin C concentrations  were 
available. This applied to 73% of the samples. For 27% of the samples, 
the equation based on only creatinine was used. 
 

 Correction for diuresis 
The concentration of cadmium and lead (and the other biomarkers) in 
(morning) urine depends on the process of diuresis, i.e. the effects of 
hydration, or how concentrated the urine samples are. The more fluids 
are consumed, the more diluted the samples will be and thus the lower 
the concentration of the chemicals in urine (Sauvé et al., 2015). To 
account for variable diuresis, the density of urine is often corrected 
using the urinary concentration of creatinine, as the rate of creatinine 
formation within a person is fairly constant (Barr et al., 2005). However, 
the excretion of creatinine within a population is affected by factors such 
as ethnicity, sex, body mass index and protein intake (Barr et al., 2005; 
JECFA, 2011). Therefore, other density correction methods like specific 
gravity are being explored (Sauvé et al., 2015). The specific gravity 
correction is based on the ratio of the relative density of urine to water 
(Muscat et al., 2011). In our study, for reasons of comparison, we 
corrected for diuresis using both approaches.  
 
The urinary cadmium and lead and the urinary effect biomarker 
concentrations were corrected for diuresis by 1) dividing the 
concentrations by the concentrations of creatinine in the respective 
samples (creatinine correction), and 2) using the equation CSG = C * 
(1.020-1)/(SG-1) where CSG is the corrected concentration of cadmium 
and lead, C is the uncorrected concentration of cadmium and lead and 
SG is the specific gravity (SG correction) (Cone et al., 2009; De 
Craemer et al., 2017; Hoet et al., 2016). The average SG reference 
value of 1.020 was used as the SG usually varies between 1.016 and 
1.024 (Sauvé et al., 2015). 
However, there are some authors that claim that the uncorrected 
concentrations rather than the corrected concentrations should be used 
as biomarkers of exposure (Moriguchi et al., 2009; Hoet et al., 2016). 
Therefore, in our statistical analysis we used uncorrected as well as 
corrected urinary concentrations of cadmium and lead. In addition, 
creatinine corrected urinary cadmium levels are also required for the 
external exposure assessment (see next section). 
 
As heavily diluted or concentrated samples may indicate an abnormal 
physiology or improper handling, we used the cut-off values for 
creatinine of the World Health Organization (WHO) to reject too diluted 
samples (creatinine concentration < 30 mg/dL) or too concentrated 
samples (creatinine concentration > 300 mg/dL) (WHO, 1996). The 
interval of specific gravity reference values as reported in literature is 
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1.002-1.030 (Tietz, 1990). In our study, 29 urine samples were outside 
the creatine reference interval of WHO and none were outside the 
specific gravity reference interval of Tietz (1990). In addition, eight 
urine samples (for creatinine analysis) and three other samples (for SG 
analysis) could not be used as a result of too little sample or incorrect 
coding. Therefore, the creatinine (n=37) and SG (n=3) corrections for 
these samples were excluded from the data. The other urine samples 
from these participants were not excluded in the dataset.  
 
An overview of all measured biomarkers is given in Figure 2. 

 
Figure 2 Overview of all measured exposure and effect biomarkers in blood and 
urine. Cd: cadmium; Pb: lead; Creat: creatinine; CysC: cystatin C; eGFR: 
estimated glomerular filtration rate; Alb: albumin; A1M: α-1 microglobulin; B2M: 
β-2 microglobulin; NAG: α-N-acetyl-β-D-glucosaminidase; Corr: corrected for 
diuresis; Uncorr: uncorrected.   
 

 Exposure modelling 
Cadmium and lead accumulate in the human body due to the 
combination of a daily (dietary) exposure to cadmium and lead and the 
long half-lives of these metals. After a (mean) lifelong exposure to 
cadmium and lead, a so-called steady-state is reached in the human 
body. This enables the use of (transfer) equations, derived from 
biokinetic models developed for cadmium and lead, to convert internal 
to external exposure to cadmium and lead. We used the equations that 
have been described in the scientific opinions of the EFSA CONTAM 
panel (EFSA, 2008; EFSA 2010). These equations were also used for the 
power analysis of this study (see Annex 1). 
 
For cadmium, the external exposure is derived from (creatinine 
corrected) urinary cadmium concentrations. The (transfer) equation 
used by EFSA is based on a biokinetic model described in Amzal et al. 
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(2009). This equation includes parameters like the half-life of cadmium, 
age, the ratio between cadmium in urine and in the kidney cortex and a 
factor that aggregates several physiological, cadmium-related constants 
(for details see Annex 1). 
 
For lead, the external exposure is derived from blood lead 
concentrations. The (transfer) equation used by EFSA is based on a 
biokinetic model described in Carlisle and Wade (1992). The authors 
describe that the lead concentration in blood (µg/L) equals 0.4 * 
external exposure via all sources in µg/day, independent of age (yet, in 
this study it was applied to adults only). Consequently, this factor can 
be used to calculate the external exposure levels by dividing the 
concentration in blood by 0.4. This results in an external exposure 
expressed in µg/day. To express this in µg/kg bw/day, the exposures 
were divided by the individual body weights of the participants. 
 

 Data and statistical analysis 
To assess the effect of age, gender or smoking on the cadmium and lead 
concentrations in urine and blood, we performed a multivariate analysis 
in a two-way Ancova model. If an insignificant effect was found, the 
independent variable was removed and a simpler model was fitted. This 
analysis assumes a Gaussian distribution of the data. As is often the 
case, the cadmium and lead concentrations were lognormally 
distributed, so the data was first transformed so that their distribution 
looks approximately normal. Furthermore, the samples with a 
concentration <LOQ/D resulted in a truncated concentration distribution. 
Initially, these samples were substituted by a value ½ LOQ/D but this 
did not allow an Ancova analysis as it did not result in a Gaussian 
distribution of the concentration data. Therefore, ½ LOQ/D substituted 
concentrations were excluded in the statistical analysis (approximately 
25% of the urine samples). It must be noted that by excluding these 
concentrations, the median concentration increased. This introduces 
both additional uncertainty and possibly bias. Possibilities to include ½ 
LOD/Q substitutions in an Ancova analysis may be further investigated 
in future projects. 
 
To assess the relation between the biomarkers of exposure (cadmium 
and lead in urine and blood) and the biomarkers of effect (for renal 
dysfunction), also the effect biomarker data was log-transformed. Linear 
regression models were used with the log-transformed datasets, without 
the samples with a concentration <LOQ. We verified that the collinearity 
between lead and cadmium was not high enough to cause problems with 
the estimation of the model’s parameters.. The relation of a heavy metal 
concentration in two matrices (blood and urine) was assessed in a linear 
regression model without log transformation of the data.  
 
The statistical analyses were performed using R studio and statistical 
significance was considered for p-values <0.01. See Annex 6 for the full 
R script of the statistical analyses. In particular, see sections ‘Two-way-
Ancova’ and ‘Metaal niveau en nierschade’.  
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3 Results 

3.1 Biomarkers of exposure  
The concentrations of cadmium and lead were analysed in both urine 
and blood samples. There has been some discussion with respect to the 
best method to correct for diuresis, i.e. the effects of (de)hydration in 
urine. Some suggest that observed (i.e. uncorrected) data rather than 
corrected data (either for creatinine or specific gravity) should be used 
(Moriguchi et al., 2009, Hoet et al., 2016), whereas others conclude that 
correction using specific gravity is preferred over the creatinine 
correction (Sauvé et al., 2014; Wang et al., 2015). Therefore, 
uncorrected, creatinine corrected and specific gravity corrected data will 
be presented here. 
 

 Uncorrected data in urine and blood 
Cadmium 
The average urinary cadmium concentration of 313 participants was 
0.25 µg cadmium/L, with a standard deviation of 0.21 ug/cadmium/L. 
The P50 was 0.23 µg cadmium/L and the P95 was 0.62 µg cadmium/L 
(Table 1). The concentration of 81 (25.9%) urine samples was <LOQ; 
none of the samples had a concentration <LOD. The maximum cadmium 
concentration was 1.46 µg cadmium/L (Figure 3). 
 
The average blood cadmium concentration of 327 participants was 0.40 
µg cadmium/L, with a standard deviation of 0.30 ug/L. The P50 was 
0.32 µg cadmium/L and the P95 0.85 µg cadmium/L (Table 1). 
Cadmium was analysed in all blood samples above the LOQ. The 
maximum cadmium concentration analysed was 2.96 µg cadmium/L 
(Figure 3). 
 
Lead 
The average urinary lead concentration of 313 participants was 0.58 µg 
lead/L, with a standard deviation of 1.43 ug/L. The P50 was 0.38 µg 
lead/L and the P95 was 1.47 µg lead/L (Table 1). The concentration of 
77 (24.6%) urine samples was <LOQ for lead, of which 3 samples had a 
concentration <LOD. The maximum lead concentration in urine was 
22.58 µg lead/L (Figure 3). 
 
The average blood lead concentration of 327 participants was 17.16 µg 
lead/L, with a standard deviation of 12.14. The P50 was 14.60 µg lead/L 
and the P95 was 33.41 µg lead/L (Table 1). Lead was analysed in all 
samples above the LOQ. The maximum lead concentration in blood was 
144.2 µg lead/L (Figure 3). 
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Figure 3 Uncorrected urinary and blood cadmium and lead levels in all participants 
of this study. Data is expressed in µg/L and presented in a boxplot. Lower and 
upper edges of each boxplot represent the quartiles (P25 and P75) of the 
uncertainty distribution, the horizontal line in the middle of the box represents the 
median (P50), and the whiskers above and below the box show the P1-P99. To 
identify outliers, individual values exceeding the P99 are plotted as a circle for 
cadmium and as a square for lead. Samples with cadmium and lead levels 
<LOQ/D were substituted by ½ LOQ/D. 
 

 Creatinine and specific gravity correction in urine 
To account for diuresis (see section 2.3.3), the urinary cadmium and 
lead concentrations were corrected. The corrected concentrations using 
the creatinine correction and the specific gravity correction are displayed 
in Table 1.  
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Table 1 Summarised concentrations of urinary (uncorrected concentrations 
(N=313), creatinine corrected concentrations (N=276) and SG corrected 
concentrations (N=310) and blood levels (N=327) of cadmium and lead. 
Concentrations below LOQ/D were substituted by ½ LOQ/D. Data is displayed as 
uncorrected data (in µg/L), creatinine corrected data (in µg/g creatinine) and 
specific gravity corrected data (µg/L-SG).  
Uncorrected concentrations (µg/L) 
Metal Matrix AV SD GM P50 P95 
Cadmium Urine 0.25 0.21 0.16 0.23 0.62 
Cadmium Blood 0.40 0.30 0.34 0.32 0.84 
Lead Urine 0.58 1.43 0.24 0.38 1.47 
Lead Blood 17.2 12.1 15.1 14.6 33.4 

Creatinine corrected concentrations (µg/g creatinine) 
Metal Matrix AV SD GM P50 P95 
Cadmium Urine 0.32 0.27 0.21 0.29 0.79 
Lead Urine 0.76 2.37 0.34 0.53 1.73 

Specific gravity corrected (µg/L-SG) 
Metal Matrix AV SD GM P50 P95 
Cadmium Urine 0.38 0.29 0.25 0.34 0.92 
Lead Urine 0.89 2.63 0.37 0.63 1.91 

AV: average; SD: standard deviation; GM: geometric mean; LOD: limit of detection; LOQ: 
limit of quantification; P50: 50th percentile (median); P95: 95th percentile 
 
The creatinine correction did not reduce the relative variation in the 
urine concentration data of both compounds, as indicated by a higher 
relative standard deviation in the cadmium and lead urinary data. The 
specific gravity correction only reduced the relative variation in the 
cadmium urine data, as indicated by a lower relative standard deviation.  
 
Although high concentrations of cadmium and lead in urine may be 
explained by concentrated morning urine samples, correcting for the 
urine density did not always reduce the maximum outliers of these 
samples. For cadmium and lead in urine there were respectively two and 
three outliers (see Figure 3). Two outliers were found for cadmium and 
three for lead in the creatinine corrected data. Three outliers were found 
for cadmium and six for lead in the specific gravity corrected data 
(Annex 7). The outliers in these different urine data sets did not always 
correspond to the same samples. The correction for urine density can 
thus introduce uncertainty in the samples. Therefore, we identified an 
outlier when the sample was considered an outlier in at least two of the 
urinary data sets. This was the case for two of the cadmium samples 
and three of the lead samples. In blood, where density correction is not 
in order, we identified three outliers in the cadmium samples and two 
outliers in the lead samples (Figure 3). 
 
The relation between the concentrations of cadmium and lead in blood 
versus urine, corrected or uncorrected for diuresis, was assessed (Figure 
4). The goodness of fit, as indicated by the square of the correlation 
coefficient R2 (the coefficient of determination) was poor for cadmium 
and lead (Annex 8). For cadmium, the correlation increased slightly but 
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not significantly when correcting for diuresis. For lead there was no 
increase of the goodness of fit when correcting for diuresis.  

Figure 4 Log transformed concentrations of cadmium (upper panels) and lead 
(lower panels) in blood expressed against the concentrations in (un)corrected 
urine. Concentrations below LOD/Q have been excluded, total N=230 for cadmium 
and N=228 for lead. 
 

 Multivariate analysis 
To assess if there was an effect of age, gender or smoking on the 
cadmium and lead concentrations, we performed a multivariate analysis 
in a two-way Ancova model.  
 
The cadmium concentrations in blood and creatinine corrected 
concentrations in urine were significantly positively related to age 
(p<0.001 and p<0.0001, respectively), i.e. concentrations increased 
with age. This was also true for the creatinine corrected concentrations 
of lead in urine (p<0.001). Lead concentrations in blood were not 
significantly related to age.   
 
Females had significantly higher cadmium concentrations in blood and in 
urine (corrected for creatinine or SG) compared to males (p<0.0001). 
For lead, only the creatinine corrected urine concentrations were 
significantly higher in females compared to males (p<0.01).  
 
In this study, approximately 8% of the participants were smokers, 51% 
were ex-smokers and 38% were non-smokers. The cadmium 
concentrations in blood, as well as in all corrected and uncorrected urine 
samples were significantly higher in smokers compared to non-smokers 
(p<0.0001). This was also true for the lead concentrations in blood 
(p<0.01), but not in urine (Figure 5). The ex-smokers were not included 
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in Figure 5, because it is not known to us when they stopped smoking. 
The concentrations of cadmium and lead in urine and blood specified for 
smoking status are summarised in Annex 9 and 10. 
 

Figure 5 Uncorrected urinary and blood cadmium and lead concentrations in non-
smokers and smokers. Lower and upper edges of each boxplot represent the 
quartiles (P25 and P75) of the uncertainty distribution, the horizontal line in the 
middle of the box represents the median (P50), and the whiskers above and below 
the box show the P10-P90. Concentrations below LOQ/D were substituted by ½ 
LOQ/D. N=122 for the non-smokers and N=23 for the smokers in the urine 
samples. N=127 for the non-smokers and N=26 for the smokers in the blood 
samples.  
 

 External exposure assessment 
Using the equations described in section 2.3.4, the external exposure to 
cadmium and lead was calculated from the cadmium and lead 
concentrations in blood and urine.  
 
Cadmium 
Using the urinary, creatinine corrected cadmium concentrations, the 
external exposure to cadmium for all participants was estimated at a 
median of 0.20 µg/kg bw/day and a P95 of 0.56 µg/kg bw/day. For the 
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non-smoking participants, the median exposure was 0.16 µg/kg bw/day, 
and 0.37 µg/kg bw/day for the smoking participants (Table 2). The P95 
of exposure was highest for smokers at 0.72 µg/kg bw/day. 
 
Lead 
Using the blood lead concentrations, the external exposure to lead was 
estimated with a median of 0.49 µg/kg bw/day. The P95 of exposure 
was 1.31 µg/kg bw/day (Table 2). The median and P95 of exposure was 
highest for smokers, respectively 0.59 and 1.48 µg/kg bw/day. 
 
Table 2 Estimated external exposure to cadmium and lead based on urinary and 
blood concentrations  
Estimated external exposure (µg/kg bw/day) 
Metal Matrix AV SD GM P50 P95 
Cadmium Urine 0.22 0.19 0.15 0.20 0.56 

Non-smokers  0.19 0.20 0.12 0.16 0.46 
Ex-smokers  0.23 0.16 0.16 0.22 0.56 

Smokers  0.41 0.21 0.35 0.37 0.72 
Estimated external exposure (µg/kg bw/day) 
Metal Matrix AV SD GM P50 P95 
Lead Blood 0.55 0.36 0.48 0.49 1.31 

Non-smokers  0.55 0.40 0.47 0.49 1.02 
Ex-smokers  0.54 0.33 0.47 0.47 1.11 

Smokers  0.71 0.40 0.63 0.59 1.48 
AV: average; SD: standard deviation; GM: geometric mean; P50: 50th percentile 
(median); P95: 95th percentile 
 

3.2 Biomarkers of effect  
Biomarkers of effects for renal damage were analysed in urine and 
blood. Similar to the biomarkers of exposure, the urinary data was 
corrected for diuresis using both the creatinine correction and the 
specific gravity correction (see section 2.3.2). Blood albumin and 
creatinine levels were used to estimate the albumin to creatinine ratio 
(ACR), which is also an effect biomarker for kidney dysfunction. In 
addition, blood creatinine and cystatin C were used to estimate the 
glomerular filtration rate (GFR), a biomarker of effect for kidney 
dysfunction.  
 

 Urinary biomarkers 
NAG 
NAG was analysed above the limit of quantification (LOQ) of 0.3 
units/litre (U/L) in the majority of samples. Excluding six samples with 
NAG concentrations below the LOQ, the median concentration of the 
uncorrected samples was 1.4 U/L and the maximum concentration was 
64.3 U/L (Table 3).  
 
To assess if the exposure to cadmium and/or lead had a negative effect 
on the kidney function, based on NAG levels, a linear regression model 
was used. Age and gender were used as co-variates in the model 
(smoking did not affect NAG levels). Urine cadmium concentrations, 
regardless of the urine correction method, correlated positively to NAG 
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concentrations (p<0.01) (Figure 6). Urine lead concentrations also 
correlated positively to NAG concentrations (p<0.01), but only when the 
urine data was uncorrected or SG corrected. In addition, NAG 
concentrations were higher in male participants (p<0.001). When both 
cadmium and lead concentrations were considered as independent 
variables in addition to age and gender, only the cadmium concentration 
in urine is positively correlated to NAG (p<0.01), regardless of the urine 
correction method.  

Figure 6 Relation between urinary cadmium and the effect biomarker NAG. Data 
was log transformed and corrected for the effect of age and gender and cadmium 
and lead in blood. 
 
A1M, B2M and albumin 
The majority of the urinary samples had A1M, B2M and albumin 
concentrations below the LOQs (LOQ 5 mg A1M/L, 0.2 mg B2M/L and 3 
mg albumin/L). Only 6.7% of the samples had concentrations at or 
above LOQ for A1M, 2.6% for B2M and 19.4% for albumin. When the 
urinary samples with pH<6 were excluded, only six positive B2M 
samples remained.  
 
The median A1M concentration was 7.0 mg/L and the maximum 
concentration was 21 mg/L. The median B2M concentration was 0.4 
mg/L and the maximum concentration was 4.1 mg/L. The median 
albumin concentration was 6.6 mg/L and the maximum concentration 
was 350.4 mg/L (Table 3). 
 
Using the urinary albumin and creatinine concentrations, the albumin to 
creatinine ratio (ACR) was calculated. In this study, the median ACR of 
the positive albumin samples was 9.4 with a maximum of 505.1.  
 
The number of positive A1M, B2M, albumin concentrations and ACR in 
the urine samples was too low to test the correlation with the 
biomarkers of exposure. 
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Table 3 Summarised concentrations of the urinary effect biomarker concentrations 
that were analysed above the limit of quantification. The data is displayed as 
uncorrected data, creatinine corrected data and specific gravity (SG) corrected 
data for the positive samples 
NAG 
Correction Unit AV SD GM P50 P95 
Uncorrected 
  

U/L 1.9 3.8 1.4 1.4 3.8 

Creatinine 
corrected 

U/g 
creatinine 

2.4 3.5 1.7 1.8 5.4 

SG corrected U/L-SG 3.0 4.7 2.2 2.2 6.3 
A1M 
Correction Unit AV SD GM P50 P95 
Uncorrected 
 
 

mg/L  9.6 4.4 8.8 7.0 18.0 

Creatinine 
corrected 

mg/g 
creatinine 

10.7 10.1 8.3 7.9 21.9 

SG corrected mg/L-SG 12.1 6.5 10.9 9.8 23.9 
B2M 
Correction Unit AV SD GM P50 P95 
Uncorrected 
 
 

mg/L 1.4 1.7 0.7 0.4 3.8 

Creatinine 
corrected 

mg/g 
creatinine 

3.6 4.5 1.6 1.2 9.7 

SG corrected mg/L-SG 2.9 3.1 1.7 1.2 6.9 
Albumin 
Correction Unit AV SD GM P50 P95 
Uncorrected 
 
 

mg/L  23.5 57.3 9.3 6.6 63.9 

Creatinine 
corrected 

mg/g 
creatinine 

33.9 84.8 11.9 
 

9.3 169.8 

SG corrected mg/L-SG 36.4 88.1 14.0 10.3 99.5 
AV: average; SD: standard deviation; GM: geometric mean; P50: 50th percentile 
(median); P95: 95th percentile; SG: specific gravity; U: units 
 

 Blood biomarkers  
The average and median blood creatinine concentrations were 83.2 
µmol/L and 80.0 µmol/L, respectively. The average and median blood 
cystatin C concentrations were 0.99 mg/L and 0.94 mg/L (Table 4). 
None of the samples were below the respective quantification limits.  
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Table 4 Summarised blood creatinine and cystatin C concentrations and estimated 
glomerular filtration rate (eGFR) in the participants 
 Unit AV SD GM P50 P95 
Creatinine 
 

µmol/L 83.2 17.4 81.2 80.0 110.3 

Cystatin C  
 

mg/L 0.99 0.23 
 

0.97 0.94 1.42 

eGFR 
 

mL/min/
1.73m2 

74.5 14.6 72.8 76.2 96.4 

AV: average; SD: standard deviation; GM: geometric mean; P50: 50th percentile 
(median); P95: 95th percentile 
 
Based on either or both the creatinine and cystatin C concentrations in 
blood, the eGFR was estimated (see section 2.3.2). Low eGFR levels 
(<60 mL/min/1.73m2, see section 4.1.1) are an indicator of chronic 
kidney disease (CKD). The median eGFR was 76.2 with the lowest eGFR 
at 32.8 (Table 4) and 14.6% of the participants had an eGFR below 60 
mL/min/1.73m2. 
 
To assess if the exposure to cadmium and/or lead had a negative effect 
on the glomerular filtration, a linear regression model was used. Age 
and gender were used as co-variates in the model (smoking did not 
affect eGFR levels). We found that lead concentrations in blood 
negatively correlated to the eGFR (p<0.02) (Figure 7). Creatinine 
corrected lead and cadmium concentrations in urine correlated positively 
to the eGFR (p<0.02 and p<0.01). In addition, the age of the 
participants was negatively correlated to the eGFR (p<0.0001) and 
females had a lower eGFR than males (p<0.01). No statistically 
significant effect of cadmium concentrations in blood on the eGFR was 
found. When both cadmium and lead concentrations were considered 
simultaneously as independent variables, in addition to the co-variates 
age and gender, we found a negative correlation between the lead 
concentration in blood and the eGFR (p<0.01), and a positive correlation 
between the creatinine corrected cadmium concentration in urine and 
the eGFR (p<0.01). 
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Figure 7 Relation between the effect biomarker eGFR and age at different blood 
lead concentrations. The data is corrected for gender and blood cadmium 
concentration. The residual variance is indicated by the colored bands. 
 
The effect of lead at blood lead concentrations of 15 and 50 µg/L 
(approximately P50 and P99), compared to 5 µg/L (approximately P01), 
to the age dependent decrease of eGFR was almost linear and 
approximately 5% and 11%, respectively (Figure 7). 
 

 Outliers  
Two maximum outliers were identified for the cadmium concentrations 
in urine and three maximum outliers for cadmium in blood (see Figure 
2). Three maximum outliers were identified for the lead concentrations 
in urine and two maximum outliers were identified for the lead 
concentrations in blood (see also section 3.1.2). To assess if these 
participants displayed any kidney dysfunction, the concentrations of the 
effect biomarkers were specifically assessed for these participants. 
 
Of all these outliers, none corresponded to abnormal biomarkers of 
effect, except for one. Only the participant with an outlier (high) lead 
concentration in urine had an eGFR of 47. This person was 77 years old. 
None of the participants with outlier concentrations of cadmium or lead 
had any (self-reported) chronic kidney diseases.  
 
Interestingly, all outliers with high cadmium concentrations in blood 
were smokers, whereas all outliers with high cadmium concentrations in 
urine were non-smokers (i.e. never-smokers).  
 
The urine and blood lead concentrations of two participants were 
considered as outliers in both matrices. However, both these 
participants did not have A1M, B2M or albumin in their urine samples 
above the limit of detection. The NAG concentration and ACR in urine of 
these participants were also below the reference limit. In addition, the 
eGFRs were also within a normal range, i.e. higher than the reference 
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limit of 60. None of the participants showed both high cadmium and lead 
in any of the matrices.  
 
We assessed the information from the food frequency questionnaires for 
the participants with outlier concentrations in urine or blood. None of the 
outliers reported any divergent food consumption levels regarding the 
top five products containing cadmium and lead (Boon et al., 2017; 
Sprong et al., 2015). 
 

3.3 Summary 
The main results of the analysis of the biomarkers of exposure and of 
effect are summarized in respectively Table 5 and Table 6.  
 
Table 5 Summary of the (main) results related to cadmium and lead (internal and 
external) median (P50) and high (P95) exposure levels 
Cadmium 
Biomarker 

of 
exposure 

Type of 
exposure 

Determination 
method 

Matrix 
Urine Blood 

P50 P95 P50 P95 
 Internal, 

uncorrected 
Measured1 0.23 0.62 0.32 0.84 

       
 Internal, corrected Measured1     
 Creatinine  0.29 0.79 – – 
 SG  0.34 0.92 – – 
       
       
 External Derived2 0.20 0.56 – – 
       

Lead 
Biomarker 

of 
exposure 

Type of 
exposure 

Determination 
method 

Matrix 
Urine Blood 

P50 P95 P50 P95 
 Internal, 

uncorrected 
Measured1 0.38 1.47 14.6 33.4 

       
 Internal, corrected Measured1     
 Creatinine  0.53 1.73 – – 
 SG  0.63 1.91 – – 
       
       
 External Derived2 – – 0.49 1.31 
       

SG: specific gravity  
1 Internal exposure levels have been determined after chemical analysis and have been 
(un)corrected for diuresis. The uncorrected concentrations are expressed as µg/L, and the 
corrected concentrations as µg/g creatinine or µg/L-SG. 
2 External exposure levels (in µg/kg bw/day) have been calculated with mathematical 
equations based on concentrations in blood (in case of lead) or urine (in case of cadmium). 
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Table 6 Summary of the (main) results related to the correlations between 
biomarkers of effect and cadmium and lead 
Urine 
Biomarker of 
effect Cadmium Lead 

NAG Positively correlated Positively correlated 
A1M n.a. n.a. 
B2M n.a. n.a. 
Albumin n.a. n.a. 

Blood 
Biomarker of 
effect Cadmium Lead 

eGFR Not significantly 
correlated 

Negatively correlated 

NAG: α-N-acetyl-β-D-glucosaminidase; A1M: α-1 microglobulin; B2M: β-2 microglobulin; 
eGFR: estimated glomerular filtration rate 
n.a. = not applicable: number of positive samples was too low to establish a correlation. 
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4 Discussion 

In this study, we used concentration levels of cadmium and lead in urine 
and blood to estimate the total external exposure to these metals in 
adult participants of the Doetinchem Cohort Study (section 4.1). 
Furthermore, cadmium and lead concentrations in blood and urine of 
these participants were compared with human biomonitoring (HBM) 
reference and/or guidance values and with levels in adults from other 
European countries (see section 4.2). Finally, biomarkers of effect were 
measured to investigate if this exposure had a negative effect on the 
kidney function of the examined participants (section 4.3).  
 

4.1 Biomarkers of exposure  
Cadmium and lead concentrations were above LOQ in all collected blood 
samples. However, although the LOQs in blood and urine samples are 
comparable, approximately 75% of the concentrations of cadmium and 
lead in urine were above LOQ. Consequently, sufficient data is available 
to determine the internal and external exposure to these metals.  
 

 External exposure assessment 
To assess the use of HBM for the purpose of risk assessment, we 
calculated the external exposure to cadmium and lead of the 
participants in this study based on concentrations of lead and cadmium 
in blood and urine (see Chapter 3, Results). Below, the calculated 
exposure estimates were compared to recent dietary exposure estimates 
of cadmium and lead in the Netherlands.   
 
Cadmium 
The long-term dietary exposure to cadmium in the Dutch population 
(aged between 2-69 years) was calculated by combining concentrations 
of cadmium in foods with amounts of foods consumed in a probabilistic 
manner using the Monte Carlo Risk Assessment tool (Sprong et al., 
2015). In a medium bound scenario3, the estimated median (P50) 
exposure varied between 0.18 and 0.55 µg/kg bw/day between different 
age groups in the population and the P95 was estimated between 0.30 
and 0.81 µg/kg bw/day. For the population aged 52-69 years, closely 
resembling the age of the participants in this study, the P50 and P95 
were estimated at 0.19 µg/kg bw/day and 0.30 µg/kg bw/day, 
respectively (Table 7).    
The external P50 exposure to cadmium in our study was calculated at 
0.20 µg/kg bw/day (Table 7). This corresponds to the long-term dietary 
exposure assessment according to Sprong et al. (2015). The P95 
exposure in our study was however calculated at 0.56 µg/kg bw/day, 
which is approximately 1.9-fold higher than the exposure in the dietary 
exposure assessment by Sprong et al. (2015). This can, in part, be 
explained by the exposure of cadmium via tobacco smoke, which is not 
accounted for in a dietary exposure assessment. In the smoking 
participants of our study, the calculated P50 intake of cadmium was 
approximately 2.3-fold higher compared to the P50 in all participants. In 
 
3 A medium bound scenario means that samples with a cadmium concentration below LOD or LOQ were 
assigned a cadmium concentration equal to ½LOD or ½LOQ.  
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the non-smoking participants of our study, the P50 exposure of 
cadmium was similar to the estimated P50 of the dietary exposure 
assessment. The P95 exposure of the non-smokers was however 1.5-
fold higher than the P95 in the dietary exposure assessment.   
 
Table 7 Comparison of the estimated daily exposure to cadmium and lead via 
human biomonitoring (HBM) and via only food   

Cadmium (µg/kg bw/day) Lead (µg/kg bw/day) 

HBM data  
52-90 year 

P50 P95 P50 P95 
0.20 0.56 0.49 1.31 

Food NL
 

                52-69 year                                     50-69 year 
P50 P95 P50 P95 
0.19 0.30 0.41 0.69 

 
It is important to note that the creatinine corrected urinary cadmium 
concentrations were used in the equation to calculate the external 
cadmium intake. This might have introduced uncertainty that is related 
to the correction method used for diuresis. This uncertainty is however 
relatively small considering that we excluded the most heavily diluted or 
concentrated creatinine samples. We refer to section 4.1.2 for the 
discussion on the correction method used for diuresis. 
 
Within HBM4EU, the daily intake of cadmium was estimated based on 
HBM data from several (already published) studies from EU Member 
States. The average intake was estimated at 0.2 µg/kg bw/day for the 
general population (HBM4EU, 2019). This is similar to the estimated 
exposure in our study with adult (and elderly) participants. A percentile 
for high intake was (e.g. P95) was not reported. 
 
Lead 
The long-term dietary exposure to lead in the Dutch population (aged 
between 2-69 years) has also been calculated (Boon et al., 2017). 
Considering the whole population in a middle-bound scenario, the 
calculated P50 ranged from 0.39 to 1.0 µg/kg bw/day and the calculated 
P95 from 0.64 to 1.5 µg/kg bw/day. For the population aged 50-69 
years, the highest P50 and P95 were calculated at 0.41 µg/kg bw/day 
and 0.69 µg/kg bw/day, respectively (Table 7).  
The median external exposure to lead calculated from the blood lead 
concentrations in our study was 0.49 µg/kg bw/day and 1.31 µg/kg 
bw/day for the P95 (Table 7; Chapter 3, Results). The P50 exposure is 
slightly higher compared to the long-term dietary exposure assessment 
but the estimated P95 exposure was 1.9-fold higher in our study 
compared to Boon et al. (2017). 
Most likely, the discrepancy between the higher percentiles can be 
attributed to participants that have been exposed to lead via different 
sources in the past (e.g. former lead piping of drinking water systems in 
houses that were built before 1960 or lead paint or exhaust fumes from 
fuel containing lead). Recent exposure to lead could occur via tobacco 
smoking.  
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Comparing two exposure assessments 
Above, the total external exposure based on HBM data was compared 
with the dietary exposure based on occurrence data in food and food 
consumption data. These two approaches of exposure assessment have 
little in common and it is not unlikely that the resulting exposures of 
these two assessments are different. Nevertheless, for the median 
exposure ranges, the calculated external exposure using HBM data 
reflects the dietary intake assessments very well. At the higher exposure 
ranges (P95), the external exposure using HBM data is higher compared 
to the dietary exposure assessments. This is most likely a result of 
exposure via other routes, that are not considered in the dietary 
exposure assessments. Secondly, the time frame of the calculated 
exposure should be taken into consideration. The dietary exposures of 
cadmium and lead were reported in 2015 and 2017, respectively. These 
exposures were based on food occurrence and food consumption data of 
that time and reflect the dietary exposure at that given moment in time. 
Whereas, cadmium and lead concentrations in blood and urine reflect an 
exposure that occurred in the past. 
Thirdly, both exposure approaches use methods that are very different 
and both assessments lead to different uncertainties in the exposures 
that could not be quantified. All in all, the median exposure estimates 
are very comparable between the two approaches. In addition, a 1.9-
fold difference (for cadmium and lead) in the higher exposure 
percentiles (P95) is not surprising considering the additional sources of 
exposure that are included in the HBM exposure.  
 
Risk characterization (based on external exposure)  
For cadmium, the European Food Safety Authority (EFSA) derived a 
tolerable weekly intake (TWI) of 2.5 µg/kg bw/week based on a 
benchmark dose lower confidence limit (BMDL) for a 5 percent increase 
of the prevalence of elevated B2M at 4 μg cadmium/g creatinine. The 
weekly external exposure to cadmium was calculated by multiplying the 
estimated external exposure per day (presented in Table 2, section 
3.1.3) times seven. The median weekly external exposure in our study 
was 1.41 µg/kg bw/week, which does not exceed the TWI (Table 7). 
However, the weekly P95 exposure was calculated at 3.94 µg/kg 
bw/week, which does exceed the TWI. In total, the TWI was exceeded in 
16.6% of the participants. To illustrate the contribution (from the 
additional source) of smoking, the estimated weekly external exposures 
for non-smokers, ex-smokers and smokers are given in Table 8. The 
median weekly exposure for non-smokers was below the TWI and the 
P95 exceeded the TWI. As mentioned above, this TWI was based on the 
critical effect of increased urinary B2M levels in humans. Nevertheless, 
the B2M levels of these 16.6% participants did not exceed the reference 
value for B2M (see section 4.3.2). This may indicate that the uncertainty 
factor4 that is incorporated in this TWI is sufficient. 
  

 
4 A so-called chemical-specific adjustment factor of 4 was used. 
 



RIVM letter report 2024-0141 

Page 36 of 77 

Table 8 Estimated weekly external exposure to cadmium based on creatinine 
corrected concentrations in urine 
Estimated external exposure (µg/kg bw/week) 
Population AV SD GM P50 P95 
All participants 1.57 1.33 1.04 1.41 3.94 
   Non-smokers 1.32 1.42 0.83 1.12 3.21 
   Ex-smokers 1.59 1.14 1.10 1.53 3.91 
   Smokers 2.90 1.50 2.45 2.58 5.03 

AV: average; SD: standard deviation; GM: geometric mean; P50: 50th percentile 
(median); P95: 95th percentile 
 
In contrast to cadmium, EFSA derived no TWI for lead. This was 
considered not appropriate, as there was no evidence for a threshold for 
lead-induced effects. EFSA concluded that cardiovascular effects and 
nephrotoxicity were the critical effects of lead exposure in adults (EFSA, 
2010). The benchmark dose lower confidence limit (BMDL) for 
nephrotoxicity was based on a 10% change in the prevalence of chronic 
kidney disease (CKD) which in turn was based on a reduction in the 
estimated glomerular filtration rate (eGFR) to values below 60 
mL/min/1.73m2. This BMDL10 was 15 µg lead/L blood. This BMDL10 
corresponds to a dietary intake of 0.63 µg lead/kg bw/day (EFSA, 
2010). The median external exposure to lead of 0.49 µg/kg bw/day was 
below this BMDL10. However, the P95 exposure was calculated at 1.31 
µg/kg bw/week, which does exceed the BMDL10. The margin of 
exposure5 (MoE) for the P50 and P95 of the external exposure to lead is 
approximately 1.3 and 0.5, respectively. The MoEs for the P50 and P95 
of the dietary exposure to lead in the Netherlands are approximately 1.5 
and 0.9, respectively. As stated by EFSA in the opinion on lead, in case 
a MoE is below 1, the possibility of a nephrotoxic effect cannot be 
excluded. The risk at MoEs greater than 1 would be very low (EFSA, 
2010). 
 

 Diuresis correction 
Urine samples are often normalised to correct for diuresis, i.e. how 
diluted or how concentrated the urine samples were. Considering the 
fact that all our samples were morning urine, a smaller variation in the 
concentration of the urine samples was expected compared to urine 
samples obtained throughout the day. Nonetheless, we corrected for 
diuresis by two commonly used correction methods: creatinine and 
specific gravity.  
 
The variation in the creatinine or specific gravity corrected urine 
concentrations of cadmium and lead was significantly reduced after 
excluding the heavily diluted and concentrated samples. In other words, 
we confirm that exclusion of these data is crucial (WHO, 1996). This was 
indicated by the smaller relative standard deviations after excluding 
these samples (data not shown). Contrary to our expectations, we did 
not observe a smaller relative variation in the creatinine or SG corrected 
cadmium and lead urine data compared to the uncorrected data, with 
the exception of the SG correction in the cadmium urine data. Therefore, 
we cannot express a preference for either of the diuresis correction 
 
5 The margin of exposure is calculated by dividing the BMDL value by the estimates of the external exposure. 
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methods. Based on our findings and not knowing the ‘best’ or ‘true’ 
urinary metal concentration we do not have a strong preference for 
uncorrected or corrected urinary cadmium or lead concentrations. This 
could also be due to the fact that we collected morning urine samples. 
 
Others also reported inconsistent results after the statistical analysis of 
uncorrected and (creatinine) corrected urine data and suggested that 
the uncorrected data was more valid (Stajnko et al, 2017; Ikeda et al., 
2005; Zhang et al., 2015). Hoet et al. (2016) suggest that the 
correction of urine samples containing low levels of cadmium is not 
recommended because cadmium and creatinine are not excreted via the 
same pathway. As the specific gravity correction increased the variation 
in the urinary lead data, this also appears not an consistent correction 
method. Moriguchi et al. (2009) compared the observed (i.e. 
uncorrected) cadmium data with creatinine and specific gravity 
corrected data. They concluded that observed data should be used 
rather than the corrected data, as the coefficients of correlation between 
the exposure and effect biomarkers was highest for the uncorrected data 
as compared to the corrected counterpart data (Moriguchi et al., 2009). 
These inconsistent results have also been attributed to the generally less 
accurate method of creatinine analysis (Stajnko et al, 2017). 
 
As the best method to correct for diuresis (or not) is still under debate, 
we presented both the uncorrected, creatinine corrected and specific 
gravity corrected urinary data in order to compare our data with other 
recently published HBM data. 
 

 Blood versus urine 
The commonly used biomonitoring matrix for cadmium is urine and for 
lead this is blood. However, also this assumption is under debate and 
therefore all the urine and blood samples were analysed for both 
biomarkers of exposure. Our goal was to determine if one matrix is 
preferable to another. 
 
Relative weak correlations were found between heavy metal 
concentrations in both matrices (blood and urine). For cadmium, the 
urine correction increased the goodness of fit of the linear regression 
between blood and urine concentrations. Similar correlations were 
reported by Stajnko et al. (2017) and Chaumont et al. (2012), but 
higher correlations were described by others (Akerstrom et al., 2013; 
Ikeda et al., 2011). Akerstrom et al. (2013) found better correlations 
between cadmium concentrations in urine and blood in a non-smoking 
population. As we found that all cadmium outliers in urine were non-
smokers, whereas the outliers in blood were smokers, smoking may be 
a confounder in the relation between the cadmium concentrations in 
both matrices.  
For lead, the urine correction did not increase the generally weak 
correlation with blood and urine concentrations. However, this weak fit 
was mostly due to one extreme outlier. When this outlier was excluded, 
the R2 of the blood and uncorrected urine regression increased from 
0.17 to 0.72. This R2 reflects a strong goodness of fit and it appears that 
the blood lead concentrations can be fairly predicted using urine lead 
concentrations, and vice versa. 
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Stajnko et al. (2017) reported that for low concentrations, cadmium 
concentrations can be better assessed in blood samples than in urine 
samples considering the uncertainties that are introduced by urine 
corrections. However, when one wants to extrapolate the internal 
cadmium concentration to the external concentration, only models using 
the creatinine adjusted urine concentrations are available (Amzal et al., 
2009; Béchaux et al., 2014). In the future, it can be explored if a 
(transfer) equation for blood concentrations can be derived from a 
kinetic model, i.e. to extrapolate the cadmium blood concentrations to 
the external cadmium exposure. This may reduce the uncertainties in 
the external exposure estimates that are introduced by using corrected 
urine concentrations.  
 

4.2 Human biomonitoring data in Europe 
 Human biomonitoring values 

Currently, different human biomonitoring (HBM) values are available for 
several chemicals: HBM-I and HBM-II values, HBM guidance values and 
HBM reference values. The HBM-I, HBM-II and HBM reference values 
(RVs) have been set by the German Human Biomonitoring Commission 
(Schulz et al., 2009, 2011; Wilhelm et al., 2004). The HBM-I value 
represents the concentration below which no adverse health effects are 
expected (Schulz et al., 2011). The HBM-II value corresponds to the 
concentration above which there is an increased risk for adverse health 
effects. Nowadays, the HBM-I value is defined as a HBM guidance value 
(HBM-GV) (Apel et al., 2020). This is also similar to the HBM-GV as 
derived by Lamkarkach et al. (2021) within the HBM4EU project. 
Reference values (RVs) indicate the upper margin of background 
exposure from all possible sources of exposure and are derived from the 
P95 values obtained in a subpopulation (children or adults) in a specific 
country or region (Schulz et al., 2009). These RVs can help to compare 
an individual’s exposure based on biomonitoring to the exposure in the 
general population. 
 
For cadmium, the German HBM Commission set HBM-I and HBM-II 
values of 1 µg/L and 4 µg/L in urine of adults (there are other values for 
children). In addition, the Commission derived RVs for cadmium in blood 
and urine for non-smoking adults: 0.8 µg cadmium/L in blood and 1 µg 
cadmium/L in urine (Wilhelm et al., 2004). Lamkarkach et al. (2021) 
established a HBM-GV for adults over 50 years of age of 1 µg 
cadmium/g creatinine. 
The German HBM Commission suspended the HBM-I and HBM-II values 
for lead in blood, as several studies showed no threshold level(s) for 
lead toxicity, especially for developmental toxicity in children (Schulz et 
al., 2011). The RVs for blood lead concentrations in adults (no 
distinction between smoking was made) was set at 90 µg/L for males 
and 70 µg/L for females (Wilhelm et al., 2004). 
 
The urinary cadmium concentrations in the participants of our study did 
not exceed the HBM-II value for cadmium. The urinary cadmium 
concentrations of only two participants (0.6%) exceeded the HBM-I 
value. Based on the HBM-II value, no adverse kidney effects are 
expected for the study population of the Doetinchem cohort as a result 
of the exposure to cadmium. One should keep in mind that these HBM-I 
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and HBM-II values have not been corrected for diuresis. Schulz et al. 
(2011) have stated that creatinine corrected and uncorrected cadmium 
levels were quite similar. As mentioned in section 4.1.2 we do not have 
a strong preference for uncorrected or corrected urinary cadmium 
concentrations. The TWI derived by EFSA is based on a BMDL of 4 µg 
cadmium/g creatinine (section 4.1.1). As stated before, the creatinine 
content in urine is dependent, amongst other factors, of age, gender 
and race. Barr et al. (2005) have performed a weighted multivariate 
analysis of urinary creatinine concentrations in spot urine samples of 
22,245 participants of the Third National Health and Nutrition 
Examination Survey (1988–1994) and established reference ranges 
(10th–90th percentiles) for different age, gender and race categories. 
The mean urinary creatinine concentrations for non-Hispanic white 
people in age groups 50-59, 60-69 and ≥70 years were respectively 
1.04, 1.03 and 0.96 gram creatinine/L. As expected, due to muscle 
mass, men had higher creatinine levels than women within these 
groups. For our study population this means that there’s probably not a 
significant difference between 4 µg cadmium/L or 4 µg cadmium/g 
creatinine. Therefore, we conclude that based on the HBM-II of 4 µg/L 
no adverse kidney effects are expected for the study population of the 
Doetinchem cohort as a result of the exposure to cadmium.  
 
The exposure to lead in this study cannot be compared to HBM-GV 
values since these are suspended. EFSA did not derive a TWI for lead, 
but calculated a BMDL10 of 15 µg lead/L blood, based on a reduction in 
the eGFR. In our study, the median (P50) blood lead concentration did 
not exceed this BMDL. However, blood lead levels in 47.9% of the 
participants exceeded this BMDL (Table 1, section 3.1.2). As was shown 
in Figure 7 (section 3.2.2), the eGFR decreases with age and lead 
contributed significantly to this age-related decrease in glomerular 
filtration. At 15 µg/L this additional decrease was approximately 5%. 
Therefore, it may be worthwhile to investigate whether the negative 
effect of lead on the GFR could be used to derive an HBM-GV, but it is 
too early to conclude that the BMDL10 of 15 µg/L is a suitable HBM-GV 
for the nephrotoxic effect of lead for adults. 
 

 Human biomonitoring concentrations in other European countries 
In our study, for the first time, urinary and blood cadmium and lead 
levels have been analysed in samples from participants participating in 
the Dutch Doetinchem Cohort Study. However, in other European 
countries different population groups (cohorts) have been studied for 
quite a few years.  
 
Cadmium  
The urinary and blood cadmium concentrations of the participants in this 
study were well below or similar to the cadmium levels of participants 
from other European countries varying in age (Bonberg et al., 2017; 
Castaño et al., 2012; Cerná et al, 2012; Fréry et al., 2012; Grau-Perez 
et al., 2017; HBM4EU 2019; López-Herranz et al., 2016; Pawlas et al., 
2013; Schoeters et al., 2012; Tratnik et al., 2013; Vallee et al., 2020; 
WHO, 2015). Similar to our study, morning urine was also sampled in 
the López-Herranz study. The creatinine corrected geometric mean (GM) 
of cadmium in urine was comparable with the GM observed in our study. 
Yet, the uncorrected GM was higher (0.28 μg/L with 95% CI: 0.27–0.32 
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μg/L) than the GM of 0.16 μg/L in our study. As mentioned before, this 
shows that the creatinine correction of urinary data can impact the 
results of individual studies.  
Some studies reported slightly lower urinary cadmium concentrations 
(Julin et al. 2011; López-Herranz et al., 2016; Mørck et al., 2015; Pirard 
et al., 2014). These studies differed from our study by the lower age of 
their study population. As urinary cadmium concentrations increase by 
age, the lower age of the study population can explain the slightly lower 
cadmium concentrations in those studies (Grau-Perez et al., 2017; 
López-Herranz et al., 2016). Age did not affect the urinary cadmium 
concentration in our study population, but it was significantly positively 
correlated to the blood cadmium concentration.  
A population similar to our study was described in Bonberg et al. (2017), 
that reported the blood cadmium concentrations in German adults aged 
45-75 years (median age 58) between 2000-2003. The median blood 
cadmium concentration was 0.33 μg/L, which is similar to the median 
blood cadmium concentration in our study of 0.32 μg/L. The authors 
also reported higher blood cadmium concentrations in females compared 
to males, 0.36 μg/L and 0.29 μg/L respectively. Similar concentrations 
were also found in our study (0.35 μg/L for females and 0.29 μg/L for 
males).  
 
In our study, we also observed that urinary and blood cadmium 
concentrations were higher in smokers compared to non-smokers. This 
is in accordance with other studies (Bonberg et al., 2017; Cerná et al., 
2012). In our study, the average blood cadmium concentrations were 
three times higher in smokers compared to non-smokers. This was also 
reported by another study (Cerná et al., 2012). However, these authors 
reported that the creatinine corrected urinary cadmium concentrations 
were not significantly influenced by smoking, in contrast to our study. 
Higher urinary cadmium concentrations in smokers was observed by 
Grau-Perez et al. (2017).  
 
Grau-Perez et al. (2017) reported also higher urinary cadmium 
concentrations in males compared to females, whereas we observed a 
higher concentration for females in both urine and blood. Smoking 
status may have been a confounder in the study by Grau-Perez et al. 
(2017), as they also reported that urine cadmium concentrations were 
higher in females than males among the never-smokers. In our data, we 
found a statically significant interaction between smoking and gender. 
Others also observed higher urinary and blood cadmium concentrations 
in females compared to males (Cerná et al., 2012; Chaumont et al., 
2013). 
 
Lead 
The blood lead concentrations of the participants in our study were also 
below or similar to the blood lead levels of other European regions 
(Bonberg et al., 2017; Cerná et al 2012; Cañas et al., 2014; Falq et al., 
2011; Fréry et al., 2012; Pawlas et al., 2013; Tratnik et al., 2013; WHO, 
2015). Schoeters et al. (2012) reported slightly lower blood lead 
concentrations in a Flemish population. This can be explained by the 
older age of our study participants, as lead concentrations in blood 
increase with age (Cerná et al., 2012; Cañas et al., 2014). This has also 
been found in our study. 
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Bonberg et al. (2017) reported higher blood lead concentrations in 
German adults aged 45-75 years (median age 58) between 2000-2003: 
the median blood lead concentration was 31.4 μg/L versus 14.6 μg/L in 
our study. Although the sampling in Germany was carried out 
approximately 15 years earlier it is not clear why blood cadmium levels 
in the German and our study are comparable and blood lead levels are 
not. 
 
The blood lead levels in our study were slightly, but statistically 
significantly higher in smokers compared to non-smokers. This 
observation has also been reported by others (Bonberg et al., 2017; 
Cerná et al., 2012). This could (partly) be explained by the fact that 
tobacco contains lead (Campbell et al., 2015).   
Higher blood concentrations of lead were also reported in males 
compared to females (Cañas et al., 2014; Cerná et al., 2012; Falq et al., 
2011). No difference in blood lead concentrations between males and 
females was observed in our study.  
 
Falq et al. (2011) reported a prevalence of 1.7% for elevated blood lead 
levels (>100 μg/L) in French adults aged 18-74 years. In our study, 
blood lead levels above 100 µg/L were observed in 0.6% of the 
participants.  
 

4.3 Biomarkers of effects 
The negative health effects of high exposure levels can be explored by 
using biomarkers of effect. To assess possible nephrotoxic effects of 
cadmium and lead, biomarkers for kidney dysfunction were analysed in 
urine and blood samples of the participants. Four well-known urinary 
effect biomarkers (used in clinical practice) were analysed: α-N-acetyl-
β-D-glucosaminidase (NAG), α-1 microglobulin (A1M), β-2 microglobulin 
(B2M) and albumin. Urinary albumin and creatinine concentrations were 
used to calculate the albumin to creatinine ratio (ACR). Blood creatinine 
and cystatin C concentrations were used to estimate the glomerular 
filtration rate (GFR). 
 

 NAG 
NAG is a biomarker of impaired reabsorption of the proximal tubules 
(Stajnko et al., 2017). The upper limit of the reference range is 6.3 U/L 
or 5 U/g creatinine (Turner et al., 2015). This range was exceeded in 
2.6% and in 7.7% of urine samples, respectively. High NAG values are 
defined as greater than 11.5 U/g creatinine by Eom et al. (2017). Using 
this definition, high NAG concentrations were observed in only 0.7% of 
the participants. As shown by Pennemans et al. (2013), the normal NAG 
values increase with age. However, this was not statistically significant 
in our data. 
 
The median urinary NAG concentrations in our study were well below the 
median concentrations reported in other studies. Moriguchi et al. (2009, 
2010) reported uncorrected geometric means for urinary NAG between 
2.7 and 3.5 U/L for Japanese adults. Creatinine corrected values were 
between 2.8 and 4.0 U/L. These values are higher than the urinary NAG 
values found in our study. Eom et al. (2017) reported urinary NAG 
concentrations from adults from Korea. The arithmetic mean was 
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reported at 4 U/g creatinine and that is also higher than the results from 
our study. In addition, the geometric mean of the urinary cadmium 
concentrations was also higher than in our study.  
 
In addition, we observed a positive correlation between NAG and urinary 
cadmium concentrations. This has also been observed by Eom et al. 
(2017) and Moriguchi et al. (2009). In our study, blood concentrations 
of both metals were not correlated to the NAG concentrations in urine.  
 

 A1M & B2M 
A1M and B2M are also biomarkers of impaired reabsorption of the 
proximal tubules (Stajnko et al., 2017). In our study, the majority of the 
urinary A1M and B2M concentrations were below 5 mg/L and 0.20 mg/L, 
respectively. The upper limits of the reference range for A1M and B2M 
are <14 mg/g creatinine and <0.2 mg/g creatinine, respectively (Turner 
et al., 2015). In our study, creatine corrected values exceeded these 
upper limits in 3 samples for A1M and 4 samples for B2M. 
 
Moriguchi et al. (2009, 2010) reported A1M and B2M levels in urine of 
adults in Japan. The median of the uncorrected A1M observations were 
reported at 2.5 mg/L and 2.4 mg/L, and the median of the uncorrected 
concentrations for B2M at 0.10 mg/L. In addition, Eom et al. (2017) 
analysed the B2M levels in the urine of adults in Korea. The arithmetic 
mean of urinary B2M was 0.08 mg/g creatinine. This is similar to our 
study, considering that the median concentrations were <5 mg A1M/L 
and <0.2 mg B2M/L. 
 
Moriguchi et al. (2009, 2010) concluded from their results that no clear 
association between elevated urinary cadmium concentrations and A1M 
and B2M could be established. Due to the low percentage of positive 
A1M and B2M concentrations in our study, no correlation to high 
cadmium or lead concentrations could be established. A more sensitive 
method of analysis with lower LOQs can possibly provide more insight in 
this.  
 
EFSA derived a BMDL5 of 4 μg cadmium/g creatinine corresponding to a 
B2M concentration in urine of approximately 100 µg/L (EFSA, 2009). In 
our study, we did not observe urinary cadmium concentrations above 4 
μg/g creatinine. However, 6 participants exceeded the LOQ for B2M (200 
µg/L). Apparently, this exceedance was not correlated to cadmium levels 
above the BMDL5. 
 

 Albumin 
The presence of high albumin levels in urine is an indicator of glomerular 
damage (Stajnko et al., 2017). An abnormal urinary albumin 
concentration is considered when the albumin to creatinine ratio (ACR) 
is greater than 30 mg/g (Levey et al. 2003, Grau-Perez et al., 2017). In 
our study, the median ACR was 9.4 mg/g. The ACR of 9 of the 
participants (3.2%) was higher than 30 mg/g. However, only for 54 
participants, the albumin concentrations were high enough to calculate 
the ACR. For the other participants, the ACR was not higher than 30.    
Grau-Perez et al. (2017) report an overall ACR of 4.8 mg/g in a Spanish 
population with an average age of 49.7 years, with 6.3% higher than 30 
mg/g. Although, not reported in Grau-Perez et al. (2017), it is known 



RIVM letter report 2024-0141 

Page 43 of 77 

that ACR increases with age which can explain the higher ACR in our 
study (Hillege et al., 2001). Buser et al. (2016) reported that 8.8% of 
the participants of the 4875 participants (>20 years old) in the NHANES 
cohort 2007-2012 in the U.S.A. had an ACR higher than 30 mg/g. Both 
studies found a positive association with cadmium levels in blood (Grau-
Perez et al., 2017) and urine (Buser et al., 2016) and ACR. In our study, 
this association could not be investigated as a result of too little positive 
samples for albumin.  
 

 GFR 
The glomerular filtration rate (GFR) is an indicator of kidney function. 
More specifically, it estimates the amount of blood that passes through 
the glomeruli of the kidneys. The estimated GFR (eGFR) is expressed 
per average body surface area (O’Riordan, 2014). Normal eGFR values 
range between 90 and 120 mL/min/1.73m2. Low eGFRs are an indicator 
of chronic kidney disease. As such, an eGFR below 60 mL/min/1.73m2 is 
considered as a moderately decreased kidney function (EFSA, 2010; 
Levey et al., 2015; Jain, 2019). In our study, the median eGFR was 76 
mL/min/1.73m2 and 14.6% of the participants had an eGFR lower than 
60 mL/min/1.73m2.  
This median eGFR is lower than the eGFR in the NHANES cohort 2007-
2012, which was reported at 92 mL/min/1.73m2 (Buser et al., 2016) for 
a population older than 20 years. However, it is known that GFR 
decreases with age (Delanaye et al., 2012; Wetzels et al., 2007). 
Wetzels et al. (2007) have determined eGFR per 5-year age groups for 
Dutch men and women. The median eGFR in Caucasian non-diseased 
adults from 50 to over 85 years of age decreased from 78 to 65 and 71 
to 61 mL/min/1.73m2 for males and females, respectively. 
Therefore, it is not remarkable that the eGFR of our population between 
52-90 year is lower than that of a population older than 20 years of age. 
In addition, an eGFR lower than the cut-off value of 60 mL/min/1.73m2 
does not necessarily indicate an underlying pathology in the elderly 
(Delanaye et al., 2012). Thus, a BMDL5 for the nephrotoxicity of lead, 
based on a reduction in the estimated glomerular filtration rate (eGFR) 
to values below 60 mL/min/1.73m2, might be a conservative BMDL for 
the elderly. 
 
In our study, we found a negative correlation between eGFR and lead 
concentrations in blood, with simultaneously a positive correlation 
between the eGFR and creatinine corrected cadmium concentrations in 
urine. This is in accordance with the results of Buser et al. (2016). These 
authors suggest that changes in renal function and protein excretion can 
result in lower levels of urinary cadmium and lead (Buser et al., 2016). 
In other words, as a result of a reduced eGFR by high blood lead 
concentrations, the total filtration of cadmium and lead decreases. This 
phenomenon of ‘reversed causality’ (Akerstrom et al., 2013; Buser et 
al., 2016; Chaumont et al., 2012) can explain our findings (i.e. the 
relation of a low eGFR to high levels of lead in blood, and simultaneously 
low levels of cadmium in urine). 
 
Eom et al. (2017) found a negative correlation between urinary 
cadmium and eGFR. Yet, both the blood lead concentrations as the 
urinary cadmium concentrations in this study in Korean adults were 
considerably higher (geometric mean concentrations of 1.36 µg/g 
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creatinine in women and 0.82 µg/g creatinine in men) than the urine 
concentrations in our study. No information on the blood cadmium 
concentration was provided. It appears that reversed causality may not 
be sustained when the exposure to the heavy metals is (very) high. 

Conclusions 
In our study NAG and eGFR were promising effect biomarkers, in 
respectively urine and blood, to study nephrotoxic effects of cadmium 
and lead. Urinary cadmium concentration is positively correlated to NAG, 
regardless of the urine correction method. A negative correlation 
between the lead concentration in blood and the eGFR, and a positive 
correlation between the creatinine corrected cadmium concentration in 
urine and the eGFR, was observed. 

For A1M and B2M a lower quantification limit is necessary to evaluate 
their use as a biomarker of effect. The current risk assessment of 
cadmium and lead is based on the effect biomarkers B2M and eGFR, 
respectively. Based on the results of this study we can only confirm that 
eGFR is a useful effect biomarker to assess the risk related to the 
nephrotoxic effect of lead exposure. 

Current measures to control the exposure to cadmium and lead 
The European Union set maximum levels for cadmium and lead in 
certain foodstuffs to protect public health (EU No 2023/915). The 
compliance of food products to these maximum levels are monitored by 
the Netherlands Food and Consumer Product Safety Authority (NVWA). 
For cadmium, the European Union set maximum limits for, among other 
products, vegetables and fruit, fungi, cereal grains, cocoa and chocolate 
products, animal products such as meat and offal, fish, infant formulae 
and certain baby foods and food supplements. For lead, maximum limits 
are set for, among other products, raw milk animal products such as 
meat and offal, fish, crustaceans and molluscs, vegetables and fruit, 
wine, infant formulae and food supplements.  
RIVM recommends to maintain the ongoing monitoring of food to ensure 
that the exposure to cadmium and lead through food is as low as 
possible. Furthermore, it is worthwhile to investigate the consequences 
of the combined exposure to cadmium and lead on the kidney function.  
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5 Conclusions 

By using human biomonitoring (HMB) data, the (total) external exposure 
of cadmium and lead in participants of the Doetinchem Cohort Study 
(adults and elderly) was calculated and compared to Dutch dietary 
exposure estimates. Especially for the median exposure ranges, the 
calculated external exposure using HBM data reflected the dietary 
exposure assessments very well. At the higher exposure ranges (P95), 
the external exposure using HBM data was higher compared to the 
dietary exposure assessments. This was most likely a result of exposure 
via other routes, like tobacco smoking, that were not considered in the 
dietary exposure assessments. Therefore, HBM can be regarded as an 
adequate tool to estimate the total exposure of cadmium and lead. 
 
The urinary cadmium concentrations in the participants of the 
Doetinchem Cohort Study hardly exceeded the urinary HBM guidance 
value (HBM-GV). Therefore, no adverse health effects are expected for 
this study population at Doetinchem as a result of the exposure to 
cadmium. Our analysis of a typical effect biomarker (NAG) for kidney 
dysfunction (i.e. proximal tubular damage) confirmed this conclusion. 
 
There is no HBM guidance value for lead in blood. The median blood lead 
levels of the participants did not exceed the lower confidence limit of the 
benchmark dose (BMDL) for chronic kidney disease, but high lead 
concentrations (P95) did. In agreement, high blood lead levels 
contributed to a small extent to the age dependent decrease of the 
glomerular filtration rate (GFR). Therefore, it seems worthwhile to 
investigate whether the negative effect of lead on the GFR could be used 
to derive an HBM-GV. 
 
Our data clearly confirms earlier findings that tobacco smoking 
contributes to the additional exposure to cadmium, which can be 
observed in elevated urine and blood concentrations of cadmium in 
smokers. In addition, tobacco smoking contributes to higher 
concentrations of lead in blood, but not (significantly) in urine. 
 
We also investigated possible relations between heavy metal exposure 
and effect biomarkers. Concentrations of cadmium in urine and lead in 
blood were significantly correlated with, respectively, NAG and the GFR. 
In contrast to lead, the observed cadmium concentrations did not have a 
measurable (adverse) effect on the kidney function. Nevertheless, it is 
not clear what the effect of a combined exposure to cadmium and lead 
(and other nephrotoxic metals) will be on the kidney function. 
 
In addition, urinary cadmium and blood lead concentrations observed in 
our study population are similar or below the levels of comparable 
population groups in other European countries. 
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Annex 1 

Sample size calculations for the intake of lead and cadmium 
 
Introduction 
The following is the report for the sample size calculations for the intake 
of lead (Pb) and cadmium (Cd). The question posed is how many people 
are needed to demonstrate with sufficient certainty that the values of 
lead in the blood or Urinary Cadmium, as calculated on the basis of food 
intake, are not greater than the measured values of lead in the blood or 
Urinary Cadmium (one-sided test). Or to show that the calculated lead 
or cadmium values are the same as the measured lead or cadmium 
values (two-tailed test). Such tests are based on two distributions: 

• the distribution of the values of lead in the blood or urinary 
cadmium as calculated from values of the intake of lead and 
cadmium through food in the Dutch population. For this we need 
an algorithm to translate the intake values to the values of lead 
in the blood or urinary cadmium. 

• the distribution of the measured values of lead in the blood in the 
Dutch population 

 
Settings for sample size calculations 
A sample size calculation is based on a number of (reasoned) 
assumptions. Several things have to be specified in advance (see also 
the WikiStatistiek): 

1. The desired power of the study (1-𝛽𝛽). The power determines the 
probability 𝛽𝛽, one is willing to accept to miss an actual effect in 
the study. Usually a power of 80% is chosen, as is the case here. 

2. The desired level of significance (𝛼𝛼). This 𝛼𝛼 level is the chance 
one is willing to accept to erroneously conclude that an effect is 
present. Usually a significance of 5% is chosen. 

3. One-sided or two-sided test. Do you only check the difference to 
be positive, or do you keep in mind that a group can be both 
worse and better than the other? Here we will perform 
calculations for both tests. One-sided, because this was the 
primary question. Two-sided because later on it was asked for, as 
this is more common. 

4. Expected relevant difference. What difference are we looking for? 
Little can be said about this beforehand, therefore we will look at 
a whole series of possible differences. 

5. Expected spread/standard deviation. How much variation 
between the subjects in the same group is expected? We will use 
variation from published studies on this topic. 

6. Which statistical test. Which test is used for the analysis of the 
study? After a transformation and a derivation, a two-sample T-
test is used for testing. 

7. Lost to follow up. An assumption is made of how many persons 
will be lost for the analysis, so that you can correct for this in the 
sample size calculation. But that is actually logical. No idea what 
the expected dropout is. Usually a margin of safety of 20% is 
taken. In this case, however, this is not directly applicable, 

https://wikistatistiek.amc.nl/index.php/Poweranalyse#Welke_informatie_heb_ik_nodig_voor_een_power_analyse.3F
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because we can sequentially take more measurements until we 
have the required number of measurements. 

 
Lead (Pb) 
Intake of lead via food 
For the intake of lead via food, the following figures are obtained from 
table 2 of the RIVM letter report 2016-0206: ‘Dietary exposure to lead in 
the Netherlands’ by P.E. Boon, J.D. te Biesebeek and G. van 
Donkersgoed: 
P50 = median value = 0.41 [0.39-0.45] 
P95 = 95th percentile = 0.70 [0.66-0.80] 
𝜇𝜇gram per kg of body weight. 
For the calculation of the values of lead in the blood, we actually need 
the distribution of the intake in 𝜇𝜇gram per day and not in 𝜇𝜇gram per kg 
of body weight. Marco Zeilmaker provided the following figures for the 
distribution in 𝜇𝜇gram per day: 
P50(intake) = 28.7 
P95(intake) = 51.8 
 
Formula for calculated values of lead in the blood 
Based on the percentiles for the intake, we can calculate the percentiles 
for the values of lead in the blood by using the formula from the article 
‘Predicting blood lead concentrations from environmental concentrations’ 
by James C.Carlisle and Michael J.Wade: 
lead value in the blood = 0.4 * (intake of lead due to food + intake of 
lead by other sources). 
The intake by other sources is estimated at 1.4. 
The calculated percentiles for the values of lead in the blood then 
become: 
P50 (Pb calculated) = 12.04 𝜇𝜇g/L 
P95 (Pb calculated) = 21.28 𝜇𝜇g/L 
Under the assumption that value of lead in the blood follows a lognormal 
distribution, the entire distribution can be characterized based on these 
data. The log(lead blood value) is normally distributed with parameters 
𝜇𝜇 = median = log(P50) = 3.357 and 𝜎𝜎 = 𝑙𝑙𝑙𝑙𝑙𝑙(𝑃𝑃95)−𝑙𝑙𝑙𝑙𝑙𝑙(𝑃𝑃50)

1.645
 = 0.346. These 

are also the parameters for the lognormal distribution of the calculated 
values of lead in the blood in the NL population. 
NB: according to the Carlisle and Wade article, the distribution of 
(calculated) values of lead in the blood should have a GSD (= 
[geometric standard deviation] (https://en.wikipedia.org/wiki/Log-
normal_distribution#Geometric_moments)) = 𝑒𝑒𝜎𝜎) of 1.42. Or 
equivalently: 𝜎𝜎 = 0.351. That is awfully close to the above-calculated 
value for the standard deviation. We therefore assume that the 
calculated 𝜎𝜎 is the correct one. 
 
Measured values of lead in the blood 
On the other hand, the distribution of observed values of lead in the 
blood in the NL population is necessary. However, figures of lead in the 
blood from the NL population are not available. The article ‘Internal 
exposure to pollutants measured in blood and urine of Flemish 
adolescents in function of area of residence’ by Schroijen et al. provides 
characteristics for the measured values of lead in the blood of the 

http://nl.sitestat.com/rivm/rivm-nl/s?link.documenten_en_publicaties.wetenschappelijk.rapporten.2017.mei.dietary_exposure_to_lead_in_the_netherlands&ns_type=pdf&ns_url=http://www.rivm.nl/dsresource?objectid=1c88c41e-eaec-4fdf-b53a-86b1ab53db7e&type=pdf&disposition=inline
http://nl.sitestat.com/rivm/rivm-nl/s?link.documenten_en_publicaties.wetenschappelijk.rapporten.2017.mei.dietary_exposure_to_lead_in_the_netherlands&ns_type=pdf&ns_url=http://www.rivm.nl/dsresource?objectid=1c88c41e-eaec-4fdf-b53a-86b1ab53db7e&type=pdf&disposition=inline
http://www.sciencedirect.com/science/article/pii/027323009290008W?via%3Dihub
https://en.wikipedia.org/wiki/Log-normal_distribution#Geometric_moments
https://en.wikipedia.org/wiki/Log-normal_distribution#Geometric_moments
http://www.sciencedirect.com/science/article/pii/S0045653507014701?via%3Dihub
http://www.sciencedirect.com/science/article/pii/S0045653507014701?via%3Dihub
http://www.sciencedirect.com/science/article/pii/S0045653507014701?via%3Dihub
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Belgian population, which are used here as an approximation for the 
distribution of values of lead in the blood in the NL population: 
P10 (Pb measured) = 9.9 𝜇𝜇g/L 
P50 (Pb measured = 22.0 𝜇𝜇g/L 
P90 (Pb measured) = 45.4 𝜇𝜇g/L 
According to the earlier assumption, the values of lead in the blood are 
lognormal distributed. Based on the characteristics of the measured 
values of lead in the blood, we can again characterize the entire 
distribution. The log(values of lead in the blood) are normally distributed 
with 
 
𝜇𝜇 = median = log(P50) = 3.091 and 
𝜎𝜎 = 𝑙𝑙𝑙𝑙𝑙𝑙(𝑃𝑃90)−𝑙𝑙𝑙𝑙𝑙𝑙(𝑃𝑃10)

2∗1.282
 = 0.595. 

 
Again, these parameters are also the parameters for the lognormal 
distribution of the measured values of lead in the blood in the NL 
population. 
 
Sample size on log scale 
Both lognormal distributions in a figure: 

 
The log-transformed values of the calculated and measured values of 
lead in the blood are both normally distributed with their own standard 
deviation (or variance). Based on normal distributions, it is 
straightforward to calculate a sample size corresponding to a difference 
𝛿𝛿 to be detected between the two averages (ie on a log scale). The 
formula for the sample size in a two-sample T-test is: 
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𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = (𝜎𝜎12 + 𝜎𝜎22) ∗ (𝛷𝛷−1(.975) − 𝛷𝛷−1(.2))2/(𝛿𝛿2), 
 
for a two-sided test and the almost identical formula 
 
𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = (𝜎𝜎12 + 𝜎𝜎22) ∗ (𝛷𝛷−1(.95) −𝛷𝛷−1(.2))2/(𝛿𝛿2), 
 
for a one-sided test. 𝛷𝛷−1 is the inverse of the standard normal 
distribution and 𝜎𝜎12 and 𝜎𝜎22 are the variances of the log-transformed 
calculated values of lead in the blood and the log-transformed measured 
values of lead in the blood, respectively. Those 𝜎𝜎1 and 𝜎𝜎2 are known (see 
above). 
For different values of . 1 ≤ 𝛿𝛿 ≤ 1 we can calculate the corresponding 
sample size 𝑛𝑛 (per group): 
delta two-sided test one-sided test 
0.1 372 293 
0.2 93 74 
0.3 42 33 
0.4 24 19 
0.5 15 12 
0.6 11 9 
0.7 8 6 
0.8 6 5 
0.9 5 4 
1.0 4 3 

 
Sample size for values of lead in the blood 
Unfortunately, a distance of 𝛿𝛿 between the averages of log-transformed 
values of lead in the blood is difficult to interpret. There is however a 1-
to-1 relationship between a distance of 𝛿𝛿 on a log scale and a factor (or 
ratio) of 𝛥𝛥 on the original scale of the lead blood values. This 
relationship does depend on 𝜎𝜎1 and 𝜎𝜎2, namely: 
 
𝛿𝛿 = log(𝛥𝛥) − (𝜎𝜎22 − 𝜎𝜎12)/2. 
 
See the appendix for the derivation of this formula. 
So for a certain factor 𝛥𝛥 between the mean values of lead in the blood 
we can determine a corresponding difference 𝛿𝛿 between the mean log-
transformed values of lead in the blood, and thus calculate a sample size 
again. For a range of factors 1.1 ≤ 𝛥𝛥 ≤ 2 the sample size is 𝑛𝑛 (per group): 
factor two-sided test one-sided test 
1.1 7886 6212 
1.2 873 688 
1.3 177 139 
1.4 78 61 
1.5 45 36 
1.6 30 24 
1.7 22 18 
1.8 17 14 
1.9 14 11 
2.0 12 9 
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Graphically it looks like this:  

Cadmium (Cd) 
A similar question applies to the amount of Cadmium in the human 
body: how many people are needed to demonstrate with sufficient 
certainty that the distributions of Urinary Cadmium (U_Cd) as calculated 
on the basis of the food intake and as actually measured in the urine are 
the same? Or to prove the calculated U_Cd values are in any case not 
greater than the measured U_Cd values in the NL-population of adults. 
In order to be able to do the calculations, two distributions are required 
as with lead: 

• the distribution of the values of Urinary Cadmium as calculated 
from values of the intake Cd via food in the Dutch population. For 
this a model is needed to translate the Cd intake via food into a 
Urinary Cadmium content 

• the distribution of the measured values of Urinary Cadmium in 
the Dutch population 

 
The calculations are not checked as closely as with the samples for lead, 
because they largely come down to the same thing. 
 
The Cd intake via food in the Dutch population 
The RIVM report Dietary exposure to cadmium in the Netherlands RIVM 
Letter report 2015-0085 van R.C. Sprong and P.E. Boon provides 
information about this. Table 4 gives the median and the 95% percentile 
of the distribution of the Cd intake via food in the adult NL population: 
P50 = 0.26 𝜇𝜇gram per kg of body weight 
P95 = 0.50 𝜇𝜇gram per kg body weight. 
If it is assumed that this intake is lognormally distributed (see the 
relevant report), then in the same way as above for lead, the 

http://www.rivm.nl/bibliotheek/rapporten/2015-0085.pdf
http://www.rivm.nl/bibliotheek/rapporten/2015-0085.pdf
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parameters of the distribution can be estimated from these data. The 
log(Cd intake via food) is normally distributed with parameters 𝜇𝜇 = -
1.347 and 𝜎𝜎 = 0.398. These are also the parameters for the lognormal 
distribution of the Cd intake of the adult NL population. 
 
A model for calculated U_Cd values 
A model to translate the Cd intake by food into a Urinary Cadmium 
content (i𝜇𝜇gram per gram of creatinine) can be found in eq 5 (with 
corresponding parameters in Table 2) of the article from Amzal et al: 
Population Toxicokinetic Modeling of Cadmium for Health Risk 
Assessment Environ Health Perspect. 2009 Aug;117(8):1293-301. doi: 
10.1289/ehp.0800317. 
 

𝑈𝑈_𝐶𝐶𝐶𝐶(𝑎𝑎𝑎𝑎𝑎𝑎) =
𝑓𝑓𝑢𝑢 × 𝑓𝑓𝑘𝑘
log(2)

× 𝑑𝑑 × 𝑡𝑡1/2

[1 − exp(− log(2) × 𝑎𝑎𝑎𝑎𝑎𝑎
𝑡𝑡1/2

)]

[1 − exp(− log(2)
𝑡𝑡1/2

)]
, 

 
where 𝑑𝑑 is the cadmium intake, 𝑡𝑡1/2 the half-life of cadmium in the NL 
population and 𝑓𝑓𝑢𝑢 × 𝑓𝑓𝑘𝑘 a constant. 
There are two complications: 
a. the distribution of the half-life of cadmium in the population plays a 

role in this model. Fortunately, the parameters of this (lognormally 
distributed) quantity are given in the article of Amzal et al., so that 
we can characterize the distribution. 

b. According to the model, urinary cadmium content is age-
dependent. Fortunately, the model flattens off at a higher age, so 
that we can use the approximate height of the flattening in the 
model. 

The distribution of 𝑑𝑑 is lognormal and that of 𝑡𝑡1/2 too. The product of 2 
lognormal distributions is also lognormal, with the 𝜇𝜇 being the sum of 
the individual 𝜇𝜇’s and the 𝜎𝜎2 the sum of the individual 𝜎𝜎2’s. 
With the estimated distribution of 𝑡𝑡1/2 from the Amzal article, the last 
term boils down to: 
 
[1 − exp(− log(2) × 𝑎𝑎𝑎𝑎𝑎𝑎

𝑡𝑡1/2
)]

[1 − exp(− log(2)
𝑡𝑡1/2

)]
≈ 17, 

 
After applying the model we find a lognormal distribution for the 
calculated U_Cd values with parameters 𝜇𝜇 = -1.027 and 𝜎𝜎 = 0.472. 
 
Measured Urinary Cadmium in the population 
Figures on measured Urinary Cadmium in the population are obtained 
from Table I of: Referentiewaarden voor biomerkers van blootstelling in 
het Vlaams humaanbiomonitoringprogramma, campagne volwassenen, 
3e Steunpunt. The mean U_Cd values and the 90% percentile were 
given from a random sample of the Flemish population. Assuming that 
the distribution of U_Cd values is lognormally distributed, the 
parameters and the entire distribution can also be estimated here. Yet 
something seems to go wrong here. The median U_Cd value reported is 
far too low (0.084) to be realistic. Presumably, this publication 

https://ehp.niehs.nih.gov/0800317/
https://ehp.niehs.nih.gov/0800317/
https://ehp.niehs.nih.gov/0800317/
https://ehp.niehs.nih.gov/0800317/
http://www.milieu-en-gezondheid.be/sites/default/files/atoms/files/Samenvatting%20volwassenen%20ref%20steunpunt%203.pdf
http://www.milieu-en-gezondheid.be/sites/default/files/atoms/files/Samenvatting%20volwassenen%20ref%20steunpunt%203.pdf
http://www.milieu-en-gezondheid.be/sites/default/files/atoms/files/Samenvatting%20volwassenen%20ref%20steunpunt%203.pdf
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incorrectly states that this is an average U_Cd value instead of a median 
U_Cd value. So with this assumption we actually find here: 
P50 = 0.397 𝜇𝜇g per gram of creatinine 
P90 = 0.800 𝜇𝜇g per gram of creatinine. 
With this data the parameters can be estimated, for which realistic U_Cd 
values are obtained: 𝜇𝜇 = -0.924 and 𝜎𝜎 = 0.547 
Both lognormal distributions in a graph: 

 
Sample size calculations 
Now that we have both lognormal distributions for U_Cd (calculated and 
measured), we are in a situation where we can make a sample size 
calculation to be able to detect a certain difference in mean values with 
a power of 80% versus a one-sided or two-sided alternative. With a 
one-sided alternative, we want to show that the calculated U_Cd value is 
certainly not greater than the measured U_Cd value. 
Just as with lead, a difference on the normal scale corresponds to a 
factor on the lognormal scale. A ratio 𝛥𝛥 of the mean (lognormally 
distributed) measured U_Cd values and the mean (lognormally 
distributed) U_Cd values must therefore be assumed and has to be 
transformed to a difference 𝛿𝛿 on the log-scale. In the end, the same 
formulas as in the sample size calculations for lead yield the following 
sample sizes per group: 
ratio one-sided test two-sided test 
1.1 985 1250 
1.2 155 197 
1.3 65 82 
1.4 37 46 
1.5 24 31 
1.6 18 22 
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ratio one-sided test two-sided test 
1.7 14 17 
1.8 11 14 
1.9 9 12 
2.0 8 10 

 
If we want to be able to detect a ratio of 1.1 (between measured and 
calculated U_Cd values), we need 1250 people per group (1 group with 
calculated U_Cd values based on food intake, and 1 group with 
measured U_Cd values). For detecting a ratio of 1.2, 197 individuals per 
group are needed. For a ratio of 1.5 only 31 per group and for a ratio of 
2 (the measured values are on average 2x as high/low as the calculated 
U_Cd values) then only 10 people are needed in each group. 
With a one-sided test, we need fewer people. A one-sided test of a ratio 
of 1.1 requires 985 persons per group. For a ratio of 1.2, 155 per group, 
for a ratio of 1.5, 24 per group and finally for detecting a ratio of 2, only 
8 people per group are required. 
Graphically: 
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Results combined 
When both sample size calculations of Pb and Cd are put together, we 
obtain the following figure: 

 
On a logarithmic scale:  
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Or in a table: 
Sample sizes per group 
ratio Pb one-sided Pb two-sided Cd one-sided Cd two-sided 
1.1 6212 7886 985 1250 
1.2 688 873 155 197 
1.3 139 177 65 82 
1.4 61 78 37 46 
1.5 36 45 24 31 
1.6 24 30 18 22 
1.7 18 22 14 17 
1.8 14 17 11 14 
1.9 11 14 9 12 
2.0 9 12 8 10 

 
Additional question: what is the factor (ratio) that can be 
detected with 300 persons per group? 
After consultation based on the above calculations it has been suggested 
that 300 people to do the measurements in blood/urine is a good 
number to start with. This raises the question: which ratio between two 
groups of measurements can still be detected with sufficient power using 
this number of individuals? Based on the previous assumptions and 
derived formulas we find the following ratios with a significance of 5% 
and a power of 80% with 300 people per sample/group: 
Ratio to be detected between calculated values and measured values (of 
Pb and Cd) 
number Pb one-sided Pb two-sided Cd one-sided Cd two-sided 
300 1.24 1.26 1.15 1.17 

 
Appendix: derivations 
If 𝑋𝑋1 ∼ 𝑁𝑁(𝜇𝜇1,𝜎𝜎12) and 𝑋𝑋2 ∼ 𝑁𝑁(𝜇𝜇2,𝜎𝜎22), it follows that: 
𝑌𝑌1 = exp(𝑋𝑋1) ∼ 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝜇𝜇1,𝜎𝜎12) and 𝑌𝑌2 = exp(𝑋𝑋2) ∼ 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝜇𝜇2,𝜎𝜎22). 
One can interpret 𝑌𝑌1 and 𝑌𝑌2 as follows: 𝑌𝑌1 are the calculated values of 
lead in the blood and 𝑌𝑌2 are the measured values of lead in the blood. 
If 𝐸𝐸(𝑋𝑋2) − 𝐸𝐸(𝑋𝑋1) = 𝜇𝜇2 − 𝜇𝜇1 = 𝛿𝛿 and thus 𝜇𝜇2 = 𝜇𝜇1 + 𝛿𝛿 then it yields that (also 
using these formulas): 
 
𝛥𝛥 = 𝐸𝐸(𝑌𝑌2)/𝐸𝐸(𝑌𝑌1) = exp(𝜇𝜇2 + 𝜎𝜎22/2)/exp(𝜇𝜇1 + 𝜎𝜎12/2) = 
exp(𝜇𝜇1 + 𝛿𝛿 + 𝜎𝜎22/2)/exp(𝜇𝜇1 + 𝜎𝜎12/2) = exp(𝛿𝛿 + (𝜎𝜎22 − 𝜎𝜎12)/2) 
 
In other words: 
𝛿𝛿 = log(𝛥𝛥) − (𝜎𝜎22 − 𝜎𝜎12)/2. 

https://en.wikipedia.org/wiki/Log-normal_distribution#Arithmetic_moments
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Inleiding 
In 2018 worden in de nieuwe Doetinchem ronde bloed- en 
urinemonsters genomen voor het bepalen van zware metalen (cadmium 
en lood) en biomarkers voor het effect van zware metalen op de 
nierfunctie (bepaalde eiwitten in bloed en urine). 
Voor het bepalen van cadmium en lood in bloed wordt volbloed gebruikt 
en voor de analyse in urine wordt ochtendurine gebruikt. Voor het 
bepalen van de effect-biomarkers wordt serum en ochtendurine 
gebruikt. 
 
Bloed 
Cadmium en lood 
Voor het bepalen van cadmium en lood in volbloed wordt een speciale 
Lithium Heparine buis gebruikt (Sarstedt, S-monovette buis met oranje 
dop, geschikt voor metaalanalyse, volume 7,5 ml: Sarstedt 
SARS01.1604.400). De bloedafname is hetzelfde als bij de andere 
Sarstedt buizen. In dit geval wordt ongeveer 7,5 ml bloed afgetapt en 
de buis wordt voorzichtig minstens 5 maal gezwenkt. Het zwenken is in 
dit geval wellicht kritischer als bij de andere buizen omdat uit 
betrouwbare bron is vernomen dat dit type buis eerder aanleiding geeft 
tot de vorming van microstolsels dan bv. een EDTA buis. Helaas heeft 
Sarstedt echter geen EDTA buizen die een gegarandeerd laag gehalte 
aan cadmium en lood bevatten. Omdat voor de analyse van cadmium en 
lood volbloed in bewerking wordt genomen moeten deze bloedbuizen 
dus NIET worden gecentrifugeerd. Na het zwenken kunnen ze rustig 
even bij kamertemperatuur worden bewaard voordat ze in de koelkast 
worden bewaard. Vlak voor het plaatsen in de koelkast graag nogmaals 
enkele malen zwenken. Deze bloedbuizen hoeven verder geen 
behadeling meer te ondergaan. Ze hoeven zelfs niet meer te worden 
diepgevroren, ze kunnen tot het transport in de koelkast worden 
bewaard. 
 
Effect-biomarkers 
Voor het bepalen van de effect biomarkers (albumine, creatinine, 
cystatine C en beta2-microglobuline) worden de serumbuizen (Sarstedt 
buizen met de witte dop, volume 7,5 ml: SARS01.1601.001) gebruikt. 
Het serum wordt na centrifuge, zoals gebruikelijk, gepipetteerd in 
cupjes. De serum cupjes worden ingevroren bij -20 °C. De klinisch-
chemische analyses worden uitgevoerd door het Klinisch Chemisch 
Laboratorium (KCL) van het Erasmus MC te Rotterdam. 
 
Urine 
Cadmium en lood + Effect-biomarkers 
Voor het bepalen van de zware metalen en de effect-biomarkers in urine 
wordt maar één type buis gebruikt en wel de BD Vacutainer buis met 
blauwe dop (Royal Blue) van 6 ml, deze bevat EDTA. Verwijder de witte 
sticker op het gele deksel van het urinepotje (Greiner). In de uitsparing 
onder de witte sticker zit een naald en de BD buis wordt hier op geprikt. 
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Vervolgens wordt van elk urinepotje 3 buizen gevuld met urine en deze 
worden 5 maal gezwenkt (als ware het een bloedbuis). Eén buis dient 
voor de analyse van cadmium en lood, een buis voor de klinisch-
chemische analyse en een buis dient als reserve. Nadat de 3 buizen zijn 
gevuld wordt het deksel van het potje gedraaid en wordt mbv. een pH-
papiertje (indicatorstaafje met meerdere kleuren) de pH afgelezen aan 
de hand van de stalenkaart op het doosje en genoteerd. Hierna kan de 
overige urine worden afgevoerd. De 3 buizen worden in de koelkast 
bewaard en ingevroren bij -20 °C op het moment dat de serum cupjes 
ook worden ingevroren. 
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Instructie voor opvangen van ochtendurine. 
 
Vang op de dag dat u de afspraak voor de Doetinchem Studie heeft uw 
ochtendurine op (= de eerste urine na uw slaap). Tip: Zet het potje de 
avond ervoor alvast klaar op het toilet als herinnering. 
 

1. Laat de witte sticker op het deksel zitten. (anders gaat het potje 
lekken.)  

2. Draai de gele deksel van het urinepotje.  
3. Vang de urine op in het potje door dit in de plasstraal te houden.  
4. Vul het potje tot ongeveer de helft. Indien het minder is, is dat 

geen punt. U hoeft het niet bij te vullen op een later moment.  
5. Draai het deksel er weer op.  
6. Stop het potje in het ondoorzichtige plastic zakje.  
7. Plaats het zakje met het potje in de koelkast tot vertrek naar de 

GGD.  
8. Neem het zakje met het potje mee naar de GGD – Doetinchem 

Studie en geef het aan de onderzoeksmedewerker. 
 
Het gebruik van het Vacuette urinepotje: 
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Urine 
Sample collection 
Containers for urine collection (Greiner Bio-One 724310) were prepared 
before use as follows: the containers were filled completely with 2% 
nitric acid, capped and left for 4 hours at room temperature. They were 
then washed with water, air-dried (upside down), capped and send out 
for sample collection. From the urine collected in these containers, three 
vacutainer tubes (Becton Dickinson 368381) were filled with the urine 
sample and stored at -20 °C for analysis. 
 
Analysis 
Urine samples were thawed and homogenized. 1 mL of urine was mixed 
with 4 mL of 2% (w/v) nitric acid. Calibration samples in the range 0.1 
µg/L - 0.5 µg/L were prepared by dilution of 10 mg/mL standards with 
2% nitric acid. For quality control purposes, certified reference material 
(human urine, NIST SRM 2688) was included in every analysis series. 
Samples were analysed using a Thermo Scientific iCAP RQ ICP-MSMS in 
standard mode. Dwell times for the different ions are shown in table 1. A 
sample loop with 1 mL volume was used, and the sample was mixed on-
line in 1:1 ratio with an internal standard solution containing 0.1 µg/L 
indium and 0.15 µg/L iridium. Lead was calculated as the sum of 206Pb, 
207Pb and 208Pb using 193Ir as internal standard. Cadmium was quantified 
by its 112Cd isotope, using 115In as the internal standard. Interference by 
112Sn at m/z=112 was corrected by subtracting -0.0400495* 118Sn. 
Interference at m/z=115 by 115Sn was corrected by subtracting -
0.0148637* 118Sn. All samples were processed and measured twice, on 
different days. Samples with concentrations that exceeded the highest 
calibration sample were remeasured using an extended range of 
calibration samples. 
 
Blood 
Sample collection 
Upon arrival at RIVM, blood collected in Sarstedt SARS01.1604.400 
lithium heparin tubes were stored at -20 °C. 
 
Analysis 
Blood samples were thawed and homogenized. 750 µL of blood was 
mixed with 75 µL internal standard solution (containing 0.1 µg/L indium 
and 0.15 µg/L iridium) and 750 µL of a 7:3 (v/v) mixture of 65% (w/v) 
nitric acid and 30% (w/v) hydrogen peroxide. The samples were left at 
room temperature for 5 minutes, and then subjected to microwave-
assisted digestion. The digested samples were transferred to clean 
sample tubes and diluted to 7.5 mL with water. Calibration samples 
containing 0.05- 0.2 µg/L of cadmium and 2-8 µg/L of lead were 
prepared from 10 mg/mL standard solutions. For quality control 
purposes, certified reference material (human blood, JRC BCR634, 
purchased from Sigma-Aldrich) was included in every analysis series. 
Samples were analysed using a Thermo Scientific iCAP RQ ICP-MSMS in 
standard mode. Dwell times for the different ions are shown in table 1. 
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Lead was calculated as the sum of 206Pb, 207Pb and 208Pb using 193Ir as 
internal standard. Cadmium was quantified by its 112Cd isotope, using 
115In as internal standard. Interference by 112Sn at m/z=112 was 
corrected by subtracting -0.0400495* 118Sn. Interference at m/z=115 
by 115Sn was corrected by subtracting -0.0148637* 118Sn. All samples 
were processed and measured twice, on different days. Samples with 
concentrations that exceeded the highest calibration sample were 
remeasured using an extended set of calibration samples. 
 
Table 1 MS/MS dwell times 
Identifier Dwell time (S) 
98Mo(STD) 0.01 
98Mo(KED) 0.01 
105Pd(STD) 0.01 
105Pd(KED) 0.01 
110Cd(STD) 0.1 
110Cd(KED) 0.1 
111Cd(STD) 0.1 
111Cd(KED) 0.1 
112Cd(STD) 0.1 
112Cd(KED) 0.1 
114Cd(STD) 0.1 
114Cd(KED) 0.1 
115In(STD) 0.1 
115In(KED) 0.1 
116Cd(STD) 0.1 
116Cd(KED) 0.1 
118Sn(STD) 0.01 
118Sn(KED) 0.01 
191Ir(STD) 0.1 
191Ir(KED) 0.1 
193Ir(STD) 0.1 
193Ir(KED) 0.1 
206Pb(STD) 0.1 
206Pb(KED) 0.1 
207Pb(STD) 0.1 
207Pb(KED) 0.1 
208Pb(STD) 0.1 
208Pb(KED) 0.1 
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Information on the statistical analyses (in Dutch) is upon request 
available by the first author: marcel.mengelers@rivm.nl 
  

mailto:marcel.mengelers@rivm.nl
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Figure S1 Distribution of the log transformed cadmium and lead concentrations in 
urine and blood. Urine concentrations are displayed as uncorrected (observed) 
data, specific gravity corrected data and creatinine corrected data.  
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Figure S2 Linear regression of the cadmium (left panels) and lead (right panels) 
concentrations in blood as a function of the concentrations in urine. 
Concentrations in urine have been uncorrected (top panels), creatinine corrected 
(mid panels) and specific gravity (SG) corrected (lower panels). Goodness of fit, 
as indicated as R2 are indicated in the graphs. Concentrations below LOD/Q have 
been excluded, total N=230 for cadmium and N=228 for lead.  
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Table S1 Summarised concentrations of urinary and blood levels of cadmium for 
non-smokers (38%) and smokers (8%). Samples analysed <LOQ/D were 
substituted by ½ LOQ/D. Data is displayed as uncorrected data (in µg/L), 
creatinine corrected data (µg/g creatinine) and specific gravity corrected data 
(expressed as a factor).  
Urine 
Correction Smoking 

status 
AV SD GM P50 P95 

Uncorrected 
 

Non-
smoking 

0.22 0.20 0.13 0.21 0.54 

 Smoking 0.47 0.22 0.40 0.49 0.80 

Creatinine 
 

Non-
smoking 

0.27 0.29 0.18 0.23 0.66 

 Smoking 0.58 0.30 0.49 0.52 1.02 

Specific 
gravity 

Non-
smoking 

0.32 0.26 0.22 0.31 0.71 

 Smoking 0.69 0.37 0.58 0.61 1.33 
 
Blood 
Correction Smoking 

status 
AV SD GM P50 P95 

Uncorrected  Non-
smoking 

0.33 0.17 0.29 0.29 0.64 

 Smoking 0.99 0.67 0.82 0.79 2.37 
AV: average 
SD: standard deviation 
GM: geometric mean 
P50: 50th percentile (median) 
P95: 95th percentile 
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Table S2 Summarised concentrations of urinary and blood levels of lead for non-
smokers and smokers. Samples analysed <LOQ/D were substituted by ½ LOQ/D. 
Data is displayed as uncorrected data (in µg/L), creatinine corrected data (µg/g 
creatinine) and specific gravity corrected data (expressed as a factor). 
Urine 
Correction Smoking 

status 
AV SD GM P50 P95 

Uncorrected 
 

Non-
smoking 

0.72 2.13 0.28 0.41 1.45 

 Smoking 0.79 0.69 0.47 0.56 2.24 

Creatinine 
 

Non-
smoking 

1.02 3.76 0.40 0.54 1.99 

 Smoking 0.92 0.61 0.62 0.83 1.83 

Specific 
gravity 

Non-
smoking 

1.16 4.06 0.48 0.68 1.83 

 Smoking 1.12 0.93 0.93 0.86 2.42 
Blood 
Correction Smoking 

status 
AV SD GM P50 P95 

Uncorrected  Non-
smoking 

16.72 13.52 14.56 14.32 28.98 

 Smoking 20.81 11.62 18.55 17.38 47.74 
AV: average 
SD: standard deviation 
GM: geometric mean 
P50: 50th percentile (median) 
P95: 95th percentile 
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