
Exposure-risk relationship for 1,3-butadiene in BekGS 910 Page - 1 - 

- Committee on Hazardous Substances (AGS) – AGS Management - BAuA - www.baua.de - 

Exposure-risk-relationship for 1,3-butadiene (butadiene, BD)  

(CAS No. 106-99-0) 

 

1 Introduction 

1,3-Butadiene (H2C=CH-CH=CH2; CAS No. 106-99-0) has been classified in 
Carcinogenicity Category 1 in the EU (carcinogenicity and mutagenicity classification 
in Annex I of Directive 67/548/EEC: Carc.Cat.1; R45; Muta.Cat.2; R46). The MAK 
Commission also assessed butadiene as carcinogenic to humans (GREIM, 1998). 
The IARC (1999) classified butadiene in category 2A (probably carcinogenic to 
humans). The US EPA (2002a, b) classifies 1,3-butadiene as follows: “1,3-Butadiene 
is carcinogenic to humans by inhalation”. Until 2004, the Technical Guidance 
Concentration (Technische Richtkonzentration, TRK) for the segments ‘processing 
after polymerisation’ and ‘shipping‘ was 34 mg/m3 (15 ppm) and otherwise 11 mg/m3 
(5 ppm). Following the completion of the most recent MAK Justification (GREIM, 
1998), further publications have been published on epidemiological data. The 
Scientific Committee on Occupational Exposure Limits concluded that 1,3-butadiene 
(BD) should be treated as a human carcinogen acting through a genotoxic 
mechanism (SCOEL, 2003). Consequently and based on the epidemiological data 
available until 2001/2002, the SCOEL (2003) derived exposure-risk relationships and 
published model calculations especially for exposure-related leukaemia risks in case 
of a 40-year occupational exposure to 1 ppm BD. Until 2007, further epidemiological 
publications were added. For the present paper, the AK CM working group (Working 
Group “Limit Values and Classification of Carcinogenic and Mutagenic Substances”) 
determined an exposure-risk relationship while taking into account the most recent 
epidemiological information. It also considered the MAK Justification (GREIM, 1998) 
and the SCOEL Recommendation.  

 

2 Epidemiological overview on the carcinogenicity of 1,3-butadiene  

The epidemiological literature on 1,3-butadiene is relatively comprehensive. The 
respective current status of the follow-up of certain cohorts has been published at 
various times. For the quantitative risk assessment (QRA), the status of a larger 
North American cohort of persons employed in the production of synthetic rubber 
(styrene-butadiene-rubber, SBR) is of particular interest. The findings of this study 
have been published by MACALUSO et al. (1996), DELZELL et al. (2001), GRAFF et 
al. (2005), SATHIAKUMAR et al. (2005), CHENG et al. (2007) and SIELKEN et al. 
(2007) etc.. Detailed exposure analyses are available for this cohort with absolute 
data on butadiene concentrations and cumulative exposures. The data from this 
study have already been used internationally for quantitative risk assessments 
(STAYNER et al., 2000; US EPA, 2002a; SCOEL, 2003).  

Furthermore, epidemiological studies were conducted for butadiene monomer 
production. No absolute exposure data (i.e. ppm or mg/m3) were published in these 
studies; they can therefore not be used for the determination of exposure-risk 
relationships. The current status of the largest “monomer” cohort, a cohort of 
employees in a butadiene production plant in Texas, has been described in DIVINE 
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and HARTMAN (2001). Other, smaller cohorts have a very low number of cases 
(COWLES et al., 1994; WARD et al., 1995; TSAI et al., 2001). In a qualitative 
comparison of the findings in both production segments - synthetic rubber versus 
butadiene monomer -, the question particularly is which tumour locations are affected 
(ACQUAVELLA und LEONARD, 2001). In synthetic rubber production, the increase 
in leukaemia mortality is particularly apparent, and this is not apparent to the same 
extent in butadiene production. In contrast, this area of production shows a certain 
increase in mortality from other malignant neoplasms in lymphatic or haematopoietic 
tissue (i.e. lymphohematopoietic cancers = LHC). LANDRIGAN (1993) and GREIM 
(1998) referred to potential diagnostic uncertainties in the classification of certain 
LHC subgroups in the ICD code. Overlaps may therefore be possible between 
chronic lymphatic leukaemia and lymphosarcomas. A detailed comparison of the 
studies in the synthetic rubber and monomer productions is also described in 
ROLLER et al. (2006).  

 

3 Exposure-risk relationships for 1,3-butadiene using the studies in 
North American synthetic rubber production  

Tables 1 and 2 as well as Figures 1 to 3 show data from the studies by GRAFF et al. 
(2005) and CHENG et al. (2007). These publications are updates of the studies 
carried out by MACALUSO et al. (1996) and DELZELL et al. (2001). A more detailed 
presentation of the updated follow-up including external and internal analyses and a 
detailed description of the study methods can be found in DELZELL et al. (2006).  

A significant fact in GRAFF et al. (2005) and DELZELL et al. (2006) is that, in 
comparison to previous evaluations, these publications update the job-exposure 
matrix (JEM) and complement it by additional job tasks and information from expert 
interviews (in each case with an industrial hygienist and a chemical engineer as well 
as a group of engineers from one of the studied plants). The approach for the JEM 
modification was presented separately in a paper (MACALUSO et al., 2004). In the 
authors’ opinion, it may generally be assumed that the exposure assessment is 
better than in previous publications. The exposure estimates partly turn out to be 
considerably (up to 5 times) higher than in the original publication (cf. MACALUSO et 
al., 2004, Table VII). Against the background of the extended follow-up and the 
improved JEM in GRAFF et al. (2005), this publication must be regarded as the 
relevant analysis of this cohort and must be given preference in estimating 
exposures. Furthermore, 31 “doubles” (persons who were erroneously included with 
two separate entries) have been recombined in the current analysis. Eight men, who 
had worked less than one year in one of the plants, and one participant of the original 
study, who was later identified as a woman, did not fulfil the inclusion criteria and 
were therefore excluded from the updated analysis (DELZELL et al., 2006).  

Another recently published article from this cohort (CHENG et al., 2007) refers to 
workers in six plants. The authors calculate hazard-rate ratios using Cox's 
proportional hazards regression instead of the Poisson regression used by GRAFF et 
al. (2005). One argument for the use of a Cox regression is the calculation of a 
penalised spline regression which allows a continuous mapping of the exposure-
response relationship over the entire range of BD ppm-years. In the authors‘ opinion, 
hazard ratios will also be less susceptible to correlations between individual exposure 
variables. 
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The publication by SATHIAKUMAR et al. (2005) also refers to these workers, but it 
does not address quantitative exposure-risk relationships. In the studies of DELZELL 
et al. (2001), GRAFF et al. (2005) and CHENG et al. (2007), exposure-risk 
relationships have been described comprehensive and analysed with several 
variations. Tables 1 and 2 as well as Figures 1 to 4 are restricted to the variants 
which appear to be most meaningful for a quantitative risk assessment (QRA). It is 
important that the authors of these publications arrive at the decision that there is a 
significant association between leukaemia risk and cumulative butadiene exposure.  

 

Table 1:  Relative rate of leukaemia mortality as a function of the butadiene exposure 
category according to the study by GRAFF et al. (2005). 

Cumulative exposure,  
1,3-butadiene (BD)  

[ppm-Y] 

Leukaemia mortality 

Range Category 
meana 

Long-term 
mean, 

35 yearsa 
[ppm] 

Person-
years 

Ob-
served

RR(1)b 
(95%-CI) 

RR(2)c 
(95%-CI) 

0 0 0 116471 10 1 (reference 
category) 

1 (reference 
category) 

> 0 - < 33.7 16.85 0.48 154443 17 1.4 (0.7-3.1) 1.4 (0.5-3.9) 

33.7 -< 184.7 109.2 3.12 144109 18 1.2 (0.6-2.7) 0.9 (0.3-2.6) 

184.7 - < 425 304.9 8.71 49411 18 2.9 (1.4-6.4) 2.1 (0.7-6.2) 

 425.0 600 17.1 35741 18 3.7 (1.7-8.0) 3.0 (1.0-9.2) 

a Category mean calculated from the stated category limits for cumulative exposure, the value for the 
highest category is an estimate  

b Relative rate calculated by Poisson regression, multivariate model with the following variables: 
age, time since start of employment and butadiene exposure (CI = confidence interval) 

c Relative Rate calculated by Poisson regression, multivariate model with the following variables: 
age, time since start of employment, butadiene exposure, styrene exposure and DMDTC exposure 
(sodium dimethyldithiocarbamate) 
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Table 2: Relative rate of leukaemia mortality as a function of the butadiene exposure 
category according to the study by CHENG et al. (2007). 

Cumulative exposure,  
1,3-butadiene (BD)  

[ppm-Y] 

Leukaemia mortality 

Range Mediana 

Long-term 
mean, 

35 yearsb 
[ppm] Observed RRc 

(95%-CI)  
0 0 0 10 1 (reference category) 

> 0 - < 12.1 4.82 0.14 7 1.13 (0.43 - 2.98) 
12.1 -< 22.9 17.20 0.49 7 2.12 (0.81 - 5.56) 
22.9 - < 38.8 30.52 0.87 7 2.03 (0.77 - 5.34) 
38.8 - < 78.1 56.88 1.6 7 1.22 (0.47 - 3.22) 

78.1 - < 184.6 124.02 3.5 7 0.94 (0.36 - 2.46) 
184.6 - < 251.1 215.34 6.2 7 2.96 (1.13 - 7.79) 
251.1 - < 318.5 282.31 8.1 7 4.00 (1.52 - 10.51) 
318.5 - < 450.9 374.93 10.7 7 3.37 (1.28 - 8.86) 
450.9 - < 829.6 606.37 17.3 7 2.94 (1.12 - 7.73) 

 829.6 1852.59 52.9 8 3.84 (1.51 - 9.76) 
a Mean exposure as stated in CHENG et al. (2007)  
b Mean cumulative exposure per category divided by 35 years  
c Rate ratio calculated by Cox regression without considering co-variables such as the year of birth, 

race, plant and DMDTC exposure (CI = confidence interval) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1 Relative rates (RR) of leukaemia mortality as a function of butadiene 
exposure converted to average concentration over 35 years, based on data 
by GRAFF et al. (2005). We calculated the straight lines drawn into the 
Figure by linear regression. The ellipsoid shapes indicate that the data for 
the mean exposure value in the highest and thus open-ended category are 
associated with uncertainties. 

CHENG et al. (2007) evaluate various exposure models, whose outcomes partly 
show significant differences. BD exposure was studied in three scenarios: (1) 
cumulative BD-ppm years; (2) BD peaks >100 ppm, and (3) average exposure 
intensity to BD [ppm]. These three exposure indices were each broken down into BD 
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exposure deciles and analysed both as untransformed, cumulative exposure and as  
log-transformed cumulative BD variables. The authors generally found higher risks in 
the analyses for the deciles of untransformed BD variables. In the latter analysis, the 
influence of extreme exposure values was particularly high and may increase the 
slope of the regression line. A logarithmic transformation may reduce the influence of 
extreme exposure values.  

The observed differences between the analyses using a categorical or continuous 
exposure variable may be due to a misclassification, particularly in the higher 
exposure categories, biasing the exposure-response relationships in the higher 
exposure categories. Evaluations made to validate the exposure classification in the 
cohort indeed suggest that there is increased misclassification especially in these 
exposure categories (SATHIAKUMAR et al., 2007). As a misclassification across the 
entire exposure range cannot be totally excluded, however, CHENG et al. (2007) 
consider the untransformed exposure variables as most meaningful.  

Figures 2 and 3 contain graphs showing the association between cumulative BD 
exposure and relative leukaemia risk according to the various analyses performed by 
CHENG et al. (2007). In Fig. 2, the white data points are the RR values, which 
CHENG et al. (2007) calculated for the deciles of cumulative BD exposure. For 
comparative reasons, the corresponding values from the study of GRAFF et al. 
(2005) have also been plotted with this study differentiating between fewer exposure 
categories (no data point has been plotted in Fig. 2 for the highest, open-ended 
category in GRAFF et al., 2005). These RR values from CHENG et al. (2007) and 
GRAFF et al. (2005) are a very good match.  

The points in Fig. 2 and the broken line (fitted by linear regression and - adjusted to 
the data of CHENG et al., 2007 - without the top exposure category) suggest that a 
cumulative exposure of 200 ppm-years is associated with a doubling of the risk 
(relative risk of 2) and a cumulative exposure of 400 ppm-year is associated with a 
relative risk of 3. According to Table 2, the RR values in all five exposure categories 
with an average of more than 200 ppm-years are higher than 2.9 and show a 
statistically significant increase. For the calculation of a regression line, it appears to 
be particularly necessary to consider data up to a cumulative exposure of 600 ppm-
years. CHENG et al. (2007) mention average cumulative exposures of approx. 200 
and 400 ppm-years for employees without leukaemia and leukaemia cases 
respectively, the medians are 55 and 185 ppm-years respectively. The RR value for 
the highest category with its average of 1853 ppm-years appears to have limited 
meaning for the following reason. CHENG et al. (2007) calculate the 95th percentile 
of cumulative exposure with a value of 1123 years and comment: “Above these 
exposure levels, data were sparse (there were only four leukaemia decedents), and 
exposure–response trends were erratic”. 

Fig. 2 also contains the curves for the results of two continuous models developed by 
CHENG et al. (2007). The two curves have very different shapes and both run at a 
considerable distance to the “data points“, i.e. the RR estimations in the various 
categories. Fig. 3 contains a certain sectional enlargement of Fig. 2 and shows that 
one of the curves even runs outside the confidence interval of some points. In the 
assessment of this phenomenon, the mathematical properties of this continuous 
model function seem to be significant, i.e. an exponential function with a single 
parameter and thus a limited ability to model different dose-response relationships. 
This also results in considerably different model curves, which depend on the 
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transformation of exposure variables - i.e. untransformed or log-transformed, for 
example.  

Fig. 3 shows that the straight line which is fitted to the categorical data runs between 
the two continuous models, when the relevant exposure range for today's workplaces 
is considered, i.e. the range below 100 ppm-years (2.5 ppm, 40 years). As the course 
of the continuous models depends on the transformation of exposure variables and 
the corresponding uncertainties, we consider the RR values to be more meaningful 
which have been calculated for the individual exposure categories - and show a good 
match between the publications. This is also borne out by the following consideration: 
in this continuous model with untransformed exposure variables, the second-highest 
of the 10 exposure categories (606 ppm-years) has an RR value of only 1.2. 
According to CHENG et al. (2007), 95 % of the cumulative exposures were below 
approx. 1100 ppm-years (see above); the continuous model only shows an RR value 
of 1.4 (RR = e0.0029 · 1123 = 1.4) for this 95th percentile. According to the model, 2390 
ppm-years would be necessary to double the risk, i.e. a long-term mean of more than 
100 ppm with a full exposure over 20 years, for example. This is an obvious contrast 
to the finding that all five exposure categories with a mean of more than 200 ppm-
years are associated with RR-values of more than 2.9 and a statistically significant 
increase; consequently, the continuous models are excessively determined by their 
mathematical properties and therefore do not appear to be suitable for quantitative 
risk assessment.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Relative rates (RR) of leukaemia mortality as a function of butadiene 

exposure according to the data of CHENG et al. (2007; open circles, solid 
curves) and GRAFF et al. (2005; black dots). The broken line shows a line, 
which was fitted to the data of CHENG et al. (2007) by linear regression 
(without the highest exposure category; see text). 
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Fig. 3 Relative rates (RR) of leukaemia mortality as a function of butadiene 

exposure according to the data by CHENG et al. (2007), enlarged section: 
only exposure range up to 400 ppm-years; error bar: 95% confidence 
intervals.  

In the papers of DELZELL et al. (2001), GRAFF et al. (2005) and CHENG et al. 
(2007), there is a relatively detailed discussion of possible confounding by other 
agents such as styrene. A strong argument against considering styrene exposure as 
a reason for additional leukaemia cases is the relatively low level of exposure which 
is clearly lower than butadiene exposure. Styrene would have to show higher 
leukaemogenic potency than butadiene, but there is no empirical basis for this 
conclusion in other data. According to DFG (2006), the cancer risk of humans is not 
appreciable - even in case of longer occupational exposure to 20 ppm styrene (TLV). 
NEUMANN et al. (1997a,b) calculate the additional cancer risk of a 40-year 
occupational exposure to 20 ppm styrene (8 h/d, 5 d/w, 48 w/y) as being between 1.7 
and 7.5 x 10-5. This does not explain the increased risks of the present studies: the 
limit to the highest styrene exposure category in GRAFF et al. (2005) is 61.1 ppm-
years, for example, which corresponds to a 35-year exposure to only 1.7 ppm 
styrene. A non-appreciable risk induced by styrene (7.5 x 10-5 maximum) with a MAK 
of 20 ppm cannot apply simultaneously with a higher leukaemia risk (RR > 2) of 
epidemiological significance for a long-term mean of only 1.7 ppm. In contrast to 
GRAFF et al. (2005) or DELZELL et al. (2001), CHENG et al. (2007) performed their 
regression analyses without any adjustment for styrene.  

GRAFF et al. (2005) and CHENG et al. (2007) also studied whether the results would 
differ, when a latency of exposure was considered in the analysis. The results of 
CHENG et al. (2007) illustrate that the consideration of 5-, 10-, 15- and 20-year 
exposure latencies did not have a major influence on the results, when they were 
compared to the analysis made without considering a latency period.  

Using Figures 1-3, i.e. the exposure-risk relationships found in the studies, it is not 
possible to make a clear statement on the exact run of a curve excluding linearity. 
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This is no special characteristic of butadiene data. Normally, epidemiological studies 
on potential associations between chemical exposure and cancer risks do not allow 
any clear statements on certain curve characteristics for exposure-risk relationships 
in the range below a lifetime risk of 1 % (ROLLER et al., 2006). The slope 
coefficients of the straight line in Figures 1-3 indicate the allocation of a relative risk 
of 2 to a cumulative exposure of approx. 200 ppm-year or a long-term mean of 5 ppm 
over a period of 35 to 40 years. In GRAFF et al. (2005), the stated exposure-risk 
relationship is based only on exposures of less than or equal to 100 ppm is given 
additionally. As shown in Fig. 1, the slope coefficient is 0.31 per ppm and therefore 
higher than the slope coefficient calculated considering all exposure values. This is 
an argument against a special significance of exposure peaks of more than 100 ppm. 

 

Table 3:  Total mortality from malignant tumours (neoplasms) in lymphatic and 
haematopoietic tissue (ICD/9-codes 200-208) and from leukaemia (ICD/9-
codes 204-208) in the general male population of the United States 
between 1980 and 1990 (according to WHO data, 2003). 

Mortality in the USA (males; according to WHO, 2003) 
Malignant tumours (neoplasms) in lymphatic and 

haematopoietic tissue  
(in brackets: share of all) 

Year 
All causes  

ICD/9 200-208 ICD/9 204-208 
(leukaemia) 

 1980 1075078 20341 (1.89 %) 9193 (0.86 %) 
 1990 1113417 25504 (2.29 %) 10192 (0.92 %) 

 

Table 3 shows data for leukaemia mortality in the USA. For the quantitative risk 
assessment (QRA) of leukaemia, the data in Table 3 and the leukaemia rates from 
other countries allow us to use a value of 1 % for the absolute lifetime risk of non-
exposed males. This permits a conversion of the slope coefficients for the relative 
risk. According to Fig. 1, the result is a range between 0.16 and 0.31 % per ppm BD. 
In other words: a risk in a range between 1.6 to 1000 and 3.1 to 1000 following a 35-
year occupational exposure, when a limit value of 1 ppm is applied.  

This assessment shows a good alignment with other quantitative risk assessments. 
Data from the cohort study in synthetic rubber production published by DELZELL et 
al. (1996) were used by STAYNER et al. (2000) and the US EPA (2002a) for 
quantitative risk assessments. In addition to the linear model, STAYNER et al. (2000) 
also referred to other models for the relative rate, e.g. a log-linear model and an 
exponential model. The conversion from relative rates to excess risk (up to the age of 
85) was obviously made with the life table methodology using the age-specific 
mortality rates for leukaemia and all causes of the general male population in the US. 
Depending on the model, the authors state a range of results for the excess risk 
between 1 to 1000 and 8 to 1000 for a 45-year occupational butadiene exposure to 1 
ppm.  

Based on all available BD data at the time, the final report of BAuA project F1876 
recommends assuming a risk of 10 % resulting from 50 ppm BD; this corresponds to 
a risk of 2 to 1000 per 1 ppm (ROLLER et al., 2006).  

The SCOEL Recommendation concludes: “In a population of 1,000 adult males 
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experiencing a mortality rate similar to that of the male population of England and 
Wales, occupational exposure to 1 ppm of 1,3-butadiene for a working life (40 years 
between the ages of 25 and 65), will cause from 0.77 to 7.13 extra leukaemia deaths 
between the ages 20-85 years, in addition to the five leukaemia deaths expected to 
occur in the absence of exposure to 1,3-butadiene.”  

The recommendation in the BAuA Final Report is thus in the lower range of the 
SCOEL risk assessment between 0.77 to 1000 and 7.13 to 1000 per 1 ppm BD.  

 

4 Discussion of the risk assessment by SIELKEN and VALDEZ-
FLORES (2006) 

AK CM is in possession of a detailed report by SIELKEN and VALDEZ-FLORES 
(2006). Furthermore, there was a publication by SIELKEN et al. (2007) with a 
fundamentally identical argument highlighting the significance of BD exposure peaks 
of more than 100 ppm. However, numerical values of the results in SIELKEN et al. 
(2007) ultimately concern exposure in the general environment (365 days per year, 
24 hours a day). Consequently, the statements of the Sielken working group are 
discussed here using the paper of SIELKEN and VALDEZ-FLORES (2006), which 
solely concerns the situation at the workplace. It describes the results of a new 
analysis of the data from the North American synthetic rubber production cohort. The 
paper focuses especially on a quantitative risk assessment for the following scenario:  

– A person is exposed to BD at an age between 20 and 65 years.  

– Exposures dating back more than 40 years do not have an influence on the 
leukaemia risk.  

– The BD concentration is identical in each year of exposure. 

– There were no BD concentrations of more than 100 ppm, not even for short 
periods (so-called peaks). 

– The relative rate for leukaemia mortality shows a linear relationship to the (age-
related) cumulative exposure (RR = 1 + Beta1 * Cumulative Exposure). 

– The baseline hazard rate for leukaemia mortality and the survival function for 
competing risks are in line with the European data, which were also used by 
SCOEL. 

For this scenario and for the exposure value of 1 ppm, for example, SIELKEN and 
VALDEZ-FLORES (2006) calculate a risk of 0.029 leukaemia deaths per 1000 
exposed persons, i.e. a risk of approx. 3 to 100000, and, consequently, for the 
exposure value of 10 ppm, a risk of 0.29 per 1000 exposed persons, i.e. the risk of 
approx. 3 to 10000. These risk figures are considerably lower than all risk derivations 
described in Section 3. Comparing these values to the recommended value of 2 to 
1000 per 1 ppm, the result of 3 to 100000 per 1 ppm is lower by approx. 2 orders of 
magnitude. The results of SIELKEN and VALDEZ-FLORES (2006) have obviously 
been strongly influenced by the fact that the authors introduced a co-variable called 
“cumulative number of BD peaks” in their analysis. SIELKEN and VALDEZ-FLORES 
(2006) primarily note an influence of a person's age on the relative leukaemia rate as 
well as an influence of the cumulative number of BD peaks. If a multivariate 
regression analysis is used to adjust for these two variables - this is how the authors 
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must be understood -, only a comparatively low influence on relative risk remains for 
the cumulative BD exposure in ppm-years.  

Fig. 4 shows the results of GRAFF et al. (2005; single agent models) in comparison 
to the risk assessment by SIELKEN and VALDEZ-FLORES (2006). The relative risk 
ratios, which had been determined in the original papers for individual cumulative 
exposure categories, are plotted as point symbols over the class midpoints, the 
uncertainty inherent in the assumption of a “class midpoint“ in the highest, open-
ended category is depicted as an ellipsoid symbol. The straight lines are the result of 
the equation in SIELKEN and VALDEZ-FLORES (2006), RR = 1 + cumul. exposure x 
0.000189/ppm-years, which was calculated with adjustment for exposure peaks of 
more than 100 ppm.  

According to Fig. 4, the relative risks determined for the respective exposure 
categories do not seem to match the model of SIELKEN and VALDEZ-FLORES 
(2006), which is almost a horizontal line. It is hard to imagine that the association 
found in the works of MACALUSO et al. (1996), DELZELL et al. (2001), and GRAFF 
et al. (2005) between cumulative BD exposure and leukaemia risk, as it is illustrated 
in Fig. 4 by the “data points”, is only a fake resulting from the inclusion of exposure 
peaks. This is also less than plausible, as SIELKEN and VALDEZ-FLORES (2006) 
obviously gave the same weight to all “peaks” > 100 ppm irrespective of their 
duration and their actual level. A significant and dominant influence of peaks is also 
implausible, as GRAFF et al. (2005) also found an exposure-risk relationship which 
was attributable exclusively to concentrations of less than or equal to 100 ppm. They 
write (p. 922): “Results for partitioned butadiene ppm-years indicated that leukaemia 
was associated both with butadiene ppm-years due to intensities > 100 ppm and with 
butadiene ppm-years due to intensities ≤ 100 ppm (Table 5).” Mathematically, the 
slope of this exposure-risk relationship is even steeper than the exposure-risk 
relationship for all exposure concentrations (slope coefficient of 0.31 versus 0.16 
according to Fig. 1). 

The argument by SIELKEN et al. (2007) saying that their approach is more robust to 
measurement errors and bias, also seems to be doubtful. Non-differential 
overestimations of exposure in the papers of GRAFF et al. (2005) and CHENG et al. 
(2007) rather result in a weakening of the studied associations and thus to an 
underestimation of RR. 
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Fig. 4:  Comparison of the results in GRAFF et al. (2005; single agent model) and 

the risk assessment by SIELKEN and VALDEZ-FLORES (2006). 

 
5 Exposure-risk relationship for 1,3-butadiene in view of deriving an 

occupational exposure limit (OEL) 

It was concluded in Section 3 that an assessment of the epidemiological studies by 
GRAFF et al. (2005) and CHENG et al. (2007) in view of a quantitative relationship 
between the categories of cumulative BD exposure and the relative risk of leukaemia 
mortality results in a range for an exposure-related risk between 1.6 to 1000 and 3.1 
to 1000 after 35 to 40 years of occupational exposure and the application of a limit 
value of 1 ppm. The precision of the epidemiological data is not sufficient to 
determine the exact shape of an exposure-risk relationship in the range of long-term 
averages of 1 ppm, but the data can be reconciled with a linear connection in this 
range. In comparison to the earlier study by MACALUSO et al. (1996), the more 
recent study by GRAFF et al. (2005) is an indication of lower slope coefficients – 
within the stated range. When rounding the lower end of the above-mentioned range, 
the result corresponds to a risk of 2 to 1000 per 1 ppm. In establishing an exposure-
risk relationship for regulatory purposes, we therefore assume a linear relationship 
between BD exposure and lifetime leukaemia risk with the slope of the risk 
amounting to 2 to 1000 per ppm. This presupposes that butadiene was the primary 
cause of the increased leukaemia risk, as it is expressed in the EU classification and 
the MAK classifications, which are based on the epidemiological studies in the US 
synthetic rubber industry. 

An analysis by SIELKEN and VALDEZ-FLORES (2006) as well as SIELKEN et al. 
(2007) was also based on a linear relationship and resulted in a slope, which was 
lower by approx. 2 orders of magnitude. The assumption employed says that the 
empirically determined exposure-risk relationships are almost exclusively due to the 
number of exposure peaks above 100 ppm - irrespective of their duration and 
absolute amount -, but this cannot be reconciled with any plausibility with the data 
from the original epidemiological studies. Table 4 shows the association between the 
long-term averages of BD exposure and the leukaemia risk for selected exposure 
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and risk values - between a risk value of 1 to 100000 and the former Technical 
Guidance Value (TRK value) - on the basis of the above-mentioned exposure-risk 
relationship. 

 

Table 4:  Exposure-risk relationship for 1,3-butadiene according to the derivation by 
AK CM in view of the justification for an occupational exposure limit (OEL). 

Butadiene concentration, long-term mean,  
35 to 40 years of occupational exposure 

ppm µg/m3 

Exposure-related  
lifetime leukaemia risk  

15 33660 3 % 
5 11220 1 % 
2 4488 4 to 1000 
1 2244 2 to 1000 

0.5 1122 1 to 1000 
0.05 112 1 to 10000 

0.005 11 1 to 100000 
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