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Disclaimer:  

The information provided by this document is only meant to assist in a general way. This 
document does not provide nor replace any statutory requirements under any European, 
international or national state legislation. Before relying on the material, users should carefully 
make their own assessment as to its accuracy, currency, completeness and relevance for their 
purpose. We also advice users that they should obtain appropriate professional advice relevant 
to their particular circumstances.  



Preface 

Hazardous substances represent a potential health risk for employees in many industries. In 
order to keep the risk to humans as low as possible, the basic principle in occupational safety 
and health is to avoid the use of hazardous substances, substitute them with non-hazardous 
chemicals, or if this is not possible, reduce exposure to the lowest possible level. For this 
reason, it is important to define limit values up to which a hazardous substance poses no risk 
to human health according to current knowledge. 

For a long time, the industrialized nations have set occupational exposure limits (OELs) for a 
range of hazardous substances. For some chemical agents, the European Union specifies 
OELs. These must be met in the European countries, but the individual countries can also set 
lower OELs. 

To provide a basis for the derivation of occupational exposure limits, knowledge available to 
date is compiled. The hazard potential of a chemical agent can be assessed and a quantifiable 
risk for this substance can be derived. Here, the scientific summary of animal and human 
studies poses a challenge. 

In an international comparison, limit values for a hazardous substance can differ substantially. 
There are many reasons for this: the legislation differs between the countries and the scientific 
evaluation of studies does not necessarily follow a uniform methodology. The derivation of limit 
values is therefore usually a two-step procedure. In the first step, the scientific findings are 
summarized, and in the second step, they are adjusted with respect to country-specific norms 
and feasibility, such as the level of tolerable risk or socio-economic aspects, respectively. 
Variation could therefore be reduced if at least the scientific part of the derivation of limit values 
were performed according to a uniform methodology, independently of the legal situation in 
the different countries. 

Against this background, PEROSH, a European network of 14 national occupational safety 
and health research institutes, initiated a project with the aim of developing a best-practice 
solution for the scientific derivation of a dose-response relationship of hazardous substances. 
Based on the broad experience of the project group, a method paper was developed to define 
a procedure for the individual steps that is as uniform and scientifically validated as possible 
(comprehensive literature searches, qualitative selection and evaluation of the study results, 
systematic analysis of the data, derivation of a dose-response relationship, comparison of 
animal- and human-related results). 1,3-butadiene was chosen as an example substance 
according to this scheme, since it is widely used and a large number of toxicological and 
epidemiological studies of it have been published. 

With this report, the author group hopes to contribute to a consensus-based and harmonized 
procedure for the derivation of dose-response relationships of hazardous substances that 
enjoys broad consensus and application. 



Abstract 

Scientific risk assessment of chemical agents is based on the probability that an adverse health 
effect occurs at a defined exposure level. Hence, it is essential to quantify the risk to human 
health of occupational exposures. The occupational safety and health community aims to 
improve the methodology for risk assessment and derivation of dose-response relationships 
(DRRs). The joint research program of the PEROSH institutes (Partnership for European 
Research in Occupational Safety and Health) launched a project on DRRs and collaborated 
on the derivation of dose-response relationships for relevant chemical substances in order to 
promote knowledge transfer on risk assessment methodologies. 

Our Working Group DRR has developed a recommendation for the methodology for the deri-
vation of dose-response relationships for chemical substances as part of risk assessment. In 
a pilot study, 1,3-butadiene (CAS 106-99-0), a substance used mainly in the manufacture of 
synthetic rubber, was chosen for application of the proposed DRR methodology. 

A systematic review was performed: the systematic identification and evaluation of toxicologi-
cal and epidemiological studies on 1,3-butadiene and the consideration of the quality of the 
studies for study selection and analysis were essential steps for this review. We aimed to 
derive the DRRs for six specific outcomes: local effects on skin and mucous membranes, 
allergenic effects, reproductive toxicity, genotoxicity, mutagenicity and carcinogenicity. For 
animal studies, we summarized the available LOELs (Lowest Observed Effect Levels) for each 
outcome as medians, if possible, according to the quality score of the studies. We extracted 
LOELs from the studies because only few studies would have enabled NOELs 
(No Observed Effect Levels) to be extracted. For human studies, we summarized the available 
risk estimates of high-quality studies for selected lymphohematopoietic cancers to derive 
DRRs. 

Overall, the results of toxicological studies on 1,3-butadiene show effects for most of the out-
comes, but the effect levels are characterized by a high degree of heterogeneity.  
The results of the epidemiological studies show a trend for a dose-response relationship of 
1,3-butadiene for some cancers of the lymphohematopoietic system. 

The developed methodology for derivation of DRRs proved useful and can be recommended 
for the research and regulatory community in occupational safety and health. 
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1 Introduction 
Risk assessment of hazardous substances has long been a challenge for science. 

The derivation of limit values can be divided into two steps. In the first step, the scientific 
evidence from epidemiology and toxicology and any existing mechanistic considerations are 
summarized. This evidence is then evaluated in the second step on a country-by-country basis 
to determine the concentration or dose of a hazardous substance that corresponds to the 
excess risk of disease for the individual country. 

The first step follows scientific rules and is the aim of this project. The focus is on the derivation 
of a dose-response relationship. Since the summary of epidemiological and toxicological 
findings forms the basis for the setting of limits in each country, the results of this project can 
be helpful. 

To promote interdisciplinary collaboration and exchange of knowledge, the PEROSH network 
of 14 Occupational Safety and Health (OSH) institutes (www.perosh.eu) from 12 European 
countries has worked together on relevant topics for the OSH research community since 2003. 
In 2016, our working group of seven PEROSH institutions initiated the project “Dose-Response 
Relationships (DRR) for selected chemical substances”. This working group consists of 12 
members who are professionals in toxicology, epidemiology, statistics, industrial hygiene, 
literature searches and production of systematic reviews on OSH topics (see list of authors). 
The group developed a recommendation for the derivation of DRRs for chemical substances 
to establish a good scientific basis for this approach. It also created a webpage with information 
on this topic (sources of risk assessment documents and literature). The method’s 
recommendations and the webpage for the DRR project are being continually improved and 
the working group welcomes suggestions. 

The Working Group PEROSH-DRR decided to use 1,3-butadiene (BD) as a pilot substance 
for practical application of the recommendation. This substance is of high relevance for industry 
and is repeatedly discussed due to its potential to affect health. The International Agency for 
Research on Cancer (IARC) classifies BD as carcinogenic to humans (Group 1), on the basis 
of sufficient evidence in humans of an increased risk of development of leukemia. In the CLP 
Regulation (EC 1272/2008), BD is classified as carcinogenic (Category 1A, H350: may cause 
cancer) and mutagenic (Category 1B, H340: may cause genetic defects). BD is also described 
as affecting health in other ways. BD is mainly used as an intermediate in the production of 
other chemicals, mainly rubber and plastics and their copolymers, such as styrene-butadiene 
polymers. Occupational exposure can also occur in petroleum refining and in the production 
of resins and other compounds. BD is furthermore a constituent in cigarette smoke and motor 
vehicle exhaust fumes. 

This publication describes in detail all steps of the pilot derivation of DRRs for BD. 

2 Objective 
The primary objective of this review is a DRR derivation for 1,3-butadiene (CAS 106-99-0). 
The derivation includes a comprehensive literature search for available studies on BD, and 
collection and selection of toxicological and epidemiological studies according to defined 
criteria for selection and study quality. The analysis focuses on the minimum effect dose levels 
for six different outcomes and the derivation of a dose-response relationship for BD. Lastly, 
the influence of study quality on the results obtained is assessed as an additional and important 
objective of this review. 

http://www.perosh.eu/
https://perosh.eu/project/dose-response-relationships-drr-for-chemical-substances/
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3 Methods 
The Working Group PEROSH-DRR followed the consensus guideline that has been developed 
for DRRs. For details of the “Methodology Recommendation for Derivation of Dose-Response 
Relationships for Chemical Substances”, see Annex 1. The intention of this recommendation 
is to provide practical assistance to the scientific community for derivation of dose-response 
relationships of chemicals, which are to be fed into risk assessment. It includes relevant key 
sources for searches, standards for quality appraisal and recommendations for derivation of 
DRRs. For the purpose of deriving DRRs, the NOAEL/LOAEL approach was used, rather than 
the benchmark dose (BMD) approach.  

3.1 Literature Search and Selection of Studies 
Our working group conducted a comprehensive literature search to identify studies on BD in 
the open scientific literature. We also searched for reviews and criteria documents on BD 
published by research and regulatory institutions or scientific committees in the occupational 
safety and health sphere. We compared the retrieved scientific studies with the reference lists 
of these documents to identify additional studies. Searches were conducted in the PubMed, 
Embase, Cochrane Work and Google Scholar and Toxnet databases. Further cross-
referencing completed the literature searches. We searched for literature published until 2017, 
supplemented by an update search in 2020. For details of the literature search, search strategy 
and sources of criteria documents, refer to Annex 2, “Literature Search Strategy for BD 
Studies”. 

We conducted a stepwise selection of studies for analysis. First, we selected all studies 
available in any language, in order for the study collection to be as comprehensive as possible. 
We excluded studies written in languages which would have made it difficult for us to extract 
information without a native speaker in the working group, such as Chinese or Japanese, 
except where the studies e.g. in Russian were described in criteria documents. This enabled 
us to extract the core results of studies in languages not spoken in the working group. We 
included mainly English and a small number of German studies for analysis. 

All retrieved studies were divided into toxicological studies (experimental animal studies 
including in-vitro studies) and epidemiological (human) studies including biomarker studies.  

All epidemiological studies were evaluated critically for selection of studies for analysis. First, 
for studies that used the same study population, we selected the most recent study of the study 
population and excluded earlier studies on the same outcome. Second, for derivation of DRRs, 
we generally excluded all studies that did not provide quantitative exposure data.  
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3.2 Quality Appraisal 
Toxicological Studies 

The data of all toxicological studies were compiled in a single Excel file. For each study, six 
different outcomes were specified in separate columns to enable separate analysis of each 
outcome: 

• Local effects on skin and mucous membranes 

• Allergenic effects 

• Reproductive toxicity 

• Genotoxicity 

• Mutagenicity 

• Carcinogenicity 

For each outcome and study, the lowest observed effect level (LOEL) was identified, if avai-
lable, and added to the table. 

All studies were appraised for methodological quality. The quality of the studies was assessed 
by means of the score system described in our recommendations on methodology (see Annex 
1 for details). We used the score system developed by Klimisch 1997 and modified by 
ECETOC 2009, focusing on the reliability of toxicological studies. 

Table 1 shows the criteria applied for quality assessment of the toxicological studies on BD. 

 

Table 1: Criteria for reliability categories of toxicological studies (modified by ECETOC) 

Code Category of reliability 
1 Reliable without restriction 
1a ‘Good laboratory practice’ guideline study (OECD, EC, EPA, FDA, etc.) 
1b Comparable to guideline study 
1c Test procedure in accordance with national standard methods (AFNOR, DIN, etc.) 
1d Test procedure in accordance with generally accepted scientific standards and 

described in sufficient detail 
2 Reliable with restrictions 
2a Guideline study without detailed documentation 
2b Guideline study with acceptable restrictions 
2c Comparable to guideline study with acceptable restrictions 
2d Test procedure in accordance with national standard methods with acceptable 

 2e Study well documented, meets generally accepted scientific principles, 
acceptable for assessment 

2f Accepted calculation method 
2g Data from handbook or collection of data 
3 Not reliable 
3a Documentation insufficient for assessment 
3b Significant methodological deficiencies 
3c Unsuitable test system 
4 Not assignable 
4a Abstract 
4b Secondary literature 
4c Original reference not yet available 
4d Original reference not translated 
4e Documentation insufficient for assessment 
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Epidemiological Studies 

First, we collected the data from all of the retrieved epidemiological studies in a master table. 
Human studies with quantitative exposure data and thus relevant for DRRs were marked, as 
were studies that were not relevant (studies without exposure data) or that had insufficient data 
for analysis. In this master table (Annex 5), the relationships between the studies were noted, 
since many epidemiological studies were conducted in the same populations. Therefore, only 
the most recent follow-up studies of related studies were selected for analysis in this project. 

In the master table, each study was assigned two quality scores based on quality criteria, one 
for exposure assessment, the other for medical diagnosis. These quality criteria were also 
used according to our PEROSH recommendation (see Annex 1) and are described in Tables 
2 and 3. 

For a better overview and comparison, we created a second table to determine whether the 
available studies were described in the retrieved key criteria documents. This allowed us to 
evaluate whether our collection of epidemiological studies was as complete as possible and 
furthermore indicated how comprehensive each criteria document was. Studies that were not 
yet in our collection were subsequently added. 

 

Table 2: Definition of quality scores for exposure assessment of epidemiological studies  

Exposure Assessment Criteria Score* 

Profession, job title, classification of occupation 1 

Qualitative specification of exposure in different work activities 2 

Quantitative specification of exposure in different work activities 
with information on intensity and duration 3 

Quantitative specification of exposure (as above) with 
additional plausibility check (e.g. information on daily work 
output or special controls through video analysis) 

4 

Direct measurement of exposure (over time) 5 

*Score 1 = low  quality; score 5 = high quality.  
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Table 3: Definition of quality scores for diagnostic evaluation of epidemiological studies 

Diagnosis Criteria Score* 

Medical history or questionnaire without clinical check 1 

General clinical examination or specific clinical examination 
without validation (e.g. second opinion, lab results, image-
producing diagnostic procedure) 

2 

Specific clinical examination with validation (e.g. second 
opinion, lab results, image-producing diagnostic procedure) 3 

*Score 1 = low  quality; score 3 = high quality. 

 

 

3.3 Statistical Analysis and Derivation of Dose-Response Relationships 
Toxicological Studies 

All relevant data retrieved from the toxicological studies were summarized in a master table. 
In the first step, all extracted LOELs were pooled for each outcome and their medians calcu-
lated. In the second step, medians were calculated where possible for subgroups relative to 
the quality scores of the studies. The LOELs for each outcome were further displayed graphi-
cally. Excel 2016 for Windows 10 was used for all tasks. 

 

Epidemiological Studies 

Only epidemiological studies with quantitative exposure data were suitable for further analysis. 
To derive dose-response relationships (DDRs), the most recently published data from the 
available study populations were compiled. A DRR was calculated for each of the health 
effects, if possible. In the graphical representations, the mean values of the published BD-ppm 
annual doses were chosen to represent the BD dose for the X-axis, while the corresponding 
rate ratios with 95% CI were taken for the Y-axis. To determine a model for the dose-response 
relationship, we performed different polynomial models for best fit. The model that offered the 
best variance explanation was selected. For all calculations and diagrams, Excel 2016 for 
Windows 10 with Analyse-it was used. 

 

All members of the PEROSH working group worked on the collection and quality appraisal of 
the studies according to their qualifications and experience. 
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4 Results  

4.1 Literature Search and Selection of Studies 
A large number of studies and reviews and several criteria documents on BD and health effects 
were identified. A comparison of reference lists of eight important criteria documents on BD 
yielded the greatest number of studies on BD. We created an overview table of references 
cited in each of these criteria documents (see Annex 3) in order to detect overlapping studies. 
It became apparent however that the criteria documents cited different studies to some extent. 

Most of the studies for analysis were found in the criteria documents; only a few additional 
studies were identified by our supplementary literature searches in databases. The overview 
table includes all studies on BD referred to in this project (toxicological animal, in-vitro, human 
and biomarker). In a few cases, original studies were not available or were written in a 
language that could not be translated in the working group. In these cases, we used the 
description in the criteria document. See Annex 3 “Cross Table All Study Citations in 8 Criteria 
Documents” for more details.  

 

Toxicological Studies 

The group performing the literature search identified 75 references, including in-vivo studies in 
experimental animals and in-vitro studies, following removal of duplicates. All outcomes were 
represented except for allergenic effects. See Annex 4 “All Toxicological Studies on BD”. 

 

Epidemiological Studies 

The search process identified 86 human studies on BD, including original epidemiological 
studies, biomarker studies, reviews and criteria documents. After screening, 46 epidemiolo-
gical studies of relevance remained. Several studies were performed in the North American 
“US/Canadian rubber cohort”. After the multistage selection process of relevant studies, three 
cohort studies and three human biomarker studies remained that were suitable for DRR 
derivation. 

In Figure 1, the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) (Moher 2009) flow diagram summarizes the process of the literature searches and 
selection of epidemiological studies on BD. 
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Figure 1: Flow chart for search for and selection of epidemiological studies on 1,3-butadiene 

 

 

 

4.2 Quality Appraisal 
 

Toxicological Studies 

For a better overview, all relevant data from the 75 toxicological studies (animal and in-vitro 
studies) were summarized in an Excel table. The reliability categories according to Table 1 
were assigned to each study. Where LOELs were available, they were also transferred to the 
table. All six outcomes were assigned a separate column in the table. Most studies focused on 
one outcome. Exposure to BD showed effects on skin and mucous membranes, reproductive 
toxicity, genotoxicity, mutagenicity and carcinogenicity. Studies of allergenic effects were not 
represented. 

The quality of the studies was heterogeneous. Subgroups were therefore created prior to 
further analysis according to the studies’ level of reliability. Studies with codes 1-2 (reliable 
without and with restrictions, respectively) were deemed of acceptable/good quality, and 
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studies with codes 3-4 (not reliable and not assignable, respectively) were evaluated as 
being of low quality (see also Table 1). Table 4 provides an overview of the number of 
toxicological studies and the corresponding categories. 

 

Table 4: Available toxicological studies on 1,3-butadiene and quality categories of reliability 

Outcome Total number of 
studies found 

Code 1 
(n) 

Code 2 
(n) 

Code 3 
(n) 

Code 4 
(n) 

Local effects on 
skin and mucous 
membranes 

6 1  2 _ _ 

Allergenic effects 0 _ _ _ _ 

Reproductive 
toxicity 11 7  6 _ _ 

Genotoxicity 14 2  8  3 1 

Mutagenicity 25 11  10  4 _ 

Carcinogenicity 19 11  3  2 2 

∑ 75 32 29 ? 
 

? 

Code 1: Reliable without restriction, Code 2: Reliable with restrictions,  
Code 3: Not reliable, Code 4: Not assignable. 

 

A small number of studies were not classifiable according the outcomes defined above and 
are therefore not included in Table 4. For this reason, the sums in the “total number of studies 
found” column differ in some cases from the sum of studies in the code columns. 

The number of studies of categories 1 and 2 was sufficient for further analysis for most out-
comes (see Chap. 4.3). 

  



15 / 40 

All steps of our analysis of the toxicological studies are summarized in Figure 2. 

  

Figure 2: Flowchart of analysis of toxicological studies on 1,3-butadiene 

 

 

Overall, the results of the toxicological studies on BD are highly heterogeneous for data on 
aspects such as exposure concentration, inhalation time, study quality, and levels of LOELs. 
When only studies of good quality were taken into account, data were sufficient for the evalu-
ation of all outcomes except for allergenic effects. 

The complete table of the 75 toxicological studies distributed according to outcomes and 
quality scores is provided in Annex 4 “All Toxicological Studies on BD”. 

 

Epidemiological Studies 

A total of 76 human and review studies were collected in the master table for human studies. 
This table also includes the outcomes and the quality scores for exposure assessment and 
diagnosis, according to Tables 2 and 3, respectively. The complete table of all 76 human 
studies is found in Annex 5, “All Epidemiological Studies on BD”. 

Of the 46 studies selected for critical evaluation, several lacked sufficient power to deliver 
reliable results. In principle, their non-experimental design allows investigation of health risks 
under realistic exposure conditions, but co-exposure to other chemicals poses a challenge, 
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especially in the rubber industry. Overall, the epidemiological data set is a quite comprehensive 
and useful collection of data on BD, but should be used only in consideration of these issues. 
A large number of studies were based on a cohort of workers in the rubber industry in the USA 
and Canada. This very large cohort of around 17 000 workers in the synthetic rubber industry 
has a follow-up time from 1944 to 2009, and provides comprehensive mortality data on 
leukemias and exposure estimates on BD and styrene based on workers’ histories. The 
synthetic rubber plants were located in the USA (seven plants) and in Canada (one plant). 
Since important data for our analysis were provided in several studies, we selected three 
studies based on this cohort, i.e. the cohort and case-control studies of Sathiakumar 2015, 
Delzell 2006 and Matanoski 1997. These studies were selected due to their high quality, 
according to our evaluation of quality, and their provision of quantitative estimates of exposure 
or dose level for specific outcomes. In addition, the key epidemiological studies for the 
derivation of DRRs include three separate biomarker studies.  

 

Table 5 provides an overview of all of the retrieved epidemiological studies (including all 
studies on the North American synthetic rubber industry), distributed according to quality and 
with provision of data for dose-response derivation. For our analyses, we used the most recent 
studies on the selected study populations where possible. 

 

Table 5: Available epidemiological studies on 1,3-butadiene for DRR 

Outcome Total number of 
studies found* 

Number of high 
quality studies** 

Number of studies 
providing DRR 

 
Notes 

Local effects 
on skin and 
mucous 
membranes 

0 _ _ 
 

Allergenic 
effects 0 _ _ 

 

Reproductive 
toxicity 0 _ _ 

 

Genotoxicity/ 
Mutagenicity 23 18 0 

Only ranges of 
BD exposure 
available 

Carcinogenicity 24 7 7 
All studies refer 
to US/Canadian 
rubber cohort 

Mortality 18 0 0 
 

* Number of studies refers to the identif ied publications; at f irst unclear w hether studies used same study popu-
lation 
** Highest quality refers to studies w ith Score 5 for exposure assessment (see Table 2) 
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4.3 Statistical Analysis and Derivation of Dose-Response Relationships 
 

Toxicological Studies 

For each study, LOELs were extracted for each outcome, where available. LOELs were then 
pooled for each outcome and the median LOEL was calculated in a separate Excel sheet 
(“core data”). Where a sufficient number of studies for an outcome were available for sub-
grouping according to quality, the studies were divided into high (codes 1 and 2) and low 
(codes 3 and 4) quality, and the median was again calculated for each group. Finally, LOELs 
for each outcome were displayed graphically. 

To describe the principle of our analysis, the results for mutagenicity of BD are depicted in 
Figure 3. LOELs were available for mutagenicity for a total of 18 studies with quality codes  
1-2 and four studies with quality codes 3-4. Each study for this outcome was entered on the 
X-axis and grouped according to high and low quality, and the extracted LOELs were entered 
on the Y-axis. The median of the extracted LOELs for mutagenicity in the high quality studies 
was 200 ppm BD. The range for all studies on mutagenicity was 3 to 1250 ppm BD. 

For the other outcomes, the evaluation was conducted following the same procedure. 

 

Figure 3: All available LOELs from toxicological studies of BD on mutagenicity,  
     arranged according to study quality 
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The results for reproductive toxicity of BD are shown in Figure 4. Twelve studies with LOELs 
were available, and all studies were of high quality (codes 1-2). The median of the LOELs was 
200 ppm BD, with LOAELs ranging from 6 to 1250 ppm BD. 

 

Figure 4: All available LOELs from toxicological studies of BD on reproductive toxicity,  
     arranged according to study quality 
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The genotoxicity of BD was assessed in 14 studies, 10 of high quality, 4 of low quality. The 
median of the LOELs of the 10 high quality studies was 113 ppm BD, that of the low quality 
studies 625 ppm BD. The median of all studies was 338 ppm, with LOELs ranging between  
6 and 1250 ppm BD (see Figure 5). 

 

Figure 5: All available LOELs from toxicological studies of BD on genotoxicity,  
     arranged according to study quality 
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We found 19 toxicological studies on carcinogenicity, of which 12 identified LOELs. Ten studies 
were of high quality (codes 1-2), two of low quality (codes 3-4). The median LOELs for all 
studies and for the 10 high quality studies were 625 ppm BD, and 813 ppm BD for the two low 
quality studies. LOELs ranged between 6 and 1000 ppm BD (see Figure 6). 

 

Figure 6: All available LOELs from toxicological studies of BD on carcinogenicity,  
     arranged according to study quality 

 

 

The six toxicological studies on local effects on skin and mucous membranes contributed only 
four LOELs; the median was therefore not calculated (LOELs range between 625 and 90 000 
ppm BD). 

No studies were retrieved on allergenic effects. 

 

Our objective here was to collect and condense available data and provide an approximate 
estimate of the ranges of available LOELs. Several reasons may account for the observed 
heterogeneity, but further analysis of each outcome is outside the scope of this study. 

With the exception of local effects on skin and mucous membranes, the median LOELs for BD 
for the outcomes of reproductive toxicity, genotoxicity, mutagenicity and carcinogenicity, were 
based on a total of 50 high quality studies, and ranged between 113 and 625 ppm BD (see 
Table 6). The main results of this analysis of toxicological studies are shown in Table 6. 
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Table 6: 1,3-Butadiene - Summary of all results from toxicological studies 

 
Outcome 
 
 

∑ N 
Studies 

available 

N Studies 
with LOEL 

Median 
LOEL  

in ppm 

Median LOEL* 
from good 

quality studies 
(Code 1-2) 

Median LOEL  
from low 

quality studies 
(Code 3-4) 

Local effects on 
skin and mucous 
membranes 

6 4 90 000 45 313 (N=2) 90 000 (N=2) 

Allergenic effects 0 _ _ _ _ 

Mutagenicity 25 22 225 200 (N=18) 625 (N=4) 

Reproductive 
toxicity 14 12 200 200 (N=12) _ 

Genotoxicity 14 14 338 113 (N=10) 625 (N=4) 

Carcinogenicity 19 12 625 625 (N=10) 813 (N=2) 

∑ 75     

* LOELs (Lowest Observed Effect Levels) are in ppm 
Most important data are marked in bold 

 

Analysis of the available data yields an average for the range of LOELs for BD. Interestingly, 
the median values from the studies evaluated as being of lower quality were always higher 
than those from studies of higher quality. This highlights the importance of taking into account 
the quality of evaluated studies in reviews and meta-analyses. 

All data of this analysis and the core data extracted from the toxicological studies are detailed 
in Annex 4 “All Toxicological Studies on BD”. For a better understanding of the quality codes, 
the criteria for reliability categories (Table 1) are once again presented in each Excel sheet of 
the “core data” for each outcome. 

According to EFSA 2017 (European Food Safety Authority), the decision to accept a data set 
for deriving an NOAEL as a potential starting point is important in the NOAEL approach, since 
poor or limited data (e.g. due to high variability within the dose groups, high limit of 
quantification of analytical methods, small sample sizes) will tend to result in high NOAELs 
(EFSA 2017). Acceptability of the data will therefore depend upon expert judgement. 
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Epidemiological Studies 

As already mentioned, five human studies were suitable for derivation of a dose-response 
relationship, of which three were on the US/Canadian synthetic rubber cohort and two were 
among the three biomarker studies. Several studies were conducted on this rubber cohort and 
hence in the same or partly the same study population, but often with different aspects for 
example of exposure and risk assessment. For a better overview, we therefore compiled all 
relevant data in a new table (see Annex 6 “Data on Epidemiological Studies Relevant for 
DRRs”) with details of each study and their inter-relationship. We created another table with 
excerpts from the original studies and the IARC 2012 publication to align the detailed data on 
doses and Relative Risks (RR) of the studies suitable for DRR derivation (see Annex 7 “Details 
of Key Studies for DRR Derivation and Study Relationships”). These data were later used for 
the derivation of DRRs. 

For a better overview, we summarized the key results of these studies in Table 7.  
An important fact is that all key studies have scores of high quality for both exposure 
assessment and diagnostic evaluation.  
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Table 7: 1,3-Butadiene - Epidemiological studies with quantitative data and key results 

No1 Study 
type 

Study 
population Branch Country Authors Outcomes Quality Scores* Notes 

1a Cohort and 
nested 
case 
control 

Cohort: 
ca. 12 400 
- 16 500 

 

Synthetic 
rubber industry 
w orkers 

USA, Canada 

6 plants:  
2 in Texas,  
2 in Louisiana,  
1 in Kentucky,  
1 in Canada 

Sathiakumar 2015, 
2009a+b 

Delzell 2006, 2001, 
1996  
Graff 2005, 
Macaluso 1996, 2004 
Sathiakumar 1998, 
2005, 2007 
Cheng 2007 
and more 

Death of: 

Leukemia 

Non-Hodgkin lymphoma 
(NHL) 

Multiple myeloma 

Positive trend for BD 
exposure and 
leukemia 

Sathiakumar 2015: 

ExpAss 5  
(JEM, job/w ork 
area) 
 

DiagEv  3 
(death certif icate) 

Quantitative exposure estimates for 
each subject. 

Co-exposure to styrene. 

Styrene and BD strongly correlated, 
separation of effects not possible. 

1b Nested 
case 
control 

59 cases 
1242 
controls 

Styrene-
butadiene 
polymer 
manufacturing 
industry, rubber 
industry 

USA, Canada 

7 plants 

Matanoski 1997,  
1993, 1990, 1994 

Santos-Burgoa 1992 

Death of lympho-
hematopoietic cancers 

Hodgin disease and 
leukemia associated 
w ith BD exposure 

Lymphosarcoma and 
myeloma associated 
w ith styrene exposure 

Matanoski 1997: 

ExpAss 5 

DiagEv 3 

Co-exposure to styrene. 

Study population overlaps w ith cohort 
of Delzell, w ho studied cohort 
separately. 

 

Nested case-control study of 
US/Canada cohort; also applies to 
the study above. 

2 Cross 
sectional,  
biomarker 
study 

19 exposed 
w orkers 

19 controls 

Petrochemical 
company, BD 
monomer 
production 

Czech Republic Sram 1998 Cytogenetic damage in 
peripheral lymphocytes 
(CA, SCE, HFC, MN, 
comet assay 
parameters) 

Significant induction 
of cytogenetic damage 
for BD exposure 

ExpAss 5 

(passive personal 
monitors) 

DiagEv 3 
(biomarker) 

BD measurement w ith passive 
personal samplers. 

Same company like Sorsa 1994, but 
other unit; Sorsa: no correlation. 
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No1 Study 
type 

Study 
population Branch Country Authors Outcomes Quality Scores* Notes 

3 Cross 
sectional, 
biomarker 
HPRT 

74 cases 
157 
controls 
 

Petrochemical 
products 
company 

China Liu 2008 HPRT mutation and 
exon deletions 

BD exposed workers: 
non-significant 
increase of mutation 
frequency, but 
significant increase of 
exon deletions 

ExpAss 5 

DiagEv 3 
(biomarker) 

Hypoxanthine–guanine–
phosphoribosyltransferase 
(HPRT) 

TWA exposure of w orkers:  
1 ppm BD, 

No dose data available. 

4 Cross 
sectional, 
biomarker, 
HPRT 

16 exposed 
w orkers, 
16 controls 

Styrene– 
butadiene 
polymer 
plant in Port 
Neches, Texas 

USA Ma 2000 HPRT mutant 
lymphocytes 
 
BD exposed workers: 
Significant increase of 
deletions in mutant 
lymphocytes 

ExpAss 5 

DiagEv 3 
(biomarker) 

Hypoxanthine–guanine–
phosphoribosyltransferase 
(HPRT) 
 
Range of exposure 0.25–20.80 ppm 
BD. 

1 Number of study refers to numbers used in Annex 7 

* Quality Scores: 
Exposure assessment (ExpAss): 1-5 
Diagnostic evaluation (DiagEv): 1-3 
Key studies of the US/Canadian rubber cohort are in bold letters. Main f indings of the f ive study groups are marked in blue (see column “Outcomes”). 
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The data in Table 7 represent the key data for derivation of the dose-response relationship 
(DRR) for BD. For the studies of the US/Canadian rubber cohort, we derived DRRs for three 
health outcomes: leukemia, non-Hodgkin lymphoma (NHL) and multiple myeloma (MM). The 
mean of the available BD ppm-year ranges was used as the measure of BD dose on the  
X-axis; the extracted Rate Ratios with 95% CI, controlled for age, race, year of birth and com-
pany plant, were used as the response on the Y-axis. We used best-fit models depending on 
the available data of the cohort. The best fit in the graphs, i.e. the model with the highest values 
for R², is depicted by a continuous line, other models by dotted lines. Figures 7-9 show the 
graphs of the DRRs for leukemia, non-Hodgkin lymphoma and multiple myeloma respectively. 

 

Figure 7: Dose-response relationship between exposure to 1,3-butadiene and risk of  
   leukemia    (US/Canadian rubber cohort) 

 

 

The blue points for the relative risks and the confidence intervals are taken directly from the 
selected references and are identical to the data for each outcome in Annex 8. The dotted 
connecting line simply represents the connection between these points. The solid line repre-
sents the best possible regression to connect these points and detect a trend in the dose-
response relationship. 
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Figure 8: Dose-response relationship between exposure to 1,3-butadiene and risk of  
   non-Hodgkin lymphoma (NHL)       (US/Canadian rubber cohort) 

 

 

 

 

Figure 9: Dose-response relationship between exposure to 1,3-butadiene and risk of  
  multiple myeloma     (US/Canadian rubber cohort) 
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It is not uncommon in epidemiological studies for a dose-response relationship not to have a 
continuous monotonic course. In Figures 8 and 9, we even see a decline of risk with increasing 
BD dose. Possible reasons for this are the healthy-worker effect, changes in sample 
composition, application of occupational safety measures such as personal protective equip-
ment that is only used above a certain concentration level, and small group sizes at the highest 
exposure levels. Where this is the case, interpretation is difficult, as we do not possess 
sufficient data on RR for high dose exposures. We are only able to use the existing data 
collected to identify a trend for DRRs. 

 

Overall, the key results for the US/Canadian rubber cohort show a trend towards a positive 
dose-response relationship for BD and certain outcomes related to the hematopoietic system. 
In the three graphical depictions above, a positive trend line is observed for risk of leukemia, 
non-Hodgkin lymphoma (NHL) and multiple myeloma (MM). The BD doses in  
ppm-years for a doubling of the relative risk, RR=2 (i.e., for an attributable fraction > 50%)  
in the graphs are as follows:  

Leukemia approx. 200 ppm-years BD (Fig. 3) 

NHL  approx. 200 ppm-years BD (Fig. 4) 

MM  approx. 400 ppm-years BD (Fig. 5) 

 

For details of the dose-response relationships (DRRs) for each outcome, see Annex 8  
“DRR Results and Graphs for Different Outcomes”. The annex also provides data from the 
other key studies and the biomarker studies.3 

The results of human studies addressing other outcomes did not deliver dose data, i.e. expo-
sure data were without exposure duration. However, they provide certain exposure data and 
show effects for different outcomes. These results are summarized in Table 8 below. 
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Table 8: Results of other human studies on 1,3-butadiene risk 

No1 Study type Authors Exposure BD Outcomes 

1b Nested 
case 
control, 
US/Canada 

Matanoski 
1997 

1 ppm average Hodgkin lymphoma:  
RR 1.7 (0.99-3.0) 
 
Leukemia:  
RR 1.5 (1.1-2.1) 

 
2 Cross 

sectional,  
biomarker 
study 
 
Czech 
 

Sram 1998 0,236 ppm median value 
 
(range 0,011-10.25 ppm) 

Cytogenetic damage in peripheral 
lymphocytes 
 
Significant induction of cytogenetic 
damage 
 

3 Cross 
sectional, 
biomarker 
HPRT 
 
China 
 

Liu 2008 TWA exposure of workers:  
1 ppm 
 

HPRT mutation and exon deletions 
 
Non-significant increase of mutation 
frequency in exposed workers, but 
significant increase of exon deletions 
 

4 Cross 
sectional, 
biomarker 
HPRT 
 
USA 
 

Ma 2000 Range of exposure of 
workers:  
0.25–20.80 ppm 

HPRT mutation and exon deletions 
 
Significant increase of mutations 

1 Number of study refers to numbers used in Annex 7 
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5 Discussion 
This report describes a pilot study aimed at applying a methodology developed for derivation 
of dose-response relationships for chemical substances. The methodology applied for our 
review was developed by the Working Group PEROSH-DRR as a consensus recommendation 
and has proven successful for the assessment of a dose-response relationship for our pilot 
substance BD. 

The current systematic review synthesizes the scientific literature on the dose-response rela-
tionship of BD for several different outcomes. BD is classified as a group 1 carcinogen by the 
IARC, has a harmonized classification as Carc. 1A (H350) and Muta. 1B (H340) according to 
the CLP Regulation (EC 1272/2008) and is produced at a very high tonnage (> 1,000,000 t/a). 
It is therefore considered a potentially hazardous substance for styrene-butadiene rubber and 
butadiene-monomer workers. As a carcinogen, BD is a substance of potential concern in the 
European Union. 

We can assume that the combination of comprehensive literature searches, inclusion of rele-
vant published criteria documents, selection of studies according to predefined criteria and 
specific analysis of high quality studies provides evidence-based and up-to-date results: on 
the hazard from animal studies, and on DRRs from epidemiological studies of BD. The added 
value of our systematic review is the quality assessment of all identified toxicological and 
epidemiological studies and the consideration of the study quality in analysis of each outcome. 
Results from both toxicological and epidemiological studies were for the most part 
heterogeneous; however, the scientific evidence shows a dose or concentration-dependent 
effect of BD on human health and a hazard characterization based on animal studies. 

The combination of toxicological data from animals and epidemiological data from humans 
depends on many variables. The transferability of DRRs from animals to humans must take 
into account, for example, physiology, metabolism, route of exposure of a substance, life 
expectancy and, in the case of dusts, differences in particle size during inhalation. The imple-
mentation is also subject in part to country-specific rules, making a general summary difficult. 

In this review, the results of the toxicological studies were based on LOELs (see Annex 4 and 
Table 6), those of the epidemiological studies on risk estimates such as RRs or ORs (see 
Annexes 5-6 and Table 7). In the synthesis of the range of all studies, we observed a 
heterogeneous range of risk estimates from epidemiological studies and LOELs from experi-
mental animal studies. 

The results of the epidemiological studies were based primarily on the US/Canadian cohort of 
rubber factory workers. This cohort delivered detailed and quantitative data for derivation of 
DRRs for the outcomes of leukemia, non-Hodgkin lymphoma and multiple myeloma. It pro-
vided valuable data for derivation of DRRs because the quantitative estimates for BD exposure 
were made for each worker. Based on the DRRs, BD exposure for a doubling of the relative 
risk was estimated to be 200 ppm-years for leukemia and NHL, and 400 ppm-years for multiple 
myeloma. This generally corresponds well to calculations of other authors working with this 
cohort. The referenced high quality studies of Sathiakumar 2015, Delzell 2006 and Matanoski 
1997 were controlled for age, race, year of birth and plant; we can therefore assume reliable 
results for this part of the analysis. 

Surprisingly, comparison of the eight criteria documents showed that they differed with respect 
to the included studies (see Annex 3). We recommend that authors of criteria documents or 
reviews not only pay more attention to the completeness of studies identified in the literature 
search and selected for inclusion and analysis, but also clarify the interrelationship between 
epidemiological studies at an early stage of analysis. Surprisingly, the 46 relevant human 
studies identified initially covered only four separate study populations with quantitative 
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exposure data suitable for analysis. Overall, many of the human studies referred to the same 
study populations and few studies included quantitative exposure data. 

In spite of our findings, the derivation of dose-response relationships remains challenging, 
especially for substances that occur concomitantly with other occupational exposures. The 
main epidemiological studies on BD are performed in the US/Canadian rubber cohort. This 
major cohort delivers important and detailed data on human risk, but co-exposure with styrene, 
which is also associated with risk for adverse health effects, can potentially bias the study 
results on BD. Like BD, styrene is used in the manufacture of plastics, rubber and resins. The 
latest study on the US/Canadian rubber cohort, Sathiakumar 2015, stated that an independent 
effect of butadiene could not be delineated, owing to strong correlation of BD and styrene 
exposures. 

In contrast to the human studies, a large number of toxicological studies were available for 
analysis. These sufficed for derivation of median LOELs for the following outcomes: repro-
ductive toxicity, genotoxicity, mutagenicity and carcinogenicity. For local effects on skin and 
mucous membranes, too few studies were available for analysis. No toxicological studies were 
available on allergenic effects. The calculations might be somewhat biased, owing to all 
available study results being pooled without consideration of, for example, exposure time and 
animal species. Our objective was to perform comprehensive analyses of all available results 
focusing on all outcomes, which would have been precluded by further grouping.  

An interesting point for the experimental animal studies is the observation that the median 
LOELs of high quality studies are lower than the median LOELs based on studies of low quality 
(see Table 6). 

This trend fits very well with the observations presented by EFSA 2017 and mentioned above 
in Chapter 4.3. Besides other reasons, this also highlights the importance of using only studies 
of high quality in the risk assessment. 
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6 Strengths and Limitations 
The main strength of this systematic review is the comprehensive collection, selection and 
analysis of the available scientific literature on hazards and the risk following exposure to BD, 
hence including studies in both animals and humans and a range of different outcomes. We 
searched extensively in the peer reviewed literature for this objective. The international and 
interdisciplinary collaboration of the PEROSH members was a major advantage for all steps 
in this project. Another strength is the consideration of previous evaluations on BD and the 
transparent stepwise selection of studies using defined standard criteria for study quality.  
We critically evaluated each human and animal study and state the resulting quality scores in 
Annexes 4 and 5.  

A special strength in our review is the hazard or risk evaluation for several outcomes from 
studies in animals and in humans, respectively.  

The calculated values deliver an approximate and realistic range of the Lowest Observed 
Effect Levels and Dose-Response Relationships for BD for these outcomes. Since these value 
ranges are based on high quality studies, we assume these final results to be valid. 

The main limitations of the review lie in the fact that we did not consider exposure duration and 
animal species in the analyses of toxicological studies. Additionally, we did not consider the 
relevance of these studies for humans. We extracted only LOELs from the studies, as few 
studies stated NOELs (no observed effect levels). Outcome specific results of animal studies 
thus represent approximate estimates of existing hazards. The point estimates of LOELs were 
heterogeneous for all outcomes; the medians of the LOELs were therefore calculated to 
provide a point summary of the ranges of LOELs.  

We did not use the Benchmark dose (BMD) approach as an alternative for the LOAEL/NOAEL 
approach or for comparison of the models with each other, since sufficient resources were not 
available for this task. 

Another limitation of the review is that several epidemiological studies used the same study 
population and few studies included exposure data. For these reasons we primarily used the 
study results of the US/Canada rubber cohort for the derivation of DRRs. Research is still 
ongoing on this cohort, but the risk evaluation for BD remains difficult owing to the  
co-exposure to styrene. 
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7 Overview of International Limit Values of BD 
For the purpose of an overview only, International Limit Values for BD occupational exposure 
have been summarized in Table 9. Data were obtained from the GESTIS - International Limit 
Values for chemical agents database (March 2021).  

Table 9: International Limit Values for 1,3-butadiene 

Substance 1,3-Butadien 

CAS No. 106-99-0

Limit value - 
Eight hours 

Limit value - 
Short term 

ppm mg/m³ ppm mg/m³ 

Australia 10 22 
Austria 5 11 20 44 
Belgium 1 (1) 2.2 (1) 
Canada - Ontario 2 
Canada - Québec 2 4.4 
Denmark 1 (1) 2.2 (1) 2 (1)(2) 4.4 (1)(2) 

European Union 1* 2.2* 

Finland 1 2,2 
Germany (AGS) 2 (1) 5 (1) 16 (1)(3) 40 (1)(3) 

0.2 (2) 0.5 (2) 

Hungary
Ireland 1 2.2 
Latvia 1 2.2 
New Zealand 0.05 0.1 
People's Republic of 
China

5 

2.21

https://limitvalue.ifa.dguv.de/
https://limitvalue.ifa.dguv.de/
http://www.dguv.de/webcode/e786784
http://www.dguv.de/webcode/e786786
http://www.dguv.de/webcode/e786788
http://www.dguv.de/webcode/e786790
http://www.dguv.de/webcode/e786792
http://www.dguv.de/webcode/e1007620
http://www.dguv.de/webcode/e786795
http://www.dguv.de/webcode/e1007622
http://www.dguv.de/webcode/e786799
http://www.dguv.de/webcode/e786803
http://www.dguv.de/webcode/e786805
http://www.dguv.de/webcode/e1007624
http://www.dguv.de/webcode/e786809
http://www.dguv.de/webcode/e1007626
http://www.dguv.de/webcode/e1007626
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  Limit value -  
Eight hours 

Limit value -  
Short term 

  ppm mg/m³ ppm mg/m³ 
     
Poland 1  2.2     
Romania 10 22     
Singapore 2 4.4     
South Korea 2 4.4 10 22 
Spain 2 4.5     
Sweden 0.5 1 5 (1) 10 (1) 
Switzerland 2 4.4     
The Netherlands   46.2     
USA - NIOSH 0.19 LOQ 

(1) 
      

USA - OSHA 1   15   
ACGIH 2    
United Kingdom 1 2.2     
          
  Remarks       
Austria TRK value (based on technical feasibility) 

Belgium (1) Additional indication "C" means that the 
agent falls within the scope of Title 2 concern-
ing carcinogenic, mutagenic and reprotoxic 
agents of Book VI of the Codex on well-being at 
work. 

Denmark (1) Carcinogen (2) 15 minutes average value 

European Union Bold-type: Binding Occupational Exposure Limit 
Value (BOELV) 

Germany (AGS) (1) Workplace exposure concentration corre-
sponding to the proposed tolerable cancer risk. 
(see background document: Germany AGS) (2) 
Workplace exposure concentration correspon-
ding to the proposed preliminary acceptable 
cancer risk. (see background document: 
Germany AGS) (3) 15 minutes average value 

Sweden (1) 15 minutes average value 
 
*Directive (UE) 2019/130 of the European Parliament and of the Council of 16/01/2019 

 

In the “Recommendation from the Scientific Committee on Occupational Exposure Limits” 
concerning 1,3-butadiene, the estimates on excess deaths and SMR based on risk assess-
ment are reported for different TWA concentrations ranging from 0.1 to 10 ppm (SCOEL 2007). 

The excess deaths and SMR for exposure to 1 ppm calculated for leukemia risk, ranged from 
0.09 to 10.78 and from 0.98 to 3.12 respectively.  

http://www.dguv.de/webcode/e786811
http://www.dguv.de/webcode/e1179270
http://www.dguv.de/webcode/e786813
http://www.dguv.de/webcode/e786815
http://www.dguv.de/webcode/e786817
http://www.dguv.de/webcode/e1007628
http://www.dguv.de/webcode/e786819
http://www.dguv.de/webcode/e786821
http://www.dguv.de/webcode/e786823
http://www.dguv.de/webcode/e786825
http://www.dguv.de/webcode/e786827


34 / 40 

8 Conclusions 
In this PEROSH project, 1,3-butadiene served as the substance with which to test the proce-
dure for deriving dose-response relationships between exposure and health effects. For this 
purpose, the working group developed ways of searching the literature, systematically 
assessing the quality of both epidemiological and toxicological studies, and summarizing these 
studies. 

The combination of toxicological data from animals and epidemiological data from humans 
depends on many variables. The transferability of DRRs from animals to humans must take 
into account, for example, physiology, metabolism, route of exposure, life expectancy and, in 
the case of dusts, differences in particle size during inhalation. The implementation is also 
partly according to country-specific rules, making a general summary difficult. 

Comparison of the final results from human (RR=2) and animal (LOELs) studies shows that 
the DRR for carcinogenicity for human studies, representing a relative risk of 2, lies between 
200 and 400 ppm-years as a dose, and the median LOEL for carcinogenicity in animal studies 
ranges between 113 and 625 ppm BD as a concentration. 
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1 Introduction 
This consensus paper describes the methodology to be used for derivation of dose-response 
relationships for chemical substances in the PEROSH project entitled “Dose-Response 
Relationships (DRR) for Selected Chemical Substances”. The paper aims to compile expert 
knowledge and to offer a recommendation for a systematic approach for derivation of dose-
response relationships.  

The PEROSH working group has the task of summarizing the scientific results of toxicolo-
gical and epidemiological studies. Where possible, dose-response relationships for selected 
substances are to be derived. In contrast to the setting of national occupational limit values 
(OLVs), this group is not obliged to arrive at a single OLV based on the scientific results, 
particularly because the group’s task is to summarize and present the current scientific toxi-
cological and epidemiological knowledge, rather than defining OLVs for regulation at national  
level in the EU member states. 
More information on the DRR project can be found on the PEROSH webpage. 

Different methods and strategies are used by institutions and national authorities for derivation 
of DRRs (see Chapter 10, Background Literature on Methodology). Based on these 
experiences, the working group aims to develop good methodological practices for derivation, 
including literature searches and documentation. 

This method paper is intended as a common guideline, and delivers recommendations for the 
derivation of a dose-response relationship. Under various conditions, it may be important to 
take into account the expert knowledge and the experience of the working group members. 

 

2 Working Group 
The working group of the DRR project was launched in 2016. This consensus paper was 
developed by representatives from member institutes of PEROSH participating in this 
project. Authors are listed in Annex 1. 

 

3 Decision on Substance for Derivation 
The working group decides on the next substance for derivation with reference to the 
following main steps: 

• Check importance of substance in country of each working group member 
• Check existing working lists (SCOEL, REACH, etc.)  
• Check further existing lists (ETUI Report 136, RIVM Letter report 2015-0107, etc.)  
• Search existing DRRs or criteria documents for potential substances for decision  
• Compare existing documents 
• Present potential substances in table for easy voting 
• Decision for next substance for DRR by majority 

 

https://perosh.eu/project/dose-response-relationships-drr-for-chemical-substances/
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4 Literature Searches 
The objective of the literature search strategy is to identify the published literature that is rele-
vant for derivation of a dose-response relationship. The focus is on health effects caused by a 
hazardous substance quantitatively.  

The searches are to be performed in a structured way following the main steps: 

• Definition of chemical substance (name, main synonyms, CAS) 
• Occupational exposure (relevant compounds, main sectors and tasks involving exposure) 
• Search in literature databases for mechanistic, toxicological and epidemiological studies 
• Search in literature databases for reviews and meta-analysis 
• Search for available risk assessment documents 
• Search for scientific criteria documents for workplace limit values 
• Checking of references in key articles and reviews for locating of references not yet 

identified 
 

The working group collected relevant key sources and listed them in Annex 2.  
This list of core databases and sources can be used for all systematic searches. The working 
group welcomes supplements and amendments to this list from any party. 

To obtain a comprehensive database for derivation of DRRs, the following three topics should 
be considered for literature searches: 

 

Toxicokinetics and mode of action: 

• Toxicokinetics: absorption, distribution, metabolism, excretion 
• Mode action 

 
 

Human studies including case studies, case-control studies, cohort studies and cross-
sectional studies: 

• Single exposure 
• Repeated exposures 
• Local effects on skin and mucous membranes 
• Allergenic effects 
• Specific target organ toxicity including immunotoxicity 
• Reproductive toxicity 
• Genotoxicity 
• Mutagenicity 
• Carcinogenicity 
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Animal experiments and in-vitro studies: 

• Acute toxicity 
• Subacute, subchronic and chronic toxicity 
• Local effects on skin and mucous membranes 
• Allergenic effects 
• Specific target organ toxicity including immunotoxicity 
• Reproductive toxicity 
• Genotoxicity 
• Mutagenicity 
• Carcinogenicity 

 

Documentation of literature searches 

The literature searches are to be described, including the databases and sources, search 
strategies and search terms used. The searches are to be summarized using the PRISMA flow 
diagram (Moher 2009). The flow diagram and an example are presented in Annex 3.  

A list of excluded studies and reasons for their exclusion is to be delivered.  

 

Citation of studies 

For standard reference purposes the citation format of PubMed should be used. Citations of 
obvious relevance should be imported into reference management software (e.g. Endnote); 
checking for duplicates can easily be performed and original PDF-files can be stored. 
Collections of relevant literature for a substance can easily be exported for publication. 

 

5 Document Delivery  
All publications are to be ordered through IFA and INAIL libraries. Should a document delivery 
be missing, the help of other members of the working group is to be enlisted. 

All papers are be stored in the PEROSH cloud in the project file folder. All files have a standard 
file name format: author year.pdf  (e.g. Miller 2014.pdf).  

All members are to add papers to the literature collection in the cloud. 

 

6 Quality Criteria for Selection of Studies 
 

6.1 Toxicological Studies  
Different approaches and procedures may be used to evaluate data quality from in-vivo and 
in-vitro mammalian toxicity studies for use in hazard and risk assessments. The evaluation of 
data quality includes assessment of adequacy of the information for hazard/risk assessment, 
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and furthermore the two basic elements of relevance and reliability. These terms were defined 
by Klimisch et al. (1997) along the following lines: 

• Reliability - evaluating the inherent quality of a test report or publication relating to preferably 
standardized methodology and the way the experimental procedure and results are described 
to give evidence of the clarity and plausibility of the findings 

• Relevance - covering the extent to which data and tests are appropriate for a particular 
hazard identification or risk characterization 

• Adequacy - defining the usefulness of data for hazard/risk assessment purposes. When 
there is more than one study, the greatest weight is attached to the study that is the most 
reliable and relevant. Robust study summaries are prepared for the highest quality or “key” 
studies. 

Klimisch et al. (1997) developed a scoring system which can be used to categorize the relia-
bility of a study during evaluation of toxicological studies. The method to be used for reliability 
in this project is based on the Klimisch score system, which has been modified by ECETOC 
(ECETOC TR-104; Klimisch 1997, ECHA 2012, SIDS etc.). An overview is available in the 
ECETOC document TR-104. Table 1 lists the criteria together with a scoring system.  

 

Table 1: Criteria for Reliability Categories (modified by ECETOC) 

Code Category of reliability 
1 Reliable without restriction 
1a ‘Good laboratory practice’ guideline study (OECD, EC, EPA, FDA, etc.) 
1b Comparable to guideline study 
1c Test procedure in accordance with national standard methods (AFNOR, DIN, etc.) 
1d Test procedure in accordance with generally accepted scientific standards and 

described in sufficient detail 
2 Reliable with restrictions 
2a Guideline study without detailed documentation 
2b Guideline study with acceptable restrictions 
2c Comparable to guideline study with acceptable restrictions 
2d Test procedure in accordance with national standard methods with acceptable 

 2e Study well documented, meets generally accepted scientific principles, 
acceptable for assessment 

2f Accepted calculation method 
2g Data from handbook or collection of data 
3 Not reliable 
3a Documentation insufficient for assessment 
3b Significant methodological deficiencies 
3c Unsuitable test system 
4 Not assignable 
4a Abstract 
4b Secondary literature 
4c Original reference not yet available 
4d Original reference not translated 
4e Documentation insufficient for assessment 
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6.2 Epidemiological Studies 
An overview about Good Epidemiologic Practice (GEP) can be found in the Guidelines and 
Recommendations to Assure Good Epidemiologic Practice, published by the IEA (2007) and 
the DGEpi (2004 and 2019). The GEP provides a good overview of the structure of scientific 
work in the field of epidemiology and the documentation of studies. 

Regarding the quality assessment of a study, the quality criteria for different study attributes 
such as objectives, methods, outcome, exposure determination and confounding are listed in 
Table 2. 

 

Table 2: Study attributes and their contribution to assessment of quality 

Study Attribute Quality criteria 

Study objectives • Clearly stated  
• Relevant to research questions 

Study methods 

• Adequately described 
• Appropriate for objectives  
• Minimium selection and information bias  
• Reasonable statistical power 

Outcome 
measurement 

• Well-defined, reasonably specific 
• Accurate measurement or diagnosis 
• Proper time frame for risk of outcome 

Exposure 
measurement 

• Individual level, not group level data 
• Direct quantitative measurements 
• Accounts for changes over time 

Control of 
confounding 

• Known risk factors considered and measured 
• Reasonable analysis method(s) used (stratification, multivariate 

statistical models) 

 
A score system for determination of the study quality has proved its worth in several 
summaries of epidemiological studies. 
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Besides quality criteria regarding the design and documentation of a study, two items related 
to the quality of data are important in epidemiology. The first is the exposure assessment, the 
second the quality of diagnosis. 

Table 3 lists the different stages of exposure assessment, Table 4 the stages of diagnostic 
quality and the referring score value. 

This will assign every study in a matrix with the dimensions “exposure” crossed with “quality of 
diagnosis”. Studies that fall below a given score either in quality of exposure or in diagnosis 
should not be used in the summary.  

No fixed threshold is set for the scores, but the use of studies of lower quality produces weaker 
results in the summary. This threshold must be discussed and specified for each summary. 

 
Table 3 

Definition of quality for exposure assessment of epidemiological studies 
(Score 1-5) 

Exposure Assessment Score*: Exposure assessment 

Profession, job title, classification of occupation 1 

Qualitative specification of exposure in different work activities 2 

Quantitative specification of exposure in different work activities 
with information on intensity and duration 3 

Quantitative specification of exposure (as above) with additional 
plausibility check (e.g. information on daily work output or 
special controls through video analysis) 

4 

Direct measurement of exposure (over time) 5 

*Score 1 = low  quality; score 5 = high quality. 
 

  

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3279372/table/pone-0031521-t002/#nt102
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Table 4:  

Definition of level of evidence for diagnostic evaluation of epidemiological studies 
(Score 1-3)  

Diagnosis Criteria Score*: Case ascertainment 

Medical history or questionnaire without clinical check 1 

General clinical examination or specific clinical examination 
without validiation (e.g. second opinion, lab results, image-
producing diagnostic procedure) 

2 

Specific clinical examination with validation (e.g. second 
opinion, lab results, image-producing diagnostic procedure) 3 

*Score 1 = low  quality; score 3 = high quality. 
 

 

7 Summary of Selected Toxicological and Epidemiological Studies 
All available data from selected studies are presented in quality assessment summaries. 
Templates for recommended tables are listed in Annex 5. The content of summary tables 
depends on what is available from studies. Study details and quality can differ widely. The 
templates in Annex 5 provide support in preparing these summaries. Further literature for 
preparing risk assessment reports can be useful (e g. DHHS 2001, TRGS 901 Guide). 

 

8 Derivation of Dose-Response Relationship 
Whereas good developed methods are available for qualitative hazard identification, a good 
scientific methodology for determining the quantitative dose-response relationship is lacking. 
A need therefore exists for a framework that combines epidemiological and toxicological data. 
Many such working groups exist in regulatory risk assessment. This PEROSH working group 
focuses on scientific evidence only for derivation of dose-response relationships. These can 
be represented as values with indices of their uncertainties or - probably much more 
often - graphically as a group of dose-response curves. 

Based on study quality, toxicological and epidemiological studies are to be rated separately in 
the first step. This process is described in chapter 6. 

Combining epidemiological and toxicological studies involves discussing the factors that lead 
to heterogeneity, since different results generally exist between the types of studies. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3279372/table/pone-0031521-t001/#nt101
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For epidemiological studies, account should be taken for example of exposure misclassifi-
cation, selection bias and confounders, and for toxicological studies, high-to-low dose extra-
polation, endpoint extrapolation, toxicodynamics and toxicokinetics.  

The combination of epidemiological and toxicological studies leads to high and varying 
uncertainties in the magnitude, depending on the substance.  

This PEROSH working group was established to discuss the scientific evidences from inter-
disciplinary epidemiology and toxicology, in order to achieve a dose-response relationship. 

 

9 Publication of Report 
All results are to be published in a report. The recommended structure of the reports is 
described in Annex 4. 
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https://op.europa.eu/en/publication-detail/-/publication/3c8ef3e0-48fc-11e8-be1d-01aa75ed71a1 

 

Whaley P, Halsall C, Ågerstrand M, Aiassa E, Benford D, Bilotta G, Coggon D, Collins C, 
Dempsey C, Duarte-Davidson R, FitzGerald R, Galay-Burgos M, Gee D, Hoffmann S, Lam J, 
Lasserson T, Levy L, Lipworth S, Ross SM, Martin O, Meads C, Meyer-Baron M, Miller J, 
Pease C, Rooney A, Sapiets A, Stewart G, Taylor D. Implementing systematic review 
techniques in chemical risk assessment: Challenges, opportunities and recommendations. 
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https://op.europa.eu/en/publication-detail/-/publication/3c8ef3e0-48fc-11e8-be1d-01aa75ed71a1
http://www.ncbi.nlm.nih.gov/pubmed/26687863
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11 Annexes 
 

Annex 1: Working Group and Authors of Consensus Paper 
 

Country Institution Authors 

Germany 

IFA 
Institute for Occupational Safety and Health of 
the German Social Accident Insurance 
Sankt Augustin 
 

Frank Bochmann 

Annette Nold 

Finland 

FIOH 
Finnish Institute of Occupational Health 
Helsinki 
 

Helene Stockmann-Juvala 

 

Poland 

CIOP-PIB 
Central Institute for Labour Protection - National 
Research Institute 
Warsaw 
 

Lidia Zapor  

Katarzyna Miranowicz-
Dzierzawska 

Norway 
STAMI 
National Institute of Occupational Health 
Oslo 
 

Helge Johnsen 

Italy 
INAIL 
Italian Workers Compensation Authority 
Rome 

Giovanna Tranfo 
Monica Gherardi 
Renato Cabella 
Alessandro Marinaccio 

Spain 

INSHT 
Instituto Nacional de Seguridad e Higiene  
en el Trabajo 
Madrid 
 

Ruth Jimenez Saavedra 

Denmark  

 

NRCWE  
National Research Centre for the Working 
Environment  
Copenhagen 
 

Karin Sørig Hougaard  

 

 

See https://perosh.eu/project/dose-response-relationships-drr-for-chemical-
substances/   and   https://perosh.eu/member/ 

  

https://perosh.eu/project/dose-response-relationships-drr-for-chemical-substances/
https://perosh.eu/project/dose-response-relationships-drr-for-chemical-substances/
https://perosh.eu/member/
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Annex 2: Core Databases and Sources for Literature Search 
 

Databases URL 
RAC and SCOEL https://ec.europa.eu/social/main.jsp?catId=148&langId=en&intPageId=684 

RTECS http://w w w.cdc.gov/niosh/rtecs/RTECSaccess.html 

eChemPortal https://w ww.echemportal.org/echemportal/ 

ECHA http://echa.europa.eu/de/information-on-chemicals 

TOXNET https://toxnet.nlm.nih.gov/ 

EPA IRIS https://w ww.epa.gov/iris 

NIOSH http://w w w2a.cdc.gov/nioshtic-2/publications/pubresults.asp 

INCHEM http://w w w.inchem.org/ 

US NTP http://ntp.niehs.nih.gov/pubhealth/roc/roc13/index.html 

MAK http://onlinelibrary.w iley.com/book/10.1002/3527600418/topics 

GESTIS http://w w w.dguv.de/ifa/GESTIS/index-2.jsp 

PubMed http://w w w.ncbi.nlm.nih.gov/pubmed 

Ecetoc http://w w w.ecetoc.org/publications/ 

WHO EHC http://w w w.who.int/ipcs/publications/ehc/ehc_alphabetical/en/ 

IARC http://monographs.iarc.fr/ENG/Classif ication/index.php 

BAuA DRR http://w w w.baua.de/de/Themen-von-A-Z/Gefahrstoffe/TRGS/Begruendungen-910.html 

WHO CICAD http://w w w.who.int/ipcs/publications/cicad/en/ 

xxx  

 

The list may be supplemented or amended. 

  

https://ec.europa.eu/social/main.jsp?catId=148&langId=en&intPageId=684
http://www.cdc.gov/niosh/rtecs/RTECSaccess.html
http://echa.europa.eu/de/information-on-chemicals
https://toxnet.nlm.nih.gov/
https://www.epa.gov/iris
http://www2a.cdc.gov/nioshtic-2/publications/pubresults.asp
http://www.inchem.org/
http://ntp.niehs.nih.gov/pubhealth/roc/roc13/index.html
http://onlinelibrary.wiley.com/book/10.1002/3527600418/topics
http://www.dguv.de/ifa/GESTIS/index-2.jsp
http://www.ncbi.nlm.nih.gov/pubmed
http://www.ecetoc.org/publications/
http://www.who.int/ipcs/publications/ehc/ehc_alphabetical/en/
http://monographs.iarc.fr/ENG/Classification/index.php
http://www.baua.de/de/Themen-von-A-Z/Gefahrstoffe/TRGS/Begruendungen-910.html
http://www.who.int/ipcs/publications/cicad/en/
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Annex 3: Flow Diagram of Literature Searches and Selection of Studies  
(PRISMA)  
 

 

Standard (Original): 

 

 

Source: http://www.prisma-statement.org/ 

 

 

 

  

http://www.prisma-statement.org/
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Example (fictive): 

 

Results: (adapted from PRISMA 2009 Flow Diagram) 
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Annex 4: Structure of Report 
 

The report will have a standard structure following this table of contents: 

 

• Introduction 
• Literature Searches 
• Occurrence and Exposure 
• Toxicokinetics 
• Mode of Action 
• In vitro Studies 
• Animal Toxicity  

(irritation, sensitization, toxicity, reproductive toxicity, genotoxicity, mutagenicity, 
carcinogenicity) 

• Human Toxicity 
(irritation, sensitization, toxicity, reproductive toxicity, genotoxicity, mutagenicity, 
carcinogenicity) 

• Summary of Data 
• Evaluation of Data 
• Derivation of Dose-Response Relationship 
• Unit Risks of Other Authors/Institutions 
• References 
• Annexes:  

- Documentation of Literature Searches including PRISMA flow chart 
- List of Excluded Studies 
- Tables of Selected Studies including Quality Scores 
- Figures of Calculations 
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Annex 5: Recommendations for Templates for Study Details 
 

 

Annex 5.1: Templates for Epidemiological Studies 
 

 

Core information of studies 

 

 

Information of studies including quality assessment and scoring of exposure and outcome 
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Annex 5.2: Templates for Toxicological Studies 
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Annex 5.3: Templates for Toxicological Studies (EU) 
 
Suggestion for summary tables of toxicological studies according to: 
Evaluation Report:  Prepared under Article 8 of Regulation (EC) No 396/2005 

 
Table 2.2 Summary of the acute toxicity studies 

Type of test/ 
Species 

Exposure/Duratio
n/ 

Frequency 
  (mg/kg) 

Results Score References 

     
     

 
Table 2.3 Summary of the short term toxicity studies 

Type of test/ 
Species 

 

Exposure/D
uration/ 

Frequency 
  (mg/kg) 

NOAEL 
(mg/kg bw/d) 

Effects at LOAEL 
and higher doses 

(mg/kg bw/d) 
Score References 

      
      

 
Table 2.4 Summary of the genotoxicity studies 

Test 
substance 

 
Test system Concentratio

ns/dose Results Score References 

In vitro studies 
      
      
In vivo studies 
      
      

 
Table 2.5 Summary of the long term toxicity studies 

Type of 
test/ 

Species 
 

Exposure/Dura
tion/ 

Frequency 
  (mg/kg) 

NOAEL 
(mg/kg bw/d) 

Effects at LOAEL 
and higher doses 

(mg/kg bw/d) 
Score References 
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Table 2.6 Summary of the reproductive toxicity studies 

Type of test/ 
Species 
(purity test 
substance) 

Dose 
levels 

(mg/kg) 
NOAEL 

(mg/kg bw/d) 
Effects at LOAEL 
and higher doses 

(mg/kg bw/d) 
Score References 

Multigenerational 
  - Par.: 

- Offsp.: 
- Repro.: 

   

Developmental 
  - Mat.: 

- Dev.: 
   

 
Table 2-.7 Summary of the neurotoxicity studies 

Type of test/ 
Species 
(purity test 
substance) 

Dose 
levels 

(mg/kg) 

NOAEL 
(mg/kg 
bw/d) 

Effects at LOAEL 
and higher doses 

(mg/kg bw/d) 
Score References 
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Annex 2: Literature Search Strategy for BD Studies 

 

We searched PubMed, EMBASE, Cochrane Work and Google Scholar for relevant studies. 
We also conducted manual searches for reviews and criteria documents in the internet, on 
webpages of OSH institutions and in the GESTIS – Scientific criteria documents database.  

Searches were limited to articles in English and German. For some articles in Russian and 
Bulgarian, we found translated text in some criteria documents and therefore included them in 
our analysis. We searched literature with a publication date up to 2017. To ensure the 
completeness or our literature search, we compared the findings of our search with the 
reference lists of available reviews and criteria documents.  

8 important criteria documents existed on 1,3-butadiene. We created a cross table to view in 
which document a study was described (see Annex 3). Those documents are as follows: 

 

BAuA 2015 SUBSTANCE EVALUATION REPORT: Buta-1,3-diene. Federal Institute for Occupational 
Safety and Health (BAuA). Germany 2015 

DECOS 2013 1,3-Butadiene. Health based calculated occupational cancer risk values. Health Council 
of the Netherlands 2013 

ATSDR 2012 
Toxicological profile for 1,3-butadiene. U.S. DEPARTMENT OF HEALTH AND HUMAN 
SERVICES, Public Health Service. Agency for Toxic Substances and Disease Registry. 
USA 2012 

IARC 2012 IARC Monographs on the Evaluation of Carcinogenic Risks to Humans Volume 100F: 
1,3-Butadiene. IARC, France 2012, p. 309-338 

IOM 2011 
Health, socio-economic and environmental aspects of possible amendments to the EU 
Directive on the protection of w orkers from the risks related to exposure to carcinogens 
and mutagens at w ork. 1,3-Butadiene. SHEcan report P937/11. Institute of Occupational 
Medicine (IOM), United Kingdom 2011 

AGS 2010 Exposure-risk-relationship for 1,3-butadiene (butadiene, BD). Committee for Hazardous 
Substances (AGS). Germany 2010 

SCOEL 2007 
SCOEL. Risk assessment for 1,3-butadiene. Recommendations from the Scientif ic 
Committee on Occupational Exposure Limits of the European Union. SCOEL/SUM/75. 
Belgium 2007 

EU RAR 2002 
1,3-butadiene. European Union Risk Assessment Report of 1,3-butadiene. European 
Commission, Joint Research Centre, Institute for Health and Consumer Protection, 
European Chemicals Bureau. Ispra, Italy 2002 

 

 

Details of the search strategy see below. 

  

https://www.dguv.de/ifa/gestis/gestis-wissenschaftliche-begruendungen/index-2.jsp
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PubMed: 

8.6.2017 

 

#1 Search 1,3-butadiene OR 106-99-0 

#2 Search “Butadienes/adverse effects” [MAJR] 

#3 Search “Butadienes/toxicity”[MAJR] 

 

In June 2017, searches were performed in PubMed. Searches in EMBASE, Cochrane Work 
and Google Scholar were performed with same search terms, and also manually. 

 

 

Update Searches in 2020 

In November 2020, we conducted update literature searches with the same strategies and key 
words as those used before. We found three toxicological studies and four epidemiological 
studies, all not relevant for our review. 

The publication of Sathiakumar 2019, a follow-up of the US/Canadian rubber cohort (see 
below), is interesting for the subject, but the study did not deliver quantitative data for our 
analysis. 

We did not therefore include any of the new studies in this review. 

 

Sathiakumar N, Tipre M, Leader M, Brill I, Delzell E.: Mortality Among Men and Women in the North 
American Synthetic Rubber Industry, 1943-2009. J Occup Environ Med. 2019 Aug 27.  
doi: 10.1097/JOM.0000000000001688. 



Autor Publication 
year Study type BAuA 

2015
DECOS 

2013
ATSDR 

2012
IARC 
2012

IOM 
2011

AGS 
2010

SCOEL 
2007

EU RAR 
2002 Notes

Abdel-Rahman 2001, 2003, 2005 Epi X

Abdullaeva 1974 Epi X Russian, see EU RAR 2002
Adler 1994a+b Tox X
Adler 1998 Tox X X

Albertini 2001, 2003, 2007 Epi/Biomarke
r X

Alberton 1981 Epi X Russian, see EU RAR 2002
Alekperov 1970 Epi X
Altshuller 1966 Epi X
Ammenheuser 2001 Epi X
Anderson 1996 Tox X
Anderson 1998 Tox X X
Andjelkovich 1976, 1977 Epi Source: CEPA 2000
Araki 1994 In-vitro X
Arce 1989 In-vitro X X
Asakura 2008 In-vitro X
Autio 1994 Tox X
Bashirov 1975 Epi X Russian, see EU RAR 2002
Batkina 1966 Tox X
Bevan 1996 Tox X
BIBRA 1996 Tox X
Blair 2000 Tox
Bond 1992 Epi Source: CEPA 2000
Boogaard 2001, 2004 In-vitro X
Brinkworth 1998 Tox X
Bucher 1993 Tox X X
Carpenter 1944 Tox, Epi X X X X
Case 1954 Epi X
Chang 2017 In-vitro Pubmed
Checkoway 1982 Epi X X
Cheng 2007 Epi X X X X See also Sathiakumar 2005 and Graff 2005
Cochrane 1993 In-vitro X
Cochrane 1994a+b Tox X
Cowles 1994 Epi X X X
Crouch 1977 Tox X original missing, Hazleton Lab
Crouch 1979 Tox X X X s.a. Pullinger
Cunningham 1986 Tox X X X

Delzell 1996 Epi X X X X X

Includes data from cohorts studied by 
Meinhardt 1982, Matanoski 1987, Lemen 
1990, Matanoski 1990, 1993, and Santos-
Burgoa 1992

Delzell 2001 Epi X X X X Update of Delzell 1996: Revision of exposure 
estimates for cohorts

Delzell 1989, 1995 Epi X

Delzell 2005 Epi only styrene!
Update of Delzell 1996

Delzell 2006 Epi x X X Delzell 2006: More detailed report of studies 
of Graff 2005 and Sathiakumar 2005

De Meester 1978, 1980, 1988 In-vitro X

Divine 1990 Epi X X
Divine 1993 Epi X
Divine 1996 Epi X X
Divine 2001 Epi X X X X X Update of Downs 1987

Donetskaya 1970 Tox X original missing; HSE translation; see source; 
Update of Downs 1987 s.a. Shava

Downs 1987 Epi X X Cohort 
Downs 1993 Epi Source: CEPA 2000
Fox 1974 Epi X
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Autor Publication 
year Study type BAuA 

2015
DECOS 

2013
ATSDR 

2012
IARC 
2012

IOM 
2011

AGS 
2010

SCOEL 
2007

EU RAR 
2002 Notes

Gostinsky 1965 Epi X

Graff 2005 Epi X X X X See also Sathiakumar 2005, 1998; Delzell 
2001, 2006, 1996; Macaluso 1996, 2004.

Graff 2009 Epi X X X
Hackett 1987a Tox X x X
Hackett 1987b Tox X x X
Hackett 1988a Tox x X
Hackett 1988b Tox x X
Hayes 1996, 2000 Epi X
Henderson 2000 Tox
HLE 1982 Tox X original missing, Hazleton Lab
Hong 2000 Tox X
Huff 1985 Tox X X
ILO 1977 Epi X

IARC 1993 Epi/Tox see Divine 1993, Irons 1993, Matanoski 1993, 
Melnick 1993b 

Irons 1986a Tox X X X
Irons 1986b Tox X X X
Irons 1987b Tox X
Irons 1998 Epi X
Irvine 1981 Tox X X original missing, Hazleton Lab
Irvine 1982 Tox X original missing, Hazleton Lab
Jauhar 1988 Tox X
Jelitto 1989 Tox X
Khristeva 1981 Epi X Bulgarian see EU RAR 2002
Kim 2005 Tox X
Killian 1930 Tox X
Knox 2005, 2006 Epi X
Koivisto 1999 In-vitro X
Koturbash 2011a, 2011b Tox X

Larionov 1934 Tox, Epi X original missing; HSE translation; see source

Leiderman 1986 Tox X X
Lemen 1990 Epi
Liu 2008 Epi X Liu 2015 and 2013 not available, Chinese
Lovreglio 2006 Epi X
Ma 2000 Epi X

Macaluso 1996 Epi X X X X 6 of the 8 plant cohorts studied by Delzell 
1996

Macaluso 2004 Expo X X
Madhusree 2002 In-vitro X X
Matanoski 1987 Epi X X
Matanoski 1989a Epi X
Matanoski 1989b Epi X
Matanoski 1990 Epi X X X Update of Matanoski 1987
Matanoski 1993 Epi X

Matanoski 1997 Epi X
Cases and controls derived from cohort of 
Matanoski 1990. Update of Santos-Burgoa 
(1992.

McMichael 1974 Epi X X see McMichael 1976+L2
McMichael 1975 Epi X
McMichael 1976 Epi X X Update of McMichael 1974
Meinhardt 1982 Epi X X
Melnick 1988 Tox X
Melnick 1990a Tox X X X X
Melnick 1990b Tox X X
Melnick 1993a Review X
Melnick 1993b Risk ass X
Melnick 2001 Review X
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Autor Publication 
year Study type BAuA 

2015
DECOS 

2013
ATSDR 

2012
IARC 
2012

IOM 
2011

AGS 
2010

SCOEL 
2007

EU RAR 
2002 Notes

Meng 2001, 2007 Tox X X s. Walker

Meng 1999, 2000, 2004, 
2007 Tox X

Miller 1989 Tox X
Mukhametova 1976 Epi X Russian, see EU RAR 2002
Nadirova 1967 Epi X Russian, see EU RAR 2002
Nechev 2001 In-vitro X

Nikiforova 1969 Tox X original missing; HSE translation; see source

NTP 1984 Tox X X X X X
NTP 1993 Tox X X X
Oe 1999 In-vitro X
Owen 1981a+b Tox X X original missing, Hazleton Lab
Owen 1987 Tox X X X X see Pullinger, Crouch
Owen 1990 Tox X X X X X
Pacchierotte 1998 Tox X
Park 2004 In-vitro X
Park 2005 In-vitro X

Pokrovskii 1968 Tox X original missing; HSE translation; see source

Powley 2003 In-vitro X
Pullinger 1979 Tox, expo X
Recio 1992, 2000 Tox X
Reynolds 2003 Epi X
Ripp 1966, 1969 Tox X

Ripp 1966, 1967 Epi X original missing; HSE translation; see source

Santos-Burgoa 1992 Epi X
Sasiadek 1991 In-vitro X
Sathiakumar 1998 Epi X X X Same cohorts as Delzell 1996

Sathiakumar 2005, 2015, Epi x X X x X x Update of Delzell 1996. Companion paper to 
Graff 2005

Sathiakumar 2007 Epi X X X

Sathiakumar 2009a+b Epi X X X See also Sathiakumar 2005 and Graff 2005

Sathiakumar 2015 Epi Pubmed
Selzer 1990 In-vitro see also Elfarra 2001
Seneviratne 2010 In-vitro X
Sharief 1986 Tox X
Shugaev 1969 Tox X X X

Shvartsapel 1970 Tox X original missing; HSE translation; see source

Sielken 2007 Epi X X See also Sathiakumar 2005, Graff 2005, 
Delzell 2006, Sielken 2011, 2013 

Sills 2001 Tox X
Sram 1998 Epi X
Tates 1996 Epi X
Thurmond 1986 Tox X X X
Tice 1987 Tox X X
Tice 1988 Tox X
Tommasi 1998 Tox X
Tomaszewski 1987 Epi X
Tsai 2001 Epi X x X X
Tsai 2005 Epi X X
Victorin 1988 In-vitro X
Vlaanderen 2013 Epi
Vodicka 2006 Tox X
Volchkova 1972 Tox X
Walker 2000, 2009 Tox Pubmed
Wang 2010 Epi X

Annex 3: Cross Table All Study Citations in 8 Criteria Documents          3 / 4



Autor Publication 
year Study type BAuA 

2015
DECOS 

2013
ATSDR 

2012
IARC 
2012

IOM 
2011

AGS 
2010

SCOEL 
2007

EU RAR 
2002 Notes

Ward 1994 Epi X
Ward 1995 Epi X X X X
Ward 1996 Epi X
Ward 2001 Biomarker X
Whitworth 2008 Epi X X
Wickliffe 2009 Epi X
WIL 2003 Tox X
Xiang 2012 Epi X
Xiao 1995 Tox X
Zeman 1989 Epi X Polish, see EU RAR 2002
Zhang 2003 In-vitro X
Zhang 2004 In-vitro X
Zhang 2005 In-vitro X
Zhang 2006 In-vitro X
Zhao 1998 In-vitro X
Zhao 2001 Epi
Zhou 1986 Epi X
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Annex 4: All Toxicological Studies on BD 

This Annex 4 provides detailed tables of the 75 animal studies found, including quality scores 
(reliability categories) and the results of the medians and graphs of the pooled LOELs (Lowest 
Observed Effect Levels). The studies are arranged by outcomes.  
There are two tables for each outcome: One for the basic data of the studies and one for 
available LOELS, the “core data”. Below the tables of core data, the studies with LOELs are 
numbered and sorted according to the quality scores.  
Where a sufficient number of studies for an outcome were available for sub-grouping according 
to quality, the studies were divided into high (codes 1 and 2) and low (codes 3 and 4) quality, 
and the median LOEL was calculated for each group. 
The median LOELs for each outcome are displayed graphically below the core data. 

Outcome Page in Annex 4 
Local effects on skin and 
mucous membranes 

basic data 2/19 
core data 3/19 

Allergenic effects basic data 4, no data 

Reproductive toxicity basic data 5/19 

core data 7/19 
Genotoxicity basic data 9/19 

core data 10/19 
Mutagenicity basic data 12/19 

core data 14/19 

Carcinogenicity basic data 16/19 
core data 18/19 

nold.annette
Stempel



Author Year Toxicity 
(acute, subacute, chronic, subchronic)

Local effects on skin 
and mucous membranes

Study 
quality

Risk estimates Notes

Carpenter 1944 chronic on animals and acute on humans 2000 ppm butadiene for 7 
hours or 4000 ppm for 6 
hours - eye irritation and 
blurred vision (2 subjects); 
repeated exposure 
resulted in less awareness 
of these symptoms. No 
effects were reported at a 
6-hour exposure to 8000 
ppm (17600 mg/m3)

2e Butadiene at 600, 2300 and 6700 ppm caused no 
significant injury to amall animals during 8 
months exposures.The distribution coefficient 
between blood and air is 0.603 in vitro and 0,645 
in vivo, indicating that there is simple diffusion 
from alveoli in blood. Psycho motor effect was 
investigated in 2 human subjects, and 8000 ppm 
has the same effect of 200 ppm toluol. 
Conclusions are that Butadiene is practically 
innocuous asid from narcotic effect at very high 
concentration!

HJO: This study is very old, and  and they find only a 
slight effect on the body weights at the 6700 ppm. No 
stats were shown, so I would not pay to much impact 
from this study. For the three exposure levels,they 
report 90.5%, 86.3% and 81.2% body weights 
compared to control.You could perhaps argue that 
6700 ppm would give an effect pn the BW??

Killian H. 1930 hyperventilation, convulsions, spasms; for 
high concentrations death.

In EU RAR 2002: In mice, exposure to 
200,000 ppm for 6-10 minutes or to 400,000 
ppm for up to 1 minute resulted in narcosis; 
deaths occurred after 11-14 minutes 
exposure to 400,000 ppm.

At narcotic vapour concentrations, > 90,000 
ppm, respiratory obstruction caused by 
severe nasal and bronchial irritation, 
hyperventilation and congestive hyperaemia 
in the liver and kidneys have been noted in 
mice (Killian, 1930; Larionov et al., 1934). 

> 90000 ppm, respiratory 
obstruction caused by 
severe nasal and bronchial
irritation in mice

4e ? in German. Studies on effect of narcotic substances 
on mice.
Too old and poor study. Described in EU RAR 2002.

Larionov L 1934 In EU RAR 2002: Larionov et al. (1934) 
reported the minimum concentration for 
narcosis and
death in mice to be 90,000 – 140,000 ppm, 
though the exposure period was not stated. At
narcotic vapour concentrations, > 90,000 
ppm, respiratory obstruction caused by 
severe nasal and bronchial irritation, 
hyperventilation and congestive hyperaemia 
in the liver and kidneys have been noted in 
mice (Killian, 1930; Larionov et al., 1934). In 
rabbits, narcosis and deaths occurred at 
250,000 ppm for an unstated period of time, 
but these effects were not seen at around 
150,000 ppm for 25 minutes. Nasal irritation 
and congestive hyperaemia in the liver and 
kidney was seen at 250,000 ppm for an 
unstated exposure period. 

> 90000 ppm, respiratory 
obstruction caused by 
severe nasal and bronchial
irritation in mice

Described in EU RAR 2002. Study not available.

Melnick 1988 Chronic 60-61 weeks (0, 625, 1250 ppm; 
6h/day, 5 days/wk (mice)

liver necrosis, epithelial hyperplasia of the 
forestomach]

nasal cavity lesions 
(chronic inflamation, 
fibrosis,osseous and 
cartilagenous metaplasia, 
and atrophy of the 
olfactory epithelium.

sign. effect

1d National Toxicology Program

NTP: 2x50 B6C3F1 mice (males and females), 60-61 
weeks, inhalation,

Nikiforova 
et al.

1969 Subchronic "structural elements
of the kidneys and heart"

3 Paper not available, but is cited in EU RAR 2002, 
where it is concluded that these data should be
discounted and no conclusions should be drawn from 
them. 

Volchkova 1972 In EU RAR 2002: Mild leucocytosis, 
neutrophilia, lymphopenia and monocytosis 
were observed in rabbits following
exposure to 90,000 ppm butadiene for 2 
hours.

250000 ppm butadiene 
(unsteated exposure 
period) nasal irritation in 
rabbits 

2g Nasal irritation and congestive hyperaemia in the 
liver and kidney was seen at 250,000 ppm for an 
unstated exposure period. Mild leucocytosis, 
neutrophilia, lymphopenia and monocytosis were 
observed in rabbits following exposure to 90,000 
ppm butadiene for 2 hours.

Described in EU RAR 2002.

Sum of 
studies with 
outcome 
local effects

6

Studies with 
LOELs

4
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Local effects on skin and mucous membranes - basic data



Author Year NOEL in ppm LOEL in ppm not known Study quality Toxicity 
(acute, subacute, chronic, subchronic)

Local effects on skin 
and mucous membranes

Risk estimates Notes

Melnick 1988 625 1d Chronic 60-61 weeks (0, 625, 1250 ppm; 
6h/day, 5 days/wk (mice)

liver necrosis, epithelial hyperplasia of the 
forestomach]

nasal cavity lesions 
(chronic inflamation, 
fibrosis,osseous and 
cartilagenous metaplasia, 
and atrophy of the olfactory 
epithelium.

sign. effect

National Toxicology Program

NTP: 2x50 B6C3F1 mice (males and females), 60-61 
weeks, inhalation,

Carpenter 1944 8000 2e chronic on animals and acute on humans 2000 ppm butadiene for 7 
hours or 4000 ppm for 6 
hours - eye irritation and 
blurred vision (2 subjects); 
repeated exposure resulted 
in less awareness of these 
symptoms. No effects were 
reported at a 6-hour 
exposure to 8000 ppm 
(17600 mg/m3)

Butadiene at 600, 2300 and 6700 ppm caused no 
significant injury to amall animals during 8 months 
exposures.The distribution coefficient between 
blood and air is 0.603 in vitro and 0,645 in vivo, 
indicating that there is simple diffusion from alveoli 
in blood. Psycho motor effect was investigated in 2 
human subjects, and 8000 ppm has the same 
effect of 200 ppm toluol. Conclusions are that 
Butadiene is practically innocuous asid from 
narcotic effect at very high concentration!

HJO: This study is very old, and  and they find only a 
slight effect on the body weights at the 6700 ppm. No 
stats were shown, so I would not pay to much impact 
from this study. For the three exposure levels,they 
report 90.5%, 86.3% and 81.2% body weights 
compared to control.You could perhaps argue that 
6700 ppm would give an effect pn the BW??

Volchkova 1972 90 000 2g In EU RAR 2002: Mild leucocytosis, 
neutrophilia, lymphopenia and monocytosis 
were observed in rabbits following
exposure to 90,000 ppm butadiene for 2 hours.

250000 ppm butadiene 
(unsteated exposure period) 
nasal irritation in rabbits 

Nasal irritation and congestive hyperaemia in the 
liver and kidney was seen at 250,000 ppm for an 
unstated exposure period. Mild leucocytosis, 
neutrophilia, lymphopenia and monocytosis were 
observed in rabbits following exposure to 90,000 
ppm butadiene for 2 hours.

Described in EU RAR 2002.

Nikiforova et 
al.

1969 x 3 Subchronic "structural elements
of the kidneys and heart"

Paper not available, but is cited in EU RAR 2002, 
where it is concluded that these data should be
discounted and no conclusions should be drawn from 
them. 

Killian H. 1930 90 000 4e hyperventilation, convulsions, spasms; for high 
concentrations death.

In EU RAR 2002: In mice, exposure to 200,000 
ppm for 6-10 minutes or to 400,000 ppm for up 
to 1 minute resulted in narcosis; deaths 
occurred after 11-14 minutes exposure to 
400,000 ppm.

At narcotic vapour concentrations, > 90,000 
ppm, respiratory obstruction caused by severe 
nasal and bronchial irritation, hyperventilation 
and congestive hyperaemia in the liver and 
kidneys have been noted in mice (Killian, 1930; 
Larionov et al., 1934). 

> 90000 ppm, respiratory 
obstruction caused by 
severe nasal and bronchial 
irritation in mice

? in German. Studies on effect of narcotic substances on 
mice.
Too old and poor study. Described in EU RAR 2002.

Larionov L 1934 90 000 4e In EU RAR 2002: Larionov et al. (1934) 
reported the minimum concentration for 
narcosis and
death in mice to be 90,000 – 140,000 ppm, 
though the exposure period was not stated. At
narcotic vapour concentrations, > 90,000 ppm, 
respiratory obstruction caused by severe nasal 
and bronchial irritation, hyperventilation and 
congestive hyperaemia in the liver and kidneys 
have been noted in mice (Killian, 1930; 
Larionov et al., 1934). In rabbits, narcosis and 
deaths occurred at 250,000 ppm for an 
unstated period of time, but these effects were 
not seen at around 150,000 ppm for 25 
minutes. Nasal irritation and congestive 
hyperaemia in the liver and kidney was seen at 
250,000 ppm for an unstated exposure period. 

> 90000 ppm, respiratory 
obstruction caused by 
severe nasal and bronchial 
irritation in mice

Described in EU RAR 2002. Study not available.

Author Study NOEL in 
ppm

LOEL in 
ppm

not 
known

Study 
quality

Melnick 1 625 1d
Carpenter 2 8000 2e

Volchkova 3 90000 2g

Nikiforova 4 x 3

Killian 5 90000 4e
Larionov 6 90000 4e

LOEL:

Median
all 4 
studies

N=4 90000 1 - 4

Median 
study 1-3

N=2 45312.5 1 - 2

Median
study 4-6

N=2 90000 3 - 4 

Sorted according to study quality:
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Local effects on skin and mucous membranes - core data

nold.annette
Stempel

nold.annette
Stempel



No BD studies on 
allergenic effects 
available.
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Allergenic effects



Author Year Toxicity 
(acute, subacute, chronic, subchronic)

Reproductive toxicity Study 
quality

Risk estimates Notes

Anderson 1996 Acute (1250, 6250 ppm; 6h). Subchronic 
(130, 500 ppm; 6h/day, 5 days, one week)

Certain - 1250 ppm 
(decrease in implantation 
number and early deaths). 
Effects are also reported to 
be significant at the 12.5 ppm 
level for Late deaths and 
abnormal fetuses, but here 
values are compared to 
historical controls - and I am 
not sure the statistics are 
appropriate - data also do not 
show dose-effect.

1d Significant decrease in implantations for 
subchronic exposure (1250 ppm) and increase 
for early deaths and dominant lethal mutation 
(abnormal fetuses).

Anderson 1998 Subchronic (12.5, 65, 130 ppm; 6h/day, 5 
days/wk,4 weeks). Subchronic (65, 400, 1250 
ppm; 6h/day, 5 days/wk, 10 weeks). 

Mice: 65 (LOAEL) and 130 
ppm (increase in early fetal 
deaths). Rats: No significant 
effects that was ascribed to 
exposure 

1d No significant effect for implantations and 
abnormal foetuses; significant increase in early 
deaths at 65 and 130 ppm of exposure.

Bevan 1996 Acute (1000 ppm Butadiene) in both rats and 
mice. [4-Vinylcyclohexane: Subchronic (250, 
1000, 1500 VCH ppm in rats; 6h/day, 5 days, 
13 week). Subchronic (50, 250, 1000 VCH 
ppm in mice; 6h/day, 5 days, 13 week).

1000 pm (only dose level 
tested): Mice: Decreased 
relative testes weight, 
histopathologically changes 
in testes in 10/10 (4/10 in 
controls). Ovarian 
histopathological changes in 
ovaries in 6/10 females 
(controls: 0/0).

1d Ovarian atrophyin 2/10 female rats exposed to 
1500 ppm VCH. An increased incidence of 
splenic lymphoid atrophy in female mice exposed 
to butadiene. Testicular deganeration and atrophy 
in male mice exposed to butadiene.

The study was aimed to evaluate the toxicity of 4-
vinylcyclohexene (VCH)

Brinkworth 1998 Subchronic (6h/day, 5 days/wk,10 weeks) 125 ppm (LOAEL): Slightly 
but significantly increased 
time-to-coition, and increased 
early deaths. Levels of late 
deaths and dead fetuses 
increased at both 125 and 
15.5 ppm, but insignificantly 
so

BD 12.5 and 125 ppm  had no overt effects on 
the general health of mice (BW unaffected by 
exposure). DNA damage on male germ cells can 
be detected after a single exposure to 125 ppm 
BD but not after 10 weeks of dosing. Lenght of 
exposure influences genotoxic outcome. (OBS - 
Karin: No single exposure performed in this 
study!)

Hackett 1987a Acute (10 days for developmental toxicity)

Subacute 10 days development tox; 0, 40, 
200 and 1000ppm

NOAEL 200 ppm for 
maternal tox (maternal body 
weights). NOAEL 1000ppm 
for fetus tox. "No evidence for 
teratogenic respons in rats"

2e Well reported. Some deviations from OECD test 
guideline: dosing on gestation days 6-15 and sacrified 
on day 20, therefore exposure did not cover the whole 
period following implantation.

Hackett 1987b Acute inhalation 40, 200, 1000 ppm  6 hrs/day 
on Gestation days 6-15 (mice)

Subacute study of 18 days in total

LOAEL 40 ppm (Decreased 
body weight of male fetuses), 
but since not analyzed with 
litter size as covariate, 
alternative LOAEL is 200 
ppm (Decreased fetal body 
and placental weights, 
increased skeletal variations) 
OBS! Lower maternal weight 
gain GD11-16 

2e Well reported. Some deviations from OECD test 
guideline: dosing on gestation days 6-15 and sacrified 
on day 20, therefore exposure did not cover the whole 
period following implantation.

Hackett 1988a Sub-acute 200, 1000, 5000 ppm, 6 hours/day, 
5 days/week for 5 weeks (mice)

1000 (LOAEL) and 5000 
ppm: significantly increased 
% sperm with abnormal 
heads and decreased normal 
sperm

2e Very well reported. However, the positive control 
(EMS) did not induce an increase of sperm-head 
abnormalities, unlike the higher doses of butadiene. It 
is explained that EMS has previously been toxic to 
mice, which is why the dose was lowered for this 
study.

Hackett 1988b Sub-acute, 0, 200, 1000, 5000 ppm, 6 
hours/day, 5 days/week  (mice)

200 (LOAEL), 1000 and 5000 
ppm: Increase in females 
with two or more dead 
implantations increased; 200 
and 1000 ppm: increase in 
early deaths 

2e Well documented. No mention of positive controls. 
The outcome is in brackets to denote uncertainty, as 
there was only one parametre with clear dose-
response, some effects were seen at the lower doses, 
but mostly not at the highest dose.

Irvine 1981 Acute Inhalation 200, 1000, 8000 ppm 
6hrs/day on Gestation Days (GD) 6-15

200 ppm: increased number 
of litters w minor skeletal 
defects, but not at higher 
dose levels); but at 1,000 or 
8,000 ppm: significant 
increases in litters with major 
skeletal defects; 8000 ppm: 
decreased fetal growth (lower 
body weights and crown-
rump length); From 200 ppm: 
depressed maternal body 
weight gain (rats)  

probable 1b  Acute inhalation exposures resulted in fetal 
effects as decreased growth and skeletal defects 
(ATSDR 2012, but developmental toxicity studies 
have not shown toxic effects at exposures below 
those causing
maternal toxicity (SCOEL 2007). LOAEL 200 ppm

This study is a Hazleton study and not avaliable. Info 
taken from ATSDR 2012 and SCOEL 2007. The 
exposure levels are uncertain.

Irvine 1982 Acute Inhalation 200, 1000, 8000 ppm 
6hrs/day on Gestation Days (GD) 6-15

In the ATSDR 2012 
document only the Irvine 
1981 paper was cited….. 

probable 1b This study is a Hazleton study and not avaliable. This 
report is an emendment to the report from 1981

Kirman CR 2012 X chronic, meta-analysis with available dose 
response data on ovarian toxicity from 
mouse+rat studies

The paper describes 
differences in species 
sensitivity to ovarian effects 
based on kinetics, with mice 
showing by far the highest 
sensitivity based on the 
availability of the 
diepoxybutane metabolige. 
No experimental values 
derived from animal studies.

not classi-
fiable

non cancer risk estimate. Use of data from NTP and 
other publications on reprotoxicity, meta-analysis, 
modeling data, BMD model.

HJO: This is a quantitative risk assessment and do not 
provide any data of their own. I think it is not 
classifiable with respect of quality in our system. 
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Reproductive toxicity - basic data



Author Year Toxicity 
(acute, subacute, chronic, subchronic)

Reproductive toxicity Study 
quality

Risk estimates Notes

Melnick 1988 Chronic 60-61 weeks (0, 625, 1250 ppm; 
6h/day, 5 days/wk (mice)

liver necrosis, epithelial hyperplasia of the 
forestomach]

Mice: 625 and 1250 ppm: 
Significant testicular and 
ovarian athrophy

1d National Toxicology Program

NTP: 2x50 B6C3F1 mice (males and females), 60-61 
weeks, inhalation,

Melnick 1990a Chronic, 40/65 weeks (0, 6.25, 20, 62.5, 200, 
625 ppm; 6h/day, 5 days/wk (mice), additional 
groups were exposed for up to 52 weeks but 
not killed until the end of 104 week study 
(mice)

hematologic changes in peripheral blood,  
epithelial hyperplasia of the forestomach, 
alveolar epithelial hyperplasia of lung

200 ppm: increased number 
of litters w minor skeletal 
defects, but not at higher 
dose levels); but at 1,000 or 
8,000 ppm: significant 
increases in litters with major 
skeletal defects; 8000 ppm: 
decreased fetal growth (lower 
body weights and crown-
rump length); From 200 ppm: 
depressed maternal body 
weight gain (rats)  

1d 70 male and 70 female B6C3F1 mice were exposed 
6 hr/day, 5 days/week for periods up to 65 weeks to 0, 
6.25, 20, 62.5, or 200 ppm 1,3-butadiene; groups of 
90 male and 90 female mice were similarly exposed 
to 625 ppm 1,3-butadiene.

Melnick 1990b 2 years (0, 625, 1250 ppm; 6h/day, 5 days/wk 
(mice)

nonneoplastic lesions in the heart (endothelial 
hyperplasia), lung (alveolar epithelial 
hyperplasia), forestomach (epithelial 
hyperplasia), Harderian gland (hyperplasia), 
and ovary (granulosa cell hyperplasia) 
(probably represent preneoplastic changes 

      

No inforation on reproductive 
effects

1d Dose-response relationships are reported for the 
various neoplastic lesions induced by butadiene, and 
the relationship between exposure concentrations and 
durations of exposure on the outcome of butadiene-
induced carcinogenicity has been assessed. In these 
2-yr inhalation studies, a potent multisite carcinogenic
response was observed, including neoplasms of the 
lung at concentrations as low as 6.25 ppm

Pacchierotti 1988 Acute inhalation, 0, 130, 500 and 1300 ppm, 
6hrs/day for five days

130 ppm - decreased testis 
weight and reduction in round 
spermatids (LOAEL)

2e BD mutagenic property and toxic effects in mouse 
male germ cells. Cytotoxic damage inducted by 
BD in differentiating spermatogonia
resulting in a dose-dependent linear depletion of 
the elongated spermatid compartment.

Mice exposed to BD on 5 consecutive days for 6 h per 
day. Exposure concentrations
were 0, 130, 500 or 1300 ppm.  Two rounds of 
inhalations were carried out in two periods for two 
groups of 28 and 24 animals, respectively; 28 and 8 
more mice were sham exposed in both the periods.

Sum of 
studies with 
outcome 
reprotoxicity

14

Studies with 
LOELS

12
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Reproductive toxicity - basic data



Author Year NOEL 
in ppm

LOEL in 
ppm

not 
known

Study 
quality

Toxicity 
(acute, subacute, chronic, subchronic)

Reproductive toxicity Risk estimates Notes

Irvine 1981 200 1b Acute Inhalation 200, 1000, 8000 ppm 
6hrs/day on Gestation Days (GD) 6-15

200 ppm: increased number 
of litters w minor skeletal 
defects, but not at higher 
dose levels); but at 1,000 or 
8,000 ppm: significant 
increases in litters with major 
skeletal defects; 8000 ppm: 
decreased fetal growth (lower 
body weights and crown-rump 
length); From 200 ppm: 
depressed maternal body 
weight gain (rats)  

 Acute inhalation exposures resulted in fetal 
effects as decreased growth and skeletal defects 
(ATSDR 2012, but developmental toxicity studies 
have not shown toxic effects at exposures below 
those causing
maternal toxicity (SCOEL 2007). LOAEL 200 ppm

This study is a Hazleton study and not avaliable. Info 
taken from ATSDR 2012 and SCOEL 2007. The 
exposure levels are uncertain.

Irvine 1982 see 
Irvine 
1981

1b Acute Inhalation 200, 1000, 8000 ppm 
6hrs/day on Gestation Days (GD) 6-15

In the ATSDR 2012 document 
only the Irvine 1981 paper 
was cited….. 

This study is a Hazleton study and not avaliable. This 
report is an emendment to the report from 1981

Anderson 1996 1250 1d Acute (1250, 6250 ppm; 6h). Subchronic (130, 
500 ppm; 6h/day, 5 days, one week)

Certain - 1250 ppm 
(decrease in implantation 
number and early deaths). 
Effects are also reported to 
be significant at the 12.5 ppm 
level for Late deaths and 
abnormal fetuses, but here 
values are compared to 
historical controls - and I am 
not sure the statistics are 
appropriate - data also do not 
show dose-effect.

Significant decrease in implantations for 
subchronic exposure (1250 ppm) and increase for 
early deaths and dominant lethal mutation 
(abnormal fetuses).

Anderson 1998 65 1d Subchronic (12.5, 65, 130 ppm; 6h/day, 5 
days/wk,4 weeks). Subchronic (65, 400, 1250 
ppm; 6h/day, 5 days/wk, 10 weeks). 

Mice: 65 (LOAEL) and 130 
ppm (increase in early fetal 
deaths). Rats: No significant 
effects that was ascribed to 
exposure 

No significant effect for implantations and 
abnormal foetuses; significant increase in early 
deaths at 65 and 130 ppm of exposure.

Bevan 1996 1000 1d Acute (1000 ppm Butadiene) in both rats and 
mice. [4-Vinylcyclohexane: Subchronic (250, 
1000, 1500 VCH ppm in rats; 6h/day, 5 days, 
13 week). Subchronic (50, 250, 1000 VCH 
ppm in mice; 6h/day, 5 days, 13 week).

1000 pm (only dose level 
tested): Mice: Decreased 
relative testes weight, 
histopathologically changes in 
testes in 10/10 (4/10 in 
controls). Ovarian 
histopathological changes in 
ovaries in 6/10 females 
(controls: 0/0).

Ovarian atrophyin 2/10 female rats exposed to 
1500 ppm VCH. An increased incidence of splenic 
lymphoid atrophy in female mice exposed to 
butadiene. Testicular deganeration and atrophy in 
male mice exposed to butadiene.

The study was aimed to evaluate the toxicity of 4-
vinylcyclohexene (VCH)

Melnick 1988 625 1d Chronic 60-61 weeks (0, 625, 1250 ppm; 
6h/day, 5 days/wk (mice)

liver necrosis, epithelial hyperplasia of the 
forestomach]

Mice: 625 and 1250 ppm: 
Significant testicular and 
ovarian athrophy

National Toxicology Program

NTP: 2x50 B6C3F1 mice (males and females), 60-61 
weeks, inhalation,

Melnick 1990a 200 1d Chronic, 40/65 weeks (0, 6.25, 20, 62.5, 200, 
625 ppm; 6h/day, 5 days/wk (mice), additional 
groups were exposed for up to 52 weeks but 
not killed until the end of 104 week study 
(mice)

hematologic changes in peripheral blood,  
epithelial hyperplasia of the forestomach, 
alveolar epithelial hyperplasia of lung

Certain - 1250 ppm 
(decrease in implantation 
number and early deaths). 
Effects are also reported to 
be significant at the 12.5 ppm 
level for Late deaths and 
abnormal fetuses, but here 
values are compared to 
historical controls - and I am 
not sure the statistics are 
appropriate - data also do not 
show dose-effect.

70 male and 70 female B6C3F1 mice were exposed 6 
hr/day, 5 days/week for periods up to 65 weeks to 0, 
6.25, 20, 62.5, or 200 ppm 1,3-butadiene; groups of 
90 male and 90 female mice were similarly exposed to 
625 ppm 1,3-butadiene.

Melnick 1990b 6.25 1d 2 years (0, 625, 1250 ppm; 6h/day, 5 days/wk 
(mice)

nonneoplastic lesions in the heart (endothelial 
hyperplasia), lung (alveolar epithelial 
hyperplasia), forestomach (epithelial 
hyperplasia), Harderian gland (hyperplasia), 
and ovary (granulosa cell hyperplasia) 
(probably represent preneoplastic changes 
caused by butadiene at these target sites)

No inforation on reproductive 
effects

Dose-response relationships are reported for the 
various neoplastic lesions induced by butadiene, and 
the relationship between exposure concentrations and 
durations of exposure on the outcome of butadiene-
induced carcinogenicity has been assessed. In these 2-
yr inhalation studies, a potent multisite carcinogenic 
response was observed, including neoplasms of the 
lung at concentrations as low as 6.25 ppm

Hackett 1987a 200
1000

1000 2e Acute (10 days for developmental toxicity)

Subacute 10 days development tox; 0, 40, 200 
and 1000ppm

NOAEL 200 ppm for maternal 
tox (maternal body weights). 
NOAEL 1000ppm for fetus 
tox. "No evidence for 
teratogenic respons in rats"

Well reported. Some deviations from OECD test 
guideline: dosing on gestation days 6-15 and sacrified 
on day 20, therefore exposure did not cover the whole 
period following implantation.

Hackett 1987b 40
200

2e Acute inhalation 40, 200, 1000 ppm  6 hrs/day 
on Gestation days 6-15 (mice)

Subacute study of 18 days in total

LOAEL 40 ppm (Decreased 
body weight of male fetuses), 
but since not analyzed with 
litter size as covariate, 
alternative LOAEL is 200 ppm 
(Decreased fetal body and 
placental weights, increased 
skeletal variations) OBS! 
Lower maternal weight gain 
GD11-16 

Well reported. Some deviations from OECD test 
guideline: dosing on gestation days 6-15 and sacrified 
on day 20, therefore exposure did not cover the whole 
period following implantation.

Hackett 1988a 1000 2e Sub-acute 200, 1000, 5000 ppm, 6 hours/day, 
5 days/week for 5 weeks (mice)

1000 (LOAEL) and 5000 
ppm: significantly increased 
% sperm with abnormal 
heads and decreased normal 
sperm

Very well reported. However, the positive control 
(EMS) did not induce an increase of sperm-head 
abnormalities, unlike the higher doses of butadiene. It 
is explained that EMS has previously been toxic to 
mice, which is why the dose was lowered for this 
study.

Hackett 1988b 200 2e Sub-acute, 0, 200, 1000, 5000 ppm, 6 
hours/day, 5 days/week  (mice)

200 (LOAEL), 1000 and 5000 
ppm: Increase in females with 
two or more dead 
implantations increased; 200 
and 1000 ppm: increase in 
early deaths 

Well documented. No mention of positive controls. 
The outcome is in brackets to denote uncertainty, as 
there was only one parametre with clear dose-
response, some effects were seen at the lower doses, 
but mostly not at the highest dose.
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Reproductive toxicity - core data



Author Year NOEL 
in ppm

LOEL in 
ppm

not 
known

Study 
quality

Toxicity 
(acute, subacute, chronic, subchronic)

Reproductive toxicity Risk estimates Notes

Pacchierotti 1988 130 2e Acute inhalation, 0, 130, 500 and 1300 ppm, 
6hrs/day for five days

130 ppm - decreased testis 
weight and reduction in round 
spermatids (LOAEL)

BD mutagenic property and toxic effects in mouse 
male germ cells. Cytotoxic damage inducted by 
BD in differentiating spermatogonia
resulting in a dose-dependent linear depletion of 
the elongated spermatid compartment.

Mice exposed to BD on 5 consecutive days for 6 h per 
day. Exposure concentrations
were 0, 130, 500 or 1300 ppm.  Two rounds of 
inhalations were carried out in two periods for two 
groups of 28 and 24 animals, respectively; 28 and 8 
more mice were sham exposed in both the periods.

Kirman CR 2012 not classi-
fiable

X chronic, meta-analysis with available dose 
response data on ovarian toxicity from 
mouse+rat studies

The paper describes 
differences in species 
sensitivity to ovarian effects 
based on kinetics, with mice 
showing by far the highest 
sensitivity based on the 
availability of the 
diepoxybutane metabolige. 
No experimental values 
derived from animal studies.

non cancer risk estimate. Use of data from NTP and 
other publications on reprotoxicity, meta-analysis, 
modeling data, BMD model.

HJO: This is a quantitative risk assessment and do not 
provide any data of their own. I think it is not 
classifiable with respect of quality in our system. 

Brinkworth 1998 125 Subchronic (6h/day, 5 days/wk,10 weeks) 125 ppm (LOAEL): Slightly 
but significantly increased 
time-to-coition, and increased 
early deaths. Levels of late 
deaths and dead fetuses 
increased at both 125 and 
15.5 ppm, but insignificantly 
so

BD 12.5 and 125 ppm  had no overt effects on the 
general health of mice (BW unaffected by 
exposure). DNA damage on male germ cells can 
be detected after a single exposure to 125 ppm 
BD but not after 10 weeks of dosing. Lenght of 
exposure influences genotoxic outcome. (OBS - 
Karin: No single exposure performed in this 
study!)

Author Study NOEL 
in ppm

LOEL in 
ppm

not 
known

Study 
quality

Irvine 1 200 1b
Anderson 2 1250 1d
Anderson 3 65 1d
Bevan 4 1000 1d
Melnick 5 625 1d
Melnick 6 200 1d
Melnick 7 6.25 1d
Hackett 8 200

1000
1000 2e

Hackett 9 40 2e
Hackett 9 200 2e
Hackett 10 1000 2e
Hackett 11 200 2e
Pacchierotti 12 130 2e

Median
all studies

N=12 200 1 - 2

Sorted according to study quality:
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Author Year Toxicity 
(acute, subacute, chronic, subchronic)

Genotoxicity Study 
quality

Risk estimates Notes

Autio 1994 Subchronic 50, 200, 500 ppm; 6h/day, 5 days, 
one week). Acute (1300 ppm)

50 ppm micronuclei in 
mouse

1d Significant increase in the frequency of 
micronuclei in blood and bone marrow cells in 
female CB6F1 mice, but not in male Wistar rats

Brinkworth 1998 Subchronic (6h/day, 5 days/wk,10 weeks) 125 ppm in mouse 2e BD 12.5 and 125 ppm  had no overt effects on 
the general health of mice (BW unaffected by 
exposure). DNA damage on male germ cells can 
be detected after a single exposure to 125 ppm 
BD but not after 10 weeks of dosing. Lenght of 
exposure influences genotoxic outcome. (OBS - 
Karin: No single exposure performed in this 
study!)

Chappell 2014 subchronic:425ppm,  6h/day, 5 days/week/2 
weeks on mice

425 ppm - mouse 1d BD elicits both genotoxicity and epigenetic 
effects. Epigenetic alterations were evident in 
target tissues, lung and liver, but insignificant in 
non target tissues, kidneys, where the formation 
of genome protecting chromatine condensation 
was observed. Authors conclude that differential 
tissue suceptibility to chemical induced 
tumorigenesis may be attributed to tissue specific 
epigenetic alterations.

Cunningham 1986 acute (2-day) 6h/day NOAEL 50 ppm; 100 
ppm  MN and SCE on 
mouse not on  rats

2e Positive controls not mentioned, otherwise the design 
is mostly comparable to the OECD guideline on in 
vivo micronucleus assay (for the SCE assay TG not 
available). Induction of micronuclei and sister 
chromatid exchanges were observed starting at 100 
ppm in B6C3F mice, but not in Sprague-Dawley rats (-
> lack of positive controls particularly problematic).

Irons 1986a Subacute 24-weeks (0, 1250 ppm; 6h/day, 6 
days/wk for 6 to 24 weeks

1250 ppm( in male mice 
(Hematology, bone 
marrow and 
micronucleus)

2e Male B6C3F1 mice: Briefly reported study but well 
described exposure and methodology. ONLY one 
exposure-level in addition to the control group (N=4-
16 animals/group).  No DRR.  The study is refered in 
several criteria-documents.

Irons 1986b Subacute 6 weeks (0, 1250 ppm; 6h/day, 5 
days/wk for 6 weeks

1250 ppm (Hematology, 
bone marrow and 
micronucleus

2e Male NIH Swiss mice:       Briefly reported study but 
well described exposure and methodology. ONLY one 
exposure-level in addition to the control group (N=8). 
No DRR.The study is refered in several criteria-
documents.

Irons 1987 Acute (0, 1250 ppm for 6h 1250 ppm 
(Chromosomal 
aberrations bone 
marrow)

2e Male B6C3F1 and NIH Swiss mice:   ONLY one 
exposure-level in addition to the control group. No 
DRR

Jauhar 1981 Subacute 13 weeks (0, 6.25, 62.5, 625 ppm;  
6h/day, 5 days/wk for 13 weeks

6.25  ppm Micronucleus 
erythrocytes in mouse

2e This study discuss DRR for the endpoints 
included

This is a satelite study of a long-term study with ref 
Ice 1987. Info on the study design should be retrieved 
from that study (Renato)

Jelitto 1989 7 hours 250 ppm 3a without particular relevance for hazard/risk 
assessment

Supported data. Special studies on mechanistic 
effects (studies on alkylation and alkaline filter elution 
of DNA in order to investigation differences in 
carinogenesis in rats - Wistar nad mice-B6C3F1)

Koturbash 2011 
(Toxicol 
Sci.)

inhalation 6 h/day 5days/week 2 weeks 625 ppm in mouse 3a without particular relevance for hazard/risk 
assessment

Supported data. (the study on the interstrain 
susceptibility; adducts formation in liver DNA different 
strain of mices; the increase DNA adducts formatin 
was concentration related )

Koturbash 2011
(Environ 
Health 
Persp.)

inhalation 6 h/day 5days/week 2 weeks 625 ppm in mouse 3a without particular relevance for hazard/risk 
assessment

Supported data (epigenetic data)

Melnick 1996 exposure to isoprene produced dose related
increases in degeneration of the olfactory 
epithelium, forestomach epithelial 
hyperplasia, and testicular atrophy. Similar 
effects in these organs had been observed 
in mice exposed to BD

625 ppm

increases
in sister chromatid 
exchanges in bone 
marrow
cells and in the 
frequency of 
micronucleated in
normochromatic and 
polychromatic 
erythrocytes

4b comparison of two another published results of 
studies: under BD and isoprene; no data 
purity/composition/origin of the test substance - 
probably the same as in cited in our Melnick 1990b.

This paper summarizes results of another studies and 
provides comparisons of the effects of  two 
chemicals; comparison with isoprene eg. effect 3 
times larger

Sills 2001 In vivo study 6.25 - 625 ppm 1-2 
years

2e The epoxide intermediates of the structurally 
related chemicals 1,3-butadiene, isoprene e 
chloroprene may cause DNA damage in K-ras 
and H-ras proto-oncogenes of B6C3F1 mice 
following inhalation exposure and that mutational 
activation of these genes may be critical events 
in the pathogenesis of forestomach neoplasms 
induced in the B6C3F1 mouse. 

Characterization of genetic alterations in K- and H-ras 
proto-oncogenes in a total of 52 spontaneous and 
chemically induced forestomach neoplasms.

Tice 1987 6.25 ppm SCE in mouse 2e Results indicate that BD is highly genotoxic and 
cytoxic to bone marrow cells of male mice 

Mice exposed to 6.25, 62.5, 625 ppm BD by 
inhalation for 10 days (6 hr per day)

Sum of 
studies with 
outcome 
genotoxicity

14

Studies with 
LOELS

14
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Genotoxicity - basic data



Author Year NOEL 
in ppm

LOEL in 
ppm

not 
known

Study 
quality

Toxicity 
(acute, subacute, chronic, subchronic)

Genotoxicity Risk estimates Notes

Autio 1994 50 1d Subchronic 50, 200, 500 ppm; 6h/day, 5 days, 
one week). Acute (1300 ppm)

50 ppm micronuclei in 
mouse

Significant increase in the frequency of micronuclei 
in blood and bone marrow cells in female CB6F1 
mice, but not in male Wistar rats

Chappell 2014 425 1d subchronic:425ppm,  6h/day, 5 days/week/2 
weeks on mice

425 ppm - mouse BD elicits both genotoxicity and epigenetic effects. 
Epigenetic alterations were evident in target 
tissues, lung and liver, but insignificant in non 
target tissues, kidneys, where the formation of 
genome protecting chromatine condensation was 
observed. Authors conclude that differential tissue 
suceptibility to chemical induced tumorigenesis 
may be attributed to tissue specific epigenetic 
alterations.

Brinkworth 1998 125 2e Subchronic (6h/day, 5 days/wk,10 weeks) 125 ppm in mouse BD 12.5 and 125 ppm  had no overt effects on the 
general health of mice (BW unaffected by 
exposure). DNA damage on male germ cells can 
be detected after a single exposure to 125 ppm 
BD but not after 10 weeks of dosing. Lenght of 
exposure influences genotoxic outcome. (OBS - 
Karin: No single exposure performed in this 
study!)

Cunningha
m

1986 50 100 2e acute (2-day) 6h/day NOAEL 50 ppm; 100 
ppm  MN and SCE on 
mouse not on  rats

Positive controls not mentioned, otherwise the design 
is mostly comparable to the OECD guideline on in vivo 
micronucleus assay (for the SCE assay TG not 
available). Induction of micronuclei and sister 
chromatid exchanges were observed starting at 100 
ppm in B6C3F mice, but not in Sprague-Dawley rats (-
> lack of positive controls particularly problematic).

Irons 1986a 1250 2e Subacute 24-weeks (0, 1250 ppm; 6h/day, 6 
days/wk for 6 to 24 weeks

1250 ppm( in male mice 
(Hematology, bone 
marrow and 
micronucleus)

Male B6C3F1 mice: Briefly reported study but well 
described exposure and methodology. ONLY one 
exposure-level in addition to the control group (N=4-16 
animals/group).  No DRR.  The study is refered in 
several criteria-documents.

Irons 1986b 1250 2e Subacute 6 weeks (0, 1250 ppm; 6h/day, 5 
days/wk for 6 weeks

1250 ppm (Hematology, 
bone marrow and 
micronucleus

Male NIH Swiss mice:       Briefly reported study but 
well described exposure and methodology. ONLY one 
exposure-level in addition to the control group (N=8). 
No DRR.The study is refered in several criteria-
documents.

Irons 1987 1250 2e Acute (0, 1250 ppm for 6h 1250 ppm 
(Chromosomal 
aberrations bone 
marrow)

Male B6C3F1 and NIH Swiss mice:   ONLY one 
exposure-level in addition to the control group. No 
DRR

Jauhar 1981 6.25 2e Subacute 13 weeks (0, 6.25, 62.5, 625 ppm;  
6h/day, 5 days/wk for 13 weeks

6.25  ppm Micronucleus 
erythrocytes in mouse

This study discuss DRR for the endpoints included This is a satelite study of a long-term study with ref Ice 
1987. Info on the study design should be retrieved 
from that study (Renato)

Sills 2001 6.25 2e In vivo study 6.25 - 625 ppm 1-2 
years

The epoxide intermediates of the structurally 
related chemicals 1,3-butadiene, isoprene e 
chloroprene may cause DNA damage in K-ras 
and H-ras proto-oncogenes of B6C3F1 mice 
following inhalation exposure and that mutational 
activation of these genes may be critical events in 
the pathogenesis of forestomach neoplasms 
induced in the B6C3F1 mouse. 

Characterization of genetic alterations in K- and H-ras 
proto-oncogenes in a total of 52 spontaneous and 
chemically induced forestomach neoplasms.

Tice 1987 6.25 2e 6.25 ppm SCE in mouse Results indicate that BD is highly genotoxic and 
cytoxic to bone marrow cells of male mice 

Mice exposed to 6.25, 62.5, 625 ppm BD by inhalation 
for 10 days (6 hr per day)

Jelitto B. 1989 250 3a 7 hours 250 ppm without particular relevance for hazard/risk 
assessment

Supported data. Special studies on mechanistic 
effects (studies on alkylation and alkaline filter elution 
of DNA in order to investigation differences in 
carinogenesis in rats - Wistar nad mice-B6C3F1)

Koturbash I 2011 
(Toxicol 
Scienc.)

625 3a inhalation 6 h/day 5days/week 2 weeks 625 ppm in mouse without particular relevance for hazard/risk 
assessment

Supported data. (the study on the interstrain 
susceptibility; adducts formation in liver DNA different 
strain of mices; the increase DNA adducts formatin 
was concentration related )

Koturbash I 2011
(Environ 
Health 
Persp.)

625 3a inhalation 6 h/day 5days/week 2 weeks 625 ppm in mouse without particular relevance for hazard/risk 
assessment

Supported data (epigenetic data)

Melnick 1996 625 4b exposure to isoprene produced dose related
increases in degeneration of the olfactory 
epithelium, forestomach epithelial hyperplasia, 
and testicular atrophy. Similar effects in 
these organs had been observed in mice 
exposed to BD

625 ppm

increases
in sister chromatid 
exchanges in bone 
marrow
cells and in the 
frequency of 
micronucleated in
normochromatic and 
polychromatic 
erythrocytes

comparison of two another published results of 
studies: under BD and isoprene; no data 
purity/composition/origin of the test substance - 
probably the same as in cited in our Melnick 1990b.

This paper summarizes results of another studies and 
provides comparisons of the effects of  two chemicals; 
comparison with isoprene eg. effect 3 times larger

Annex 4 - All Toxicological Studies on BD 10 / 19 

Genotoxicity - core data



Author Study NOEL 
in ppm

LOEL in 
ppm

not 
known

Study 
quality

Autio 1 50 1d
Chappell 2 425 1d
Brinkworth 3 125 2e
Cunningha
m

4 50 100 2e

Irons 5 1250 2e
Irons 6 1250 2e
Irons 7 1250 2e
Jauhar 8 6.25 2e
Sills 9 6.25 2e
Tice 10 6.25 2e
Jelitto 11 250 3a
Koturbash 12 625 3a
Koturbash 13 625 3a
Melnick 14 625 4b

LOEL:

Median
all 14 
studies

N=14 337.5 1 - 4

Median 
studies 1-
10

N=10 112.5 1 - 2

Median 
studies 
11-14

N=4 625 3 - 4

Sorted according to study quality:
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Genotoxicity - core data
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Author Year Toxicity 
(acute, subacute, chronic, subchronic)

Mutagenicity Study 
quality

Risk estimates Notes

Adler 1994a Experiment A: Subchronic (1250 ppm; 6h/day, 
5 days/wk, 10 weeks). Experiment B: 
Subchronic (1300 ppm; 6h/day, 5 days, one 
week)

Lethal mutation at 1250 ppm - 
mouse

2g Experiment A: dominant lethality 28.1%. 
Experiment B: dominant lethality 5.2% (week 1), 
12.4% (week 2), 5.5% (week 3)

Adler 1994b Subchronic (50, 200, 500, 1300 ppm; 6h/day, 
5 days, one week)

Mouse Somatic mutations 500 
ppm - germ cell mutations at 1300 
ppm

1d Dominant lethality: 5.2% (week 1), 12.4% (week 
2), 5.5% (week 3) Mean MPE: 0.13% (controls), 
1.67% (animals exposed to 500 ppm), 1.95% 
(animal exposed to 1300 ppm)

Adler 1998 Subchronic (130, 500 ppm; 6h/day, 5 days, 
one week)

Heritable translocations in mouse 
at 25 ppm

1d Dominant lethality at week 4: 14.1% (animals 
exposed to 3900 ppm), 10% (animal exposed to 
15000 ppm).  10.1% and -4.7% respectively for 
males mated to NMRI females.

Anderson 1996 Acute (1250, 6250 ppm; 6h). Subchronic 
(130, 500 ppm; 6h/day, 5 days, one week)

12.5 ppm - mouse (Comment 
Karin: significance is relative to 
historical controls - not sure the 
statistics are appropriate - data 
also do not show dose-effect.)

1d Significant decrease in implantations for 
subchronic exposure (1250 ppm) and increase 
for early deaths and dominant lethal mutation 
(abnormal fetuses).

Anderson 1998 Subchronic (12.5, 65, 130 ppm; 6h/day, 5 
days/wk,4 weeks). Subchronic (65, 400, 1250 
ppm; 6h/day, 5 days/wk, 10 weeks). 

Karin: Since it is the father that is 
exposed, the developmental 
findings are indicative of dominant 
lethal mutations.

Helge: 12.5 ppm mouse

1d No significant effect for implantations and 
abnormal foetuses; significant increase in early 
deaths at 65 and 130 ppm of exposure.

Brinkworth 1998 Subchronic (6h/day, 5 days/wk,10 weeks) Karin: Since it is the father that is 
exposed, the developmental 
findings are indicative of dominant 
lethal mutations

2e BD 12.5 and 125 ppm  had no overt effects on 
the general health of mice (BW unaffected by 
exposure). DNA damage on male germ cells can 
be detected after a single exposure to 125 ppm 
BD but not after 10 weeks of dosing. Lenght of 
exposure influences genotoxic outcome. (OBS - 
Karin: No single exposure performed in this 
study!)

Cochrane 1994b acute toxicity; mutagenicity in splenic T cells 
from exposed mice 6h/day, 5 days/week, 2 
weeks

625 ppm 1d Exposure of mice with i.p. injections of 1,2 
epoxybutene and diepoxybutane resulted in 
increased mortality rate. Mice exposed via 
inhalation to 625 ppm  BD did not show acute 
toxicity. Splenic T cells from BD exposed mice 
exhibited a 5-fold increase in mutation frequency 
relative to controls, from EB and DEB exposed 
mice maximum levels were 7 and 11 fold higher 
than controls.

Hackett 1988b Sub-acute, 0, 200, 1000, 5000 ppm, 6 
hours/day, 5 days/week  (mice)

Karin: Since it is the father that is 
exposed, the developmental 
findings are indicative of dominant 
lethal mutations

2e Well documented. No mention of positive controls. 
The outcome is in brackets to denote uncertainty, as 
there was only one parametre with clear dose-
response, some effects were seen at the lower doses, 
but mostly not at the highest dose.

Hong 2000 Chronic 2-years (0, 6,25, 20, 62,5,200, 625 
ppm; 6h/day, 5 days/wk up to 2 years)

200 ppm in mouse 2e This study is a satelite of thea 2-years study  by 
Melneck 1990b, (ref 33) which will be evaluated by 
Kararzyna. The exposure regimen and exposure 
levels are well documented, although the study in 
question is exploratory and not a DDR-study. Methods 
used in this study are documented accordingly. 

Kim Y. 2005 625 ppm 13 weeks 3a supported data Comparison of brain tumor mechanisms in mice and 
humans based on NTP (use of NTP data)

Meng 1999 62.5 ppm in mouse - 625 ppm in 
rat

spectra of mutations in the Hprt 
gene T-cell mutants

1d Female B6C3F1 mice and Fischer 344 rats; Rodents 
were exposed to 0, 20, 62.5 or 625 ppm of BD for 4 
weeks  6 hr/day, 5 days/week.

Meng 2000 625 ppm 4 weeks 1d Experiments were conducted to define the spectra of 
mutations occurring in Hprt exon 3 of T-cells isolated 
from spleens of female B6C3F1 mice and F344 rats 
exposed by inhalation to 1,3-butadiene  BD. or its 
reactive metabolite,  (±)-di-epoxybutane.

Meng et al. 2001 subacute 3 ppm in mouse fair but significant 
reduction in the growth of splenic 
T cells

2e (only 
one 

dose!)

2e (only one dose!) ONLY ONE DOSE LEVEL Not guideline, uses a more 
expeerimental method, but well decribed

Meng et al. 2000 Acute, subacute 625 ppm 3b+c Mutation spectrum analysis; number of animals not 
stated; difficult to disentangle the actual control 
groups (are they in fact concurrent?); exposure 
atmosphere not described

Meng et al. 2007 Acute 62.5 minor but significant 
mutagenic response

3b+c Newly generated data compared with previously 
generated data; ONLY ONE (NEW) DOSE LEVEL 
Not guideline, uses a more expeerimental method, 
exposure atmosphere not monitored

Meng et al. 2004 Acute 1250 ppm 3b+c Mutation spectrum analysis; number of animals not 
stated; exposure atmosphere not described. 
Exposure 6 hr/day, 5 days/week for 2 weeks. Single 
dose 1250 ppm.

Recio 1992 In vivo study 625 ppm in lung of mouse 2e Induction of mutations in vivo by BD in a known 
murine target tissue; strain differences in the 
biotransformation of BD should be considered
in comparing the susceptibility of transgenic 
mouse.   Initial step toward using animal models 
that may more accurately predict genetic risk.

Two groups of 5 mice were exposed by inhalation to 
625 ppm BD for 5 consecutive days for 6 hr per day. 
An air-control group of five animals was also tested. 
The mice were euthanized and tissues collected for 
mutant frequency determination 14 days following the 
last BD exposure. Two additional sets of animals, five 
in each group for the BD-exposed and air controls, 
were also used for hemoglobin adduct studies. The 
hemoglobin
adduct levels were quantified 7 days following the last 
BD exposure. Hemoglobin adduct levels were also 
determined in the same animals exposed to BD for 
mutant frequency determination.
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Mutagenicity - basic data



Author Year Toxicity 
(acute, subacute, chronic, subchronic)

Mutagenicity Study 
quality

Risk estimates Notes

Sharief 1986 In vivo study. NA
 (BD-metabolite Butadiene 
monoxide)

1d Clear dose-response: induction of sister 
chromatid exchanges (SCEs) and chromosome 
aberrations (Cas) from Butadiene monoxide

 Acrylonitrile, stirene and1,3-Butadiene subministrated 
as a single intraperitoneal injection in mice. Analysis 
of SCE and CA in bone marrow cells. Four animals 
per 5 diferent doses  of 1,3-Butadiene (total of 16 
animals) plus 16 different controls.

Tice 1987 62.5 ppm AGT 2e Results indicate that BD is highly genotoxic and 
cytoxic to bone marrow cells of male mice 

Mice exposed to 6.25, 62.5, 625 ppm BD by inhalation 
for 10 days (6 hr per day)

Tice 1988 NA
 (Summary of studies)

2e Results indicate that BD is highly genotoxic and 
cytoxic to bone marrow cells of male mice 

Mice exposed to 6.25, 62.5, 625 ppm BD by inhalation 
for 10 days (6 hr per day)

Tommasi 1998 250 ppm (MN week but 
statistically significant)

2e The results obtained indicate a weak
clastogenic effect of butadiene to premeiotic 
germ cells in the mouse.

Male mice exposed by inhalation to 130, 250, 500 
ppm BD for 5 days (6 hr per day)

Vodicka 2006 500 mg/m3 MN 2e The most interesting finding was that  -irradiation-
specific DNA-repair activity gradually increased 
during exposure, being significantly higher 
compared with control levels on days 7 and 28 of 
exposure, reaching a maximum on day 1 after the 
termination of exposure and then returning to 
control levels. A significant correlation between  -
irradiation-specific DNA-repair activity and the 
concentration of 1,3-butadiene in blood supports 
a possible induction of DNA-repair activity by the 
exposure to 1,3-butadiene and formation of its 
metabolites

Inhalation exposure to BD (28 days, 500 mg/m3). This 
study may represent a tentative model for 
understanding the dynamics of DNA repair after 
regular exposure to BD, for future investigations of the 
genotoxic effects in humans as a result of 
occupational exposure.

Walker 2000 625 ppm in rat 1d Evidence that BD is an in vivo mutagen in the rat 
as well as in the mouse. Hprt mutations 
accumulated in T cells over time during 
exposures of both mice and rats to 1,250 ppm BD 
for 2 weeks. Hprt mutations continued to 
accumulate in T cells beyond 2 weeks of 
exposure. (Mice and rats were exposed to 625 
ppm BD for 4 weeks).

Walker 2009 3 ppm small but significant in 
female mice

1d Mutagenic potency determined in rodents 
exposed to 3 ppm. Female rodents more 
susceptible than male rodents to BD exposure. 
Mice more susceptible than male rodents to 
inhaled BD. Rodents 4 to 5 weeks old more 
sensitive to inhaled BD than animals 8 to 9 weeks 
old.

Exposures lasted for 6 hours/day, 5 days/week, for 2 
to 4 weeks.

Xiao 1995 200 ppm NM mouse 1d Inhalation exposure of mice to 200, 500, or 1,300 
ppm BD (6 h/d; 5 days) induced significant 
chromosome damage in spermatocytes at the 
preleptotene stage.

Sum of 
studies with  
outcome 
mutagenicity

25

Studies with 
LOELS

22
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Author Year NOEL in 
ppm

LOEL in 
ppm

not 
known

Study 
quality

Toxicity 
(acute, subacute, chronic, subchronic)

Mutagenicity Risk estimates Notes

Adler 1994b 500 1d Subchronic (50, 200, 500, 1300 ppm; 6h/day, 
5 days, one week)

Mouse Somatic mutations 500 
ppm - germ cell mutations at 1300 
ppm

Dominant lethality: 5.2% (week 1), 12.4% (week 
2), 5.5% (week 3) Mean MPE: 0.13% (controls), 
1.67% (animals exposed to 500 ppm), 1.95% 
(animal exposed to 1300 ppm)

Adler 1998 25 1d Subchronic (130, 500 ppm; 6h/day, 5 days, 
one week)

Heritable translocations in mouse 
at 25 ppm

Dominant lethality at week 4: 14.1% (animals 
exposed to 3900 ppm), 10% (animal exposed to 
15000 ppm).  10.1% and -4.7% respectively for 
males mated to NMRI females.

Anderson 1996 12.5 1d Acute (1250, 6250 ppm; 6h). Subchronic (130, 
500 ppm; 6h/day, 5 days, one week)

12.5 ppm - mouse (Comment  
significance is relative to historical 
controls - not sure the statistics are 
appropriate - data also do not show 
dose-effect.)

Significant decrease in implantations for 
subchronic exposure (1250 ppm) and increase for 
early deaths and dominant lethal mutation 
(abnormal fetuses).

Anderson 1998 12.5 1d Subchronic (12.5, 65, 130 ppm; 6h/day, 5 
days/wk,4 weeks). Subchronic (65, 400, 1250 
ppm; 6h/day, 5 days/wk, 10 weeks). 

Since it is the father that is 
exposed, the developmental 
findings are indicative of dominant 
lethal mutations.

12.5 ppm mouse

No significant effect for implantations and 
abnormal foetuses; significant increase in early 
deaths at 65 and 130 ppm of exposure.

Cochrane 1994b 625 1d acute toxicity; mutagenicity in splenic T cells 
from exposed mice 6h/day, 5 days/week, 2 
weeks

625 ppm Exposure of mice with i.p. injections of 1,2 
epoxybutene and diepoxybutane resulted in 
increased mortality rate. Mice exposed via 
inhalation to 625 ppm  BD did not show acute 
toxicity. Splenic T cells from BD exposed mice 
exhibited a 5-fold increase in mutation frequency 
relative to controls, from EB and DEB exposed 
mice maximum levels were 7 and 11 fold higher 
than controls.

Sharief 1986     x 1d In vivo study. NA
 (BD-metabolite Butadiene 
monoxide)

Clear dose-response: induction of sister chromatid 
exchanges (SCEs) and chromosome aberrations 
(Cas) from Butadiene monoxide

 Acrylonitrile, stirene and1,3-Butadiene subministrated 
as a single intraperitoneal injection in mice. Analysis of 
SCE and CA in bone marrow cells. Four animals per 5 
diferent doses  of 1,3-Butadiene (total of 16 animals) 
plus 16 different controls.

Walker 2000 625 1d 625 ppm in rat Evidence that BD is an in vivo mutagen in the rat 
as well as in the mouse. Hprt mutations 
accumulated in T cells over time during exposures 
of both mice and rats to 1,250 ppm BD for 2 
weeks. Hprt mutations continued to accumulate in 
T cells beyond 2 weeks of exposure. (Mice and 
rats were exposed to 625 ppm BD for 4 weeks).

Walker 2009 3 1d 3 ppm small but significant in 
female mice

Mutagenic potency determined in rodents exposed 
to 3 ppm. Female rodents more susceptible than 
male rodents to BD exposure. Mice more 
susceptible than male rodents to inhaled BD. 
Rodents 4 to 5 weeks old more sensitive to inhaled 
BD than animals 8 to 9 weeks old.

Exposures lasted for 6 hours/day, 5 days/week, for 2 to 
4 weeks.

Xiao 1995 200 1d 200 ppm NM mouse Inhalation exposure of mice to 200, 500, or 1,300 
ppm BD (6 h/d; 5 days) induced significant 
chromosome damage in spermatocytes at the 
preleptotene stage.

Meng 1999 62.5 1d 62.5 ppm in mouse - 625 ppm in 
rat

spectra of mutations in the Hprt 
gene T-cell mutants

Female B6C3F1 mice and Fischer 344 rats; Rodents 
were exposed to 0, 20, 62.5 or 625 ppm of BD for 4 
weeks  6 hr/day, 5 days/week.

Meng 2000 625 1d 625 ppm 4 weeks Experiments were conducted to define the spectra of 
mutations occurring in Hprt exon 3 of T-cells isolated 
from spleens of female B6C3F1 mice and F344 rats 
exposed by inhalation to 1,3-butadiene  BD. or its 
reactive metabolite,  (±)-di-epoxybutane.

Brinkworth 1998 125 2e Subchronic (6h/day, 5 days/wk,10 weeks) Since it is the father that is 
exposed, the developmental 
findings are indicative of dominant 
lethal mutations

BD 12.5 and 125 ppm  had no overt effects on the 
general health of mice (BW unaffected by 
exposure). DNA damage on male germ cells can 
be detected after a single exposure to 125 ppm BD 
but not after 10 weeks of dosing. Lenght of 
exposure influences genotoxic outcome. 

Hackett 1988b     x 2e Sub-acute, 0, 200, 1000, 5000 ppm, 6 
hours/day, 5 days/week  (mice)

Since it is the father that is 
exposed, the developmental 
findings are indicative of dominant 
lethal mutations

Well documented. No mention of positive controls. The 
outcome is in brackets to denote uncertainty, as there 
was only one parametre with clear dose-response, 
some effects were seen at the lower doses, but mostly 
not at the highest dose.

Hong 2000 200 2e Chronic 2-years (0, 6,25, 20, 62,5,200, 625 
ppm; 6h/day, 5 days/wk up to 2 years)

200 ppm in mouse This study is a satelite of thea 2-years study  by 
Melneck 1990b, (ref 33) which will be evaluated by 
Kararzyna. The exposure regimen and exposure levels 
are well documented, although the study in question is 
exploratory and not a DDR-study. Methods used in this 
study are documented accordingly. 

Recio 1992 625 2e In vivo study 625 ppm in lung of mouse Induction of mutations in vivo by BD in a known 
murine target tissue; strain differences in the 
biotransformation of BD should be considered
in comparing the susceptibility of transgenic 
mouse.   Initial step toward using animal models 
that may more accurately predict genetic risk.

Two groups of 5 mice were exposed by inhalation to 
625 ppm BD for 5 consecutive days for 6 hr per day. 
An air-control group of five animals was also tested. 
The mice were euthanized and tissues collected for 
mutant frequency determination 14 days following the 
last BD exposure. Two additional sets of animals, five 
in each group for the BD-exposed and air controls, 
were also used for hemoglobin adduct studies. The 
hemoglobin
adduct levels were quantified 7 days following the last 
BD exposure. Hemoglobin adduct levels were also 
determined in the same animals exposed to BD for 
mutant frequency determination.

Tice 1987 62.5 2e 62.5 ppm AGT Results indicate that BD is highly genotoxic and 
cytoxic to bone marrow cells of male mice 

Mice exposed to 6.25, 62.5, 625 ppm BD by inhalation 
for 10 days (6 hr per day)

Tice 1988     x 2e NA
 (Summary of studies)

Results indicate that BD is highly genotoxic and 
cytoxic to bone marrow cells of male mice 

Mice exposed to 6.25, 62.5, 625 ppm BD by inhalation 
for 10 days (6 hr per day)

Tommasi 1998 250 2e 250 ppm (MN week but statistically 
significant)

The results obtained indicate a weak
clastogenic effect of butadiene to premeiotic germ 
cells in the mouse.

Male mice exposed by inhalation to 130, 250, 500 ppm 
BD for 5 days (6 hr per day)
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Author Year NOEL in 
ppm

LOEL in 
ppm

not 
known

Study 
quality

Toxicity 
(acute, subacute, chronic, subchronic)

Mutagenicity Risk estimates Notes

Vodicka 2006 1100 2e 500 mg/m3 MN

= 1100 ppm

The most interesting finding was that  -irradiation-
specific DNA-repair activity gradually increased 
during exposure, being significantly higher 
compared with control levels on days 7 and 28 of 
exposure, reaching a maximum on day 1 after the 
termination of exposure and then returning to 
control levels. A significant correlation between  -
irradiation-specific DNA-repair activity and the 
concentration of 1,3-butadiene in blood supports a 
possible induction of DNA-repair activity by the 
exposure to 1,3-butadiene and formation of its 
metabolites

Inhalation exposure to BD (28 days, 500 mg/m3). This 
study may represent a tentative model for 
understanding the dynamics of DNA repair after 
regular exposure to BD, for future investigations of the 
genotoxic effects in humans as a result of occupational 
exposure.

Meng et al. 2001 3 2e (only 
one 

dose!)

subacute 3 ppm in mouse fair but significant 
reduction in the growth of splenic T 
cells

2e (only one dose!) ONLY ONE DOSE LEVEL Not guideline, uses a more 
expeerimental method, but well decribed

Adler 1994a 1250 2g Experiment A: Subchronic (1250 ppm; 6h/day, 
5 days/wk, 10 weeks). Experiment B: 
Subchronic (1300 ppm; 6h/day, 5 days, one 
week)

Lethal mutation at 1250 ppm - 
mouse

Experiment A: dominant lethality 28.1%. 
Experiment B: dominant lethality 5.2% (week 1), 
12.4% (week 2), 5.5% (week 3)

Kim Y. 2005 625 3a 625 ppm 13 weeks supported data Comparison of brain tumor mechanisms in mice and 
humans based on NTP (use of NTP data)

Meng et al. 2000 625 3b+c Acute, subacute 625 ppm Mutation spectrum analysis; number of animals not 
stated; difficult to disentangle the actual control groups 
(are they in fact concurrent?); exposure atmosphere 
not described

Meng et al. 2007 62.5 3b+c Acute 62.5 minor but significant 
mutagenic response

Newly generated data compared with previously 
generated data; ONLY ONE (NEW) DOSE LEVEL Not 
guideline, uses a more expeerimental method, 
exposure atmosphere not monitored

Meng et al. 2004 1250 3b+c Acute 1250 ppm Mutation spectrum analysis; number of animals not 
stated; exposure atmosphere not described. 
Exposure 6 hr/day, 5 days/week for 2 weeks. Single 
dose 1250 ppm.

Author Study NOEL in 
ppm

LOEL in 
ppm

not 
known

Study 
quality

Adler 1 500 1d
Adler 2 25 1d
Anderson 3 12.5 1d
Anderson 4 12.5 1d
Cochrane 5 625 1d
Sharief 6     x 1d
Walker 7 625 1d
Walker 8 3 1d
Xiao 9 200 1d
Meng 10 62.5 1d 
Meng 11 625 1d 
Brinkworth 12 125 2e
Hackett 13     x 2e
Hong 14 200 2e
Recio 15 625 2e
Tice 16 62.5 2e
Tice 17     x 2e
Tommasi 18 250 2e
Vodicka 19 1100 2e
Meng 20 3 2e 
Adler 21 1250 2g
Kim Y. 22 625 3a
Meng 23 625 3b+c
Meng 24 62.5 3b+c
Meng 25 1250 3b+c

LOEL:

Median all 
studies

N=22 225 1 - 4

Median 
studies 
1-21

N=18 200 1 - 2

Median 
studies 
22-25

N=4 625 3 - 4

Sorted according to study quality:
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Author Year Toxicity 
(acute, subacute, chronic, subchronic)

Carcinogenicity Study 
quality

Risk estimates Notes

Anderson 1996 Acute (1250, 6250 ppm; 6h). Subchronic (130, 500 ppm; 
6h/day, 5 days, one week)

12.5 ppm for liver tumor- 
no statistical analysis 
performed- mouse

1d Significant decrease in implantations for 
subchronic exposure (1250 ppm) and increase 
for early deaths and dominant lethal mutation 
(abnormal fetuses).

Anderson 1998 Subchronic (12.5, 65, 130 ppm; 6h/day, 5 days/wk,4 
weeks). Subchronic (65, 400, 1250 ppm; 6h/day, 5 
days/wk, 10 weeks). 

12.5 ppm for liver tumor-
no statistical analysis- 
mouse

1d No significant effect for implantations and 
abnormal foetuses; significant increase in early 
deaths at 65 and 130 ppm of exposure.

Bevan 1996 Acute (1000 ppm Butadiene) in both rats and mice. [4-
Vinylcyclohexane: Subchronic (250, 1000, 1500 VCH ppm 
in rats; 6h/day, 5 days, 13 week). Subchronic (50, 250, 
1000 VCH ppm in mice; 6h/day, 5 days, 13 week).

NA 1d Ovarian atrophyin 2/10 female rats exposed to 
1500 ppm VCH. An increased incidence of 
splenic lymphoid atrophy in female mice exposed 
to butadiene. Testicular deganeration and atrophy 
in male mice exposed to butadiene.

The study was aimed to evaluate the toxicity of 4-
vinylcyclohexene (VCH)

Bucher 1993 acute NA 2e Although the study did not identify a carcinogenic 
effect associated with an acute high exposure to 
butadiene, it must be recognized that attempts to 
define NOAELs or LOAELs with animal model as 
insensitive as the typical rodent bioassay may 
underestimate the true risk to humas of 
exposures of this type.

Chappell 2014 subchronic:425ppm,  6h/day, 5 days/week/2 weeks on 
mice

NA 1d BD elicits both genotoxicity and epigenetic effects. 
Epigenetic alterations were evident in target 
tissues, lung and liver, but insignificant in non 
target tissues, kidneys, where the formation of 
genome protecting chromatine condensation was 
observed. Authors conclude that differential 
tissue suceptibility to chemical induced 
tumorigenesis may be attributed to tissue specific 
epigenetic alterations.

Henderson 2000 sub-acute (6 weeks for carcinogenicity) NA 3b Aimed to compare the rat and mouse regarding 
carcinogenicity, mutagenicity and adduct formation. 
Very well described. Only 6-week of exposure (5 
days/week), followed by 18 months of follow-up. Less 
than 50 animals/group retained/survived for follow-up. 
Only one sex (female, which was more sensitive in a 
previous study). The fixation process apparently 
denatured the DNA in the only tissue in the respiratory 
tract where tumours were observed in rats (in the 
nose), leading to not being able to examine 
mutagenicity. Stated that the result was unexpected 
(no carcinogenicity in mice, yes in rats) and not in line 
with previous studies.

Huff 1985 Chronic 60-weeks (0, 625, 1250 ppm; 6h/day, 5 days/wk 
up to 60 weeks

625 ppm in mouse 1b This NTP-study  was designed as a full 2-years study 
but had to be ended earlier because of cancer-related 
mortality. This manuscript in question is a short 
communication in SCIENCE, and the original NTP-
report shoul be retrieved and reviewed.

Kim Y. 2005 Brain tumors 625 ppm 
13 weeks

3a supported data Comparison of brain tumor mechanisms in mice and 
humans based on NTP (use of NTP data)

Leiderman 1986 Subchronic, One dose level; 1250 ppm, 6 hr/day, 5 
days/week for 6 or 30/31 weeks

1250 ppm, 6 hr/day, 5 
days/week for 6 or 30/31 
weeks. Bone marrow 
alteration followed by 
thymic lymphoma

2e Bone marrow: alteration of hematopoietic stem cell 
development.
Described in EU RAR 2002.

Melnick 1988 Chronic 60-61 weeks (0, 625, 1250 ppm; 6h/day, 5 
days/wk (mice)

liver necrosis, epithelial hyperplasia of the forestomach]

625 ppm 6h/day 5 
days/week 60 weeks

Malignant
lymphomas, 
hemangiosarcomas of 
the heart, and alveolar-
bronchiolar neoplasms

1d National Toxicology Program

NTP: 2x50 B6C3F1 mice (males and females), 60-61 
weeks, inhalation,

Melnick 1990a Chronic, 40/65 weeks (0, 6.25, 20, 62.5, 200, 625 ppm; 
6h/day, 5 days/wk (mice), additional groups were exposed 
for up to 52 weeks but not killed until the end of 104 week 
study (mice)

hematologic changes in peripheral blood,  epithelial 
hyperplasia of the forestomach, alveolar epithelial 
hyperplasia of lung

200 ppm

The present studies 
indicate that 200 ppm 
butadiene is
carcinogenic to the 
heart, lung, Harderian 
gland, mammary
gland, and ovary of 
B6C3F1 mice; however, 
other
than for the mammary 
gland, neoplasms were 
not induced
at these sites in Sprague-
Dawley rats exposed to
1000 or 8000 ppm 1,3-
butadiene.

1d 70 male and 70 female B6C3F1 mice were exposed 
6 hr/day, 5 days/week for periods up to 65 weeks to 0, 
6.25, 20, 62.5, or 200 ppm 1,3-butadiene; groups of 
90 male and 90 female mice were similarly exposed 
to 625 ppm 1,3-butadiene.

Melnick 1990b 2 years (0, 625, 1250 ppm; 6h/day, 5 days/wk (mice)

nonneoplastic lesions in the heart (endothelial 
hyperplasia), lung (alveolar epithelial hyperplasia), 
forestomach (epithelial hyperplasia), Harderian gland 
(hyperplasia), and ovary (granulosa cell hyperplasia) 
(probably represent preneoplastic changes caused by 
butadiene at these target sites)

6.25 ppm

carcinogenic to the 
heart, lung, Harderian 
gland, mammary

1d Dose-response relationships are reported for the 
various neoplastic lesions induced by butadiene, and 
the relationship between exposure concentrations and 
durations of exposure on the outcome of butadiene-
induced carcinogenicity has been assessed. In these 
2-yr inhalation studies, a potent multisite carcinogenic
response was observed, including neoplasms of the 
lung at concentrations as low as 6.25 ppm
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Author Year Toxicity 
(acute, subacute, chronic, subchronic)

Carcinogenicity Study 
quality

Risk estimates Notes

Melnick 1993a 6.25 ppm not classi-
fiable

species sensitivity to 1,3-butadiene-induced 
carcinogenicity; dose-response relationships were 
not always clear.

HJO: This paper examines the carcinogenicity data 
from the previous studies and compares with human 
epi data.

Melnick 1993b 1000 or 8000 ppm 1,3-
butadiene.

4a ABSTRACT .
Risk assessment paper.

Melnick 1996 exposure to isoprene produced dose related
increases in degeneration of the olfactory epithelium, 
forestomach epithelial hyperplasia, and testicular atrophy. 
Similar effects in these organs had been observed in 
mice exposed to BD

200 ppm

neoplasm

4b comparison of two another published results of 
studies: under BD and isoprene; no data 
purity/composition/origin of the test substance - 
probably the same as in cited in our Melnick 1990b.

This paper summarizes results of another studies and 
provides comparisons of the effects of  two 
chemicals; comparison with isoprene eg. effect 3 
times larger

Meng et al. 2001 subacute 2e (only one dose!) 2e (only 
one 

dose!)

2e (only one dose!) ONLY ONE DOSE LEVEL Not guideline, uses a more 
expeerimental method, but well decribed

Miller et al. 1989 Chronic 625 ppm 1a or 3b [The paper is apparently based on a NPT study report 
(NTP#288, which we have available - this would give 
the score 1a] Methods described in little detail, e.g. 
exposure monitoring and purity of test substance not 
addressed. Several dose level, large group sizes

Owen et al. 1987 Chronic 1000 ppm in rat - 6h /day 
5 day/week 105 weels 
female, 11 males

1a SAME AS OWEN ET AL. 1990Methods described 
meticously, and exposures controlled in detail. [Also 
assesses weight gain, liver tox, blood (cell) and urine 
analyses, overall histopathology etc.]. Based on a 
citation in in EU RAR 2002 it seems  this citation it 
seems reasonable to believe, that paper is based on 
Owen 1981 (whether it is a og b cannot be assessed)

Owen et al. 1990 Subacute, subchronic, chronic 1000 ppm in rat - 6h /day 
5 day/week 105 weels 
female, 11 males

1a SAME AS OWEN ET AL. 1987. Methods described 
meticously, and exposures controlled in detail. [Also 
assesses weight gain, liver tox, blood (cell) and urine 
analyses, overall histopathology etc.]. Based on a 
citation in in EU RAR 2002 it seems  this citation it 
seems reasonable to believe, that paper is based on 
Owen 1981 (whether it is a og b cannot be assessed)

Sum of 
studies with 
outcome 
carcino-
genicity

N=19

Studies with 
LOELS

N=12
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Author Year NOEL 
in ppm

LOEL in 
ppm

not 
known

Study 
quality

Toxicity 
(acute, subacute, chronic, subchronic)

Carcinogenicity Risk estimates Notes

Owen et al. 1987 1000 1a Chronic 1000 ppm in rat - 6h /day 
5 day/week 105 weels 
female, 11 males

SAME AS OWEN ET AL. 1990.
Methods described meticously, and exposures 
controlled in detail. [Also assesses weight gain, liver 
tox, blood (cell) and urine analyses, overall 
histopathology etc.]. Based on a citation in in EU RAR 
2002 it seems  this citation it seems reasonable to 
believe, that paper is based on Owen 1981 (whether it 
is a og b cannot be assessed)

Owen et al. 1990 1000 1a Subacute, subchronic, chronic 1000 ppm in rat - 6h /day 
5 day/week 105 weels 
female, 11 males

SAME AS OWEN ET AL. 1987. Methods described 
meticously, and exposures controlled in detail. [Also 
assesses weight gain, liver tox, blood (cell) and urine 
analyses, overall histopathology etc.]. Based on a 
citation in in EU RAR 2002 it seems  this citation it 
seems reasonable to believe, that paper is based on 
Owen 1981 (whether it is a og b cannot be assessed)

Miller et al. 1989 625 1a or 3b Chronic 625 ppm [The paper is apparently based on a NPT study report 
(NTP#288, which we have available - this would give 
the score 1a] Methods described in little detail, e.g. 
exposure monitoring and purity of test substance not 
addressed. Several dose level, large group sizes

Huff 1985 625 1b Chronic 60-weeks (0, 625, 1250 ppm; 6h/day, 
5 days/wk up to 60 weeks

625 ppm in mouse This NTP-study  was designed as a full 2-years study 
but had to be ended earlier because of cancer-related 
mortality. This manuscript in question is a short 
communication in SCIENCE, and the original NTP-
report shoul be retrieved and reviewed.

Anderson 1996 12.5 1d Acute (1250, 6250 ppm; 6h). Subchronic (130, 
500 ppm; 6h/day, 5 days, one week)

12.5 ppm for liver tumor- 
no statistical analysis 
performed- mouse

Significant decrease in implantations for 
subchronic exposure (1250 ppm) and increase for 
early deaths and dominant lethal mutation 
(abnormal fetuses).

Anderson 1998 12.5 1d Subchronic (12.5, 65, 130 ppm; 6h/day, 5 
days/wk,4 weeks). Subchronic (65, 400, 1250 
ppm; 6h/day, 5 days/wk, 10 weeks). 

12.5 ppm for liver tumor-
no statistical analysis- 
mouse

No significant effect for implantations and 
abnormal foetuses; significant increase in early 
deaths at 65 and 130 ppm of exposure.

Bevan 1996 NA 1d Acute (1000 ppm Butadiene) in both rats and 
mice. [4-Vinylcyclohexane: Subchronic (250, 
1000, 1500 VCH ppm in rats; 6h/day, 5 days, 
13 week). Subchronic (50, 250, 1000 VCH 
ppm in mice; 6h/day, 5 days, 13 week).

NA Ovarian atrophyin 2/10 female rats exposed to 
1500 ppm VCH. An increased incidence of splenic 
lymphoid atrophy in female mice exposed to 
butadiene. Testicular deganeration and atrophy in 
male mice exposed to butadiene.

The study was aimed to evaluate the toxicity of 4-
vinylcyclohexene (VCH)

Chappell 2014 NA 1d subchronic:425ppm,  6h/day, 5 days/week/2 
weeks on mice

NA BD elicits both genotoxicity and epigenetic effects. 
Epigenetic alterations were evident in target 
tissues, lung and liver, but insignificant in non 
target tissues, kidneys, where the formation of 
genome protecting chromatine condensation was 
observed. Authors conclude that differential tissue 
suceptibility to chemical induced tumorigenesis 
may be attributed to tissue specific epigenetic 
alterations.

Melnick 1988 625 1d Chronic 60-61 weeks (0, 625, 1250 ppm; 
6h/day, 5 days/wk (mice)

liver necrosis, epithelial hyperplasia of the 
forestomach]

625 ppm 6h/day 5 
days/week 60 weeks

Malignant
lymphomas, 
hemangiosarcomas of 
the heart, and alveolar-
bronchiolar neoplasms

National Toxicology Program

NTP: 2x50 B6C3F1 mice (males and females), 60-61 
weeks, inhalation,

Melnick 1990a 200 1d Chronic, 40/65 weeks (0, 6.25, 20, 62.5, 200, 
625 ppm; 6h/day, 5 days/wk (mice), additional 
groups were exposed for up to 52 weeks but 
not killed until the end of 104 week study 
(mice)

hematologic changes in peripheral blood,  
epithelial hyperplasia of the forestomach, 
alveolar epithelial hyperplasia of lung

200 ppm

The present studies 
indicate that 200 ppm 
butadiene is
carcinogenic to the heart, 
lung, Harderian gland, 
mammary
gland, and ovary of 
B6C3F1 mice; however, 
other
than for the mammary 
gland, neoplasms were 
not induced
at these sites in Sprague-
Dawley rats exposed to
1000 or 8000 ppm 1,3-
butadiene.

70 male and 70 female B6C3F1 mice were exposed 6 
hr/day, 5 days/week for periods up to 65 weeks to 0, 
6.25, 20, 62.5, or 200 ppm 1,3-butadiene; groups of 
90 male and 90 female mice were similarly exposed to 
625 ppm 1,3-butadiene.

Melnick 1990b 6.25 1d 2 years (0, 625, 1250 ppm; 6h/day, 5 days/wk 
(mice)

nonneoplastic lesions in the heart (endothelial 
hyperplasia), lung (alveolar epithelial 
hyperplasia), forestomach (epithelial 
hyperplasia), Harderian gland (hyperplasia), 
and ovary (granulosa cell hyperplasia) 
(probably represent preneoplastic changes 
caused by butadiene at these target sites)

6.25 ppm

carcinogenic to the heart, 
lung, Harderian gland, 
mammary

Dose-response relationships are reported for the 
various neoplastic lesions induced by butadiene, and 
the relationship between exposure concentrations and 
durations of exposure on the outcome of butadiene-
induced carcinogenicity has been assessed. In these 2-
yr inhalation studies, a potent multisite carcinogenic 
response was observed, including neoplasms of the 
lung at concentrations as low as 6.25 ppm

Bucher 1993 NA 2e acute NA Although the study did not identify a carcinogenic 
effect associated with an acute high exposure to 
butadiene, it must be recognized that attempts to 
define NOAELs or LOAELs with animal model as 
insensitive as the typical rodent bioassay may 
underestimate the true risk to humas of exposures 
of this type.

Leiderman 1986 1250 2e Subchronic, One dose level; 1250 ppm, 6 
hr/day, 5 days/week for 6 or 30/31 weeks

1250 ppm, 6 hr/day, 5 
days/week for 6 or 30/31 
weeks. Bone marrow 
alteration followed by 
thymic lymphoma

Bone marrow: alteration of hematopoietic stem cell 
development.
Described in EU RAR 2002.

Meng et al. 2001 NA 2e 
(only one 

dose!)

subacute 2e (only one dose!) 2e (only one dose!) ONLY ONE DOSE LEVEL Not guideline, uses a more 
experimental method, but well decribed

Kim Y. 2005 625 3a Brain tumors 625 ppm 
13 weeks

supported data Comparison of brain tumor mechanisms in mice and 
humans based on NTP (use of NTP data)
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Author Year NOEL 
in ppm

LOEL in 
ppm

not 
known

Study 
quality

Toxicity 
(acute, subacute, chronic, subchronic)

Carcinogenicity Risk estimates Notes

Henderson 2000 NA 3b sub-acute (6 weeks for carcinogenicity) NA Aimed to compare the rat and mouse regarding 
carcinogenicity, mutagenicity and adduct formation. 
Very well described. Only 6-week of exposure (5 
days/week), followed by 18 months of follow-up. Less 
than 50 animals/group retained/survived for follow-up. 
Only one sex (female, which was more sensitive in a 
previous study). The fixation process apparently 
denatured the DNA in the only tissue in the respiratory 
tract where tumours were observed in rats (in the 
nose), leading to not being able to examine 
mutagenicity. Stated that the result was unexpected 
(no carcinogenicity in mice, yes in rats) and not in line 
with previous studies.

Melnick 1993b 1000 4a 1000 or 8000 ppm 1,3-
butadiene.

ABSTRACT .
Risk assessment paper.

Melnick 1996 x 4b exposure to isoprene produced dose related
increases in degeneration of the olfactory 
epithelium, forestomach epithelial hyperplasia, 
and testicular atrophy. Similar effects in 
these organs had been observed in mice 
exposed to BD

200 ppm

neoplasm

comparison of two another published results of 
studies: under BD and isoprene; no data 
purity/composition/origin of the test substance - 
probably the same as in cited in our Melnick 1990b.

This paper summarizes results of another studies and 
provides comparisons of the effects of  two chemicals; 
comparison with isoprene eg. effect 3 times larger

Melnick 1993a x not classi-
fiable

6.25 ppm species sensitivity to 1,3-butadiene-induced 
carcinogenicity; dose-response relationships were 
not always clear.

HJO: This paper examines the carcinogenicity data 
from the previous studies and compares with human 
epi data.

Author Study NOEL 
in ppm

LOEL in 
ppm

not 
known

Study 
quality

Owen et al. 1 1000 1a
Owen et al. 2 1000 1a
Miller et al. 3 625 1a or 3b
Huff 4 625 1b
Anderson 5 12.5 1d
Anderson 6 12.5 1d
Bevan 7 1d
Chappell 8 1d
Melnick 9 625 1d
Melnick 10 200 1d
Melnick 11 6.25 1d
Bucher 12 2e
Leiderman 13 1250 2e
Meng et al. 14 2e 
Kim Y. 15 625 3a
Henderson 16 3b
Melnick 17 1000 4a
Melnick 18    x 4b
Melnick 19    x not classi-

fiable

LOEL:

Median all 
studies

N=12 625 1 - 4 

Median 
studies 
1-14

N=10 625 1 - 2 

Median 
studies 
15-19

N=2 812.5 3 - 4 

Sorted according to study quality:
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Author Year Study type Score Exposure (1-5) Outcomes Score Diagnostic evaluation (1-3) Risk estimates and dose Notes

Abdel-Rahman 2001 Cross Sectional 5 Genetic damage 3 (Biomarker)  ANOVA and t-test p<0.001 small sample size (n=49)
Tyr113His polymorphism Confounder? Relevant?
(Mutant of mEH gene)

Abdel-Rahman 2003 Cross Sectional 5 Genetic damage 3 (Biomarker)  ANOVA and t-test p<0.001 see above
(mEH polymorphism)

Abdel-Rahman 2005 Cross Sectional 5 Genetic damage 3 (Biomarker)  ANOVA and t-test p<0.001 same studies, just different methods  for genetic damage test  

Albertini 2001 Cross Sectional 5 Hemoglobin adducts 3 (Biomarker) Mann–Whitney tests, p<0.05 not control for confounder
HPRT gene mutations Kruskal–Wallis (K–W test), p<0,05 (Benzene, Toluene and Styrene)
Cytogenetic analyses

Albertini 2003 Cross Sectional 5 HPRT Mutation in 3 (Biomarker) Spearman Correlation ocefficients, p<0.01
Lymphocyte

Altshuller 1966 no Epi-Study, not butadiene, 
not relevant

not relevant

Ammenheuser 2001 Cross Sectional 5 HPRT mutation 3 (Biomarker) Student’s t-test, p<0.05 small sample size (n=49)
Wilcoxon rank test, p<0.05 confounder?
Fisher z-test, p<0.05

Andjelkovic 1976 Cohort 1 (rubber worker) cause specific mortality 3 SMR no exposure assessment for BD

Andjelkovic 1977 Cohort 1 (job title) cause specific mortality 3 SMR no exposure assessment for BD
same study as 1976

Bond 1992 Cohort 1 cause specific mortality 3 SMR no exposure assessment for BD

Case 1954 Cohort? 1 (rubber worker) bladder cancer mortaliy 3 SMR? no cohort definition, 
no exposure assessment

Checkoway 1982 Cross Sectional 5 (styrene, Butadiene, conventional blood values 3 r=-0.177 for the correlation between RBC and curde analysis, no adjustment 

Benzene and toluene) (RBC, WBC, MCV, et al) Butadiene (Pearson's correlation coefficient, for confounder
p<0.05)

Cheng 2007 Cohort 5 (JEM + Work histroy) Leukemia death 3 Cox-model (spline curve) spline curve seems to be 
positive exposure-response relationship plausibel
Exposure-response trend after 184.6 ppm-year
spline curve indicates an exposure-response trend

after 400 ppm-year

Cheng 2013 Cross Sectional 3 (consen. expo*dauer) genetische Biomarker 3? t-test, X2-test, spearman rank correlation, small sample size (n=83)
Poisson regression analysis. cumulative exposure, acute 

effect, adjustment of confounder
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Author Year Study type Score Exposure (1-5) Outcomes Score Diagnostic evaluation (1-3) Risk estimates and dose Notes

Cole 1993 review on lympo. cancer Review

Cowles 1994 Cohort 1 (job) cause specific mortality 3 SMR small sample size (n=614)
no enough cases due to power

Delzell 1989 Cohort 1 (job) cause specific mortality 3 SMR  strong Confounder

Delzell 1996 Cohort 1 (rubber Worker) cause specific mortality 3 SMR  strong Confounder

Delzell 2001 Cohort 5 (JEM+Work history) Leukemia death 3 Poisson regression anaylsis adjusted for age, year since hire
significant trend for exposure-response BD peaks, Styrene and DMDTC
BD-exposure RR
0: Reference
0 - 86.3 ppm-year:            1.3 (0.4 - 4.3)
86.3 - 362.2 ppm-year:     1.3 (0.4 - 4.6)
362.2 + : 2.3 (0.6 - 8.3)

Delzell 2006 research report (summary) 
of previous published 
analysis  

Divine 1990 Cohort 1 (job) cause specific mortality 3 SMR higher for lymphosarcoma (229) Strong healthy worker effect
no increased risk of Leukemia Follow-up until 1985

Divine 1996 Cohort 1 (job) cause specific mortality 3 SMR higher for several outcome extended follow-up until 1994

Divine 2001 Cohort 1 (job) cause specific mortality 3 SMR higher for several outcome extended follow-up until 1996

Downs 1987 cohort 1 (job) cause specific mortality 3 SMR, no significant increase

Fox 1974 Cohort 1 (rubber Worker) cause specific mortality 3 SMR Confounder

Graff 2005 Cohort 5 (JEM+Work history) Leukemia death 3 Poisson regression anaylsis adjusted for age, year since hire
significant trend for exposure-response BD peaks, Styrene and DMDTC
BD-exposure RR
0: Reference
0 - 33.7 ppm-year:             1.4 (0.5 - 3.9)
33.7 - 184.7 ppm-year:      0.9 (0.3 - 2.6)
184.7 - 425.0 ppm-year:    2.1 (0.7 - 6.2)
425.0 ppm-year:                3.0 (1.0 - 9.2)

Graff 2009 Cohort Sensitivity analysis of previous paper published in 2005 and 
confirmed the previous results

Hapfelmeier 2018 Cohort 1 colorectal cancer 3 (cancer registry) SIR, 
increased risk, but not significant

conflicting results in subgroup analysis+I157,
study in German
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Author Year Study type Score Exposure (1-5) Outcomes Score Diagnostic evaluation (1-3) Risk estimates and dose Notes

Hayes RB 1996 Cross sectional 5 hprt mutation 3 Multiple regression analysis:
BD exposure:
Process analyst 1.0ppm and 35 ppm
Pump repair 45ppm
p=0.13 no significant

Mean adjusted for age and sex

Hayes RB 2000 Cross sectional 5 genetic damage
genetic polymorphisms 
GSTT1 and GSTM1 (THBVal 
adducts); GPA and hprt 
mutations

3  X2-test, spearman correlation, regression analysis 
2ppm exposure. No significant

Adjusted for age and sex

Heck JE 2014 Cohort 1 Leukemia in children 
(environmental air) 

Logistic regression Not relevant

Irons RD 1998 dithiocarbamates cofounders Not relevant (literature review)

Kampeerawipakorn O. 2017 Cross sectional (Environmental exposure) DNA strand breaks Population study (not workers)

Knox EG 2005 Cohort - Cancer in Children Environmental prenatal exposure. Study not relevant
Knox EG 2006 Cohort (Environmental exposure) Cancer deaths in children Environmental prenatal/postnatal exposure. Study not relevant

Lemen RA 1990 Cohort, follow-up 1 (area monitoring) person-years at risk of 
dying/cause specific 
mortality

1 SMR Poisson distribution p<0,05 Extended follow up (cofounders, styrene, benzene)

Liu S 2008 Cross sectional 5 HPRT mutation and exon 
deletions

3 (biomarker) BD increase the frequency of large deletions of HPRT 
gene in human lymphocytes
average exposure 9.7 ± 15.7ppm  (X+-SD)

higher mutation frequency but difference not significan; 
frequency of exon deletion significantly higher (27,4%)

Lovreglio P. 2006 Cross sectional Sister Chromatic Exchange 
(SCE)
Chromosomic aberrations
High Frequency Cells (HFC) 
with SCE

3 1,5microg/m3 (median 0,2-69) Influence of cigarette smoking on BD exposed workers to low 
concentrations 

Ma H. 2000 Cross sectional 5 hprt mutant lymphocytes 3 Significant increase of deletions in mutant lympocytes
Pearson x2 test; Fisher’s “exact” test p<0.05

(Range of exposure) 0.25–20.80 ppm

Macaluso M. 1996 Cohort 5 (JEM+Work history) Leukemia deaths 3 median BD<2ppm 
Poisson regression analysis. SMR

Cumulative exposure;
BD dose-related increase in the occurrence of leukemia.
Mantel-Haenszel rate ratios adjusted
by race, age, and cumulative styrene exposure

Macaluso M. 2004 Cohort 5 (JEM, task exposure 
modeling)

Leukemia deaths 3 BD TWA: 10 ppm during the 1940s–1960s 
cumulative exposure estimates: 4–5 ppm in 1943–1944 
to 8–9 ppm in 1946–1947, fluctuated between 8 and 
11 ppm through the early 1970s

Rank Correlation Coefficients (Spearman), between estimates of 
cumulative exposure BD, stirene, DMDTC (cofounders)

Matanoski G. 1987 Cohort 1 work history SMR
cause specific mortality

3 No higher risks (young population) Stirene, butadiene polymer factory. 
Racial (white and black population)
Follow up from previous study

Matanoski G. 1989 research report (summary) of 
previous published analysis  
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Author Year Study type Score Exposure (1-5) Outcomes Score Diagnostic evaluation (1-3) Risk estimates and dose Notes

Matanoski G. 1990 Cohort 1 work history SMR
cause specific mortality

3 Increased risk
Significance was based on a probability of 0.05 of less 
(two-tailed) using the Poisson distribution

Stirene, butadiene polymer factory. 
Racial (white and black population)
Follow up from previous study

Matanoski G. 1993 Cohort (case control) 4 SMR
cause specific 
mortality/leukemia

3 Increased risk of leukemia for exposed to BD, SMR of 
leukemia 3 to 5 times higher than non exposed 
population

SMR 6,6 (three deaths; 95% CI, 1,4-19,1)
There is data of exposure but linked to worked ranks 
depending on exposure which is related to the job or task 
performed. 

Matanoski G. 1997 Case control 5 lymphohematopoietic 
cancers (LHC); leukemia 
and Hodkins disease linked 
to BD

3 Unconditional logistic regression analysis
The odds ratio at only 1 ppm average butadiene
exposure is 1 SO (95% CI 1.07,2.10).

Cumulative exposure, risk of leukemia increased after years of 
exposure to BD

McMichael AJ 1976 Cohort 1 work history SMR
cause specific mortality

3 none Age-race. Study to determine SMR specific jobs within same 
plant

McMichael AJ 1975 Cohort 1 work history SMR
cause specific mortality

3 Just solvents, not specific for BD

Meinhardt TJ 1982 Cohort 1 work history SMR (hematopoietic
and lymphatic cancers, 
leukemia)

3 55 samples (Range 0.03- 6.46; mean 0.94ppm)
35 samples (Range 0.05-12.3 Mean 1,99)
two-sided test based on Poisson distribution

No increased risk (small population, SMR no statistically 
significant, although increased excess mortality for some 
neoplasms)

Melnick R.L 1992 letter It is likely that exposure to concentrations below 6,25 
parts per million (ppm) would also cause cancer.

more toxicology than epidemiology

Melnick R.L 1993a Review

Park 2014 cross-sectional 0 BD biomarkers MHBMA and 
DHBMA of smokers

3 (biomarker) genetic differences of metabolism of BD in 3 ethnic 
groups possible

not relevant

Reynolds 2003 cross-sectional air pollution child cancer

Santos-Buroga 1992 nested case-control 2 
(estimated exposure rank)

lymphohematopoietic 
cancers

2 (death certificate) OR high for BD and leukemia
OR high for BD + styrene and leukemia
OR low for styrene and leukemia

used data of Matanoski 1987 and 1990

Sathiakumar 2007 cohort only study methods for cohort

Sathiakumar 2015 cohort 5 (JEM, job/work area) leukemia, NHL, multiple 
myeloma

3 (death certificate) positive ERR with leukemia for BD
BD ppm-years: regression coefficient 2.9 x 10-4

follow-up of Delzell and Sathiakumar cohort

Sathiakumar 1998 cohort 2 (work area) leukemia,  non-Hodgkin’s
lymphoma, multiple 
myeloma,  stomach
cancer; mortality patterns

3 (death certificate) SMR for leukemia increased for hourly workers with 
high BD or BD/styrene exposure.
No increased SMR for other outcomes

follow-up of Delzell and Sathiakumar cohort;
confounder;
not relevant

Sathiakumar 2005 cohort, only men 2 (work area and job 
history

leukemia, cause specific 
mortality

3 (death certificate) SMR for leukemia increased,
in subgroups increased for colorectal and prostate 
cancer

follow-up of Delzell and Sathiakumar cohort;
other confounders possible 
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Author Year Study type Score Exposure (1-5) Outcomes Score Diagnostic evaluation (1-3) Risk estimates and dose Notes

Sathiakumar 2009a cohort, only women 3 (work area and job 
history), cumulative 
exposure

leukemia, cause specific 
mortality

3 (death certificate) SMR increased only for lung and bladder cancer, not 
for leukemia and other outcomes.  
ERR for lung cancer indicates no trend for BD or 
styrene

follow-up of Delzell and Sathiakumar cohort;
other confounders possible 

Sathiakumar 2009b cohort 3 (work area and job 
history), cumulative 
exposure

lung cancer 3 (death certificate) RR higher for lung cancer for women,
ERR positive trend for women, but not for men, 
inspite of men have highter exposures than women

follow-up of Delzell and Sathiakumar cohort;
ERR not evident; misclassification possible

Sram 1998 cross-sectional 5 (passive personal 
monitors)

cytogenetic damage in 
human peripheral 
lymphocytes

3 (biomarker) median BD exposure of 0.53 mg/m³ increased rate of 
chromosomal aberrations (CA), SCE and cells with 
high frequency of SCE (HFC) 

same company like in Sorsa 1994, but other unit

Symanski 2016 case-control air toxics child leukemia

Tates 1996 cross-sectional 5 (personal passive 
dosimetry)

hprt mutant frequencies 3 (biomarker) no significant difference of effects between exposed 
and not exposed

small sample size, smokers, low exposure

Tomaszewski 1987 cross-sectional ? enzyme activities ? γ-glutamyltransferase and
glycine transamidase activities increased after 4 year 
exposure; proteolytic activity detected

poor study, article in Polish

Tsai 2001 cohort 1 (monomer productions 
workers)

lympho-haematopoietic 
cancers, hematological 
variables

3 SMR, 1.06; 95% CI, 0.22–3.11 small sample size; see Cowles 1994

Tsai 2005 cross-sectional 5 (personal monitoring)
(TWA 1,3-butadiene 
exposure level 0.25 ppm)

adverse hematological 
effects

3 no effect

Vlaanderen 2013 cohort ? cancer mortality 2 (death certificate) SMRs
some increased risk for cancers

no data on BD exposure

Wang 2010 case-control 5 (local air sampling) genetic toxicity 3 (biomarker) higher micronucleus frequency among exposed 
workers;  mean cumulative butadiene
exposure of 587 mg/year

small study size

Ward 1992 letter letter

Ward 1994 cross-sectional, pilot study 5 (air sampling) genetic toxicity 3 (2 biomarkers in blood and urine) hprt mutants frequency in lymphocytes of exposed 
workers higher than in non exposed workers. BD 
metabolites higher in urine of exposed workers

very small study group, only non smokers

Ward 1995+1996cohort 2 (job in BD departments); 
no benzene or ethylen 
oxide exposure present

mortality 2 (death certificate) SMR
excess of lymphosarcoma and reticulosarcoma in 
exposed workers
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Author Year Study type Score Exposure (1-5) Outcomes Score Diagnostic evaluation (1-3) Risk estimates and dose Notes

Ward 2001 cross-sectional 5 (air sampling) genetic toxicity 3 (biomarkers in blood and urine) hprt mutants frequency in lymphocytes of exposed 
workers higher than in low exposed workers. BD 
metabolites higher in urine of exposed workers.

reproduction of previous study results; follow-up of Ward 
studies; contrast to results of other studies (hprt mutant 
frequency not increased with higher BD exposure)

Whitworth 2008 ecological study childhood 
lymphohematopoietic 
cancer

Wickliffe 2009 cross-sectional 5 (air sampling), low 
exposure

genetic toxicity 3 (biomarkers in blood) hprt mutants frequency in lymphocytes increased only 
for workers with long occupational exposure.

Current BD exposure low. Fequency of mutant lymphocytes. 
Relation to Ward studies.

Wilson 1944 cross-sectional 1 (job in rubber factory) complaints of workmen 2 (physical exam) irritation of eyes, nasal passages,  throat and lungs. 
Sometimes fatigue and drowsiness.

old study.

Xiang 2012 cross-sectional 5 (air sampling) genetic toxicity 3 (different biomarkers in blood) mutation frequency increased among exposed workers based on study of Liu 2008.
BD exposure here: 2.27   (+-3.33) p.p.m.;  in previous study 7.2  
+-7.6) p.p.m.

Zhao 2001 cross-sectional 5 (passive personal 
monitors)

cytogenetic damage in 
human peripheral 
lymphocytes

3 (biomarker in blood) DNA-adducts higher in exposed group small sample size; based on study Stram 1998

Zhou 1986 cross-sectional 1 genetic toxicity 3 (biomarkers in blood) little chromosomal aberrations for workers in BD 
workshop

poor study
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Author Year Country Study population Study type Score Exposure (1-5) Outcomes Score Diagnostic 
Evaluation (1-3) 

Risk estimates and dose Notes

Cheng 2007 USA, Canada 16 091 subjects.
Same cohort as Sathiakumar 
2005. 
Exposure assessment same as 
Graff 2005.

Cohort 5 (JEM + Work histroy) Leukemia death 3 Cox-model (spline curve)

see more data in IARC 2012 table

positive exposure-response relationship.
Exposure-response trend after 
184.6 ppm-years,
Spline curve indicates an exposure-response trend after 
400 ppm-year

spline curve seems to be plausibel

Delzell 2001 USA, Canada 13 130 men of cohorts of Delzell 
1996. Revised exposure 
estimates.
Data from cohorts Meinhardt 
1982, Matanoski 1987, 1990, 
1993, Lemen 1990, Santos-Bugoa 
1992

Cohort 5 (JEM+Work history) Leukemia death 3 Poisson regression anaylsis

see more data in IARC 2012 table

adjusted for age, year since hire

significant trend for exposure-response BD peaks, Styrene and DMDTC

BD-exposure RR
0: Reference

0 - 86.3 ppm-year:           1.3 (0.4 - 4.3)

86.3 - 362.2 ppm-year:    1.3 (0.4 - 4.6)
362.2 + : 2.3 (0.6 - 8.3)

Delzell 2006 USA, Canada Cohort same as Sathiakumar 
2005. Exposure assessment  same 
as Graff 2005.

Cohort
see more data in IARC 2012 table

Graff 2005 USA, Canada 16 579 men.
Update of Delzell 2001.

Cohort 5 (JEM+Work history) Leukemia death 3 Poisson regression anaylsis adjusted for age, year since hire

significant trend for exposure-response BD peaks, Styrene and DMDTC

BD-exposure RR

0: Reference
0 - 33.7 ppm-year:             1.4 (0.5 - 3.9)

33.7 - 184.7 ppm-year:      0.9 (0.3 - 2.6)
184.7 - 425.0 ppm-year:    2.1 (0.7 - 6.2)
425.0 ppm-year:                3.0 (1.0 - 9.2)

see more data in IARC 2012 table

Liu S 2008 China Cross sectional, biomarker 
study

5 HPRT mutation and exon 
deletions

3 (biomarker) BD increase the frequency of large deletions of HPRT 
gene in human lymphocytes average exposure 
9.7 ± 15.7ppm  (X+-SD)

higher mutation frequency but difference not significan; 
frequency of exon deletion significantly higher (27,4%)
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Author Year Country Study population Study type Score Exposure (1-5) Outcomes Score Diagnostic 
evaluation (1-3)

Risk estimates and dose Notes

Ma H. 2000 Cross sectional 5 hprt mutant lymphocytes 3 Pearson x2 test; Fisher’s “exact” test p<0.05 (Range of exposure) 0.25–20.80 ppm

Macaluso M. 1996 USA, Canada 12 412 subjects
exposed to BD.

6 of the 8 plant cohorts studied 
by Delzell 1996

Cohort 5 (JEM+Work history) Leukemia deaths 3 median BD<2ppm 
Poisson regression analysis. SMR

see more data in IARC 2012 table

Cumulative exposure;
BD dose-related increase in the occurrence of leukemia.
Mantel-Haenszel rate ratios adjusted
by race, age, and cumulative styrene exposure

Macaluso M. 2004 Cohort 5 (JEM, task exposure 
modeling)

Leukemia deaths 3 BD TWA: 10 ppm during the 1940s–1960s
cumulative exposure estimates: 4–5 ppm in 1943–1944 to 
8–9 ppm in 1946–1947, fluctuated between 8 and 11 ppm 
through the early 1970s,

Rank Correlation Coefficients (Spearman), between estimates of 
cumulative exposure BD, stirene, DMDTC (cofounders)

Matanoski G. 1993 Cohort (case control) 4 SMR
cause specific 
mortality/leukemia

3 Increased risk of leukemia for exposed to BD, SMR of 
leukemia 3 to 5 times higher than non exposed 
population

SMR 6,6 (three deaths; 95% CI, 1,4-19,1)
There is data of exposure but linked to worked ranks depending 
on exposure which is related to the job or task performed. 

Matanoski G. 1997 USA, Canada 58 cases and 1242 controls out of 
cohort Matanoski 1990. Update 
of Santo-Bugoa 1992

nested case control 5 lymphohematopoietic 
cancers (LHC); leukemia and 
Hodkins disease linked to BD

3 Unconditional logistic regression analysis
The odds ratio at only 1 ppm average butadiene
exposure is 1,5O (95% CI 1.07,2.10).

Cumulative exposure, risk of leukemia increased after years of 
exposure to BD

Sathiakumar 2015 USA, Canada 16 579 men. cohort 5 (JEM, job/work area) leukemia, NHL, multiple 
myeloma

3 (death certificate) positive ERR with leukemia for BD
BD ppm-years: regression coefficient 2.9 x 10-4

see more data in paper

follow-up of Delzell and Sathiakumar cohort

Sathiakumar 2009b USA, Canada follow-up of Delzell and 
Sathiakumar cohort

cohort 3 (work area and job 
history), cumulative 
exposure

lung cancer 3 (death certificate) RR higher for lung cancer for women,
ERR positive trend for women, but not for men, inspite of 
men have highter exposures than women

follow-up of Delzell and Sathiakumar cohort;
ERR not evident; misclassification possible

Sram 1998 cross-sectional 5 (passive personal 
monitors)

cytogenetic damage in 
human peripheral 
lymphocytes

3 (biomarker) median BD exposure of 0.53 mg/m³ increased rate of 
chromosomal aberrations (CA), SCE and cells with high 
frequency of SCE (HFC) 

same company like in Sorsa 1994, but other unit
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Annex 7: Details of key studies for DRR derivation and study relationships 

1,3-Butadiene: Epidemiological studies with quantitative data and study relations  -  DRR results 

Study type Study 
population Branch Country Authors Outcomes Notes 

1a Cohort and 
nested case 
control 

Cohort: 
ca. 12 400 - 
16 500 

Synthetic rubber 
industry workers 

USA, Canada 

6 plants:  
2 in Texas,  
2 in Louisiana, 
1 in Kentucky,  
1 in Canada 

Sathiakumar 2015, 2009a+b 
Delzell 2006, 2001, 1996  
Graff 2005 
Macaluso 1996, 2004 
Sathiakumar 1998, 2005, 2007 
Cheng 2007 
and more 

Leukemia 
NHL 
multiple myeloma 

positive exposure-
response trend for 
leukemia for BD 

Quantitative estimates for 
each subject. 
Also styrene exposure. 
Styrene and BD strongly 
correlated, separated 
effects not possible to 
determine. 

1a Sathiakumar 2015:  (Cave: Independent effect of butadiene could not be delineated because of strong correlation with styrene; s. a. Delzell 2006) 



Annex 7: Details of key studies for DRR derivation and study relationships        2 / 8 

Risk for Leukemia: 
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Risk for non-Hodgkin Lymphoma (NHL): 

 
Risk for Multiple Myeloma (MM): 
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1b nested case 
control 

59 cases 
1242 controls 

styrene-butadiene 
polymer 
manufacturing 
industry, rubber 
industry 

USA, Canada 
 
7 plants 
 
 

Matanoski 1997, 1993, 1990, 
1994 
Santos-Burgoa 1992 

Lymphohematopoietic 
cancers 
 
Hodgin disease and 
leukemia associated 
with BD exposure. 
 
Lymphosarcoma 
and myeloma 
associated with 
stryrene exposure. 

 

Also styrene exposure. 
Study population overlaps 
with cohort of Delzell! 
Delzell studied 
independently cohort. 

 

1b Matanoski 1997:  (from IARC 2012) 

 

  



Annex 7: Details of key studies for DRR derivation and study relationships        6 / 8 

2 Cross sectional,  
biomarker study 

19 exposed 
workers 
19 controls 

petrochemical 
company, BD 
monomer 
production 

Czech Sram 1998 cytogenetic damage 
in peripheral 
lymphocytes 
(CA, SCE, HFC, MN, 
comet assay 
parameters) 
 
significant induction 
of cytogenetic 
damage 
 

BD measurement with 
passive personal 
samplers. 
Same company like in 
Sorsa 1994, but other unit; 
Sorsa: no correlation. 

 

2 Sram 1998:  

 

Significant cytogenetic damage in peripheral lymphocytes: 

BD exposure with a median value of 0.53 mg/m³ (range: 0.024–23.0) BD, or 0.236 ppm (range: 0.011-10.25 ppm) BD significantly increased the 
percentage of cells with chromosomal aberrations in exposed vs. control groups, also the frequency of SCE per cell, and the percentage of HFC. 

BD exposure had not significant effects on formation of micronuclei and on comet assay parameters. 

No dose data. 

 

 

11.22 mg/m³  ≙  5 ppm BD 
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3 Cross sectional, 
biomarker HPRT 
 

74 cases 
157 controls 
 

petrochemical 
products company 

China Liu 2008 HPRT mutation and 
exon deletions 

hypoxanthine–guanine–
phosphoribosyltransferase 
(HPRT) 
 

 

3 Liu 2008:  

 

Non significant HPRT mutations in lymphocytes of BD workers, exposure about 1 ppm BD (time-weighted average): 

The BD-exposed workers showed a higher mutation frequency (18.2 ± 9.4 × 10–6) than the control subjects (12.7 ± 7.3 × 10–6), but the difference 
was not significant (p > 0.05). The frequency of exon deletions in BD-exposed workers (27.4%) was significantly higher than that in control 
subjects (12.5%) (p < 0.05), which mainly included multiplex exon deletions (2–8 exons). 

No dose data. 
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4 Cross sectional, 
biomarker HPRT 
 
 

19 exposed 
workers 
19 controls 

monomer 
production unit, 
styrene-butadiene 
polymer plant 

USA 
Port Neches, 
Texas 

Ma 2000 HPRT mutation and 
exon deletions. 
 
Significant increase 
of mutations 

Range of exposure:  
0.25–20.80 ppm BD 
 
About 1 ppm BD exposure 
for non-smoking workers. 
 

 

4 Ma 2000:  

 

Significant increase of HPRT mutations. Range of exposure: 0.25–20.80 ppm BD. About 1 ppm BD exposure for non-smoking workers. 

No dose data. 
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Annex 8: DRR Results and Graphs for Different Outcomes 

This Annex 8 provides details and graphs of the dose-response relationships (DRRs) 
for different outcomes. 

Outcome Source Page in Annex 8 

Leukemia risk US/Canadian rubber cohort 2 / 6 

NHL risk  
(non-Hodgkin lymphoma) 

US/Canadian rubber cohort 3 / 6 

Multiple myeloma risk US/Canadian rubber cohort 4 / 6 

Hodgkin lymphoma risk Matanoski 1997 5 / 6 

Cytogenetic damage - biomarker 3 biomarker studies: 
Sram 1998 
Liu 2008 
Ma 2000 
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Sathiakumar 2015/Delzell 2006
BD ppm-years RR lowCI highCL RR (95 % CI)

0 1 1 1 1
8.45 0.98 0.44 2.18 0.54 1.2 0.98 (0.44-2.18)

19.73 1.72 0.77 3.85 0.95 2.13 1.72 (0.77-3.85)
37.56 1.83 0.82 4.09 1.01 2.26 1.83 (0.82-4.09)
56.23 1.96 0.88 4.38 1.08 2.42 1.96 (0.88-4.38)

90.5 1.47 0.66 3.27 0.81 1.8 1.47 (0.66-3.27)
185.16 1.57 0.7 3.51 0.87 1.94 1.57 (0.70-3.51)

258.2 3.2 1.42 7.18 1.78 3.98 3.2 (1.42-7.18)
378.94 2.64 1.18 5.91 1.46 3.27 2.64 (1.18-5.91)
675.63 2.78 1.24 6.24 1.54 3.46 2.78 (1.24-6.24)

2273.85 3.76 1.59 8.89 2.17 5.13 3.76 (1.59-8.89)

blue: data presented in graphic
yellow: significant RRs

Matanoski 1997
Bd ppm RR lowCI highCL RR (95 % CI)

1 1.5 1.1 2.1 1.5 (1.1-2.1)

y = 0.0025x + 1.4792
R² = 0.5474
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Leukemia risk of BD



Sathiakumar 2015/Delzell 2006
Bdppmyears RR lowCI highCL HCl-RR RR-LCL RR (95 % CI)

0.00 1.00 1.00 1.00 0.00 0.00 1.00
2.00 1.32 0.54 3.22 1.90 0.78 1.32 (0.54-3.22)
9.35 1.29 0.53 3.13 1.84 0.76 1.29 (0.53-3.13)

19.09 1.04 0.43 2.50 1.46 0.61 1.04 (0.43-2.50)
42.51 0.75 0.31 1.81 1.06 0.44 0.75 (0.31-1.81)
74.43 0.68 0.28 1.64 0.96 0.40 0.68 (0.28-1.64)

143.45 1.36 0.56 3.29 1.93 0.80 1.36 (0.56-3.29)
239.75 0.94 0.39 2.27 1.33 0.55 0.94 (0.39-2.27)
326.76 3.55 1.46 8.60 5.05 2.09 3.55 (1.46-8.60)
421.11 2.96 1.27 6.91 3.95 1.69 2.96 (1.27-6.91)
957.44 1.30 0.55 3.06 1.76 0.75 1.30 (0.55-3.06)

blue: data presented in graphic
yellow: significant RRs

y = -7E-06x2 + 0.0073x + 0.8012
R² = 0.5373

y = 0.0011x + 1.2525
R² = 0.1143

0

1

2

3

4

5

6

7

8

9

10

0 100 200 300 400 500 600 700 800 900 1000

Re
la

tiv
es

 R
isk

 R
R

BD Dose in ppm-years

NHL risk of BD 

Annex 8 - DRR Results and Graphs for Different Outcomes 3 / 6 

NHL risk of BD



Sathiakumar 2015/Delzell 2006
Bdppmyea RR lowCI highCL HCL-RR RR-LCL RR (95 % CI)

0.00 1.00 1.00 1.00 0.00 0.00 1.00
1.61 0.89 0.25 3.14 2.25 0.64 0.89 (0.25-3.14)

16.32 0.29 0.08 1.00 0.71 0.21 0.29 (0.08-1.00)
37.36 0.62 0.18 2.19 1.57 0.44 0.62 (0.18-2.19)
59.44 0.63 0.18 2.23 1.60 0.45 0.63 (0.18-2.23)
95.07 0.52 0.15 1.84 1.32 0.37 0.52 (0.15-1.84)

120.54 1.71 0.49 6.04 4.33 1.22 1.71 (0.49-6.04)
244.47 0.31 0.10 0.95 0.64 0.21 0.31 (0.10-0.95)
399.88 2.48 0.80 7.70 5.22 1.68 2.48 (0.80-7.70)
592.60 1.33 0.43 4.11 2.78 0.90 1.33 (0.43-4.11)

1571.95 0.63 0.20 2.04 1.41 0.43 0.63 (0.20-2.04)

blue: data in graphic

y = 0.0018x + 0.6923
R² = 0.2733

y = -6E-08x3 + 4E-05x2 - 0.0059x + 0.8434
R² = 0.4426
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Multiple myeloma risk of BD



Matanoski 1997
Bdppm RR lowCI highCL RR (95 % CI)

1 1.7 0.99 3 1.7 (0.99-3.0)
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Author BD ppm range ppmeffect no effect

Sram 1998 0.236 0.011-10.2

increased percentage of peripheral 
lymphocytes with chromosomal 
aberrations, SCE, HFC

no formation of micronuclei and on
comet assay parameters

Liu 2008 1 increased frequency of exon deletions
no significant higher mutation 
frequency

Ma 2000 1 0.25-20.80 significant increase of HPRT mutations

1.00 0.24
1.00 0.01
1.00 10.25
2.00 1.00
3.00 1.00
3.00 0.25
3.00 20.80

Dose data missing!
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Cytogenetic damage risk of BD (biomarker studies)
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Annex 9: References of All Toxicological Studies on BD 

Note: References in italics means that the original papers could not be delivered. The study 
is described in the referring criteria document. 

Adler ID, Anderson D. Dominant lethal effects after inhalation exposure to 1,3-butadiene. 
Mutat Res. 1994;309(2):295-7. 

Adler ID, Cao J, Filser JG, Gassner P, Kessler W, Kliesch U, et al. Mutagenicity of 1,3-
butadiene inhalation in somatic and germinal cells of mice. Mutat Res. 1994;309(2):307-14. 

Adler ID, Filser J, Gonda H, Schriever-Schwemmer G. Dose response study for 1,3-
butadiene-induced dominant lethal mutations and heritable translocations in germs cells of 
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