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Ref.	Date/Name/Org.	Type of comment
4	Date/Time: 	2017/10/24 16:06	Type:	BehalfOfAnOrganisation	Organization name:	[Confidential]		Comment	Routine personal exposure monitoring of workers at the petrochemical complex indicate that it would not be possible to comply with the proposed exposure limit changes without significant investment and changes in methods of working. Sampling data is available on request.	
		Dossier Submitter response	Thank you for the comment. 	ECHA takes note that lowering the OEL for benzene might require significant investment and changes in methods of working. 	ECHA takes note that sampling data is available on request.
		RAC Rapporteurs comments	Thank you for your comment.
Ref.	Date/Name/Org.	Type of comment
12	Date/Time: 	2017/11/07 10:30	Type:	BehalfOfAnOrganisation	Organization name:	European Tyre and Rubber Manufacturers’ Association	Country: Belgium	Non-confidential attachment:	20171107_ETRMA-BenzeneOEL_Clean.pdf		Comment	p 117The conclusion on occupational exposure limits (OEL) for benzene	
		Dossier Submitter response	Thank you for the comment. 	ECHA takes note that an OEL of 0.1 ppm for benzene is achievable by rubber producers at the workplace.
		RAC Rapporteurs comments	Thank you for your comment. 
Ref.	Date/Name/Org.	Type of comment
13	Date/Time: 	2017/11/07 11:13	Type:	BehalfOfAnOrganisation	Organization name:	British Occupational Hygiene Society	Country: United Kingdom	Non-confidential attachment:	ECHA Proposal OEL for Benzene 2017 BOHS Comments V1.docx		Comment	See attached document for comments...	
		Dossier Submitter response	Thank you for the comment.	ECHA appreciates your concern about the length of the public consultation, however, the deadline to deliver the opinion of RAC to the European Commission (26 March 2018) unfortunately did not allow for a longer public consultation.  	ECHA takes note that 	BOHS supports the reduction of OEL but not by factor 10	A lowered TWA might require change of monitoring techniques	There might be an impact on a lowered TWA with regard to manpower	ECHA has taken the following scientific comments into consideration: 	Exposure data on oil and gas and marine sector sea have been added including HSE exposure data (1999).	The scientific reasons for an STEL were re-considered and no STEL is recommended any longer.	Biomonitoring of benzene in urine has been performed in several studies. In 2017 the German Research Foundation (DFG) published a correlation between benzene in urine and benzene in air which was taken over.	The toxicological data have been re-evaluated with respect to traceability issues and amended accordingly
		RAC Rapporteurs comments	Thank you for your comment.											
Ref.	Date/Name/Org.	Type of comment
14	Date/Time: 	2017/11/07 11:13	Type:	BehalfOfAnOrganisation	Organization name:	Austrian Workers' Compensation Board (AUVA)	Country: Austria		Comment	The proposal for occupational exposure limit values for benzene is refused.	The aim of the proposal is to support the derivation of an OEL in accordance with Directive 2004/37/EC (CMD).	GENERAL COMMENTS:	At present, no threshold can be defined for benzene with the current scientific knowledge that excludes health risks (recital 11 of this Directive). In particular, regarding exposure to carcinogens, the precautionary principle should be applied in the protection of workers’ health (recital 14 of CMD).	The employer has to ensure that the level of exposure of workers is reduced to a low level as is technically possible (CMD, Article 5(3)). [In respect to technical possibility, the framework directive 89/391/EEC explicitly emphasizes that the improvement of workers’ safety and health at work is NOT to be subordinated to purely economic considerations (13th recital of that Directive)]. 	To support and to guide this minimization obligation, an OEL representing a VERY low cancer risk has to be established. 	In the related field of potentially dangerous products and consumer-use chemicals the European Commission already has established a benchmark for assigning the terms “serious risk”, “high risk”, “medium risk” and finally “low risk” (Commission Decision 2010/15/EU of 16.12.2009, OJ No L 22, 26.1.2010). Cancer from contact with substances is classified as a hazard of the (highest) Severity Group 4. This Commission Decision provides (in table 4) the combination of the severity of harm and its probability: Only if the probability of cancer causation is LESS THAN 1:1,000,000 (related to the exposure duration) the risk is judged to be “low risk”!	This clearly shows that strict criteria have to be met, and cancer risks have to be in the order of 1:1,000,000 and lower to be acceptable.	In significant European member states a risk based approach is implemented (DE, NL) for controlling the exposure to carcinogens at the workplace. The acceptable cancer risk in these concepts is 1:1,000,000 per work year, resulting in an “acceptable” cancer risk of 4:100,000 per work lifetime.	A work lifetime cancer risk of 4:100,000 is a reasonable and necessary concretion of the minimization principle (and of recital 4 of CMD), being the main objective of the CMD.	Besides that, also REACH demands that a low risk must be ensured when using a carcinogenic substance. Guidance documents published by ECHA (e.g. Chapter R.8) suggest an excess lifetime cancer risk of the same order of magnitude as outlined above.	Therefore, an OEL associated with a work lifetime cancer risk NOT HIGHER THAN 4:100,000 has to be required.	SPECIFIC COMMENTS:	In contrast to this demand, the proposed OEL for benzene (0.1 ppm) is associated with an approximate risk of cancer of 7:10,000.	The recommended 8-hour TWA of 0.1 ppm (0.33 mg/m³) for repeated benzene exposure is mainly based on the studies by Lan et al (2004) und Uzma et al (2010). The study of Lan et al (2004) is related to haematological effects and has been questioned by AGS (2012) as to the correct numbers of employees (109 vs 30) in the class of lowest exposure and the actual exposure to benzene. The findings by Uzma et al (2010) apply to immunological effects caused by benzene. Even DECOS/The Netherlands conceded an underrepresentation of evidence as to the benzene-induced haematotoxicity and neoplastic disease. Even less evidence exists between immunological effects and cancer due to benzene exposure.	For regulatory purposes, it is not appropriate to set an exposure limit only for the prevention of haematological effects, rather than adequately addressing the cancer risk. Unfortunately, the objective to properly minimize the cancer risk through benzene exposure has not been taken into account. The carcinogenicity of benzene is based on sufficient evidence in humans, sufficient evidence from animal experiments and strong mechanistic evidence. 	Therefore, an excess risk (related to the ECHA proposal of 0.1 ppm) cannot be accepted deliberately. Hence the procedure used by AGS/Germany (0.006 ppm or 0.02 mg/m³ according to a cancer risk of 4:100,000 for work lifetime exposure) is recommended.	No sound scientific evidence exists for the assumption of a non-linear dose-response relationship for the reasons extensively explained in AGS (2012, p. 43 ff). No new data became available since that document. 	REMARKS:	A consistent level of protection from the risks related to carcinogens or mutagens has to be established for the entire EU (recital 4 of CMD). It should be noted that “risk” means the likelihood (probability) that the potential for harm will be attained under the conditions of use and/or exposure (Directive 98/24/EC, Article 2; to be applied according to Article 1(3) of Directive 98/24/EC).	Adopting an opinion on an OEL for benzene in accordance with the CMD(as declared in the mandate) necessarily has to take into account political and socioeconomic issues. Neither the ECHA nor the RAC is competent to argue on the time scale of implementation, on transitional measures (if necessary) or on other matters referring the regulatory enforcement of OELs. The partial questionable handling of scientific findings and omitting the risk-based approach creates the impression that also (undeclared) non-scientific elements are incorporated into the proposal.	
		Dossier Submitter response	Thank you for the comment.	It is outside the remit of ECHA or RAC to comment on, or to determine, the acceptability of cancer risks. 	Benzene is often categorised as a genotoxic carcinogen for which fully protective, health based limit values have not been derived based on the scientific evidence. However, RAC is of the opinion that a mode-of-action (MoA-) based threshold[footnoteRef:1] can be established based on chromosomal aberrations/damage effects (aneugenicity and clastogenicity) in workers. The proposed limit will avoid exposures that induce chromosomal damage in workers, is considered to have no significant residual risk and will also avoid other adverse effects. The justification is presented in the  in the ECHA Background Document.  [1:  Regarding the term “mode of action-based threshold” see Joint Task Force ECHA Committee for Risk Assessment (RAC) and Scientific Committee on Occupational Exposure Limits (SCOEL) on Scientific aspects and methodologies related to the exposure of chemicals at the workplace. Task 2. 6 December 2017. https://echa.europa.eu/documents/10162/13579/jtf_opinion_task_2_en.pdf/db8a9a3a-4aa7-601b-bb53-81a5eef93145] 		It should be noted that the mandate of RAC is to evaluate the scientific relevance of occupational limit values for benzene, and to assess the most recent and relevant scientific information. The RAC-opinion on benzene is used by the Commission to set limit values for the protection of workers from exposure to chemical risks, as per Directive 2004/37/EC. The Commission takes socio-economic and technical feasibility factors into account in their legislative procedure for developing EU OELs.  	REMARKS: Independence is extremely important to ECHA. ECHA’s work is based on science and it is of the utmost importance to guarantee the independence of the ECHA’s staff and Committee members nominated by the Members States. All ECHA staff has completed a detailed declaration of interest before starting to work, these declarations are updated and examined at least annually. Similarly the experts in the scientific Committees are screened against targeted eligibility criteria. Their published Declarations of Absence of Conflict of interest are examined and updated annually. In addition to these regular Declarations of Interest, every Committee meeting starts with an oral declaration on any specific interests related to the agenda items to be discussed. 		ECHA has taken the following scientific comment into consideration: 	The study by Lan et al (2004) has been re-evaluated based on the biomonitoring data of the study.	
		RAC Rapporteurs comments	Thank you for your comment. 																
Ref.	Date/Name/Org.	Type of comment
17	Date/Time: 	2017/11/07 13:15	Type:	BehalfOfAnOrganisation	Organization name:	European Trade Union Confederation	Country: Belgium		Comment	General comments	The European Trade Union Confederation (ETUC) welcomes the fact that the OEL for benzene is being discussed in the framework of the 4th amendment to Directive 2004/37/EC. ETUC calls on the EU to update the Carcinogens and Mutagens Directive (CMD) and adopt binding OELs for at least 50 priority carcinogens by 2020. Our research institute (ETUI) has recently published a list of carcinogens that are relevant for workers ‘exposure via inhalation at a considerable number of workplaces in Europe and thus, for which a binding OEL under the CMD should be suggested in priority. 	https://www.etui.org/Publications2/Reports/Carcinogens-that-should-be-subject-to-binding-limits-on-workers-exposure	Benzene is included in the trade union list and there is certainly a need to revise the existing OEL set at 1 ppm for that carcinogen in the Annex III of the CMD which is 20 years old.	The adoption of a binding OEL in the CMD is a long and complex procedure where the scientific advice on the OEL (to be later discussed within the tripartite Advisory Committee on Health and Safety) plays a key role. ETUC therefore regrets that the public consultation organized by ECHA on its proposal for an OEL is extremely short. One month is not enough to provide meaningful input and ensure possible relevant contributions from stakeholders are taken into account. When SCOEL is in charge the public consultation is minimum 3 months. Moreover, for all REACH processes, the public consultations organized by ECHA are longer (between 45 days and 6 months).	Specific comments	ETUC appreciates the comprehensive and updated information collected by ECHA on benzene. However, we are concerned that ECHA seems proposing an 8h TWA OEL (set at 0.1 ppm) for the non-carcinogenic adverse effects of benzene (heamatotoxicity & immunotoxicity) and the leading genotoxic effects because thresholds are likely to exist for those effects. 	On the other hand, it is clearly stated that benzene is genotoxic, that its modes of action are complex, not fully understood and that an 8h TWA OEL cannot be derived for carcinogenic effects because there are uncertainties on whether all modes of action have a threshold (i.e. some might be non-threshold).	The conclusions of ECHA should be clearer. Either the existence of a threshold for carcinogenic effects can be supported or not. If a threshold cannot be scientifically supported, then no OEL should be recommended and ECHA should provide an exposure risk relationship. This is the way SCOEL is presenting its conclusions. 	In a next step, based on these scientific information, it is the role of the tripartite Advisory Committee on Safety and Health to advice the Commission on the OEL to be adopted.	ETUC therefore recommends the conclusions of ECHA’s proposal in support of an OEL for benzene are reworked to align them with the SCOEL methodology. A one-page summary at the beginning of the report with the principal conclusions (threshold / non-threshold and proposed OEL or Exposure Risk Relationship) would also be appreciated.	
		Dossier Submitter response	Thank you for the comment	ECHA appreciates your concern about the length of the public consultation, however, the deadline to deliver the opinion of RAC to the European Commission (26 March 2018) unfortunately did not allow for a longer public consultation.  	ECHA takes note that	ETUC is concerned that ECHA seems proposing an 8h TWA OEL (set at 0.1 ppm) for the non-carcinogenic adverse effects of benzene (heamatotoxicity & immunotoxicity), whereas an 8h TWA OEL cannot be derived for carcinogenic effects	ETUC considers that if no threshold for carcinogenic effects can be derived, no OEL should be recommended by ECHA but only by the tripartite Advisory Committee on Safety and Health
		RAC Rapporteurs comments	Thank you for your comment.																
Ref.	Date/Name/Org.	Type of comment
18	Date/Time: 	2017/11/07 14:16	Type:	BehalfOfAnOrganisation	Organization name:	Concawe	Country: Belgium	Non-confidential attachment:	Concawe letter to RAC concerning Benzene OEL.pdf		Comment	Concawe, the scientific division of the European Petroleum Refiners Association, would like to express its concerns on the ECHA/RAC proposal to lower the occupational exposure limit (OEL) for Benzene by 10-fold, to 0.1 ppm. Concawe has not directly provided comments on the report via the public consultation process, but Concawe's industrial hygiene and toxicology experts have been actively involved in the development and submission of scientific feedback provided by the Lower Olefins and Aromatics (LOA) consortium. Concawe endorses the value suggested by LOA (0.4-0.7 ppm) as a scientifically sound alternative OEL to protect worker safety based on the most current scientific evidence. 	Concawe's formal feedback is provided in the attached letter (pdf document).	
		Dossier Submitter response	Thank you for the comment	ECHA takes note that 	Concawe expresses its concern to lower the OEL by factor 10. 	Concawe supports the LOAE proposal for an OEL of 0.4 to 0.7 ppm
		RAC Rapporteurs comments	Thank you for your comment.																
Ref.	Date/Name/Org.	Type of comment
19	Date/Time: 	2017/11/07 15:39	Type:	BehalfOfAnOrganisation	Organization name:	Oil and Gas UK	Country: United Kingdom	Non-confidential attachment:	Consultation response.pdf		Comment	Please see attached response to the proposed exposure limits on pp 117-119	
		Dossier Submitter response	Thank you for the comment	ECHA appreciates your concern about the length of the public consultation, however, the deadline to deliver the opinion of RAC to the European Commission (26 March 2018) unfortunately did not allow for a longer public consultation.  	ECHA takes note that 	OIL&GASUK considers that OEL should be based on a variety of cohorts and working environments	OIL&GASUK considers that STEL should be based on specific scientific investigations rather than generic safety factor	ECHA notes that no scientific justification and evidence has been provided by OIL&GASUK. However, based on comment from other 3rd parties, ECHA has re-evaluated both aspects. 
		RAC Rapporteurs comments	Thank you for your comment.																
Ref.	Date/Name/Org.	Type of comment
21	Date/Time: 	2017/11/07 18:26	Type:	BehalfOfAnOrganisation	Organization name:	Lower Olefins and Aromatics Reach Consortium vzw	Country: Belgium	Non-confidential attachment:	2017_11_07 LOA comments on Benzene RAC proposal.zip		Comment	These comments on the Benzene OEL Proposal are from LOA, the Lower Olefins and Aromatics REACH Consortium. LOA acts on behalf of Member Companies and other Registrants to support benzene in REACH. Benzene is a key substance in the Aromatics sector which employs about 20,000 in the EU.  LOA also supports the steam cracking sector which produces olefins and pyrolysis gasoline from which aromatics are extracted. Experts from these sectors and the Refining sector have contributed to these comments.	Due to the web form size limitation, full comments are attached and here only a summary is provided. On the ECHA benzene OEL proposal, LOA makes the following key points:	Benzene Uses	* The LOA registration dossier for benzene only supports the use of benzene as an intermediate (under strictly controlled conditions) and indicates that all other uses are uses advised against. ECHA’s web page indicates that there are many uses registered, most of which would contradict Annex XVII. LOA will conduct a use survey and work with ECHA to clarify this confusing situation.	* ECHA text implies benzene is added to gasoline. This is not the case. Benzene containing streams can be blended to give gasoline, but not benzene itself. 	Worker Exposure	* Value of health surveillance data: There is no justification to rate the results from epidemiology studies higher than those obtained from long-term health surveillance. In health surveillance benzene exposure estimates are based on sampling strategies targeted at representative jobs and workplace combinations. 	* Exposure levels: There is no reference made to the fact that most of the exposure level concentrations reported do not consider the use of respiratory protection. For that reason, these exposure levels should be reported as potential exposures. 	* Hydrocarbon solvents: potential exposures related to trace levels of benzene in hydrocarbon solvents. Such a product would not be taken up in the market in view of the availability of the non-carcinogenic alternative. 	* Missing references and data and some editorial comments: e.g. Spanish service stations, exposure via dietary sources and loading vrs unloading operations at service station.	* Dermal exposure: There is uncertainty about the contribution of skin uptake. However, it should not be considered negligible. 	Human biomonitoring	LOA concurs with the opinion of ECHA regarding the choice of the benzene biomarkers of exposure and the usefulness of BLVs in general. LOA doubts the values derived are correct at <1 ppm concentrations, nor have they been justified, and applying the proposed BLV values in non-occupational add-on exposure (smokers) will be problematic.	Monitoring methods (Analytical)	* Section fails to mention the use of passive samplers (far more acceptable to workers being monitored than pump and tube) but which may face sensitivity issues at the levels proposed.	* If samples are to be collected for a shorter period of time, the detection limit would increase, yielding uncertainty around the measure.	* An overall review of exposure monitoring methodologies is necessary since most of the ones currently used cannot be used with the proposed OELs.	Toxicokinetics/Modelling	Multiple re-analyses of air benzene to urine biomarker correlations suggest benzene metabolism is linear or nearly linear in the <1 ppm range. LOA believes there is no strong basis to justify non-linearity for metabolism.	Haematology	* Concerns are raised about statistical analyses and uncertainties in exposure assessment.	* A true weight of evidence assessment of the haematological data in workers has not been carried out by ECHA. Inappropriate weighting is assigned to the work of Lan et al, despite at least partial acknowledgement of the study’s limitations. It is not clear why in the Lan et al study the exposure assessment/groupings were done on individual exposure results, despite a thorough categorization being made by Vermeulen et al. The conclusions drawn by Lan et al that haematotoxicity occurred at benzene air levels of ?1 ppm is questionable. We doubt that the population studied by Lan et al was a truly low exposed group based also on the measured urinary benzene levels.	Immunology	* Given the uncertainties of several studies (Lan et al 2004, Huang et al 2014, Uzma et al 2010, Moro et al 2015) both in terms of the findings and the definition of the associated exposure to benzene it would seem appropriate to fall back on haematological data to define a DNEL.	* Overall the studies cited do not appear to support a clear immunomodulatory effect at benzene exposures of <1 ppm.	Genetic Toxicology	* LOA would concur with the position taken that the key effects are cytogenicity and aneuploidy in high exposure workers, and that studies of DNA damage (e.g. Comet) data can be misleading.	* Due to uncertainties in the data (Marcon et al 1999, Kim et al 2010, Rekhadevi et al 2010 & 2011) LOA does not consider that the evidence demonstrates cytogenetic and aneugenic activity below 1 ppm. LOA considers that the ECHA contention that aneugenicity is a more sensitive endpoint than haematoxicity is not soundly based.	Carcinogenicity (Epidemiology)	• ECHA should base any carcinogenic assessment on endpoints that are clearly linked to benzene, viz. AML/ANLL and/or MDS.	• ECHA should recognize that several studies suggest an empirical threshold for AML/ANLL, and model risk using sub linear dose response curves to account for this.	• ECHA ignore persuasive data from one of the highest quality studies of Pliofilm workers that suggests that:	– ANLL is the only subtype related to benzene	– Excess risk is only present in a 10 year, or possibly a 20-year window after exposure	– A sub-linear or empirical threshold is suggested by the Pliofilm study	• ECHA fail to recognize important limitations of the meta-analyses.	• ECHA overstate the potential or possible relationship between benzene and ALL, CLL, CML, NHL and MM.	• ECHA fail to recognize the variance in exposure assessment techniques used in the studies that quantify benzene exposure, thereby mixing lower with higher quality studies.	Carcinogenicity (MoA)	* As shown by both DECOS and LOA analysis, a threshold model is supportable for benzene.  LOA’s paper “Benzene: Importance of Dose Metrics in Assessing Stochastic versus Threshold Mechanisms” is attached.	* SCOEL carcinogen group C assignment of benzene is more consistent with its nature as a weak genotoxin with important secondary mechanisms.	Carcinogenicity (Risk Extrapolation)	* ECHA fail to critically analyse the strengths and weaknesses of published assessments, citing comparatively recent publication as justification. This is an inappropriate rationale for model selection. 	* The selected AGS model uses a model averaging that may systematically misestimate risks due to insufficiently rigorous weighting of different studies.	* ECHA fail to address the potential influence of exposure misclassification due to study design decisions and unaccounted sources in epidemiology studies resulting in overestimates of benzene health risks.	* ECHA fail to discuss the impact of using risk estimates from the Pliofilm worker cohort calculated using exposures assessments for which key assumptions regarding historic exposure have been shown to be incorrect, and result in overestimates of benzene leukemia risk.	* ECHA fail to critically evaluate the ATSDR BMD analysis, particularly the decision to select a response for the value it calculated instead of being based on a non-adverse effect size or an accepted default.	* ECHA fail to critically analyse the use of reported air benzene concentrations as the sole exposure measure when reported urinary benzene biomonitoring data suggests additional sources of exposure.	OEL setting	* Occupational Exposure Limit (OEL) setting: exposures are well known to vary from day to day as a result of fluctuations in the underlying exposure factors, such as ambient air velocity and temperature, work load, process throughput, etc. Therefore, if an OEL is set to protect from long-term exposure and the accompanying measurement strategy is specified as aiming at daily OEL compliance, the OEL can be set at a level 2-4 times higher than the maximum long-term exposure level considered to be still health-protective. 	* The STEL of 0.2 ppm should be removed from the ECHA proposal because no health protection objective related to health effects resulting from short-term exposures is made. Simple use of a factor in deriving a STEL has no scientific basis (SCOEL).	* No justification to publish a biological guidance value – there is a biological limit value.	The Reader’s attention is drawn to 3 attached documents. LOA’s detailed comments are attached together with an LOA paper about benzene dose metrics and a threshold Mode of Action and a paper deriving DNELs for benzene based on haematology data. The latter points to an OEL in the range 0.4-0.7 ppm. LOA is open to questions and discussion to help ECHA progress their OEL proposal.	6 Attachments
		Dossier Submitter response	Thank you for the comment	ECHA has taken the following comments into consideration: 	Benzene uses: ECHA notes that in dossiers submitted to ECHA uses are listed that might contradict Annex XVII. However, it is the registrant’s responsibility to correct the uses in the dossiers. 	Benzene uses: ECHA clarified that “benzene in gasoline has a role as an anti knocking agent” to avoid impression that benzene is added to gasoline. 	Use of historical monitoring data: It is clarified in the text that Table 7 includes some older exposure data if recent data from Europe is not available.	Value of health surveillance data: ECHA considers that studies in which exposure was assessed by personal monitoring could provide more reliable information on dose-response relationships than studies, in which exposure was estimated or measured stationary.	Exposure levels: It is common practice to report concentrations of substances measured in the breathing zone of the workers or from the stationary locations that represent the workers’ exposure. When the internal exposure of workers is assessed, the use of PPE is taken into account or e.g. biomonitoring is used in assessment. 	Hydrocarbon solvents: a note was added that benzene concentration as a constituent of other substances, or in a mixture placed on the market should be less  than 0.1% by weight. 	Missing reference and editorial comments: The reference to “fuel tank drivers” has been removed in the conclusion of service station, while the correct one would be “petrol pump attendant” according the article. In the article, the task is described as a fuel loading operation (Campo et al 2016). The data from Campo et al 2016 for service station is included to the Table 7. A reference on benzene measurements for Spanish service stations has been added. 	Dermal exposure: A senstence indicating that absorption due to vapour was negligible was deleted. Instead it is highlighted that in incertain situations, the dermal route can be an important contributor to total benzene exposure.	Human biomionitoring: ECHA acknowledges that LOA concurs with ECHAs opinion regarding the choice of biomarkers of exposure and the usefulness of BLVs in general. The biomonitoring values corresponding to benzene concentrations below 1 ppm in air are indeed justified. The study results are summarized in tables in the appendix and cross-references in the text have been added. Furthermore, the correlation for the miononitoring parameters are justified by DFG. Unfortunately, the background document will only be published beginning of next year. However, the documentation was available for drafting and the DFG document can be requested from the Secretariate of the German MAK Commission (Dr. Heidrun Greim, Technische Universität München, Hohenbachernstrasse 15-17, D-85350 Freising - Weihenstephan). ECHA further notes that smoking is specifically considered for the biomonitoring parameters. 	Monitoring methods: exposure monitoring methods have been reviewed and amended; specifically passive sampling methods have been amended. 	Toxicokinetics/Modelling: the document already includes critical comments on the hypothesis of non-linearity of metabolism. 	Haematology/	The comments made on the study by Lan et al (2004) have been taken into consideration and the text has been revised, especially with respect to potential contribution of dermal absorption as indicated by the biomonitoring data. 	Weight of evidence: ECHA has taken into consideration the comments received and is concluding on the haematological data using weight of evidence considerations. 	Immunology: The text has been revised taking into consideration the shortcomings of the cited studies (e.g., control groups) and hence, their insufficient suitability to derive NOAELs or LOAELs. 	Genetic Toxicology: The conclusion on the studies by Marcon et al (1999) and Rekhadevi et al. (2010, 2011) with respect to effects observed below 1 ppm were revised.	Genetic Toxicology/haematology: ECHA notes that the results of the study by Zhang et al. (2016) indicate that increased incidences of micronucleus formation occur at lower exposure concentrations compared to reduced white blood cell count. ECHA acknowledges that the study might not be sufficient robust to conclude that genotoxicity would be a more sensitive endpoint than haematotoxicity because only limited parameters have been investigated.  	Carcinogenicity (Epidemiology)	The description and conclusions of increased risks of AML/ANLL and/or MDS versus other types of leukaemia were revised. It is also further explained why there is reason to consider all leukaemia rather than only AML/ANLL or MDS. However when describing the AGS approach also this uncertainty is further described.	Descriptions of the epimiological studies as regards if they suggest “an empirical threshold for AML/ANLL” were revised, including the Pilofilm cohort specifically citing the conclusion of the latest report by Rhomberg et al 2016 “the dose-response relationship at lower benzene exposures remains difficult to resolve with this dataset, owing to a lack of cases in lower exposure categories, Still, the absence of cases in lower exposure categories suggests that benzene may have a threshold effect on induction of certain types of leukaemia”. Both linear and sub linear dose response curves are described along with the inherent uncertainties. Nevertheless as pointed out above, such analyses are hampered by the small number of observed cases in low exposure categories resulting in quite wide confidence intervals for the risk estimates. 	The quality ranking by Vlaanderen et al 2008 of the AML epidemiologic studies was added as suggested by LOA Reach Consortium, including the information that the Pliofilm cohort study ranked on 4th place of the 5 studies that passed the ranking. In that regards it is noted that this quality assessment does not allow to confirm Pliofilm cohort being the “highest quality” and thus justifying it to be given priority over the other studies published.	The description of the epidemiologic studies and their conclusions as regards the relevant time window were revised, including the Pliofilm study. It is acknowledged that exposures e.g. more than 20 years ago contain both recent and distant exposures and it is indeed difficult to conclude which were more relevant as the changes in intensity by time are often not further described.	The specific problems mentioned for the meta-analyses are now described.	The variance in exposure assessment techniques used in the cancer epidemiology studies that quantify benzene exposure were further described, including the assessment of the four exposure estimates that have been published for the Pliofilm cohort.	The specific uncertainties pointed out for of the AGS (2012) average ED10 approach were further described along with their possible impact. As regards whether incidence or mortality data should be used, ECHA considers this more a question of socio-economic assessment, where indeed a fatal and a non-fatal case can be valued differently. However all incident cases should be considered when aiming to prevent occupational ill-health, as also described in the ECHA/RAC-SCOEL Joint Task Force Report  referenced in the ECHA Background Document Chapter 8.2.2.Obviously preventing incident cases prevents also the fatal cases. ECHA notes also the alternative excess risk calculations provided by LOA based on the Pliofilm cohort and reflects them in chapter 8.2.2 of the ECHA background document.	As regards the more specific comments on individual studies described in the ECHA proposal, revisions were made to better reflect the uncertainty/deficiency that was indicated.	Carcinogenicity /MoA: ECHA acknowledges that benzene has modes of action for which a threshold is likely. However, the metabolism of benzene is complex and it is not clear if for all modes of action a threshold would exist. 	Carcinogenicity/SCOEL carcinogen group: the assignment to a SCOEL carcinogen group has been removed. 	Carcinogenicity/Risk extrapolation: 	ECHA has reviewed published assessments and has provided a justification for the selected model. 	See also replied for Carcinogenicity (Epidemiology) above.	OEL setting/methodology: OEL setting follows the SCOEL methodology	OEL setting/STEL: the STEL has been revised and no STEL will be recommended any longer. 	Biological guidance value/biological limit value: even if biological limit values are proposed, biological guidance value are useful in providing further information on background exposure. 	LOA approaches for an OEL have been reviewed. However, considering all available studies, the proposed approaches are not considered as justified. 
		RAC Rapporteurs comments	Thank you for your comments.						
Ref.	Date/Name/Org.	Type of comment
22	Date/Time: 	2017/11/07 19:01	Type:	BehalfOfAnOrganisation	Organization name:	Energy Institute	Country: United Kingdom		Comment	Other related comments/General Statements: 	1.	Insufficient review time for major impact on O&G Industry to give scientific review and response, as benzene is a varying constituent of crude oil and gas condensate and thus can be found throughout upstream process, rather than a benzene specific use. 	2.	Scientific foundation for such a significant change, needs review further and technical justification.	3.	The proposal appears to be based on a single study of 109 persons, not a meta study across multiple studies with a variety of cohorts and working environments.	4.	The studies, some from the far east and china, although presented as technical papers may not have the same validation as UK / European / US research and, by referencing China shoe workers for example as a base for reducing the limit is, in my opinion not completely substantiated by the evidence from elsewhere.	Monitoring Exposure:	1.	By the reduction of exposure limits by a factor of 10  the upstream O&G sector lose the ability to deploy passive techniques to remote locations for exposure risk assessments, which is inherent part of how benzene exposure risks are managed currently.	2.	The information in Section 8 outlining a summary of exposures omitted upstream oil & gas out completely and the marine sectors mentioned are in dock, not at sea. As a result, the conclusions on the levels of exposure are well below the averages in these sectors and well below the HSE’s own findings, not cited from a study of nearly 300 individuals in the UK upstream industry conducted in 1999 	3.	The inclusion of direct benzene measurements as a biomarker in urine is mentioned without due consideration of the clear biodegradation that occurs with individuals  and, carries credibility issues 	-  s-PMA limit of detection at level issue at BLV if applied.	4.	STEL of 0.2ppm is impractical with current passive techniques and in the summary, is stated in Section 8 in one paragraph without any summary information to support it.	5.	The methods suggested for air monitoring and stated as the one that should be used is active pump & tube techniques. HSE methods for this and passive devices not openly mentioned or discussed.
		Dossier Submitter response	Thank you for the comments	ECHA appreciates your concern about the length of the public consultation, however, the deadline to deliver the opinion of RAC to the European Commission (26 March 2018) unfortunately did not allow for a longer public consultation.  	ECHA takes note that The Energy Institute considers that 	A lowered TWA might require change of monitoring techniques	ECHA has taken the following scientific comments into consideration: 	The foundation for the OEL has been reviewed and is finally based on a weight of consideration of all reviewed studies that investigated clastogenic and/or aneugenic effects in workers. 	Therefore, the starting point for deriving the OEL is no longer based on haematological effects, as evident from RAC opinion and ECHA Background Document.	Exposure data on oil and gas and marine sector sea have been added including HSE exposure data (1999). 	Biomonitoring of benzene in urine has been performed in several studies. In 2017 the German Research Foundation (DFG) published a correlation between benzene in urine and benzene in air which was taken over.	Passive sampling methods have been added
		RAC Rapporteurs comments	Thank you for your comments.											

Ref.	Date/Name/Org.	Type of comment
M1	Date/Time: 	Monday, November 06, 2017 4:07 PM	Type:	Member State	Organization name:	Ministero del Lavoro e delle Politiche sociali	Country: 	Italy	Comment	
		Dossier Submitter response	Thank you for the comment	ECHA takes note that the Italian MSCA is supportive with the proposed OEL for haematotoxic effects. However, as explained under reply to comment nr. 22 the starting point for deriving the OEL is no longer based on haematotoxic effects.  
		RAC Rapporteurs comments	Thank you for your comment.	




image2.emf
20171107_ETRMA-B enzeneOEL_Clean.pdf




 


 


 


ETRMA Aisbl 


European Tyre and Rubber Manufacturers’ Association 


VAT number: BE0881 606 175 


EC Register : ID 6025320863-10 


2/12 Avenue des Arts 


1210 Brussels Belgium 


www.etrma.org 


Tel   +32 2 218 49 40  


  


 


 
 


 


 


 


 


Friday the 3rd of November 2017 


 
 
 
 Subject: ETRMA reply to ECHA Public consultation on benzene under the Carcinogens & Mutagens Directive  


 


ETRMA, European Tyre and Rubber Manufacturers' Association, represents more than 6000 companies in 
EU28, employing 360.000 individuals and supports another 800000 jobs in related sectors. The product range 
of its members is extensive from tyres to pharmaceutical, baby care, construction and automotive rubber 
goods and many more applications. ETRMA members’ turnover in 2016 is estimated at € 73 b, of which up to 
5% continues to be invested in R&D, annually.  


ETRMA is committed to protect workers safety and control risk and has supported research on occupational 
exposure. For instance, ETRMA has partially funded the work of IPRI – International Prevention Research 
Institute – in undertaking the largest epidemiological study in European Rubber Manufacturing1 . In parallel, 
ETRMA has actively been involved in the development of ISO standards to quantify and identify the 
composition and presence of rubber process generated substances, rubber process fumes, at the workplace, 
such as, ISO/TR 21275:2017 Comprehensive review of the composition and nature of process fumes in the 
rubber industry.  ETRMA firmly supports the establishment of Binding Occupational Exposure Limits at 
European level to protect workers exposure.  


Worker´s exposure to benzene from rubber manufacturing process has been systematically reduced over the 
last years and currently benzene is a phase-out substance at rubber manufacturing sites. However, benzene is 
systematically monitored to guarantee no-exposure. One of the method used to analyse and detect benzene at 
the workplace is OSHA 1005 for Benzene2  - sorbent tube containing activated charcoal (100/50 mg) – that 
reaches detection limits of 0,01 mg/m³.  


RAC´s recently published draft opinion on evaluation of occupational exposure limits (OELs) for benzene states 
that p 117 ¨Based on the available scientific data on adverse effects of benzene in workers and accounting for 
the uncertainties (ECHA guidance R.8, ATSDR 2007), an 8-hour TWA for non-carcinogenic haematological 
effects after repeated exposure of 0,1 ppm  (0,325 mg/m³) could be considered.¨  


ETRMA would like to inform the Risk Assessment Committee that the value of 0.1 ppm for 8h TWA exposure is 
achievable by rubber producers at the workplace.  


                                                 
1 Available publications:  


-  Boniol, A. Koechlin, B. Świątkowska, T. Sorahan, J. Wellmann, D. Taeger, K. Jakobsson, E. Pira, P. Boffetta, C. La Vecchia, C. Pizot, P. Boyle; 
Cancer mortality in cohorts of workers in the European rubber manufacturing industry first employed since 1975, Annals of Oncology, 
Volume 27, Issue 5, 1 May 2016, Pages 933–941, https://doi.org/10.1093/annonc/mdw061 


- Boniol M, Koechlin A, Sorahan T, et al Cancer incidence in cohorts of workers in the rubber manufacturing industry first employed since 
1975 in the UK and Sweden Occup Environ Med Published Online First: 06 January 2017. doi: 10.1136/oemed-2016-103989 


- Mathieu Boniol, Alice Koechlin, Peter Boyle; Meta-analysis of occupational exposures in the rubber manufacturing industry and risk of 
cancer, International Journal of Epidemiology, 26 July 2017,, dyx146, https://doi.org/10.1093/ije/dyx146 
2 https://www.osha.gov/dts/sltc/methods/validated/1005/1005.html,  



http://www.etrma.org/

https://doi.org/10.1093/annonc/mdw061

https://doi.org/10.1093/ije/dyx146

https://www.osha.gov/dts/sltc/methods/validated/1005/1005.html




image3.emf
ECHA Proposal OEL  for Benzene 2017 BOHS Comments V1.docx


Microsoft_Word_Document1.docx
[image: Macintosh HD:Users:chrisbezzano:Desktop:BOHS:BOHS new logo stationery:BOHS letterhead header-02.jpg]













BOHS COMMENTS ON THE POTENTIAL CHANGES VIA EUROPEAN CHEMICALS AGENCY (ECHA) TO CONSIDER POSSIBLE OCCUPATIONAL EXPOSURE LIMITS FOR BENZENE. 





ECHA’S risk assessment committee (RAC) has now launched a public consultation on the proposals and the deadline for comments for benzene.



As requested, please see below the comments BOHS has proposed on the ECHA website.





· Insufficient review time for major impact on Oil &Gas industry to give scientific review and response, as benzene is a varying constituent of crude oil and gas condensate and thus can be found throughout upstream process, rather than a benzene specific use. Scientific foundation for such a significant change requires further review and technical justification.

· There is certainly an attempt to support the drop in a limit in the report and maybe there is some evidence to support a drop but not by a factor of 10?

· Reduction of exposure limits by a factor of 10 in the upstream O&G sector, would potentially lose the ability to deploy passive techniques to remote locations for exposure risk assessments, which is inherent part of how benzene exposure risks are managed currently offshore. STEL of 0.2ppm is impractical with current analytical methods which would be unworkable with “passive sampling”. The summary is stated in section 8 in one paragraph without any summary information to support it.

· The suggestion of a STEL at the concentration proposed seems to be without any credible foundation in the report and is even less credible when the wider available research is reviewed.

· The information in Section 8 outlining a summary of exposures, omitted upstream Oil & Gas completely and the marine sectors mentioned are in dock, not at sea. As a result, the conclusions on the levels of exposure are well below the averages in these sectors and well below the HSE’s own findings, not cited from a study of nearly 300 individuals in the UK upstream industry conducted in 1999.

· The inclusion of direct benzene measurements as a biomarker in urine is mentioned without due consideration of the clear biodegradation that occurs within individuals and could carry credibility issues.

· The current limit, based on the work we are aware of and the supporting TOX data does not support the drop to the level suggested for the 8hr TWA. Some of the studies from the China, etc. may well have traceability issues as far as the conclusions are concerned and despite being a major industry in the UK and other parts of Europe, less weight or even a lack of consideration at all seems to be the theme for Oil & Gas upstream operations.















· The impact on Oil & Gas Upstream Operations, certainly in the UK sector would be unstainable due to increased manpower to prepare for shutdowns, introduce new controls for short routine activities and overall create a need for more people offshore and longer programs of work from an industry that has lost thousands of jobs in the last few years. If there was a strong health argument, we would support this even with the economic cost but as stated earlier there is no justification for the concentrations being suggested.



· BOHS members who work for ExxonMobil are supportive of the LOA consortia comments which will be submitted to ECHA.





This concludes our comments.





Yours Sincerely,



[image: ]



Neil Grace

President-Elect BOHS



5/6 Melbourne Business Court, Millennium Way, Pride Park, Derby, DE24 8LZ, UK

Tel: +44 (0)1332 298101 | Fax: +44 (0)1332 298099 | E-mail: admin@bohs.org | www.bohs.org



BOHS Incorporated by Royal Charter No. RC000858. Registered Charity No. 1150455
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Oil & Gas UK is the trading name for The UK Oil and Gas Industry Association Ltd.  
Company No. 1119804 England   |   A Company Limited by Guarantee   |   VAT No. 241 4219 95 
Registered Office:  6th Floor East, Portland House, Bressenden Place, London SW1E 5BH 


 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To whom it may concern, 
 
Consultation on Occupational Exposure Limits for the protection of workers from risks related to exposure to benzene  
 


Oil & Gas UK is a trade association representing members from the UK offshore oil and gas industry. We are 
responding on behalf of our members to the current consultation to support the Committee for Risk Assessment 
(RAC) in adopting opinions on Occupational Exposure Limits in accordance with Directive 2004/37/EC on the 
protection of workers from the risks related to exposure to carcinogens or mutagens at work (Carcinogens and 
Mutagens Directive, CMD). 
  
The health and safety of our workforce is a primary concern of our membership, and as an industry we work to 
the highest standards to ensure that risks to health are managed properly, and in compliance with all relevant 
requirements, and we therefore welcome the Executive Director’s request to undertake a scientific review of the 
evidence relating to occupational health exposure limits for benzene. 
 
Given the relatively short duration of the public consultation, however, it has not been possible to undertake a 
thorough technical review of the scientific evidence contained in the review, nor to completely understand the 
impact of the proposed changes to our operations, which for our industry could be significant. We request that 
the public consultation phase is extended to permit more detailed review and response by industry. 
  
Where evidence demonstrates a requirement to decrease this limit further, we would of course welcome any 
such change; based on advances in scientific understanding of the hazard posed by exposures to existing limits, 
and the associated risk. However, some of our members have significant concerns regarding the data on which 
the proposed change is based, and therefore we would suggest that further scientific review is required to include 
a variety of cohorts and working environments. In addition, we would expect that any move to introduce a Short 
Term Exposure Limit would be based on specific scientific investigation of the substance under review, rather than 
a generic safety factor as proposed.   
  
It is our understanding that international representatives of our industry have submitted technical reviews of the 
proposal, and we would ask that these are taken into consideration. We appreciate the opportunity to respond 
through the public consultation, and would welcome further opportunity to engage with ECHA on this proposal. 
 
Yours faithfully, 
 
Katherine Meffen,  
HSE Advisor, Oil & Gas UK. 
 


Oil & Gas UK 
2nd Floor 
The Exchange 2 
62 Market Street 
Aberdeen AB11 5PJ 
 
Telephone +44 (0)1224 577 250 
Fax  +44 (0) 1224 577 251 
Email  info@oilandgasuk.co.uk 
 
www.oilandgasuk.co.uk 
 



mailto:info@oilandgasuk.co.uk
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Benzene: Importance of Dose Metrics in Assessing Stochastic versus 
Threshold Mechanisms 



Benzene has long been recognized as possessing inherent hematotoxic and leukemogenic properties. 



Given its recognized capability to cause cancer in humans, risk assessment is appropriate to be carried 



out in situations where benzene exposure occurs. Human risk assessment under REACH depends on 



calculation of a toxicity benchmark identified as Derived No Effect Level (DNEL) or Derived Minimal Effect 



Level (DMEL). DNELs are typically calculated where a hazard exists, but is thought to have a threshold 



below which no adverse effects are expected. DMELs are calculated where no threshold is expected and 



a quantitative risk metric is used to estimate the number of adverse events for a given population size. 



Both types of approaches to risk assessment have been used with benzene depending on the entity 



performing the assessment. For benzene and petrochemicals containing benzene it appears the 



approach best supported by available data is calculation of a DNEL because the key health effect for risk 



assessment, incidence of benzene-induced hematologic malignancy acute myeloid leukemia (AML) and 



myelodysplastic syndrome (MDS) in humans, is likely to result from a threshold mechanism. 



The rationale for calculating a DNEL based on expectations of a threshold mechanism is based on several 



observations: 



1. Benzene is not a direct-acting mutagen. 



2. Its mechanistic chemistry is consistent with a threshold mechanism via protein cross-linking  



3. The dose metric correlating with MDS risk is incompatible with a stochastic mechanism 



because it is affected by dose-rate. 



Stochastic Phenomena: Distinguishing Between Stochastic Effects 



and Stochastic Causes 
Stochastic phenomena are by their nature random, and present according to a probability distribution.  



In toxicology, an agent may act by a stochastic mechanism when exposure modifies the probability of 



observing an effect. The common risk assessment approach to a stochastic mechanism is to assume any 



exposure has some probabilistic harmful potential, and to subsequently force fit a linear mathematical 



model for exposure and risk.  This has been the approach for agents such as ionizing radiation and direct 



acting mutagens when calculating carcinogenic risk.   



The process of carcinogenesis has significant stochastic elements (e.g., genetic inheritance). Because 



carcinogenesis has stochastic elements it is easy to misconstrue chemical carcinogens as acting via a 



stochastic process. However, deterministic events can contribute to a stochastic event without 



themselves being stochastic. Automobile speed is a deterministic variable in the stochastic phenomenon 



of a traffic accident. If one considered only the nature of final event to assess the nature of the cause, it 



could easily be misperceived that automobile speed is stochastic because the accident is a stochastic 



event. This is an intuitively obvious error, as we know the driver determined the vehicle speed. This is a 



simple analogy, but illustrates the potential for confusing a stochastic outcome with a deterministic 
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mechanism. The same type of thinking can affect chemicals. Put at its most basic level, observation that 



a chemical is a genotoxic carcinogen does not always imply a stochastic mechanism.  



Non-stochastic effects have a deterministic character, wherein a response is reliably a function of its 



input (cause) and the underlying mechanism. In toxicology, non-stochastic effects are typical of 



mechanisms with a threshold, wherein no adverse effects occur so long as exposure remains below a 



specific point or range. These threshold-based effects can demonstrate substantial variability in 



experimental systems. Randomness in effects observed in an experiment are not a universal indication 



that an effect is stochastic, but rather can be an indication of the inherent variability that occurs in 



experiments. Further complicating assessments of threshold is that they can vary between individuals 



and over time, making their absolute establishment experimentally difficult. Nonetheless, in 



understanding toxicity one should not reject the likelihood of an effect threshold even if it cannot be 



easily assigned. 



Chemicals that damage DNA, but by an indirect mechanism, can be acting by a threshold mechanism. 



Consider as examples topoisomerase inhibitors (Muller and Kasper 2000). Chemicals that act by 



topoisomerase inhibition can damage DNA by preventing supercoil relaxation, resulting in DNA strand 



breaks.  However, for such an event to occur multiple molecules of topoisomerase enzyme must be 



inhibited. There is a range of cellular concentrations over which topoisomerase inhibition can be 



tolerated without DNA strand breaks. Only when topoisomerase inhibition reaches a threshold above 



that range does the potential for a strand break exist. Only when chemicals push conditions beyond the 



range of homeostasis, above an effect threshold, does permanent DNA damage occur.  Indeed, even for 



direct acting mutagens there is science to suggest thresholds exist (Guerard et al., 2015), but in practice 



are not currently considered for risk assessment 



When one considers benzene, the evidence favours that the hematologic effects caused by benzene 



better matches the pattern of a threshold mechanism because of several observations which are 



reviewed below. 



Benzene Genotoxicity – Genotoxic, but not a Direct-acting Mutagen 
Whilst benzene exposure can result in genotoxic insult, it does not appear to be a direct acting mutagen. 



Evidence from 32P post-labelling experiments indicates benzene does not create DNA adducts and [3H]-



benzene experiments indicate DNA adducts do not occur in target tissues (Whysner et al., 2004), arguing 



strongly against any hypothesis considering mutation by direct adducts. When interpreting literature 



discussing benzene DNA adducts, it is paramount to first distinguish between DNA binding (as indicated 



by [3H]-benzene experiments) and DNA adduct formation (detected by 32P-post labelling). DNA binding 



can be detected without DNA adduct formation, especially where the DNA purification method may 



have residual protein or RNA (benzene metabolite binding to protein and RNA is apparent from available 



evidence (Mazzullo et al., 1989)). Thus, detection of DNA binding identifies the possibility that DNA 



adducts occur, but only with subsequent evidence from 32P post-labelling experiments is scientific 



confidence in adduct formation achievable. DNA adducts can be detected in 32P post-labelling assays 



following twice daily intraperitoneal injections of 440 or 500 mg/kg benzene for seven days in mice 



(Pathak et al., 1995; Li et al., 1996). However, 800 mg/kg/d benzene administered intraperitoneally once 
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daily does not result in detectable DNA adducts. In a separate study, 32P post-labelling in mice exposed 



twice daily to 500 mg/kg benzene by intraperitoneal injection inject were reported to show DNA adducts 



(Li et al., 1996). Accordingly, interpretations suggesting DNA adducts based on these experiments should 



be interpreted cautiously, as the dose is well in excess of the 50 mg/kg/d oral dose sufficient to induce 



carcinogenic effects in mice, the adducts are not dose consistent, and the study is by a route of dubious 



relevance for human benzene exposure.  



Interpretation of benzene–exposed transgenic rodent assays (tests capable of detecting direct 



mutagenic activity) is hampered by the limited sample sizes (eg n=4 per exposure), species differences 



in organs affected by cancer and absence of a dose response in tissues where tumours occur in rodent 



models.  Additionally there are difficulties of questionable statistical analysis resulting in an overall 



pattern suggesting at most equivocal activity (Provost et al., 1996) or a design with such a long follow 



up period (12 weeks) it is impossible to reliably assess whether reported mutations are primary or 



secondary to clastogen or aneugenic genotoxicity (Mullin et al., 1995; Mullin et al., 1998).  Human study 



data from the glycophorin A mutation assay also indicates a lack of mutations characteristic of direct 



acting mutagens. When examining workers exposed to high levels of benzene (mean air concentrations 



of >70 ppm for an 8 hour time-weighted average) for altered glycophorin A genotype there was no effect 



of benzene on frequency of gene inactivating mutations, but increased gene duplications (Rothman et 



al., 1995). This observation is consistent with a clastogenic or aneugenic agent, a pattern of effect that 



is found with human lymphocytes exposed to benzene metabolites (Yager et al., 1990).   



The comparative weight of evidence disfavours benzene acting as a direct acting mutagen, and favours 



an indirect mechanism of clastogencity and/or aneugenicity in which chromosome segregation or 



damage occurs. Consideration of human and animal data for benzene clastogenicity or aneugenicity 



(Whysner et al., 2004) shows the multiple hallmarks of causality: dose-responsive, time-responsive, 



consistency, strong association, and biological plausibility. Several modes of action for indirect 



genotoxicity for benzene have been postulated (topoisomerase II inhibition, protein adduct formation 



by reactive metabolites, oxidative stress, error-prone DNA repair, and epigenetic alteration). Given the 



available data strongly indicate absence of a direct-acting mechanism for benzene, any implication that 



a stochastic mechanism applies owing to similarities with direct acting mutagens such as alkylating 



agents can be rejected as incompatible with the observed data.  Therefore, the remaining hypothesized 



routes to genotoxicity for benzene are held to be threshold-mediated phenomena (Dutch Expert 



Committee on Occupational Safety 2014). 



Mechanistic Chemistry of Benzene Metabolites 
One key factor to understanding the toxicity of benzene is in the mechanistic chemistry of its 



metabolites. While benzene itself has limited reactivity, the same is not true of its metabolites. Indeed, 



the toxicity of benzene has been shown to depend on metabolism (Valentine et al., 1996). 



Among these multiple metabolites there are two of particular note: 1,4-benzoquinone and 



muconaldehyde. Both of these metabolites are particularly reactive, capable of binding protein by 



Michael addition, and by virtue of dual reactive sites can readily cross link proteins. When considering 



the mechanistic chemistry of Michael addition, the relative reactivity for protein versus DNA can be 
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informative. Chemical reactivity to proteins and nucleic acids can be predicted from the Hard and Soft 



Acids and Bases theory, which posits hard acids react more readily with hard bases, while soft acids react 



more readily with soft bases (Pearson and Songstad 1967; LoPachin et al., 2012). Quantum chemical 



modelling suggests nucleophilic sites of DNA have lower potential for reactivity when compared to 



amino acids. This differential preference is more pronounced for soft electrophiles, with cysteine 



presenting a high degree of softness that does not overlap with DNA and lysine only neighbouring that 



of DNA. The observation of a reactivity gap creates a refinement to structural alerts for DNA and protein 



reactivity – for soft electrophiles DNA reactivity implies protein reactivity is also likely, but observation 



of protein reactivity does not automatically equate with DNA reactivity  (Mekenyan et al., 2010). This is 



particular relevant for benzene metabolites, as the α,β-unsaturated carbonyl structure, present in 1,4-



benzoquinone and muconaldehyde, are soft electrophiles (Obach and Kalgutka 2010). Protein cross-



linking is one of the more plausible mechanisms for clastogenic or aneugenic effects, potentially by 



protein cross-links altering microtubule or division spindle assembly, centrioles or polar body 



functionality, or function of kinetochore proteins. 



The evidence for benzene metabolite binding to protein is strong. In vitro incubation of [14C]-benzene 



with liver microsome shows irreversible binding to macromolecules, with most binding attributed to 



protein instead of ribonucleic acid (an observation consistent with the mechanistic chemistry considered 



above). The binding of macromolecules decreased 90-95% when reduced glutathione or cysteine were 



added prior to incubation (Tunek et al., 1978). This observation is supported in vivo by observations that 



for mice administered [14C]-benzene doses spanning eight orders of magnitude reporting 9- to 43-times 



more protein adducts than DNA adducts (Creek et al., 1997). Note well, the methods described by Creek 



et al cannot address the potential that reported “DNA adducts” were the result of residual protein 



carryover, nor can they distinguish between covalent and non-covalent interaction. Given these 



limitations the data should not be interpreted to imply direct DNA adduct formation for benzene 



metabolites. The most reliable interpretation of the result is that benzene metabolites preferentially 



react to protein to large extent. 



Protein cross-linking can also lead to some degree of enzyme inhibition when cross-links disrupt protein 



conformation or function (Chui and Wan 1997). Given the cell’s normal capacity for protein degradation 



and synthesis it is understandable that there is some threshold above which protein cross-linking causes 



sufficient disruption that cellular damage occurs. 



Importance of Dose Metrics in Assessing Stochastic versus Threshold 



Mechanisms 
Cumulative exposure (e.g., ppm-years) and peak exposures (e.g., maximum blood concentration) have 



been used in hazard assessments. Each measure is individually better suited to different risk scenarios. 



While rarely explicitly considered, dose metrics can provide strong suggestive evidence for or against a 



stochastic or threshold mechanism in carcinogenesis. A key fundamental differentiator in dose metric 



as an indication of stochastic or threshold effects can be found in dose rate: stochastic mechanisms 



invoking cumulative exposure should be indifferent to dose rate. Stochastic genotoxicity models predict 



equal risks at equal cumulative doses, regardless of dose-rate considerations. Stochastic genotoxic 
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carcinogenesis models treat each DNA damaging event equal in its probability of causing cancer – the 



more damage accumulated the greater the probability of cancer. That model leads to the assumption 



that every exposure carries some accumulating, probabilistic risk. Faster genetic damage is not treated 



as any more or less hazardous than a slow rate. Any hypothesis proposing a stochastic mechanism for 



genotoxic carcinogenesis must be false if evidence shows dose rate explains incidence. By the same 



token, a hypothesis invoking a threshold mechanism is compatible with both cumulative and peak 



exposures. 



Hypothesis Prediction Stochastic Mechanism Threshold Mechanism 



Dose Response Shape 
Effect correlates with dose over 
entire observed range 



Effect correlates with dose above  
a specific observed range 



Affected by cumulative 
exposure 



Yes 
Above specific range – yes 



Below specific range – no 



Affected by dose rate No 
Above specific range – yes 



Below specific range – no 



Cumulative exposure is a particularly good dose metric where irreversible damage accumulates. It is well 



suited for situations where damage continuously builds without repair, or exceeds repair to such an 



extent that healing is quantitatively irrelevant in disease etiology. Such a situation is plausible for direct-



acting mutagens (n.b. while genotoxic, benzene is not a direct-acting mutagen), where the irreversible 



damage manifests as increasing mutation load over time (assuming a hormetic response is excluded), or 



bio-persistent agents such as asbestos and other deeply inhaled, poorly soluble particles, where lack of 



clearance causes an accumulation of unresolvable tissue damage. Cumulative exposure is generally easy 



to calculate, and can apply to both stochastic and threshold mechanisms in dose-response analysis. 



Peak exposures as a dose metric become important when exposures (dose rates) are driven to levels 



overwhelming biological compensation mechanisms. Damage that would have otherwise been 



prevented by cellular adaptations occurs when this happens. Effects driven by dose rate strongly suggest 



a threshold mechanism, wherein exposures below a threshold are handled without damage, but above 



that threshold cannot be contained. A classic example comes from the developmental toxicity of 



ethylene glycol. Oral gavage exposures (resulting in higher peak blood concentrations) are more potent 



for causing developmental toxicity than dietary, drinking water, or inhalation exposures (which result in 



lower peak blood concentrations). The distinction is attributed to differences in metabolic generation of 



the developmental toxicant glycolic acid from ethylene glycol – at higher dose rates achieved by oral 



gavage (exposures associated with peaks in blood concentration) the amount of toxic metabolite 



generated exceeds biological capacity to handle it, resulting in adverse effects. Threshold can also be 



observed at low dose rates, so long as doses are large enough (1.0% in drinking water; ~2000 mg/kg/d 



[Gulati et al., 1984]) to generate sufficient glycolic acid to exceed the threshold of effect (Carney 1994). 



One of the challenges of peak exposure as a dose metric is it is more complicated to assess analytically 
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and to calculate, especially in occupational environments. These challenges can lead to increased 



variability or uncertainties in the actual exposure, but where calculated and shown to be explanatory, 



may be more useful than cumulative exposure in explaining an effect. 



The importance of dose rate as a factor in carcinogenicity is well illustrated in liver tumours following 



oral chloroform exposure. Liver tumour incidence is 80% (36 of 45) in female B6C3F1 mice exposed to 



238 mg/kg/d chloroform by oral gavage. However, incidence is 2% (1 of 44) at even higher oral dose by 



diet, 263 mg/kg/d. The striking disparity is attributed to the substantial difference in dose rates, as 



opposed to cumulative dose (for a thorough discussion of chloroform kinetics see Meek et al., [2002]). 



Liver tumours are not significantly increased at dose rates below the threshold for cytotoxic injury 



(Larson et al., 1994). The potential importance of metabolism in the chloroform mode of action for liver 



tumours is also noteworthy. Pharmacologic inhibition cytochrome P450 or cyp2e1 genetic knockout 



prevent the cytotoxicity and repair response central to chloroform’s hepatocarcinogenic activity in mice 



(Constan et al., 1999), implying that preventing formation of metabolite(s) prevents liver tumorigenesis. 



Combined with knowledge of dose rate, it is apparent that only when dose rates are high is there 



sufficient toxic metabolite produced to result in liver tumours. 



There is a biological underpinning for importance of dose rate in understanding toxicity thresholds. The 



effect of dose rate on blood concentration of a hypothetical chemical, and its relevance to thresholds of 



toxicity, is modelled by simulation in Figure 1. Despite equal 8 ppm-hour cumulative exposures on a 



time-weighted average beginning at 8 hours, placed into the context below it can be understood how 



peak exposures can be found to fully explain risk of an adverse health effect. Three scenarios are 



compared: 1 ppm continuously for 8 hours, two high intensity exposures of 4 ppm for an hour each with 



exposures separated by a one hour interval, and 15 minute 4 ppm peak exposures repeated once every 



hour for 8 hours. Despite equal cumulative exposures, only with peak exposures (high dose rates) was 



the hypothetical threshold exceeded. When a threshold exists, but only high dose rates result in 



metabolite concentrations above the threshold for effect, risk will be accounted for by addressing peak 



exposures.  
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Figure 1- Peak Exposures versus Cumulative Exposures can result in different potential for effects where a threshold exists 



 



A threshold model also reconciles work showing risk from cumulative exposures. If cumulative 



exposures lead to blood concentrations above the threshold for effect they will correlate with risk. 



(Figure 2)  When a threshold exists, risks can be correlated with cumulative exposure and peak exposure 



if both types of exposure exceed the threshold for effect. However, when effects are attributable to 



peaks instead of cumulative exposure it suggests the lower dose rate exposures remain below the 



threshold of effect. (Figure 1) 
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Figure 2. Cumulative exposure can also result in risk when above the threshold of effect 



 



Benzene-Specific Support for a Threshold Model 



Hypothetical models are useful to illustrate a concept, but the validity of a model depends on 



comparison to observed data. Benzene research has provided observed data for metabolite production, 



hematotoxicity, and genotoxicity. There is a consistent pattern of dose rate as a key factor in these 



multiple endpoints. As such, it implies strongly that a threshold model is more compatible with observed 



data than a stochastic model. 



There is a body of data indicating dose rate affects the type of benzene metabolites produced 



(Henderson et al., 1989; Sabourin et al., 1989). One of the best illustrations is the Bois and Paxman 



demonstration by Monte Carlo sampling with PBPK modelling that benzene exposure with equal 



cumulative exposures (8 ppm-hours as either 1 ppm for 8 hours [low dose rate] or 32 ppm for 15 minutes 



[high dose rate]) result in different metabolite profiles. Metabolite production, particularly 



hydroquinone (the precursor of 1,4-benzoquinone, a highly protein reactive molecule), in the high dose 



rate exposure scenario was consistently higher than in the continuous exposure. On average 



hydroquinone production was 20% higher (but as much as 130% higher) in the blood, and bone marrow 



hydroquinone levels up to 300% higher in the high dose rate compared to the continuous exposure (Bois 



and Paxman 1992). Overall, there is strong evidence to indicate dose rate affects benzene metabolite 



profile, and given the knowledge that benzene toxicity is dependent upon metabolites, it is apparent 



that benzene dose rate will alter effects based on the amount of toxic metabolite produced. This is a 



striking parallel to the example of ethylene glycol in that toxicity is attributable to metabolite(s), the 



formation of which is affected by the dose rate. 



Evidence for influence of dose rate on benzene’s toxicity extends beyond metabolite production. Male 



CD-1 mice exposed to benzene for equal 125 ppm-day doses over the course of one week (high dose 
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rate) or 10 weeks (low dose rate) resulted in marked different hematotoxicity. At a high dose rate 



granulocytopenia and lymphocytopenia were observed, but at the low dose rate no detectable effects 



occurred in peripheral blood or bone marrow (Green et al., 1981a). Examining several forms of 



hematopoietic stem cells in either bone marrow or spleen indicated reduced colony forming units at the 



higher dose rate, but again no significant effects at the lower dose rate (Green et al., 1981b). 



If one turns to genotoxicity instead of metabolism or hematotoxicity, rodent models also support dose 



rate as a key determinant in potential for benzene toxicity. Male NMRI mice continuously exposed to 



benzene by inhalation at either 96 ppm over 48 hours (high dose rate [4608 ppm-hours cumulative]) or 



21 ppm over 240 hours (low dose rate [5004 ppm-hours]) showed marked differences in polychromatic 



erythrocyte (PCE) micronuclei counts. At the low dose rate mice the micronuclei count peaked at 



approximately 9 micronuclei/PCE after 144 hours of exposure and increased no further, whereas at the 



high dose rate micronuclei were >30 micronuclei/PCE after only 48 hours (later time points were not 



reported [Toft et al., 1982]). 



In comparing predictions of stochastic and threshold mechanism it appears consistent that dose rate 



can play a significant factor in benzene toxicity, from the very earliest event in its mode of action 



(metabolism) to later effects observed in repeated dose scenarios (hematotoxicity). Given the evidence 



for the influence of dose rate, adoption of a threshold model is an evidence-supported choice. 



In the end the likely best metric for risk is cumulative exposure above the threshold of effect. Analyses 



of this sort which examine cumulative exposure above a set of potential thresholds should be 



encouraged for epidemiologic data analysis.  
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Detailed comments on the ECHA proposal for benzene workplace OEL 



values 
 



CONTEXT OF THE ORGANISATION PROVIDING THE COMMENTS 



In June 2008, the Lower Olefins and Aromatics REACH Consortium (“LOA REACH Consortium” referred 



here as LOA) was established. LOA acts on behalf of Member Companies and other Registrants to 



support REACH registrations. LOA covers 160 Lower Olefin and Aromatic substances and UVCB 



streams. 



Benzene is a key substance in the Aromatics sector and is used as a chemical intermediate. The 



Aromatics sector in Europe produces about 12 million tonnes of the aromatics products (benzene, 



toluene and xylenes) per year and directly employs around 20,000 people.  



LOA also supports the Lower Olefins sector where the steam cracking process produces pyrolysis 



gasoline which contains benzene and other aromatics. Pyrolysis gasoline constitutes about 60% of the 



feedstock for Aromatics plants which produce the key aromatics molecules such as benzene. The 



remainder of feedstock for Aromatics plants is derived from refinery and coal chemistry streams. 



REGULATORY, PRODUCTION AND USE INFORMATION (Pages 10-16) 



Benzene submissions should only be for an intermediate registration but the information on ECHA’s 



web page gives the impression that there are many more uses registered. Currently, two dossiers are 



visible onto the ECHA website: one as full registration and one dossier related to intermediate. The 



LOA Consortium only supports the use of benzene as an intermediate even if it is mentioned as full 



onto the website. The LOA official registration dossier indicates that all other uses are uses advised 



against as they would contradict REACH Annex XVII. LOA will conduct a use survey and the results will 



be integrated in the next dossier update. 



Specific Quote: Table 4, page 15. 



Comment: It is confusing to cite the 3 US limits without context.  The OSHA Limit is the legal limit, the 



ACGIH is the limit that is generally used practically and the NIOSH limit is seen as a “Research Limit” 



rather than a practical one. It is somewhat misleading to indicate that the OSHA and NIOSH limits are 



dated 2017. This is presumably the date of web-access or confirming that it is the current limit rather 



than the date the limit was set which is some years ago.  



Specific Quote: “Benzene as a monoconstituent (CAS No 71-43-2) has 109 active registrations under 



REACH, 1 Joint Submission and 1 Individual Submission.” (Section 3.2 Page 10) 



Comment: Both submissions should only be intermediate registration but the information on ECHA’s 



web page gives the impression that there are many more uses registered. The LOA consortium only 



supports the use of benzene as an intermediate. No other uses are listed in LOA’s registration dossier 



supplied to the LOA Joint Submission registrants for their individual registration. 
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Specific Quote: “Benzene is used as an intermediate in the production of a wide range of chemical 



substances such as styrene, cumene, and cyclohexane, which are further used for manufacturing of 



plastics, various resins, nylon and synthetic fibres. Benzene is also used as an intermediate in the 



manufacturing of some types of rubbers, lubricants, dyes, detergents, drugs, and pesticides (ATSDR 



2007).” (Section 5.2 Page 16) 



Comment: The above paragraph should indicate that the other benzene uses are also intermediate 



uses. It is recommended that the underlined text above is added for clarity. 



Specific Quote: “The identified uses for benzene as described within the REACH registration dossiers 



include formulation or re-packing, distribution and professional uses, uses at industrial sites and use in 



articles, health services, scientific research and development. The following products may contain 



benzene: laboratory chemicals, coating products, fillers, putties, plasters, modelling clay, non-metal 



surface treatment products, pH regulators, water treatment products and polymers (ECHA 2017b). 



(Section 5.2 Page 16) 



Comment: These uses do not comply with REACH Annex XVII.  These uses are not part of the original 



LOA dossier as LOA only registered the manufacturing and intermediate use. The LOA official 



registration dossier indicates that all other uses are uses advised against.  



Specific Quote: For example, benzene is used in gasoline (petrol) as an anti-knocking agent.  



Comment: Benzene in gasoline. The text suggests that pure benzene is added to gasoline. This is not 



the case. Benzene is a component of the various gasoline-blending streams, but also subject to specific 



limit of 1% v/v according to EU legislation. It is suggested to remove the phrase. (Section 5.2, Page 16) 



SECTION 5.4 OCCUPATIONAL EXPOSURE (Pages 15-29) 



Use of historical monitoring data 



The US data, cited from the IARC reference in Table 7 and covering a long interval of 25 years, should 



be regarded as historic and possibly not applicable to the current EU situation. 



Value of Health surveillance data 



There is no justification to rate results from epidemiological studies higher than the results obtained 



from long-term health surveillance. Each of these studies should be evaluated based on their strength 



and limitations (as was done in the DECOS 2014 report) and should not be disqualified. Exposure 



assessments in support of health surveillance can be very robust and can be very useful in 



epidemiological studies as was shown in Swaen et al 2005, Swaen et al 2010. 



DECOS (2014) noted that these routine health surveillance studies involved large numbers of workers 



and blood samples, and were conducted using standard clinical methods. Importantly, the working 



conditions in these studies represent the occupational exposure conditions in The Netherlands and 



Europe. The estimation of benzene exposures is based on sampling strategies targeted at 



representative jobs and workplace combinations. Therefore, the subsequent air measurements do not 



provide information on the workers exposed but rather on the job or task for which it was taken.  
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Inhalation monitoring methods 



This section fails to mention the use of passive samplers (badges, like for example the one from 3M™ 



or radiello®) which are far more acceptable to workers being monitored than pump and tube methods, 



but which may face sensitivity issues at the levels proposed. For the sensitivity issue of passive 



samplers there are a couple of references that might be useful  



• Environ. Sci.: Processes Impacts, 2014, 16, 1008: Strandberg et al “Evaluation of three types 



of passive samplers for measuring 1,3-butadiene and benzene at workplaces”  



• BS EN 838 Workplace atmospheres – Diffusive samplers for the determination of gases and 



vapours.   



Furthermore, most of the recent publication reported in this proposal, as the Italian and Swedish 



studies, are carried out with diffusive samplers. 



Particular care should be given to the sampling rate of the passive system that should be adequate for 



the monitoring exercise. The recent exposure data included in the proposal, as the Swedish papers on 



refineries and the Italian on service stations, were carried out using passive samplers. Note that it is 



common industrial hygiene practice to aim for sensitivity of a monitoring method down to 10% of the 



OEL. Not all the methods in Table 12 have the adequate LOD for the proposed OEL. Also, it is quite 



odd to list only German (and US) reference methods. There are several EN methods on benzene or 



VOC monitoring with passive and active samplers. European Methods for benzene that could be added 



are: 



• MDHS 88 Method for determination of Hazardous Substance in air 



• UNI EN ISO 16017-1 Indoor, ambient and workplace air 



• UNI EN ISO 16017-2 Indoor, ambient and workplace air 



Occupational Exposure Limit (OEL) setting 



In relation to the phrase “At workplaces in Europe, the long-term exposure to benzene is mainly below 



0.1 ppm (0.3 mg/m3)” on pp117-118. The stated objective of an Occupational Exposure Limit is to 



protect workers’ health from the effects of exposures encountered across a relevant time-span 



depending on the nature of the effects. For many chemicals, including benzene, this is a long-term 



time-span of typically 8 hours per day, 5 days per week, for 40 years. To be in compliance with an OEL, 



95% of all exposure results need to be below the OEL with a confidence of 75% according to the new 



EN689 (2016). However, exposures are well known to vary from day to day as a result of fluctuations 



in the underlying exposure determining factors, such as ambient air velocity and temperature, work 



load, process throughput, etc. This variation is usually best characterized by a log-normal distribution 



of the daily exposure levels, with a typical Geometric Standard Deviation of 2 or higher (Rappaport et 



al. 1991). Exposure data for chemical process industry has shown that GSD is often more than 3 (see 



also study by Scheffers et al 2000 (this is reinforced by the data in the publication by Swaen where the 



90 % can be already up to 10-fold of the median. Exposure measurements used to be carried out on a 



limited basis (some of the workers on some of the days) as a ‘sample’ of the exposure distribution and 



then subjected to statistical procedures to estimate the true shape of the distribution. Modern 



exposure measurement strategies for testing OEL compliance, for example based on EN 689, aim to 



achieve near-certainty that the OEL is met every single day, by comparing the 95th percentile of a 
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measurement series, or even an upper confidence interval limit of this 95th percentile, with the OEL. 



This compliance approach, in combination with the day-to-day variation of exposure, results in long-



term average exposure (i.e. 5 days/week, 40 years long) well below the OEL, at most at a level in the 



interval of 25-50% of the OEL. Therefore, if an OEL is set to protect from long-term exposure and the 



accompanying measurement strategy is specified as aiming at daily OEL compliance, then the OEL can 



justifiably be set at a level 2-4 times higher than the maximum long-term exposure level considered 



to be still health-protective. 



No health protection objective is stated for the proposed STEL of 0.2 ppm in relation to any health 



effects resulting from short-term exposures. Instead, it is positioned as an additional exposure 



management tool to protect against health effects from long-term exposures according to established 



practice for CMR substances in a single EU member state. As such it does not belong in the present 



ECHA proposal. 



It is noteworthy that both SCOEL guidance on STEL setting (SCOEL, 2013) and that contained in the 



more recent document from the Joint Task Force of RAC and SCOEL (2017) indicate that STELs are 



needed where adverse health effects (immediate or delayed) are not adequately controlled by 



compliance with an 8-hour TWA.   SCOEL indicate that “This is likely to arise for substances for which 



a critical effect is observed following a brief exposure (e.g. nuisance, irritation, CNS depression, 



cardiac sensitisation).” 



SCOEL (2013) state that, “a simple multiplier applied to the 8-hour TWA value has been used by some 



standard setting authorities. This arrangement is administratively simple but does not take account 



of scientific data concerning variability in patterns of health effects between different substances. It 



cannot be justified scientifically and is primarily a practical way of ensuring good process control. In 



addition, it is not relevant where the intention is to set a STEL before considering the need for an 8-



hour TWA.” 



Following this guidance, a STEL does not appear to be justified for benzene. 



Exposure levels 



In Section 5.4 (refinery exposures during turnarounds) there is a description of the situation for the 



Swedish refinery which is possibly not representative for overall EU refinery exposures during 



turnarounds, including the suggestion that contractors have higher exposures than regular refinery 



operating staff. Enclosed drainage, followed by flush or purge procedures, prior to breaking 



containment of systems with benzene-containing streams, is well established and in some cases 



exposures are actually lower than during normal production (ref. Concawe report on benzene peak 



exposures in preparation, also Concawe report 9/05). 



There is no justification why in the Lan et al (2004, 2009) study the exposure assessment and exposure 



grouping were done based on individual exposure results, while a very thorough categorization had 



been made by Vermeulen et al. for this purpose. 



The conclusions drawn by Lan et al. from their cross-sectional study of benzene exposed shoemakers 



in China, that haematotoxicity occurred at benzene air levels of 1 ppm or less is questionable. 



Therefore, we doubt that the population studied by Lan et. al. is a truly low exposed group.  
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First, the study population is so strongly contaminated with high past benzene exposures that it is 



inappropriate to draw conclusions regarding low level toxicity. Even the sub-population of 109 



employees with reported exposures below 1 ppm in the previous month (see Table 1) included 50 



employees of the 109 in the group with a past cumulative exposure of over 40 ppm-years. The 



remaining 59 employees had past cumulative benzene exposures of less than 40 ppm-years. Given an 



average employment duration of 6.2 years this group is likely to contain many employees with 



exposures over 1 ppm and thus is also inappropriate for low level toxicity studies.  



Furthermore, Lan et al classified 109 workers as having benzene exposures below 1 ppm (see Table 



1). In an earlier article describing exposure assessments of the same 250 employees, the same 



research group reported to have found only 30 workers with exposures below 1 ppm. As this was, 



according to the information in table 3, 60% of the population, the total number of workers in this 



exposure category could not be more than 50. The remaining 59 workers must have been taken from 



job classifications with exposures higher than 1 ppm, even though their individual results (n=2) in the 



month prior to phlebotomy where less than 1 ppm. An individual exposure result of less than 1 ppm 



obtained within a month time frame is not a reliable basis to determine that a worker can be classified 



in the below 1 ppm group particularly when the exposure assessment obtained over a much longer 



time frame and including many more exposure results, points to another outcome. The authors have 



not presented a rationale for this approach. Nor have they explained why they have taken another 



approach than was used in the earlier article. 



There is uncertainty about the contribution of skin uptake. Although the earlier analyses indicated 



that this route of exposure did not contribute substantially to the total benzene doses, it can be 



expected that skin uptake has remained unaffected in situations where the inhalation exposure was 



reduced by local exhaust ventilation. 



The following phrase is not accurate and should be corrected: “The dermal absorption due to vapours 



was negligible (ATSDR 2007)”. The dermal absorption of benzene vapour is indeed small when 



compared with the uptake via inhalation, but is not negligible at high ambient vapour concentrations 



when workers wear respiratory protective equipment that essentially eliminates the inhalation 



uptake, only leaving the dermal route available if not protected by a gas-tight suit. Rauma and co-



authors have estimated this fraction at about 3% of total uptake. In fact, many industrial companies 



have set internal guidelines for dermal protection, in addition to respiratory protection, for specific 



concentration levels in combination with task duration, for example when breaking containment of 



systems that have not been fully drained and flushed during specialist interventions. The statement 



at the bottom of p.18, based on the Jakasa et al (2015) reference, is in line with the above. 



Respiratory protection 



The RAC proposal does not include information on whether respiratory protection was used during 



the monitoring measurements. Readers should be made aware that in some cases the workers whose 



exposure was being monitored wore respiratory equipment, and hence exposures are considered as 



‘potential’. 
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Hydrocarbon solvents 



Page 27 of the RAC proposal indicates that there are potential exposures related to trace levels of 



benzene in hydrocarbon solvents. Hydrocarbon solvents with a benzene level of ≥0.1% have to be 



labelled as a carcinogen under European chemicals legislation. Such a product would not be taken up 



in the market in view of the availability of the non-carcinogenic alternative. A comprehensive 



description of hydrocarbon solvents is provided by McKee et al (2015).   Because hydrocarbon solvents 



are dearomatized those on the EU market will generally have a benzene content of <1 ppm. 



Missing references and editorial comments 



In Section 5.4 in the discussion about service stations the reference to ‘fuel tank drivers’ is slightly 



confusing, in particular in relation to loading at service stations. This is more likely the activity of bulk 



delivery by road tanker drivers of gasoline (and diesel fuel) product then stored in the underground 



tanks of the service stations which feed the pumps for the public sales, and is usually described as the 



final distribution step. The data in the text for service station (Campo L, Rossella F, Mercadante R, 



Fustinoni S. (2016) Exposure to BTEX and Ethers in Petrol Station Attendants and Proposal of Biological 



Exposure Equivalents for Urinary Benzene and MTBE. Ann Occup Hyg. 2016 Apr;60(3):318-33. doi: 



10.1093/annhyg/mev083. Epub 2015 Dec 13. – page 26) are not included in Table 7. 



There is a missing reference for Spain in Section 5.4 discussion of service stations. - Evolution of 



Occupational Exposure to Environmental Levels of Aromatic Hydrocarbons in Service Stations, J. F. 



PERIAGO* and C. PRADO. Ann. occup. Hyg., Vol. 49, No. 3, pp. 233–240, 2005# 2005 British 



Occupational Hygiene Society Published by Oxford University Press. 



In addition to inhaled air, the public can also be exposed via dietary sources, such as boiled eggs. A 



recent review by Health Canada (2006) could be referenced. 



References: Occupational Exposure (Pages 15-29) 



CONCAWE (2005) Report 9/05 Additional human exposure information for gasoline substance risk 
assessment (period 2002-2007) 



DECOS (2014) Health Council of the Netherlands. Benzene - Health-based recommended 
occupational exposure limit. The Hague: Health Council of the Netherlands, 2014; publication no. 
2014/03. 



Health Canada (2006) https://www.canada.ca/en/health-canada/services/food-nutrition/food-
safety/chemical-contaminants/food-processing-induced-chemicals/benzene/benzene-beverages-
food-processing-induced-chemicals.html 



Jakasa I, Kezic S and Boogaard P (2015) Dermal uptake of petroleum substances. Toxicology Letters 
235:123-139. 



Joint Task Force – ECHA Committee for Risk Assessment (RAC) and Scientific Committee on 
Occupational Exposure Limits (SCOEL) (2017)   Scientific aspects and methodologies related to the 
exposure of chemicals in the workplace    Report dated 28 February 2017.     



Lan Q, Zhang L, Li G, Vermeulen R, Weinberg RS, Dosemeci M, Rappaport SM, Shen M, Alter BP, Wu 
Y, Kopp W, Waidyanatha S, Rabkin C, Guo W, Chanock S, Hayes RB, Linet M, Kim S, Yin S, Rothman N, 
Smith MT (2004) Haematotoxicity in workers exposed to low levels of benzene. Science 306: 1774-
1776. 





https://www.ncbi.nlm.nih.gov/pubmed/26667482


https://www.ncbi.nlm.nih.gov/pubmed/26667482
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Lan Q, Zhang L, Shen M, Jo WJ, Vermeulen R, Li G, Vulpe C, Lim S, Ren X, Rappaport SM, Berndt SI, 
Yeager M, Yuenger J, Hayes RB, Linet M, Yin S, Chanock S, Smith MT, Rothman N (2009) Large-scale 
evaluation of candidate genes identifies associations between DNA repair and genomic maintenance 
and development of benzene haematotoxicity. Carcinogenesis 30: 50-58. 



McKee, RH, M.D. Adenuga MD and Carrillo JC. (2015) Characterization of the toxicological hazards of 
hydrocarbon solvents. Critical Reviews in Toxicology, 45:4, 273-365, DOI: 
10.3109/10408444.2015.1016216 



Rappaport, S. M. Assessment of long-term exposures to toxic substances in air. Annals of Occ 
Hyg.1991, 35(1):61-121 



Rauma M, Boman A, Johanson G. Predicting the absorption of chemical vapours. Adv Drug Deliv Rev 
2012 



Scheffers, T.M.L., Marquart, J., and Twisk J.J. (2000)  De spreiding in 8-uurs concentraties: lange 
termijn GSDt in de chemische industrie. Tijdschriftvoor toege-pasce Arbowecenschappen 13, 49- 54. 



SCOEL (2013) Methodology for the Derivation of Occupational Exposure Limits Key Documentation 
(version 7) June 2013 



Swaen GMH, Scheffers T, De Cock J, Slangen J, Drooge H (2005) Leukaemia risk in caprolactam 
workers exposed to benzene. Ann Epidemiol 15: 21-28. 



Swaen GMH, van Amelsvoort L, Twisk JJ, Verstraeten E, Slootweg R Collins JJ and Burns CJ (2010) 
Low level benzene exposure and hematological parameters   Chem Biol Interact 184  (1-2)  94-100 



Vermeulen R, Li G, Lan Q, Dosemeci M, Rappaport SM, Bohong X, Smith MT, Zhang L, Hayes RB, Linet 
M, Mu R, Wang L, Xu J, Yin S, Rothman N (2004) Detailed exposure assessment for a molecular 
epidemiology study of benzene in two shoe factories in China. Ann Occup Hyg 48: 105 -116. 



SECTION 6.1 BIOMONITORING (pages 32-38) 



LOA concurs with the opinion of ECHA regarding the choice of the benzene biomarkers of exposure 



and the usefulness of BLVs in general. LOA doubts the values derived are correct, nor have they been 



justified and applying the proposed BLV values in non-occupational add-on exposure (smokers) will be 



dramatic. 



Selection of appropriate biomarkers of exposure for benzene exposure 



Urinary biomonitoring is a useful method for assessing total benzene exposure via all routes. 



As many human occupational studies have reported benzene biomarkers of exposure it is useful to 



note one of the strengths of biomonitoring, i.e. concentration determination in urine or blood will 



reflect the total exposure to benzene via all routes. In case a discrepancy exists between occupational 



air monitoring (personal or ambient) and individual’s biomonitoring sample it is a clear implication 



that exposures are occurring via additional routes (assuming a correct correlation between the two 



has been established). Plausibly these are either non-occupational exposures (e.g., benzene from 



smoking) or non-air exposures (dermal or hand-to-mouth oral).  



LOA believes that ECHA has selected the correct biomarkers of exposure being benzene in urine and 



SPMA in urine since benzene in blood is established by a more invasive method and urinary ttMA 



determination can be Influenced by dietary sources (e.g. sorbic acid which is taken up with food) as 
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well as that ttMA is completely useless at the proposed OEL level. One important issue with the 



benzene biomarkers of exposure evaluated by ECHA is that the SPMA biomarker equivalents to the 



proposed OEL (0.1 ppm) will touch the background levels at least for smokers. Urinary benzene has 



the intrinsic practical problem of being susceptible to external contamination (and a short half-life) 



and evaporation during urine sampling and handling. Therefore, SPMA is the biomarker of choice but 



a properly established BLV and an approach for smokers has to be provided. 



The DFG data being used for establishing BLVs is not published and seems to be outdated. 



When considering correlations between SPMA and benzene exposure it may be important to note the 



correlation source. Accuracy of measures in earlier publications on SPMA may be less than those from 



later studies using a deuterated SPMA standard.   



ECHA uses the DFG-EKA 2017 values to derive BLVs however the approach is not justified nor well 



documented. The earlier published DFG-EKA 1998 correlation is based on the work by van Sittert et 



al. (1993) but this approach has several limitations. It is unclear how the DFG-EKA 2017 has been 



derived since the approach is not publicly available. The ACGIH has used peer reviewed data to set BEI 



values. Coincidentally, the results for SPMA after 8 h exposure to 0.5 ppm benzene are similar in 



several studies (see BEI value documentation), i.e. the ECHA (DFG-EKA 2017) gives 25 µg/g creatinine 



for 0.6 ppm in air, and the ACGIH states 25 µg/g for 0.5 ppm in air. However, the slopes differ and that 



brings an issue when extrapolating the data as ECHA has done to establish BLVs at the ECHA proposed 



OEL (0.1 ppm). The data in the EKA document (which are transferred to the ECHA report) rely on Van 



Sittert et al. (1993) and Müller et al. (1991). Both Van Sittert et al. (1993) and Müller et al. (1991) were 



done with a suboptimal internal standard (Van Sittert et al. applied S-benzyl-mercapturic acid and 



Müller et al. p-fluoro-phenyl mercapturic acid) simply because a deuterated SPMA standard was not 



available at the time. Because of detection issues in analytical chemistry methods with such internal 



standards, deuterated SPMA was synthesized and used as internal standard in the improved method 



as published in Boogaard et al. (1995, 1996). These were extensive studies: 12 studies in 5 countries 



in several different settings (Boogaard et al., 1995) and another 12 studies in four countries in the 



settings at the highest exposure levels (Boogaard et al., 1996). The ACGIH took this data to establish 



their BEI’s for SPMA. As a result of the above the ECHA BLV (DFG EKA 2017a, b) and the ones using the 



ACGIH BEI values and correlation (from Boogaard et al.) differ for concentrations of benzene less than 



1 ppm with DFG-EKA relying on outdated dataset. A direct comparison at a benzene OEL proposed by 



ECHA (0.1 ppm in air) provides a value of 4 µg/g creatinine for SPMA based on DFG 2017a, b and 8.5 



µg/g creatinine for SMPA based on Boogaard et al. (1995). 



Comparing the DFG-EKA 1998 and 2017 tables, one can also see that the earlier correlation from 1 



ppm upward was not changed, i.e. still the Van Sittert et al. (1993) correlation as was used in DFG-EKA 



1998 and thus used the suboptimal internal standard as mentioned above. As for lower exposure 



levels it is clearly no longer the Van Sittert et al. (1993) correlation and it seems that the focus of the 



DFG re-evaluation (DFG 2017a, b) was not so much on a complete revision of the SPMA correlation 



but on extrapolating the existing correlation into the low-dose range. However, in the DFG-EKA 2017 



it is not described how these values have been derived and ECHA has just used these numbers in their 



report and derived BLVs from it without discussion and describing the methodology behind this. This 



cannot be considered good science. The only scientifically peer-reviewed SPMA BLV that can be 
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derived at the proposed OEL (0.1 ppm) would be 8.5 µg/g creatinine based on Boogaard et al. and this 



is also the basis for the derivation of the SPMA BEI by ACGIH. 



Benzene BLV levels and smokers 



Use of biomarkers as limit values warrants careful consideration at exposures approximating 0.1 ppm, 



as smokers can exceed the SPMA reference values without any occupational exposure. In an 



occupational environment this could lead to an incorrect conclusion that workers were exposed to 



benzene, when in reality they are simply smokers.  



An important issue with the benzene evaluation by ECHA is that the SPMA biomarker equivalents to 



the ECHA proposed OEL (0.1 ppm) will be in the range of background levels, at least for smokers. 



According to Eikmann et al., 1992, environmentally-related exposure to benzene via air, water, food 



and passive smoking can be estimated at approximately 0.2 mg per day. The benzene level of tobacco 



smoke fluctuates between 20 and 90 μg per cigarette. If one assumes an average tobacco 



consumption of 20 cigarettes per day, the theoretical uptake amounts to 0.4 to 1.8 mg benzene per 



day. The background level of SPMA in urine is 3.61 µg/g creatinine in smokers (n=14) (Boogaard et al., 



1995). In another investigation of 10 male and 10 female non-smokers and 20 males and 20 female 



smokers, SPMA urine concentrations of 0.2 μg/g creatinine (non-smokers) and 5 μg/g creatinine 



(smokers) were determined (Müller et al., 1993). Subsequently several other studies have been 



published with SPMA urinary levels in non-benzene exposed smokers in the EU that can go up to 27.27 



µg/g creatinine (Mansi et al., 2012; Schettgen et al., 2010; Bono et al., 2005) which would resemble 



0.6 ppm benzene in air according to table 11 (page 38) of the ECHA report (a minor comment is that 



table 11 (page 38) has no units). Therefore, the proposed urinary SPMA BLV value proposed by ECHA 



is similar or even lower than the urinary SPMA levels observed in smokers and ECHA provides no 



suitable approach for smokers regarding BLV.  



References: Biomonitoring (pages 32-38) 



Bono et al. (2005) Urban air and tobacco smoke in benzene exposure in a cohort of traffic policemen. 



Chem. Biol. Interact. 153–154: 239–242. 



Boogaard PJ, van Sittert NJ (1995) Biological monitoring of exposure to benzene: a comparison 



between S-phenylmercapturic acid, trans,trans-muconic acid, and phenol. Occup Environ Med 52(9): 



611-620. 



Boogaard PJ, van Sittert NJ (1996) Suitability of S-phenyl mercapturic acid and trans-trans-muconic 



acid as biomarkers for exposure to low concentrations of benzene. Environ Health Perspect 104 Suppl 



6: 1151-1157. 



DFG [Deutsche Forschungsgemeinschaft] (1998) BAT Value Documentation for Benzene. The MAK 



Collection for Occupational Health and Safety, 



http://onlinelibrary.wiley.com/doi/10.1002/3527600418.bb7143e0003/pdf  



DFG [Deutsche Forschungsgemeinschaft] (2017a) List of MAK and BAT Values, Assessment values in 



biological material, XII List of substances (in German). 



http://onlinelibrary.wiley.com/doi/10.1002/9783527812110.ch12/pdf  





http://onlinelibrary.wiley.com/doi/10.1002/3527600418.bb7143e0003/pdf


http://onlinelibrary.wiley.com/doi/10.1002/9783527812110.ch12/pdf
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DFG [Deutsche Forschungsgemeinschaft] (2017b) List of MAK and BAT Values, Assessment values in 



biological material, XIII Carcinogenic substances (in German). 



http://onlinelibrary.wiley.com/doi/10.1002/9783527812110.ch13/pdf  



Eikmann T, Kramer M, Goebel H (1992) Die Belastung der Bevölkerung durch Schadstoffe im 



Kraftfahrzeug-Innenraum -- Beispiel Benzol, Zbl. Hyg. 193: 41–52 



Mansi et al., (2012) Low occupational exposure to benzene in a petrochemical plant: Modulating effect 



of genetic polymorphisms and smoking habit on the urinary t,t-MA/SPMA ratio. Toxicol. Letters 213: 



57– 62. 



Müller, G., Fahnert, R., Müller, Ch., Popp, W., Schmieding, W., Norpoth, K.: Biological Monitoring bei 



Benzolexpositionen bis zur Höhe des geltenden TRK-Wertes, in: Verhandlungen der Deutschen 



Gesellschaft für Arbeitsmedizin und Umweltmedizin e.V. 31. Jahrestagung, G. Schäcke, K. Ruppe, Ch. 



Vogel- Sührig (Eds.), Gentner Verlag, Stuttgart, 571–574(1991) 



Müller, G., Dibowski, A., Norpoth, K.: Die S-Phenylmerkaptursäure-Ausscheidung im Harn bei 



Rauchern und Nichtrauchern, in: Verhandlungen der Deutschen Gesellschaft fur Arbeitsmedizin und 



Umweltmedizin e.V. 33. Jahrestagung, G. Triebig (Ed.), Gentner Verlag, Stuttgart, 467–471 (1993) 



Schettgen et al., (2010) A biomarker approach to estimate the daily intake of benzene in non-smoking 



and smoking individuals in Germany. Journal of Exposure Science and Environmental Epidemiology 



20: 427–433. 



van Sittert NJ, Boogaard PJ, Beulink GD (1993) Application of the urinary S-phenylmercapturic acid test 



as a biomarker for low levels of exposure to benzene in industry. Br J Ind Med 50: 460-469. 



SECTION 6.2 ANALYTICAL SECTION (MONITORING METHODS) (Pages 38-41) 



This section fails to mention the use of passive samplers (badges, like for example the one from 3M 



or Radiello) which are far more acceptable to workers being monitored than pump and tube methods, 



but which may face sensitivity issues at the levels proposed. Particular care should be given to the 



sampling rate of the passive system that should be adequate for the monitoring exercise. The recent 



exposure data included in the proposal, as the Swedish papers on refineries and the Italian on service 



stations, were carried out using passive samplers. Note that it is common industrial hygiene practice 



to aim for sensitivity of a monitoring method down to 10% of the OEL.  Not all the methods in table 



12 have the adequate LOQ. Also, it is quite odd to list only German (and US) reference methods. There 



are several EN methods on benzene or VOC monitoring with passive and active samplers. 



Ambient air or personal space is sampled to determine the need for risk control measures or personal 



protective equipment.  Industry practice is to use 50% of the OEL as a trigger to implement such 



measures. Therefore, it relies as much as possible on analytical and direct reading instruments that 



allows for detection at 10% of the OEL.  



In the case of Benzene, air samples are collected (actively or passively) on an absorbent media, or 



collected in a container, and sent to an analytical laboratory for measurement. Current method 



detection limit for active or passive sampling is 0.03 – 0.04 ppm for an 8-h sample (OSHA, 2002; NIOSH, 





http://onlinelibrary.wiley.com/doi/10.1002/9783527812110.ch13/pdf
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1994, Weisel, 2010). Although this value is about 3 times lower than the proposed occupational 



exposure limit, it does not provide much reliability for concentrations at or around 50% the proposed 



OEL. Furthermore, if samples are to be collected for a shorter period of time, the detection limit would 



increase, yielding a great level of uncertainty around the measure.  



The above-mentioned methods require collection of air samples to be sent to a laboratory for analysis, 
which in turn requires several days/weeks to provide results. Therefore, it is also industry practice to 
rely on direct-reading instrumentation to at least provide information for screening purposes. At the 
present time, there is no direct reading instrument that can provide detection limits below 0.1 ppm. 
Thus, all measurements would lead to the requirement of personal protective equipment. Although 
this could be protective is some cases, it might imply unnecessary burden on workers. 
Therefore, the methodologies currently used to measure benzene exposure in working environment 



are often modification of existing methods in order to meet the required LOQ as in the paper cited in 



paragraph 5.4. An overall review of methodologies is necessary since most of the ones currently used 



cannot be used with the proposed OELs. 



References: Analytical Section (Monitoring Methods) (Pages 38-41) 



Occupational Safety and Health Administration (OSHA) (2002) Sampling and Analytical Methods  



downloaded from https://www.osha.gov/dts/sltc/methods/validated/1005/1005.html 



NIOSH Manual of Analytical Methods (NMAM) 5th Edition downloaded from 



https://www.cdc.gov/niosh/nmam/Weisel CP. Benzene exposure: an overview of monitoring 



methods and their findings. Chem Biol Interact 2010; 184(1-2): 58-66 



Weisel CP. Benzene exposure: an overview of monitoring methods and their findings. Chem Biol 



Interact 2010; 184(1-2): 58-66. 



SECTION 7.1 TOXICOKINETICS (ABSORPTION, DISTRIBUTION, METABOLISM AND 



EXCRETION-ADME) (Pages 41-49) 



Multiple reanalyses of air benzene to urine biomarker correlations suggest benzene metabolism is 



linear or nearly linear in the <1 ppm range.  



For the benzene toxicokinetic modelling section 7.1.4 (p46-49) LOA observes that ECHA has taken all 



available information, including recent literature, into account to come to its summary that ‘Re-



analyses of results from PBPK models based on human data from two Chinese shoe factory workers in 



Tianjin indicate for the metabolism of benzene only a modest departure from linearity at benzene 



concentrations below 1 ppm.’ LOA also believes there is no strong basis to justify non-linearity. In 



concert with this, re-analysis also indicated ‘no evidence of high affinity metabolism at these low level 



exposures was observed’ and for clarity this is proposed to be added to the ECHA summary section on 



page 49. 



There is also a recent IARC publication from the October 2017 IARC – Monograph meeting on benzene, 



which discusses benzene metabolism but does not indicate anything on the previously published non-



linear benzene metabolism at the low-dose range (Loomis et al., 2017). 





https://www.osha.gov/


https://www.osha.gov/dts/sltc/methods/index.html


https://www.osha.gov/dts/sltc/methods/validated/1005/1005.html
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Reference: Toxicokinetics (Pages 41-49) 



Loomis et al. (2017), Carcinogenicity of benzene, Lancet Oncol 



http://www.sciencedirect.com/journal/the-lancet-oncology/articles-in-press  



SECTION 7.3.1 HUMAN DATA -HAEMATOLOGICAL EFFECTS (Pages 51-62) 



It is noted that the ECHA document, whilst reporting haematological data from Health surveillance 



programmes (e.g. Tsai et al 2004, Swaen et al 2010. Collins et al 1991) appears to have reservations 



about taking this data into a balanced view of weight of evidence of the available data. (page 52, para 



4).  Health surveillance programmes should not be dismissed on descriptive grounds alone. These 



studies should be evaluated based on whether monitoring data was used, how homogeneous groups 



of workers were defined, whether sufficient exposure variability was encountered, etc. We suggest 



that the Vlaanderen et al., 2008 criteria be used, which places primary weight on exposure assessment 



techniques. Many of these studies have used extensive monitoring data and thus should be deemed 



higher quality studies that support a lack of haematological effects at levels of exposure < 1ppm.  



Curiously ECHA place more emphasis on the findings of Chinese workers exposed to benzene via 



adhesives used in shoe manufacture (Lan et al 2004, Ye et al 2015) -  an application of benzene that is 



illegal in the EU- than on the findings of lack of haematological effects in workers in the Western 



refining and petrochemicals sectors exposed to mean 8h TWA levels of 0.22 to 0.6ppm (Collins et at 



al 1997, Collins et al., 1991, Swaen et al 2010, Tsai et al 2004).  Additionally, the findings in Asian 



workers in sectors other than shoe manufacture showing significant red cell haematological effects 



only at 10ppm 8h TWA and above with the most sensitive findings being reductions in neutrophils and 



mean platelet volume at benzene air concentrations of 7.8-8.2ppm (Schnatter et al., 2010).   Other 



studies failed to note a clear dose response relationship between benzene exposure and 



haematological effects at exposures of 4.8ppm or lower (Huang et al 2014, Kang et al 2005, Sul et al 



2005, Koh et al., 2015).  



The emphasis on shoe manufacturing workers, in particular the study of Lan et al 2004, to set an LOAEL 



of 0.57 +/- 0.24ppm is stated by the ECHA document to be “somewhat conservative” as in the use of 



the ATSDR derived BMDL of 0.1ppm (ECHA document page 60). Whilst acknowledging CONCAWE’s 



(and Cefic APA’s) previous criticism that lower blood counts observed may have been due to previous 



higher benzene exposures (ECHA document page 54, reference Concawe 2013) other concerns raised 



by Concawe 2013 have not been discussed. The other factors giving rise to concern about the use of 



Lan et al 2004 reviewed in Concawe 2013 are issues relating to study design, concern about statistical 



analyses and uncertainties in exposure assessment, including a relatively high limit of detection (0.2 



ppm) for benzene exposure.  



Concerns about the Lan et al 2004 study 



The reported blood cell count effects at levels below 1 ppm are not consistent with the existing 



literature and consistency among studies is important in any scientific assessment. Blood effects of 



benzene are well known, and among the effects previously reported are effects on blood cell 



counts.  The current study reporting effects at levels less than 1 ppm is not consistent with the current 



literature and thus this effect should be assessed in the context of a weight-of-the-evidence 





http://www.sciencedirect.com/journal/the-lancet-oncology/articles-in-press
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assessment.   The report itself referenced studies of comparable quality that reported no effects on 



blood counts at levels below 1 ppm. 



Study design limitations might minimize the certainty of the reported findings.   This is a cross 



sectional study and earlier (i.e. prior to benzene exposure) hematology values were not incorporated 



in the analysis.  A more robust analysis would have included hematology values from individuals much 



earlier and assess the changes over time within each exposure group.  The study subjects in the 



comparison group (clothes manufacturing factories) may have differed from the study group in 



important, but unknown ways.  To minimize this potential bias, the researchers could have used 



individuals in the lowest exposure group (i.e. individuals who are non-detectable in the shoe facility) 



for their comparison. 



Regarding the statistical analyses, it is possible the lower exposure effects (the most important claim 



of the study) are overstated in that the significant inverse trend relationship of endpoints (ie blood 



counts) with benzene exposure levels seems to be driven by the highest exposure level.  Blood cell 



count effects of benzene at levels > 10 ppm are widely accepted.  It is noteworthy that blood cell count 



values for the low and middle exposure groups in the current report (< 1 ppm and 1 to < 10 ppm) are 



not different from one another.   Using linear regression – the same methodology employed by the 



authors to calculate statistical significance of <1 ppm observations - it is entirely possible that no 



statistical difference exists among individuals in the two lowest exposure groups, a finding that would 



minimize the significance of the < 1 ppm findings because it suggests a lack of stability of observations 



at the low end of the dose response curve. 



Exposure assessment uncertainties might also potentially overstate the significance of this report, 



particularly the low exposure effects. The authors did not include short-term (< 240 minutes) exposure 



data in their exposure profiling and short- term exposures could be substantially higher. This would 



result in an underestimation of reported exposure levels. In addition, it is possible the actual exposure 



of individuals in benzene exposed worker facility (i.e. shoe manufacture) might include dermal 



exposure to benzene as well as the reported air values.  While the authors acknowledge this, they do 



not provide sufficient details to allow readers a basis to conclude whether or not dermal exposure 



might be a significant contributor. This might be significant because reported blood cell count effects 



might have actually occurred at higher total exposure levels than indicated by air levels 



alone.  Accordingly, these effects might be more consistent with other published effects of benzene 



exposure.  It is therefore difficult to validate whether effects from total benzene exposure are 



consistent or not with the current understanding of benzene dose response.  The authors also noted 



they measured air exposures to benzene for up to 16 months prior to the blood cell count 



measurements.  This does not represent the full cumulative benzene exposure of these individuals as 



the average employment of the benzene group was over 6 years.  Some of these individuals might 



have been exposed to higher levels of benzene prior to the reported monitoring period.   Prior higher 



levels might be expected within these 6 prior years as the Chinese regulatory occupational exposure 



level for benzene was significantly lowered about 2 years ago from 12.3 ppm to 1.9 ppm. It is possible 



several so-called low dose benzene individuals for this study were exposed to higher levels previously, 



and these prior exposures might have contributed to lower blood cells counts.  In fact, stated 



cumulative exposures indicate that exposures prior to the study may be much higher. 
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In conclusion, the study of Lan et al 2004 reinforces prior observations regarding certain potential 



effects of benzene exposure on blood cell counts, but at reported exposure levels much lower than in 



any previous study, raising questions that merit further consideration and when looked at further 



turned out to be incorrect in terms of exposure assessment.  



McHale et al (2011) did investigate global gene expression in a subset of the subjects included in the 



study by Lan et al (2004), but the test results for the haematological parameters of these subjects 



were included in the analysis reported by Lan et al (2004) and do not represent new findings. The low 



exposure group are discussed by Lan et al (2004) which notes that “we identified a group of workers 



exposed to <1 ppm benzene with negligible exposure to other solvents (n = 30) (fig. S1) and found 



decreased levels of WBCs, granulocytes, lymphocytes, and B cells compared to controls (P < 0.05)”, 



and the supplementary material states that exposure to benzene in this group was low at 0.29 ± 0.15 



(mean ± SD) in the last month.   



The same criticisms of Lan et al 2004 need to be considered in respect of McHale et al 2011 as the 



worker cohort involved was the same. The ECHA document does however point to potential analytical 



uncertainty in the determination of exposure in this study (ECHA report page 55). 



ECHA (pages 55 and 59)  cite Ye et al 2015 in support of a position that haematological effects are seen 



at exposures below 1ppm 8h TWA and ECHA do note that the group exposed to <1ppm benzene only 



contained 24 individuals (ECHA page 59)  (compared to the two higher exposure groups with 149 and 



212 individuals) However ECHA do not mention the lack of a dose response ( WBC for mid dose is 



higher than that in the low dose  - Ye et al 2015 Table 3) which suggests the observation of reduced 



WBC below 1ppm is an artefact.  



Benzene Exposed 



Concentration (mg/m3) 



Number of Individuals in 



group 



Mean WBC number  



(x109) 



Standard Deviation 



Low: <3.25   



(< ~1ppm) 



24 5.57 1.79 



Medium :<6.00   



(< ~2ppm) 



149 6.01 1.47 



High: >= 6.00  



(>= ~2ppm) 



212 5.27 1.54 



Extracted from Table 3 Ye et al 2015 



ECHA clearly is aware of other studies and lists three in particular (Tsai, Swaen, and Collins) although 



the good quality study of Pesatori et al 2009 is not discussed. 



Tsai et al (2004) evaluated haematology data from 1200 employees who participated in the Shell 
Benzene Medical Surveillance Program (BMSP) compared to 3227 employees not enrolled in either 
the benzene or butadiene surveillance programs. The measured time weighted average benzene 
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concentration in the air was 0.60 ppm (range 0.1-5.7 ppm) from 1977 to 1988 and since 1988 0.14 
ppm (range 0.005-1.3 ppm). Six haematological parameters were investigated (white blood cells, 
lymphocytes, red blood cells, haemoglobin, mean corpuscular volume, and platelets). After 
adjustment for age, sex, race, length of time between first and last exam, and current smoking status 
no statistically significant differences were found.  



Swaen et al (2010) reported on 8632 employees in the Netherlands in which no significant differences 
in values for haemoglobin, haematocrit, white blood cells, lymphocytes, neutrophils, basophils, and 
monocytes were seen when compared to 12,173 employees with no benzene exposure.   Whilst a 
reduction in eosinophils was noted this was small and not clinically significant. Mean benzene 
exposure was assessed as 0.22 ppm based on a job-exposure matrix. A further stratification of the 
exposed population into three subgroups (<0.5 ppm, 0.5–1 ppm and >1 ppm) showed no significant 
differences for any of the haematological parameters between the three exposure categories or 
compared with the non-exposed group. Although benzene exposure was not measured individually 
but assessed by job-exposure matrix, this technique has advantages, particularly for widely variable 
exposures.   



Collins (1997) used routinely collected data from medical/industrial hygiene system to study 387 
workers with daily 8-hour time-weighted exposures averaging 0.55 ppm based on personal monitoring 
samples. The cross-sectional repeated survey design included 553 unexposed workers. No increase in 
the prevalence of lymphopenia (abnormally low lymphocyte counts) was found. This study did not use 
individual exposure nor a job exposure matrix, so the results may contain some uncertainty.  



Of the data from other groups of workers the ECHA conclusion that workers exposed to engine 



emissions e.g. traffic policemen are not an appropriate group for study due to co-exposure concerns 



is appropriate. It is noted that the data on gasoline exposed workers is based solely on the work of 



one group in Brazil who reviewed service station attendants. ECHA point out that this work might be 



compromised by co-exposures and previous history of higher exposure and / or dermal exposure, 



additionally the quantification of benzene exposure is based on urinary ttMA determination which can 



be also be present significantly due to dietary sources. Closer review of the work of Moro et al (2015) 



and also the related 2013 and 2017 publications give rise to observations (noted in the immunological 



section below) that raise concerns about the reliability of these studies.  



It is stated (ECHA document page 59) that “No haematological effects were also reported at 0.09 ppm 



benzene (Kang et al 2005) and 0.08 ppm benzene (Huang et al 2014)”. However, Huang et al didn’t 



give results for a 0.08 ppm group, and there was no control group in the Kang et al (2005) investigation. 



In addition, it is not correct to state in Table 16 in the Huang et al study that exposure ranged from 



0.077 to 4.8 ppm as these values were in fact emission levels from various devices. 



Summary of Haematological Section 



Overall it is seen that a true weight of evidence assessment of the haematological data in workers has 



not been carried out in the ECHA review with inappropriate weighting being assigned to the work of 



Lan et al, despite at least partial acknowledgement of the study’s limitations.  



It would be more appropriate if a balanced weight of evidence assessment was used to determine the 



NOAEL/LOAEL for haematological effects in workers. LOA has prepared a paper that considers how a 



weight of evidence analysis of haematological data might be used to set a DNEL and this is attached   



and is titled “Potential Derived No Effect Level for Benzene based on Haematotoxicity”. 
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Additional points and editorial comments: 



Page 59: It is stated that “haematological suppression as evidenced by reduction in several 



haematological parameters were reported at benzene concentrations above 1 ppm in 4 studies 



(McHale should not be treated as distinct from Lan). However, the only effects below 1 ppm that are 



listed are those of Lan et al (2004) and another result reported for a small group of 24 workers by Ye 



et al (2015).  



Page 60: The column of Table 16 which is stated to show “Parameters investigated/ findings” is 



selective in terms of parameter investigated and findings shown. The list of parameters investigated 



in studies is often not complete. Examples include Qu which also reported results for eosinophils, 



monocytes and basophils. Lan reported results for Hb, and Koh reported results for WBC, platelets, 



neutrophils and lymphocytes. 



It would also be helpful if Table 16 and text on page 55 showed the correct ranges for cumulative 



exposure (and concentration for the study by Ye et al (2015) (see Table 5 of the paper for correct 



ranges for cumulative exposure). 



Page 61: The results from the Qu study given in Table 16 are those for an analysis using categories 



based on lifetime cumulative exposure divided by duration of exposure. However, results for 



categories based on 4-wk mean exposure are more relevant (given in HEI report 115). The categories 



in Table 17 for genetic effects are based on 4-wk mean exposure In addition, no exposure response 



relationship was reported for lymphocytes in the Qu study as is stated in Table 16, and Qu et al (2002) 



notes the small correlation between SPMA after work and RBC, WBC and neutrophils but also notes 



that none of the urinary metabolites were predictive of depressed counts in these parameters, which 



can be understood since SPMA is not a biomarker of (toxicological) effect but a biomarker of benzene 



exposure. Why are results for 16 females with low exposure shown on a separate page?  The results 



in this subgroup are invalid, as described by CONCAWE (2013). 
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SECTION 7.3.1 HUMAN DATA -IMMUNOLOGICAL EFFECTS (Pages 63-65) 



Given the uncertainties of several studies (Lan et al 2004, Huang et al 2014, Uzma et al 2010, Moro et 



al 2015) both in terms of the findings and the definition of the associated exposure to benzene it 
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would seem appropriate to fall back haematological. In addition, the studies cited do not appear to 



support a clear immunomodulatory effect at benzene exposures of less than 1ppm. 



More specifically on: 



Page 63: Lan et al 2004 reported statistically significant trends with increasing benzene air 



concentration for a reduction in CD4 T cells, CD4:CD8 ratio and NK cells with significant difference 



between control and even the lowest exposure group (<1ppm) for CD4 cells and Cd4:CD8 ratio. In 



addition to the concerns about the characterisation of exposure in this study especially in the <1ppm 



group (see haematology section comments) there is a question of how well-matched control subjects 



from clothing factories were. Preferably, controls should be from the same factory to control potential 



socioeconomic or other difference that could confound results. Additionally, the clinical relevance of 



the observed statistically significant reductions in indices of cellular immunity is unclear especially 



when set against the curious observation that recent infection was reported in a higher percentage of 



control subjects than in exposed subjects with no obvious exposure related trend. (Control 11%, < 



1ppm 9%, 1-<10ppm 5% and >= 10ppm 10%) ( Lan et al Supplementary Material Table S1). 



Huang et al (2014) requires more careful interpretation because of the unusual findings in the 



comparison group. It is clear from Tables 3 and 4 that comparison subjects who don’t drink or don’t 



smoke have similar levels of P-LCR, PDW, and MPV to benzene exposed subjects (irrespective of 



whether they smoke or drink), and it is apparent that there would be no significant differences 



between unexposed and exposed subjects for these parameters if the comparison group included only 



non-smokers or non-drinkers. Levels of PAIgG, PAIgA, and PAIgM levels were also lower in smoking 



and drinking controls, but there was some evidence of an association between cumulative benzene 



exposure and PAIgA and PAIgM. However, no information is given about duration of exposure and 



whether it is appropriate to assume that exposure levels between 2004 and 2008 were constant over 



the exposure period.   



It isn’t clear what workers were included in the comparison group in the study by Uzma et al (2010). 



It also isn’t stated which blood sample (pre or post shift or both) were tested for immunological 



parameters. It is stated that a significant correlation between a decrease in immunoglobulin level and 



benzene exposed group was observed (r=0.81, P=0.02), but it is unclear what this means as a 



correlation of 0.81 calculated for all subjects (506) or exposed subjects (428, not 128 as stated by 



ECHA) would have a considerably smaller p-value. 



In Uzma et al (2010) it is noted that 3M passive dosimetry badges in the breathing zone were analysed 



by gc-ms to determine shift exposure to benzene in air.  It is reported that monitoring was carried out 



a mean of 12 hours (range 10-14 hours) and that questionnaire responses indicated a mean of 56% of 



the time on shift was spent in the gasoline filling station.  On that basis, the mean benzene exposure 



of 0.345ppm (0.118-0.527ppm) is not an 8h TWA and by simple proportion would indicate a mean 8h 



TWA of 0.6ppm.  It is not clear what role dermal exposure may have played in this study.  



The control group (n=78) was compared to 428 gasoline attendants (with sub-groups of < 10 years 



work   – n= 282 or > 10 years work = n=146).   Apart from being matched for socio-economic status, 



age and sex and the exclusion of smokers and those with chronic illnesses, nothing is reported of the 



individuals in the control group.  Uzma reports gasoline workers worked for a mean of 12 hour shifts 
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(with a range of 10-14 hours).  The results report statistically significant depression in indices 



associated with both cellular and humoral immune function (CD4 cells, CD4:CD8 ratio, IgG1 and IgG2) 



together with statistically significant changes in oxidative stress associated measures (RODS, MDA, 



GSH, total superoxide dismutase) and increased p53 m-RNA expression in benzene exposed workers.  



However, it is of note that when the CD4:CD8 ratio of the control group of in Uzma et al is compared 



to the normal Indian male values reported in Uppal et al 2003 or the Coulter reference values cited by 



Uppal et al it is much higher. 



 Group Group Size CD4 : CD8 ratio [mean (95% CL)]  



Umza et al 2010 male controls 78 4.00 



Uppal et al 2003 normal range for Indian males 55 1.55 [0.89-2.21] 



Coulter Reference Range cited by Uppal et al 2003 -- 1.0 -2.0 



Additionally, due to a calculation error in table IV of Uzma et al 2003 (where the CD4:CD8 ratio of 



Group II workers of 29/8 is tabulated as 3.09 rather than the correct 3.63), the depression of CD4: CD8 



ratio in this group compared to within study controls is exaggerated. Consequently, the depression in 



Group II workers (> 10 years employment in role) – 9.25% of the study control value is much less than 



that for Group I workers (< 10 years employment) at 22.2%.   



It is noted that there is a literature on the reduction of immune function related to stress, job 



satisfaction and job control at work (Amati M et al 2010, Henningsen GM et al 1992, Endresen IM et 



al 1987, Kawakami N et al 1997, Meijiman TF et al 1995 and Yoon HS et al 2014).  Without relevant 



information on controls (including length of workday), it is not clear that the control group controlled 



for such factors and that benzene exposure therefore was not the only variable in this study.  



ECHA also makes reference to gasoline station attendants studies by Moro et al (2015) in Brazil. Here 



parameters of reduced immune function are reportedly associated with median benzene 



concentrations of 0.044 ppm.  As well as these studies potentially being compromised by co-exposures 



(e.g. exhaust fumes) and the possibility of dermal exposure contributing to total benzene exposure a 



number of observations question the reliability of the study. Examining the Moro et al (2015) 



publication and also the 2013 and 2017 publications from the same authors, there appears to be a lot 



of overlap between the subjects in the 3 studies. This is not discussed by the authors. The 2013 paper 



included 43 male GSA workers and 28 male comparison subjects. The 2015 paper also included 28 



male comparison subjects, but 60 male GSA subjects. The 2017 study looked at the same 



haematological and immunological indices as the 2015 paper, but only included 20 male GSA workers 



and 20 male comparison subjects (and the same size groups of female subjects). The mean 



haematological and immunological indices of the smaller groups in the 2017 paper are very similar to 



those of subjects in the 2015 paper, and show the same trends. It is unclear why Moro et al would 



have selected a subset of the 2015 subjects for inclusion in the 2017 study, but it would be more 
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surprising if new male subjects had been tested to include in the 2017 study. It seems most likely that 



the subjects included in the 2017 paper are a subset of those included in the 2015 study. Hence, the 



basis for this selection should have been explained, and it should have also been made clear that the 



findings of the two papers are not independent.  



The results for CD80 and CD86 expression in monocytes in the 2015 paper do not seem plausible. 



There is virtually no expression in the GSA group. However, the benzene exposures of half the non-



smoking GSA group (22) and a quarter of the smoking GSA group (4) were similar to those of the 



comparison group. Thus, these GSA workers (26/60=43%) should have similar mean levels of CD80 



and CD86 expression in monocytes as the comparison group, and the mean levels of the GSA group 



should be at least 40-45% those of comparison subjects and not 10-15% as indicated in Fig 2. It is also 



odd that there is virtually no overlap between the groups in ttMA levels given the very large overlap 



in benzene in air levels. However, ECHA note that “the biomonitoring parameter measured (ttMA) 



indicates some exposure to benzene but quantification is not reliable in this concentration range 



because ttMA also has dietary sources”.   



The multivariate regression analyses in the 2015 paper are not informative as the models contain 



many highly correlated variables. Also, many of the observed correlations are simply a consequence 



of the differences in mean parameter levels between the groups, especially for parameters such as 



CD80 and CD86 expression in monocytes.  



Overall, there are good reasons to be concerned about the reliability of these studies from Moro et 



al. 



To summarise, given the uncertainties of several studies (Lan et al 2004, Huang et al 2014, Uzma et al 



2010, Moro et al 2015) both in terms of the findings and the definition of the associated exposure to 



benzene it would seem appropriate to fall back haematological data to define a DNEL. 



Overall the studies cited do not appear to support a clear immunomodulatory effect at benzene 



exposures of less than 1 ppm. 
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SECTION 7.6 GENETIC TOXICOLOGY (Pages 67-91) 



The basis of the ECHA document is largely taken from the reviews within Whysner et al 2004 and 



DECOS 2014 which seem generally appropriate. LOA would concur with the position taken that the 



key effects are cytogenicity and aneuploidy in workers and that studies of DNA damage e.g. Comet 



data can be misleading. 



The ECHA document lists several studies which are considered to demonstrate clastogenic effects and 



aneuploidy associated with benzene exposures >1ppm (Ji et al 2012, Marchetti et al 2012, Qu et al 



2003a, Xing et al 2010, Zhang et al 2011, 2012.  Micronucleus formation is also reported at exposure 



levels >1ppm (Zhang et al 2014, 2016).  Key studies are reviewed below. 



The ECHA summary then indicates that both micronucleus formation (Kim et al 2010) and 



chromosomal aberrations have been reported in Asian workers (Kim et al 2004, Rekhadevi et al 2011) 



with the benzene exposures in the latter study of Indian fuel station attendants (range 0.34-0.46 ppm) 



apparently being used to derive a LOAEL of 0.4 ppm for chromosomal aberrations and aneuploidy.  



The study of Marcon et al 1999 (12 Estonian factory workers exposed to mean benzene concentrations 



of 0.4 ppm – but with a maximum of 8.8 ppm) is cited as the only evidence of chromosomal breaks 



and hyperploidy in western workers of effects at low levels of benzene exposure.  In contrast, a larger 



study of 56 Estonian workers exposed to higher concentrations of benzene (mean of 1.25 ppm) were 



reported not to show micronucleus formation nor aneuploidy (Surralles et al 1997).  It is noted that 



Marcon et al 1999 observe “Although the relatively small size of the study groups does not allow firm 



conclusions on the role of occupational exposure , the observed patterns are suggestive of effects in 



the benzene exposed workers”  The report of Marcon et al needs to be considered alongside the work 



of Surralles et al 1997 who showed no increase in micronuclei  nor in aneuploidy in 56 samples from 





https://www.ncbi.nlm.nih.gov/pubmed/12599179
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Estonian benzene plant (mean exposure 1.25 ppm) and coke oven workers  (mean exposure 0.34 



ppm). 



A considerable amount of space is devoted to the small study by Marcon et al (1999) (page 73). 



However, the statistical analysis cannot account for possible confounders in such a small study and it 



is pointless to talk about effects at a 0.4 ppm level, when benzene exposures in the group ranged from 



0.1 – 8.8 ppm (0.4 ppm is the geometric mean not mean). In addition, the incidence of hyperploidy for 



both chromosomes was higher in the benzene-exposed workers as compared to the other groups, but 



the differences did not attain statistical significance for either chromosome. Nevertheless, this 



increase is highlighted on page 76.  



Due to uncertainties in the data as reviewed below, LOA does not consider that the evidence 



demonstrates cytogenetic and aneugenic activity below 1ppm.  Furthermore, LOA considers that the 



ECHA contention that aneugenicity is a more sensitive endpoint than haematotoxicity is not soundly 



based. 



The ECHA description of the study by Kim et al (2010) (page 74) contains a number of inaccuracies 



including the smoking percentages and size of the exposed group (12) given in Table 19 and on page 



85. ECHA list a number of limitations but it should also be clear that you cannot adjust effectively for 



confounders when the comparison group has only 10 subjects. Despite the limitations listed by ECHA, 



it still gets a lot of weight in the summary of micronuclei effects on page 85.  



Rekhadevi et al (2011) and Rekhadevi et al (2010) (page 78) are clearly the same study and the early 



report is described as a study of BTX not benzene, with similar exposure to xylene and toluene, The 



exposure assessment is inadequately described and it seems highly unlikely that the 3 exposure groups 



would have exposures in such narrow ranges. Given the error in exposure assessment, it is implausible 



that any dose response would be seen for parameters such as micronuclei and that the distributions 



of the urinary metabolites would be so distinct for the exposure groups. It is surprising that ECHA have 



given so much weight to such a poorly documented study.  



ECHA’s proposal states “However, since aneugenicity seems to be a more sensitive toxicological [sic] 



parameter associated with benzene exposure than its haematological effects (Zhang et al 2012), it can 



be assumed that the NOAEL for aneugenic effects would be lower than the NOAEL (or calculated 



BMDL) of 0.1 ppm for haematotoxic effects.” (page 115) 



This statement appears unsupportable for several reasons, namely: 



1. Zhang et al’s dose response data is not specific enough to make comparison of relative 



sensitivity for aneugenicity and haematotoxicity because the lowest exposure group (<10 



ppm) encompasses the range where both effects are observed, and not generalized enough 



to characterize the entire spectrum of aneugenicity and haematotoxicity. 



2. Even if the dose response data more expansive, Zhang et al’s sample size is too small (28 



benzene exposed individuals) to draw reliable, generalizable conclusions regarding relative 



sensitivity 



3. Zhang et al was referring to a single, specific form of aneugenicity (monosomy) as a biomarker 



of exposure, not a biomarker of effect.  



A more detailed review of the evidence on this point follows.  
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The paper by Zhang et al. (2012) was cited a number of times in the document to support the 



conclusion that aneugenicity is a more sensitive endpoint than haematological effects.  Prior to 



critically examining this publication, the following comments are worth mentioning.  The document 



cites a large number of publications authored and/or co-authored by this research group, which 



examined the cytogenetic response in Chinese workers occupationally exposed to benzene. These 



authors have carefully documented the exposure levels in most of their studies.  However, in many of 



their publications, the technique(s) used by these authors to assess cytogenetic abnormalities are 



novel and not adequately validated by testing appropriate positive and negative control chemicals in 



a laboratory setting prior to deploying the technique for human monitoring studies.  In addition, there 



is, in general, a heavy reliance on sophisticated statistical analyses and the significant figures in the 



calculated “p” values to infer an association between benzene exposure and cytogenetic effects in a 



vast majority of their publications; the actual effect size in most cases is not impressive. Another 



shortcoming of these studies is that it is impossible to judge whether the attributed effects are specific 



to benzene exposure; ideally, the authors could have included a cohort(s) exposed to a known non-



genotoxic / non-carcinogenic agent in addition to the unexposed population.   



With regards to Zhang et al (2012) study, the authors report that monosomy, but not trisomy, of 



chromosomes 7 and 8 was significantly increased in granulocyte-macrophage cultures set up from the 



peripheral blood of workers occupationally exposed to benzene at concentrations of <10 ppm or >10 



ppm.  By the authors own admission, these findings need validation in an independent benzene 



exposed cohort. A closer examination of the study raises several questions on the biological 



significance of the study findings.  For example: 



• The sample size is relatively small with only 14, 18, and 10 subjects in control, <10 ppm 



benzene, and >10 ppm benzene groups, respectively.  While the groups were age-matched, 



there were remarkable differences in gender and life-style factors (e.g., smoking and alcohol 



consumption) among the groups. The influence of these factors on the small increases (see 



below) seen in chromosome loss among the benzene-exposed groups is not readily 



discernible. 



• The background incidence of monosomy for chromosomes 7 and 8 in control population is 



relatively high with a mean% ±SD of 4.32±2.06 and 5.21±2.17, respectively.  The authors 



attribute this high incidence to the artefact produced by their staining technique. Based on 



this statement, one has to surmise that the experimental conditions used by the authors have 



the potential to yield misleading results.  



• The increase in monosomy of chromosome 7 and 8 in subjects exposed to <10 ppm benzene 



was approximately 5.2% for chromosome 7 (vs. 4.3% in control) and 6.7% for chromosome 8 



(vs. 5.2% in control).  Although the authors extensively discuss about the significant “p” values 



derived from their statistical analysis, it is readily apparent the incidence of monosomy 



observed in benzene-exposed population was not that different from the controls, especially 



in the context of the questionable reliability of the staining technique employed.  The SD of 



monosomy in controls itself is nearly 50% of the mean and it is apparent that there is 



considerable overlap in individual values between the control and the treated groups. 



• The incidence of monosomy of chromosome 7 and 8 in the >10 ppm benzene cohorts was 



slightly higher (6.4 and 6.9% vs. 4.3 and 5.2%, in controls respectively), but still not remarkable 



and the biological significance of this marginal increase is difficult to assess given the 
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variability among the individuals and the propensity of the methodology to induce technical 



artefacts.  



• The authors attempted to compare the percent increase in monosomy with the percent 



decrease in WBC and granulocyte-macrophage colony counts and conclude that the increase 



in cytogenetic damage is more pronounced than the decrease in cell counts. This is a 



questionable conclusion; an examination of the data presented shows that the two endpoints 



were similarly affected (or more accurately, not affected) at the <10 ppm exposure level and 



the statistical significance for the cytogenetic endpoint is most likely a chance occurrence 



unrelated to exposure. From this, one can surmise that the NOAEL in this study is <10 ppm 



benzene.  



• In conclusion, results from this study are not compelling to conclude that exposure to <10 



ppm benzene leads to cytogenetic damage and the cytogenetic endpoint is more sensitive 



than the haematotoxicity based on cell counts. 



The paper by Zhang et al (2005) wherein the authors reported that exposure to >5 ppm benzene 



induced monosomy and trisomy of select chromosomes is a good example of employing a non-



validated novel technique for human biomonitoring.  In this pilot study, the authors used a newly 



developed staining technique to detect aneuploidy of all 24 chromosomes.  The authors reported that 



benzene exposure induced monosomy and trisomy of select chromosomes, but not others.  To the 



authors’ credit, they stated that independent confirmation of the findings from this study was 



required and towards this end, they cite a larger study that was underway.  This larger study by Zhang 



et al. (2011) evaluated 27 unexposed, 22 exposed to <10 ppm benzene and 25 exposed to >10 ppm 



benzene.  The authors reported that this study confirmed findings from their pilot stud.  However, it 



is noteworthy that the authors state that the effect of exposure on individual chromosomes in the 



lower exposure category (<10 ppm) was not statistically significant.  The authors attribute this to 



smaller sample size and then refer to another publication (which is actually a meeting abstract; see 



below) that showed chromosome loss in a larger cohort of workers exposed to <1 ppm benzene. 



The abstract by Ji et al (2010) was presented at the Society of Toxicology annual meeting.  In this study, 



the authors used a simple staining technique to enumerate the number of hypo and hyperdiploid 



chromosome complements among the metaphase spreads prepared by culturing peripheral blood 



lymphocytes of workers exposed to various levels of benzene.  The sample size was quite large, 250 in 



the exposed and 140 in control.  The authors reported higher incidence of hypodiploidy in workers 



exposed to < 1 ppm benzene.  Results from this investigation have to be viewed with caution since the 



methodology employed in the study (standard air-dried preparation following hypotonic treatment) 



to prepare metaphase chromosomes is prone to yield false-positive findings for aneuploidy and 



polyploidy.  Chromosome loss frequently occurs during the preparation of cytogenetic specimens 



through mechanical disruption, which has very little to do with the biology.  Similarly, polyploidy seen 



in these preparations is often an artefact resulting from co-spreading of multiple cells during slide 



preparation.  Incidentally, results from this study could not be located in a full-length peer-reviewed 



publication. 



Extending the issues with generalizing Zhang et al’s study, because only one measure of haematoxicity 



was assessed one cannot generalize to the conclusion that aneugenicity is more sensitive than 



haematotoxicity. Both classes of effect have multiple independent endpoints (tens of endpoint 
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measures for both haematotoxicity and aneugenicity). It is scientifically invalid to state an entire class 



of effects (haematotoxicity) is less sensitive than another class (aneugenicity) based solely on a single 



endpoint measures for an entire class. A generalization may be possible, but it would entail 



considering more than the information available from a single study. 



The ECHA proposal appears to confuse concepts of biomarkers of effect with biomarkers of exposure 



their statement regarding relative sensitivity of endpoints. Zhang et al., (2012) stated “Further, the 



degree of monosomy induction was greater than the proportionate decline in peripheral blood cell 



counts, suggesting that it may be a more sensitive biomarker of benzene exposure” (emphasis added). 



This should not be interpreted as a conclusion that aneugenic effects are generally more sensitive. 



Rather, it is the authors hypothesizing from observations in a small sample that because the relative 



effect size for a single, specific aneugenic effect it may be a more sensitive biomarker of benzene 



exposure than white blood cell counts. Putting aside the previously noted issue with generalizing too 



broadly from Zhang et al’s study, one should also take note that the authors were referring to 



sensitivity as a biomarker of exposure, not a biomarker of effect. Zhang et al’s sensitivity hypothesis 



neglects to consider that while effect size is important to statistical power for effect detection, making 



statistical analyses capable of detecting a difference with small sample sizes (i.e., statistical testing 



may be more “sensitive”), it can be irrelevant to where a dose response begins. A chemical can have 



low potency still retain a large potential effect size (maximal effect), just as a chemical can have a small 



potential effect size but be very potent. It is the potency of a chemical that dictates judgments of 



relative sensitivity for an endpoint, not the statistical power.  



Further Specific Points / Comments 



Page 67: It is stated incorrectly that Vermeulen et al (2004) describes the exposure assessment for Qu 



et al (2003) (it describes the exposure assessment for the Lan study). The study included 130 exposed 



workers, not 133. It is also incorrectly stated that exposures ranged from 0.006 ppm (0.06ppm is the 



correct value), and that the LOD was 0.2 ppm for benzene in air (0.01 ppm is the correct LOD). It is 



also stated that “only workers were selected for which the haematological parameters were within 



the normal range” but Qu et al (2003) more accurately states that workers with blood cell counts 



below the normal range were not included in the study. There is no indication that any were excluded 



on this basis, and it is a surprising criterion given that the same group of 130 workers were studied for 



haematological effects. 



Page 70: Controls weren’t matched in Zhang et al (2014) study as stated in the ECHA text. They only 



have the same age range (19-57 years) as the exposed workers. There was no assessment of previous 



exposure levels in the factory, and the cumulative exposure measure is based on current exposure 



levels and hence isn’t a reliable measure of cumulative exposure. Only 24 workers were exposed to < 



3 mg m-3, so the study provides little information about exposure < 1 ppm. 



Page 71: There are a number of concerns about the second report on the study (Zhang et al, 2016). 



The comparison group clearly consists of the group of 102 “indoor workers” which formed one 



comparison group of the report by Zhang et al (2014), but the “external” comparison group of 95 



subjects from earlier report was not included. The 317 exposed workers are almost certainly a subset 



of the 385 exposed workers included in the first analysis, but no reason is given to explain why 68 



exposed workers were excluded. The ECHA description is inaccurate as 8/102 of the initial comparison 
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group were smokers (not 0% as stated by ECHA). However, the 8 smokers were moved to the exposed 



group giving a total of 95 comparison subjects and 325 exposed workers. In addition, 87/317 = 27% of 



the initial exposed group were smokers (not 12% as stated by ECHA). This proportion increased to 



95/325 in the exposed group included in analyses. Zhang et al (2016) claimed that they adjusted for 



smoking in their analyses, but this is clearly impossible for comparisons with unexposed subjects as 



none of the final group of 95 were smokers. This invalidates most analyses given the clear relationship 



between MN frequency and smoking, but the analyses by cumulative exposure have little value 



anyway because of the poor assessment of cumulative exposure. There are no analyses by exposure 



intensity and we do not know how many of the 24 subjects exposed to < 3 mg m-3 were included in 



the study. 



Page 85: It is not correct to state that “in a group of more than 700 Chinese workers exposed to 



benzene concentration above 1 ppm (Zhang et al 2014, 2016)”, as it is clear that the second study is 



reporting results for a subset of subjects in the first investigation.  
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SECTION 7.7 CARCINOGENICITY – HUMAN DATA (Pages 92-100) 



• ECHA should base any carcinogenic assessment on endpoints that are clearly linked to 



benzene, viz. AML/ANLL and/or MDS. 



• ECHA should recognize that several studies suggest an empirical threshold for AML/ANLL, and 



model risk using sub linear dose response curves to account for this.  



• ECHA ignore persuasive data from one of the highest quality studies of Pliofilm workers that 
suggests that:  



o ANLL is the only subtype related to benzene 
o Excess risk is only present in a 10 year, or possibly a 20 years window after exposure 
o A sub-linear or empirical threshold is suggested by the Pliofilm study 
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• ECHA fail to recognize important limitations of the meta-analyses.  



• ECHA overstate the potential or possible relationship between benzene and ALL, CLL, CML, 
NHL and MM.  



• ECHA fail to recognize the variance in exposure assessment techniques used in the studies 
that quantify benzene exposure, thereby mixing lesser studies with higher quality studies.  



Further Specific Comments 



ECHA, on page 92, state that they have excluded “individual case-control studies” in the description 



of benzene studies. The advantage of “individual” (e.g. hospital-based) case-control studies is that the 



diagnoses in these studies can be made with much more accuracy. Cohort studies are usually 



constrained to death certificate diagnoses which can be inaccurate, especially for LH cancer, for which 



the nomenclature has rapidly changed. Thus, for purposes of hazard identification (i.e. identification 



of which health outcomes are linked to benzene exposure), it would be a mistake to ignore this 



literature. However, once the endpoints that are definitively linked to benzene can be identified, we 



agree that it is more efficient to exclude these individual case control studies.  



For cancer, benzene has been definitively linked to AML/ANLL and MDS. These endpoints should thus 



be the focus of all dose-response analyses, despite the “convenience” in using “total leukaemia” due 



to the availability of such studies in the published literature.  



Cohort studies  



Table 42 is stated to be a summary of the most relevant cohort studies and nested case-control studies 



assessing the association between occupational exposure to benzene and risk of leukaemia or its 



subtypes. However, it also contains results for all haematologic neoplasms (Hayes et al, 1997) and all 



blood/bone marrow neoplasms (Kirkeleit et al, 2008). Table 42 doesn’t include the important results 



by time window given in Table 3 of Richardson et al (2008), although results by exposure window were 



included for Glass et al (2014). Table 42 is also missing a number of other relevant results including 



those for CLL reported by Stenehjem et al (2015) (and ever exposure results for AML and CLL), results 



for MDS reported by Linet et al (2015) (results are given for CLL which also had no incident cases in 



the unexposed group), and overall results for MPD reported by Glass et al (2014) (results by exposure 



window are included). It would also be better if follow-up periods were shown for the cohort studies 



so that it is clearer when studies are effectively reporting the same cases but with different exposure 



categories. 



In discussing the Pliofilm study on pp 92-93, ECHA state: “Regardless of which exposure estimates 



were used, the level of exposure to benzene has consistently shown a relationship to leukaemia 



mortality (Table 42)”. However, what is even more evident from these studies is that all analyses that 



have examined leukaemia subtypes have shown that the only consistent subtype related to benzene 



is ANLL (or the AML subtype of ANLL).  For example, the Crump, 1994 analysis reported that there was 



a statistically significant excess of AMML (i.e. two subtypes of ANLL), (8 observed and 1.6 expected, 



SMR = 6.2), and a strong dose response pattern, but no statistical excess of all other leukaemias (6 



observed and 3.1 expected, SMR = 1.9), and no dose response pattern. Similar observations have been 



reported repeatedly (e.g. Wong, 1995; Rhomberg et al., 2016), in fact it can be concluded from Wong, 



1995 that above 40 ppm-years (using Rinsky estimates) there are 5 cases of AML versus only 0.1 
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expected (SMR = 50), while there are no cases of other leukaemias versus 0.2 expected. In additional 



data provided by Rhomberg, a similar pattern emerges for non-ANLL: above 40 ppm-years there are 



8 cases of ANLL versus 0.94 expected, SMR = 8.51,  but for non-ANLL above 40 ppm-years, there are 3 



cases versus 1.87 expected, SMR = 1.60. If we call ANLL cases “x” and non-ANLL cases “y”, then to 



examine whether “y” has a relationship with benzene, it is fruitless to examine the relationship 



between (x+y) and benzene, which seems to be done in the ECHA document. Clearly, the only dose 



response relationship in this cohort is for ANLL/AML. Since this cohort is the least affected by 



potentially carcinogenic occupational exposures other than benzene, it should be given preference for 



hazard assessment and dose response assessment. AML/ANLL should be the primary focus of any 



carcinogenic dose-response assessments.  



On page 93, ECHA also state that “data from this cohort has also provided evidence that exposures in 



the most recent 10 years were most strongly associated with leukaemia risk while there was no 



evidence of an increased risk for exposures with a latency time of 20 years or more, the RR was 1.19 



(95%CI 1.10-1.29) per 10 ppm-years in the 10 years immediately after exposure (Rinsky et al 2002, 



Richardson 2008).” 



ECHA should have also be mentioned that for exposures that accrued more than 20 years ago, there 



was no risk from benzene exposure RR = 1.00 (0.90 – 1.05) (Richardson, 2008). This suggests that all 



of the risk from benzene exposure has manifested itself within 20 years of exposure, which Richardson 



(2008) contends: “Failure to account for variation with time since exposure in the effect of an 



increment of benzene exposure on the relative rate of leukaemia may lead to underestimation of the 



excess rate of leukaemia in some risk periods (and overestimation of the excess rate of leukaemia in 



other risk periods).” 



The limited latent period for leukaemia (which is driven by AML in the Pliofilm study) is also supported 



by the NCI China study (Hayes et al, 1997) which found that AML and MDS was associated with 



exposures within 10 years of diagnosis, and not with exposures that occurred more than 10 years 



before diagnosis. This observation needs to be accounted for in all risk calculations.  



In particular, use of a 40-year window that distributes a given cumulative exposure estimate equally 



over 40 years will over-estimate the risk of leukaemia by at least two-fold, thus is an unnecessarily 



conservative approach. 



ECHA does recognize that in the Pliofilm study, the “risk of leukaemia has decreased from the earliest 



reports”, but again cite the irrelevant statistics on total leukaemia by stating “now that more than half 



of the cohort has already deceased, the risk is still statistically significantly increased (SMR = 2.56; 95% 



CI 1.43-4.22) (Rinsky et al 2002).” It is not surprising that when adding a period with very high risk (call 



this “x”), to a period with low risk (“y”), that the total risk (x + y) remains somewhat statistically 



elevated. Again, this is using “total statistics” to obscure important facts. Instead of evaluating 



whether period Y shows elevated risk, ECHA examines period “X+Y” to seemingly argue that the risk 



reduction in period “Y” is not relevant.   



ECHA also state on page 93 that “Most recently Rhomberg et al (2016) updated the exposure 



information and found out (sic) that the risk of ANLL and AML was increased only in the highest 



exposure category when cohort members were divided into tertiles, quartiles or quintiles based on 
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cumulative exposure. Analyses for leukaemia overall were not reported in this latest follow-up study.” 



But, it is not surprising that Rhomberg et al. would not report on total leukaemia, since there is no 



dose response relationship for other leukaemias. Additional data supplied by Rhomberg indicates that 



there is no dose-response relationship for leukaemias other than ANLL (see above).  



On page 93, when discussing the China cohort study in multiple industry sectors that used benzene, 



ECHA note that “there was a statistically significant trend of increased risk across three categories of 



cumulative exposure to benzene for all leukaemia and ANLL / MDS (Hayes et al 1997). The risk of all 



leukaemia was highest 2-9 years since first exposure (RR 6.7; 95% CI 1.4- 120), but the lag time trend 



was not statistically significant (p=0.40) and the risk was still increased after more than 25 years since 



first exposure, although not statistically significantly (RR 2.2; 95% CI 0.7-8.0) (Linet et al 2015).”  Once 



again, ECHA is looking at aggregate statistics to obscure important facts. The increased risk 25 years 



after exposure contains the previously mentioned excess risk within 10 years of exposure. Again, one 



must compare x vs. y, not x vs. x+y. The proper summary of this study is that ANLL/MDS was 



significantly related to benzene exposure in the 10 years prior to diagnosis (P for trend = 0.003, two-



sided), but it was not linked to distant exposure (P for trend 0 .51, two-sided).  



Additionally, while this study is large, it should be noted that diverse industries across China were 



studied.  Besides coatings/paints, shoe and rubber industries, the study included chemical 



manufacturing and “mixed/other” industries.  Despite this diversity in manufacturing settings and 



exposure scenarios, the authors did not attempt to document or estimate exposure to a single other 



compound.  Thus, although this study is labelled a “benzene study”, any relationships emerging from 



it must be seen as only tentatively linked to benzene since many other substances were encountered, 



during a time frame in China where occupational exposures were often extremely high. In fact, Linet 



et al. (2015) state:  



”manufacture of industrial solvents and exposure to phenoxyacetic acid and certain other herbicides 



and insecticides have been linked with increased risk of non-Hodgkin lymphoma,[49] supporting the 



elevated risks we observed for this endpoint in chemical workers within the cohort.” 



We believe a cautious interpretation of this report is warranted, given the variety of compounds 



present in the diverse work settings studied.   



ECHA also discuss the petroleum worker studies (Schnatter et al 1996, Rushton and Romaniuk 1997, 



Glass et al 2003 and 2005) and cite the dose related results for all leukaemia by Glass (which are largely 



driven by AML). ECHA fail to note that the subsequent pooled analysis (Schnatter et al 2012, Rushton 



et al 2014, Glass et al 2014) did not support the original results, only that “those studies did not assess 



the risk of leukaemia overall”, ECHA repeatedly give preference to “total leukaemia”. However, not 



reporting results for total leukaemia should not be a surprise or an implied deficiency, given the 



diverse etiologies of each subtype, and the fact that recent classification schemes emphasize the cell 



of origin (e.g. myeloid, lymphoid) rather than anatomical site (e.g. leukaemia, lymphoma) (Swerdlow, 



WHO 2008).  



ECHA note that he most recent version of the petroleum worker studies showed that “there was little 



evidence of dose-response relationship for AML, CLL, CML and myeloproliferative disease…”  ECHA 





http://onlinelibrary.wiley.com/doi/10.1002/ijc.29591/full#ijc29591-bib-0049
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should realize that an important difference between the original studies (Schnatter et al, 1996; 



Rushton and Romaniuk, 1997; and Glass et al, 2003) versus the updated pooled analysis (Schnatter et 



al., 2012; Rushton et al., 2014; Glass et al., 2014) is that the diagnoses in the updated study were 



subject to extensive review by two haematopathologists, using additional source records not present 



in the original studies that were obtained through state agencies and patient providers. Thus, results 



from the updated pooled analysis, which do not show a relationship for the major leukaemia cell types, 



should clearly take precedence over the earlier reports which were based on fewer cases and less 



accurate diagnoses. This is also an issue in most meta-analyses conducted – if they relied on the 



original studies, they are subject to disease misclassification and outdated information.  



ECHA also recognize that the updated study showed a relationship between benzene and MDS by 



stating, on page 93, that cumulative exposure to benzene increased the risk of MDS (OR = 4.3; 95% CI 



1.3-14) when the highest exposure category (> 2.93 ppm-years) was compared with the lowest (< 



0.348 ppm-years)” and that the “risk of MDS was also increased among workers with likely frequent 



peak exposures vs those without (OR = 6.32; 95% CI 1.32 – 30.2). The results suggested that MDS may 



be the most relevant health risk for lower exposures.” While ECHA recognize this, they do not provide 



any follow-up or account for this in any subsequent review or risk calculations.  



On page 94, ECHA note two cohort studies among offshore petroleum industry workers. While the 



Kirkeleit et al (2008) study showed an increased risk of AML (RR = 2.9; 95% CI 1.3–6.7) for workers 



with first employment in 1981-1985, but not for those first employed between 1986-2003, it should 



not be included, since it did not estimate exposures. It is stated that “Benzene exposure was not 



quantified, but based on previous studies for this industry, the authors estimated that exposure 



ranged from below 0.001 to 0.7 ppm.”.  However, several other studies do not estimate benzene 



exposure, but provide an educated guess as to where exposures may lie. If this one study is included, 



several others, that for the most part do not show excess leukaemia (see Wong and Raabe, 2000) 



would also be eligible for inclusion.  



When discussing Stenehjem et al (2015), ECHA should note that this study again found no significant 



trends for leukaemias other than AML. We have also reviewed the exposure estimating procedures 



and data in this study and have concerns about its accuracy.   



There are two cohorts of chemical industry workers: the ‘Dow’ cohort and the ‘Chemical 



Manufacturers Association (CMA)’ cohort. In the Dow cohort a non-significantly increased leukaemia 



mortality was observed earlier (SMR 1.9; 95% CI 0.5-4.9), but based on only 4 cases (Bond 1986). In 



the later follow-ups the risk was only slightly above the background (SMR 1.1; 95% CI 0.6-2.0, 



(Bloemen et al 2004 and SMR 1.2; 95% CI 0.7 – 2.0, Collins et al 2015). In the CMA cohort there was 



an indication of a dose-response (p for trend 0.01), but based on only 6 cases and no cases et all in the 



unexposed (Wong 1987). In a later follow-up of one of the CMA cohort plants Collins et al (2003) found 



indication that for benzene related risk of leukaemia and ANLL the number of days with peak 



exposures above 100 ppm would be a better predictor than cumulative exposure. Yet the number of 



deaths for these endpoints were small.  



When ECHA discuss the two chemical industry cohorts (Bloemen et al, 2004 and Wong, 1987), it should 
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be noted that chemical worker studies would be expected to be affected by exposure to a host of 



other chemical agents besides benzene.  



ECHA provide a misleading summary of Guénel et al (2002) by stating that “the risk of leukaemia was 



increased among workers with estimated cumulative benzene exposure of > 16.8 ppm- years (OR = 



3.6; 95% CI 1.1–12). There was an indication of dose-response relation (OR = 1.2, 95% CI 1.0 – 1.5 per 



10 ppm-years increase in exposure).” As noted by Vlaanderen (2008) and others, this study used 



exposure scores rather than exposure concentrations, thus no statements can be made about 



benzene risks at specific exposure concentrations. It should be excluded from the discussion.  



Also on page 94, ECHA should note that Seniori Constantini et al (2003) study, which found an 



increasing trend in leukaemia mortality for cumulative benzene exposure categories of < 40, 40-99, 



100-199 and > 200 ppm-years (p for trend 0.02), suggests that the threshold for all leukaemia is above 



40 ppm-years. A table of deaths provides information that indicates that AML mortality is the primary 



driver for the results noted above.  The table shows that the leukaemia subtypes present in this study 



are as follows: AML – 6, CML – 1, ALL – 0, CLL – 2, Unspecified = 2.  Thus, it is clear that any signal from 



benzene exposure in this study is primarily driven by AML.  



Meta-analyses  



The meta-analysis by Khalade et al (2010) described on pp 94-95 is of a poor standard and little value 



can be attached to the results shown in Table 26 of the ECHA report. It is clearly apparent from Table 



S1 of the supplementary material that many of the study results that are described as Low, Medium 



or High cannot be considered to be estimates of effect for the categories of < 40ppm-years, 40-100 



ppm-years and > 100 ppm-years, and there are numerous errors and inconsistencies in the selection 



of results included in the analysis. For example, Khalade et al have used results for exposure categories 



based on exposure intensity from the case-control study by Costantini et al (2008). Exposure intensity 



and cumulative exposure were not quantified by Costantini et al (2008), but Khalade et al treat the 



results as results for Low and Medium exposure categories, probably because they have mistakenly 



described their exposure as < 15 and > 15 ppm-years. These results are quite influential in the meta-



analysis (although the upper limit of one confidence interval has been incorrectly taken to be 30.9 



instead of 3.9). Another obvious error is the use of results presented for NHL by Hayes et al (1997) in 



the meta-analysis for CLL. Even if the revised WHO classification scheme, for which CLL is a type of 



NHL, is used, the majority of NHL’s are not CLL’s. Also, as previously mentioned, Khalade uses now 



out-of-date-findings from the petroleum worker studies. 



Khalade et al (2010) also provide spurious reasons for not including several studies. For example: In 



their Table S2, invalid reasons are present for:  Tsai, 1983 (“no leukaemia cases” – this is 



inappropriately rejecting negative data), Crane 1992 (“environmental exposures alongside 



occupational” – this situation is always true for other included studies), Ciccone (1993) (“concentrating 



on chromosome aberrations”, this should not exclude valid data on leukaemia), Crump, 1994 (“overlap 



with Rinsky 2002” – but Rinsky had no cell type data, Crump did), Li, 1997 (“does not satisfy inclusion 



criteria of only-English papers” – this is bad practice, was not previously specified as a criterion, and 



can bias a meta-analysis).  
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Khalade et al also state that duplicate reports of studies were rejected. However, this criterion appears 



to be erroneously applied, as duplicates do exist (e.g. Rinsky 2002 and Richardson 2008).  The authors 



state that if multiple updates of the same population were available, that the study with the longest 



follow-up period was chosen.  However, some updates did not include relevant leukaemia subtype 



data, which as a result, erroneously excluded at least one important study of Pliofilm workers (i.e. 



Crump, 1994 had subtype data v. Rinsky 2002 and the duplicative Richardson 2008 studies did not 



have subtype data).  



In addition, case control studies and cohort studies from the same population were both included. For 



example, Sorahan 2007 (which is weighted heavily) is the base population (with no benzene exposure 



data) of the Rushton 1997 study. The Rushton case-control study DID have benzene exposure data.  



Clearly, it is inappropriate to include Sorahan 2007, since many workers would have had only 



background benzene exposure.  Even this overlap was inconsistently applied, since similar base cohort 



studies for the Schnatter 1996 and Glass 2003 case-control studies also existed but were not included.  



Thus, it is abundantly clear that no weight can be given to the Khalade et al., 2010 study.  



While ECHA describe Vlaanderen studies published in 2010 (total leukaemia), 2011(lymphoid 



neoplasms), and 2012 (CML) on pp 95-96, the Vlaanderen et al. 2008 analysis is ignored.  This is 



actually the most relevant analysis since it applies to AML/ANLL, the only leukaemia subtype 



definitively linked to benzene exposure. It also uses a well- documented scheme to weight the quality 



of the studies based primarily on exposure assessment techniques, which can be quite variable, as 



ECHA later recognizes. The Vlaanderen et al. 2008 study ranks the petroleum studies as the highest 



quality data for subsequent risk assessment of AML.  The Pliofilm study is ranked second. These 



datasets (in their most recent form) should be the primary focus of any subsequent risk assessments 



on benzene and AML.  



The subsequent Vlaanderen studies (2011, 2012) include an implicit flaw in assessing “study quality”.  



They regard a significant AML result as a study quality indicator, since they believe this assures that 



the exposure assessment is accurate enough to identify a known relationship.  However, a study could 



be flawless in every respect and not identify an AML excess if exposures were not sufficiently high. In 



fact, Vlaanderen’s more refined quality scheme based on specific aspects of exposure assessment 



detailed in the 2008 paper rank the petroleum worker studies as the highest. Yet, in the most recent 



form, these studies did not identify an AML excess, primarily due to the more precise diagnostic 



criteria used that was able to identify MDS cases more accurately. Identifying a sentinel health effect, 



such as asbestosis from asbestos exposure, can be a valuable indicator of study quality and exposure 



assessment techniques. However, the sentinel health effect should be specific to the exposure in 



question. Angiosarcoma can be used to gauge vinyl chloride studies. Asbestosis can be used to gauge 



asbestos studies. However, since AML has several alternate causes, it should not be regarded as a 



sentinel health effect for benzene exposure.  



The other two “quality” criteria are also dubious – follow up in 1970 or later is arbitrary, employing it 



excludes the high quality Pliofilm data, while exposure assessment information should be present to 



start with, and studies that have no benzene quantitative information should not be used (as in 



Vlaanderen 2010).  Thus, while ECHA state that “For ALL, CLL and CML the relative risks increased 
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with increasing study quality for all three stratification approaches, thereby suggesting an 



association with the exposure to benzene”, the quality indicators are flawed. In addition, Vlaanderen 



et al., 2011 and 2012 use an abundance of studies that do not have any quantitative information on 



benzene exposure whatsoever. Finally, data used from the petroleum studies should not be used as 



different results were present from an update which is based on longer follow-up and more precise 



diagnostic methods.  



The Vlaanderen 2010 paper does not use quality indicators, but an important flaw in the Vlaanderen 



(2010) paper is that it is based on all leukaemias, rather than ANLL/AML. While the authors state that 



analyses on subtypes would be hampered by lack of data, this is no longer true due to study updates. 



Other issues with the Vlaanderen (2010) analysis are: (a) Although the natural spline allows a wide 



range of models to be fitted, the models are restricted by the choice of knots. This especially so when 



the exposure distribution is skew, and the knots are based on percentiles as here. In the overall 



analysis, the top knot is 125.5 ppm-years. This means that the natural spline curve is forced to be 



linear for exposures > 125.5 ppm-years (the portions of the curve above the top knot and below the 



bottom knot are constrained to be linear).  Hence, the flexibility in response curve is much less than 



perceived. (b) It is not clear why Vlaanderen et al (2011) omitted to fit a natural spline with no 



intercept for the cohort studies. (c) the results of the case control studies are implausible, likely due 



to the Glass results, which were affected by a deficit of cases in the baseline group, thereby inflating 



all risk estimates, particularly an OR of 98 for >16 ppm-years. (d) all Pliofilm data is based on the Rinsky 



estimates, which have been shown to under-estimate exposures, (e) the study ignored results 



suggesting that leukaemia risk from benzene manifests over a shortened period after exposure 



(Richardson, 2008; Hayes et al., 1997).  Ignoring this time frame distributes cumulative exposure 



estimates over a wider time frame resulting in higher risk estimates per unit of concentration (ppm), 



(f) the study ignored information on rate effects, or the influence of intensity or of peak exposures on 



the results (Schnatter et al, 1996; Collins, et al, 2003; Seniori Constantini et al. (2003), and Wong et al. 



2010), and perhaps most importantly, (g) it in no way assessed the heterogeneity of the studies with 



common measures used in meta-analyses. This is incumbent on investigators before providing 



summary estimates, especially in the form of meta-regressions. Examining whether a single study 



affects the result in no way substitutes for an assessment of heterogeneity, as ECHA seems to indicate 



on page 9x.  



Quality considerations  



On page 9x, ECHA correctly state that: “The accuracy of assessing exposure to benzene is an important 



quality aspect and especially so for any consideration of dose-response.” However, it is also stated 



that: “As pointed out in the dose-response shape meta-analysis paper by Vlaanderen et al (2010) all 



the studies assessed exposure retrospectively based on relatively limited sets of exposure 



measurements.”. This latter statement is not true for the Khalade et al., 2010 and the Vlaanderen 



2011 and 2012 papers.   



We agree with ECHA when it states that: “The significant amount of expert judgement that goes into 



those decision rules makes it conceivable that systematic differences in exposure assessment may 



exist between studies.” However, we strongly disagree with the subsequent statements that “There 
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is no straightforward protocol to assess or rank the accuracy of the exposure estimates used in the 



various cohorts.” And “Instead one can perform sensitivity analyses on what effect the exclusion of 



each of the individual data sets has on the overall meta dose-response as explained for the analysis of 



Vlaanderen et al (2010).” 



First, Vlaanderen 2008 DOES explain in detail a way of ranking studies that use retrospective exposure 



assessment. ECHA needs to take account of this quality scoring scheme and re-do the analysis with 



the highest ranked studies.  



Second, removal of one study at a time is a simple sensitivity analyses to explore each study’s 



influence, but it in no way substitutes for an assessment of exposure assessment quality nor overall 



study quality.   



Finally, ECHA state that: “some studies have found indications that average exposure in ppm or 



number or level of peak exposures might play a role”…. “these estimates are based on retrospective 



assessments and the different exposure metrics are correlated with each other making it impossible 



to definitively confirm or exclude their role with methods of epidemiology”. The same exact statement 



can be made about the cumulative exposure metric. ECHA is ignoring both empirical and biologic 



evidence of rate effects for benzene exposure.   



Other haematopoietic neoplasms  



We agree with ECHA when, on page 9x, it states that: “Some of the cohort studies listed for leukaemia 



in Table 42 have also analysed the benzene related risk of non-Hodgkin lymphoma (NHL) and/or 



multiple myeloma (MM). The results have been heterogeneous. exposure.” 



Referring to Table 28 and the Vlaanderen (2011) meta-analysis, ECHA state that: “The meta relative 



risk increased with increasing study quality for MM, thereby suggesting an association with the 



exposure to benzene. The meta relative risks were, however, only slightly above 1 (Table 28)”.  Please 



refer to our comments above on the “quality” indicators in Vlaanderen 2011, which indicates that this 



“trend” is meaningless.  



We agree with ECHA, when it states on page 9x that: “For NHL it must be noted that it is a 



heterogeneous group of histological subtypes, and the definition of NHL overall and its subtypes has 



evolved over the last several decades with the application and discontinuation of several classification 



schemes, which complicates the assessment of exposure to benzene and risk for NHL (IARC 2012, 



Health Council of Netherlands 2014, Vlaanderen et al 2011).”  ECHA should also note that ALL and CLL 



are also now considered under the lymphoma rubric.  



On page 99, when discussing the Copley et al., 2017 study, ECHA state that “The risk was most evident 



for refractory cytopenia with unilineage dysplasia which was also the most common type of MDS in 



the population studied accounting for 70% of all cases.”.  However, the correct subtype that was 



elevated was refractory cytopenia with multilineage dysplasia.   



CONCLUSIONS HUMAN DATA  



ECHA state that: “Epidemiologic studies provide clear evidence of a causal association between 



exposure to benzene and leukaemia, especially for AML/ANLL but also for ALL, CML and CLL.” We 
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disagree since IARC, The Health Council of the Netherlands (2014), and AGS (2012) all conclude that 



the evidence is only possible or limited for ALL, CML and CLL. (DECOS, 2014, Loomis et al 2017) The 



only leukaemia cell-type that is clearly linked to benzene is AML/ANLL. Nothing in the literature from 



2012 forward should change that view, except that there is stronger evidence for a relationship with 



MDS and benzene.  
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(carcinogenicity for benzene) has a threshold the disease process will have a threshold. As shown by 



both the DECOS and LOA analysis, a threshold model is supportable for benzene. 



ECHA’s proposal suggests one would need to establish that all modes of action have threshold to 



support a threshold approach. While we would agree that multiple factors influence benzene’s 



toxicity, particularly as it pertains to leukaemia, it is not necessary for every aspect of a mode of action 



to be completely understood, and a threshold established for each aspect, to conclude a threshold 



model is appropriate.  



The WHO IPCS Human Relevance Framework for cancer mode of action holds there is a series of key 



events in the pathway to the final carcinogenic outcome. These sequential key events can be affected 



by modifying factors. Key events, as implied by their name, are essential to the disease process. If the 



key event does not occur, the disease process will not progress. A key characteristic of key events is 



they show a time- and dose-related pattern. For benzene’s leukaemogenic action the temporal 



pattern is haematotoxicity, aneugenicity, and leukaemia. This path is also supported by its dose 



response function. Haematoxicity is found at the lowest doses (LOAELs of approximately >2 ppm), 



with aneugenicity appearing at a marginally higher exposure (LOAELs of approximately ≥10 ppm). 



Excess leukaemia risks begin at exposures >10-20 ppm, and possibly >20 ppm. Once one understands 



the sequential relationship between key events in disease progression it is not necessary to prove all 



the events have a threshold. If any single key event in the sequence has a threshold, then the disease 



process has a threshold. Thresholds act as filters – they damp biological noise, propagating an action 



only when a sufficient stimulus is present. Consider the analogy of an analog radio – when in operation 



the adjustments of the frequency or volume dial result in linear changes. However, unless the 



threshold of activation – the power switch – has been flipped on there will be no linear response no 



matter how someone adjusts the dials. For benzene, this is haematoxicity – unless there is enough 



benzene exposure to deplete blood cells there will not be leukaemia.  



In support of this point, DECOS applied a threshold approach in their risk assessment and considers 



that haematotoxicity is an early indicator of developing AML/MDS following benzene exposure, and 



also noted that persistent cytopenias and other blood disorders frequently precede the onset of 



leukaemia in patients developing AML secondary to benzene or other alkylating agents.  DECOS 



concluded that “although several dose-response analyses on the benzene-leukaemia association have 



been reported, their power at low levels of exposure is low and they do not allow determination of a 



reliable point of departure for derivation of a health based OEL”.  Based on their review of the benzene 



data, DECOS noted that several good quality human haematotoxicity studies are available in which 



individual benzene exposure levels were regularly monitored before blood samples were collected. 



Consequently, DECOS decided to consider haematotoxicity data as the most suitable starting point for 



their benzene risk assessment. The ECHA document mentions that DECOS concluded that in some 



studies exposure to 0.6 ppm showed haematotoxic effects while in others none were observed.  The 



ECHA summary is not clear as to strengths and weaknesses of the studies that DECOS assessed but 



does state that DECOS applied “a pragmatic weight-of-evidence approach” by applying an uncertainty 



factor of 3 since 0.6 ppm was a LOAEL (in some studies, but not in others), resulting in a recommended 



OEL of 0.2 ppm.  The ECHA value appears to be based on the BMDL of 0.1 ppm calculated by ATSDR 



(2007), an analysis with notable methodological issues discussed further below. ATSDR used data from 



a study in Chinese shoe factory workers with “adequate exposure assessment”, in which 
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haematological effects were reported at 0.57 ppm (Lan et al 2004). It’s not clear if this is the same 



study that was used by DECOS in their assessment, but if so it does not account for apparently 



significant benzene exposure by other routes, hence overestimating the impact of occupational air 



benzene levels workers experienced.  If it is the same study then the difference appears to have been 



due to the assessment factors used to derive the OEL.  



Misidentification of Benzene as a SCOEL carcinogen group B substance  



2.  SCOEL carcinogen group C assignment of benzene is more consistent with its nature as a weak 



genotoxin with important secondary mechanisms than assignment to group B. 



ECHA’s proposal justifies assigning benzene to SCOEL carcinogen group B on the basis that “…the 



situation [with regard to mode of carcinogenic action] is not clear and for which a linear non-threshold 



model may be used as a default assumption, based on the scientific uncertainty.” This does not appear 



aligned to the SCOEL methodology, which assigns weak genotoxins with secondary mechanisms 



playing an important role to group C, and uses a NOAEL approach. SCOEL’s methodology makes no 



requirement that a mode of action be completed understood. The mere presence of unresolved 



scientific details may not preclude a decision based on available evidence. 



Both ECHA and LOA agree that benzene appears to be a weak genotoxin, and that chromosomal and 



DNA reactive effects appear due to secondary mechanisms. Disregarding the real possibility that 



benzene causes genotoxicity only on a chromosomal level (consistent with multiple test results when 



performed under appropriate conditions) and thus qualifies for SCOEL carcinogen group D assignment, 



this would suggest group C is more appropriate. Further, ECHA’s own analysis suggests they agree 



thresholds are likely. On page 117 (section 8.3.1) of ECHA’s proposal it states that “For the non-



carcinogenic adverse effects of benzene on the bone marrow and blood system (haematotoxicity and 



immunotoxicity) and the leading genotoxic effect, i.e. aneugenicity, threshold is likely to exist.” Later 



on page 118 the ECHA notes that “In European (Estonian) workers no clastogenicity or aneugenicity 



was observed in 56 samples of Estonian workers; benzene exposure in benzene plant workers was 



1.25±1.46 ppm and in coke oven plant workers 0.34±0.23 ppm and 0.04±0.04 ppm (Surrallés et al 



1997)”. It seems that, at least for aneugenicity, data are available to show lack of effects at specific 



occupational exposure levels in benzene plant and coke oven plant workers. Understanding that 



haematoxicity precedes aneugenicity, which in turn precedes carcinogenicity, coupled with the 



understanding that threshold on any key event in the sequential disease process dictates the overall 



disease process has a threshold, supports assignment to group C. 



There is an overwhelming evidence indicating than benzene is a clastogen and aneugen. However, the 



evidence for benzene as a DNA-reactive agent or as a gene mutagen is very limited or questionable. 



As acknowledged by the ECHA document on multiple instances, any DNA reactivity of benzene is due 



to secondary mechanisms. The available data indicates that clastogenicity and aneugenicity of 



benzene is mediated by spindle poisoning, topoisomerase inhibition and/or indirect mechanisms such 



as oxidative stress. Since enzyme inhibition and indirect genotoxicity are generally recognized as 



threshold phenomena, benzene deserves to be categorized as a Group C carcinogen.  The ECHA 



document appeared to have made a stronger case in support this categorization.  It was somewhat 



surprising that ECHA categorized benzene as a Group B carcinogen at the end. Strong counterevidence 



regarding assignment to SCOEL carcinogen group B can be found in comparing the cytogenetics of 
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chemotherapy-related acute myeloid leukaemia (tAML), a situation where exposure to a strongly 



genotoxic is known, to benzene-exposed cases of AML. tAML is notable for a characteristic 



overrepresentation of specific losses in chromosome regions 5q or 7q, or gain in of an additional 



chromosome 11 (Irons et al 2013; Kerzic et al 2016, Kerzick et al 2017). This pattern is not observed in 



benzene-exposed AML. Thus, a direct IA assignment reveals a distinctly different pattern in benzene, 



consistent with it operating by an indirectly genotoxic mechanism, and thus consistent with group C 



assignment.   



Cumulatively, the balance of factors favours SCOEL carcinogen group C assignment, not to group B. 



On the basis of arguments reviewed in the sections above the proposed OEL of 0.1ppm / 8 hours is 



based on an ATSDR BMD analysis which has serious inadequacies.   An accompanying document to 



this submission reviews haematological data which point to an OEL in the range 0.4-0.7ppm / 8h being 



supportable.  
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SECTION 7.9 CARCINOGENICITY – RISK EXTRAPOLATION (Pages 108-117) 



Failure to Reconsider 1991 SCOEL in Light of Updated Information  



It is puzzling to summarize in such detail the former SCOEL report from 1991.  At the time, SCOEL 



assumed that benzene acted as a direct genotoxin by covalently binding to DNA. This presumed mode 



of action, sufficiently addressed in subsequent years to show it is not applicable in real world 



scenarios, drove a conservative approach that is no longer justified. SCOEL cited a Van Damme study 



on hematologic effects in humans that was never published, presumably due to its poor quality.  



SCOEL cited “remarkable external consistency” in risk extrapolations from different data sets at the 



time. Presumably, these were based on studies in chemical workers (e.g. Ott et al. 1978; Wong et al. 
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1987) which has been updated several times since the initial report. Subsequent work on the main 



portion of the Wong study (Collins et al 2003) suggest the importance of peak exposures in driving 



risk. In addition, both of these cohorts are in chemical workers, where several other potentially 



carcinogenic exposures are present. Finally, it is not remarkable that such “external consistency” be 



observed, when conservative risk modelling practices (e.g., no-threshold, linear at low dose) are 



dictated due to an outdated view regarding mode of action.   



The primary weaknesses in the SCOEL report is that the report is out of date and does not account for 



several updates of the studies used, all analyses are based on total leukaemia’s rather than ANLL/AML, 



and no allowance is made for more relevant modes of action.   



Inadequate Consideration and Response to Information Relevant to Justification of a Health-



based Approach  



Compounding the misidentification of benzene as SCOEL carcinogen group B, ECHA’s proposal fails to 



consider a more contemporary analysis performed by DECOS. Curiously, ECHA summarizes but offers 



no comment on the DECOS report. In particular, ECHA’s proposal makes no statement regarding the 



several dose response analyses on benzene that were available to the DECOS committee and used to 



derive a health-based OEL, yet the same information considered by ECHA “… do not allow 



determination of a reliable point of departure for derivation of a health based OEL.” DECOS offers 



the best current strategy for determining an OEL by relying on a richer database of hematologic studies 



that estimate benzene exposure in more recent time periods. This avoids several unreliable modelling 



assumptions inherent in current cancer dose-response models. Use of these model predictions results 



in very different and unreliable extrapolations to concentrations that were not present in the source 



studies. While the DECOS interpretation of the Lan study is overly conservative, the use of 



hematologic data to generate an OEL is a more reliable method to prevent proven health effects 



from benzene and should be adopted by ECHA. 



While ECHA clearly read portions of the US EPA IRIS non-cancer health effects assessment, they have 



failed to integrate US EPA’s comments regarding haematology endpoints and their relevance to other 



health effects: 



“Absolute lymphocyte count (ALC) is also thought to have a potential role as a "sentinel" effect 



for a cascade of early haematological and related biological changes that might be expected 



to result in the more profound examples of benzene poisoning observed in other cohorts of 



the National Cancer Institute/Chinese Academy of Preventive Medicine study, as described by 



Dosemeci et al. (1996). That ALC depletion is accompanied by gene-duplicating mutations in 



somatic cells under the same range of exposure conditions suggests that benzene can cause 



repeated damage to longer-lived stem cells in human bone marrow, further implicating the 



compound as etiologically important in the onset of benzene-associated leukaemia. This 



finding underlines the importance of basing public health concern for benzene on a 



toxicological effect that is representative of the earliest biological changes induced by the 



compound.”  



US EPA’s comment is consistent with a view that hematologic effects are predecessors to other 



toxicities of benzene, yet has not integrated this information into their proposal. 
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ECHA has also failed to discuss relevant information provided by LOA with regard to how benzene 



dose rates affect toxicity, and the consequent conclusion that a linear stochastic model invoking 



cumulative dose is not biologically justified. Available evidence explains why the observation that dose 



rate effects associated with benzene strongly indicate a threshold is likely to exist. 



Inadequate Justification in Selection of AGS’ linear extrapolation 



The proposal identified multiple sources of linear extrapolation for benzene leukaemia risk in section 



8.2.2, with risk estimates ranging from 2.0x10-3 to 6.7x10-3 per ppm, a more than three-fold difference. 



The proposal then selects the model providing the highest risk estimate, indicating it is “…supported 



by the more recent publication…”. As no citation is identified it appears this refers only to the date of 



publication for the AGS report. This is not a meaningful basis on which to select a value. Using such a 



basis would suggest the risk changes with whenever a more recent analysis is available, which could 



be far higher or lower due to differences in methodology. Rather, if a linear extrapolation is to be used 



(which does not appear necessary) ECHA should make a transparent justification of their selection on 



the basis of scientific and methodological rigor, not on date of publication. 



In an earlier section (8.1.3) the proposal concludes that “no individual study among those is 



methodologically convincingly more reliable than any other. Consequently, the average based 



approach chosen by AGS is justified”. However, it is not regarded as acceptable scientific practice to 



include multiple results for a study (7 from the Pliofilm study, 2 from the Australian Health Watch 



study) when pooling results from different studies. It is also usual to weight the results in some way 



based on their precision or quality rather than calculate a simple average. Furthermore, AGS included 



results from Guénel et al (2002), as does Table 42 of this report, even though the investigators 



reported that they used arbitrary units of benzene concentration because of uncertainties and only 



converted these “roughly” to compare results with other studies. These are significant methodologic 



issues who that may cause a systematic misestimation of risk. 



This report also does not take into account the most recent findings from several of the studies. The 



Guénel et al (2002) study should clearly be excluded, since they report “score-years” rather than 



“ppm-years”. The Richardson (2008) finding, which shows that benzene-related risk is only relevant 



for 20 years post-exposure (which was supported by other studies, e.g. Hayes et al., 1997; Glass et al., 



2003) is ignored. The Glass 2003 study has been updated with more reliable diagnostic information 



(Rushton et al., 2014) and no longer shows an excess, so the Glass findings, which show the lowest 



ED10’s, should be excluded. And the Pliofilm study should not be weighted multiple times. Taking 



these points into account would result in ED10’s at least three times as high as the calculated ED10. 



In summary, there are underlying methodological issues with the AGS study averaging approach, and 



the justification for selecting the AGS extrapolation is inadequate. If linear extrapolation is to be used, 



which appears unnecessary, then ECHA’s proposal warrants a substantially increased rigor in selection 



and justification of an approach. 



Risk estimates based on Richardson et al (2008). The AGS derived risk estimates using linear 



extrapolation from an ED10 for cumulative exposure i.e. the cumulative exposure required to give a 



relative rate (RR) of 11, and assuming a lifetime leukaemia incidence of 1%. More refined estimates 



can be derived using the findings of Richardson et al (2008), who found that a model with three 
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exposure time windows (< 10 years, 10 to < 20 years, and ≥ 20 years prior) provided a substantially 



better fit to these data from the Pliofilm study than a lifetime cumulative exposure model.  The largest 



magnitude of association was observed for cumulative benzene exposure accrued in the period < 10 



years prior (RR 1.19 per 10 ppm-years; 95% CI 1.10–1.29), whereas cumulative benzene exposure 



received 10 to < 20 years previously exhibited a smaller, positive association with leukaemia (RR 1.05 



per 10 ppm-years; 95% CI 0.97–1.13), and benzene exposures received ≥ 20 years prior showed no 



association with leukaemia. Although the estimated RRs for leukaemia mortality were derived for 10 



ppm-years of cumulative benzene exposure within time windows defined by time since exposure, they 



can be regarded as RRs per 1 ppm average exposure in the previous 20 years. For a worker exposed 



for 40 years from the age of 20, the model of Richardson et al (2008) predicts that the relative rate for 



1 ppm exposure rises to a peak of 1.25 between the ages of 40 and 60 years, and then falls back to 1 



by age 80, with an average relative rate of 1.164 between the ages of 20 and 80 years. A crude estimate 



of the number of excess leukaemias resulting from 1 ppm exposure can be obtained by multiplying 



the average increase in the relative rate by the cumulative leukaemia incidence at age 80. However, 



as there is little increased risk of leukaemia between the ages of 75 and 80 years, the cumulative 



leukaemia incidence at age 75 for the EU 28 countries reported by GLOBOCAN 2012 of 0.7% can be 



substituted giving an estimated excess risk of 0.164 x 0.007 = 1.15 x 10-3. A more accurate lifetable 



calculation has also been performed using a lifetable for the EU 28 countries derived from the 



EUROSTAT database, and the relative rate at each age. This gave an estimate of 8.4 x 10-4 excess 



leukaemias for an exposure of 1 ppm, almost an order of magnitude lower than the AGS estimate of 



6.7 x 10-3. However, most excess risk estimates such as those of SCOEL or the EPA are estimates of 



excess leukaemia mortality and not incident cases. GLOBOCAN 2012 reports a risk of dying from 



leukaemia by age 75 of 0.3%, giving a crude estimate of excess leukaemia mortality of 4.9 x 10-4. The 



more accurate lifetable estimate is 3.7 x 10-4, which is below the lowest value of 5 x 10-4 derived by 



SCOEL. 



Issues with Exposure Information Loss, and Subsequent Risk Misestimation, in Categorical 



Groupings Used in Meta-Analyses  



In statistical analysis data can come in many forms, but there is a clear hierarchy to their resolution 



for statistical inference. Continuous data (e.g., individual measures of air benzene exposure) is better 



than ordinal data (groups of low, medium, or high exposure with arbitrarily selected cutpoints), which 



in turn is better than binary data (ever versus never exposed to benzene). One can always move from 



a high level of resolution to a lower one (take continuous data and convert to ordinal), but the reverse 



transformation is impossible. Thus, transformation to a lower resolution data form inherently loses 



information. 



Recognizing this issue is important to understanding potential for meta-analysis using ordinal 



categorizations that assign discrete, estimated mean or midpoint concentrations for exposure 



measures (e.g. Vlaanderen et al, Roller et al 2006, and Khalade et al). This technique can result in 



substantial deviations from the benzene concentrations that study subjects were truly exposed to. For 



example, a worker who spent 3.5 years in a 10 ppm work environment is assigned an estimate of 35 



ppm-years. If the worker is included in an ordinal category of 1 ppm-day to 40 ppm-years with a mean 



for that category of 10 ppm-years, and this mean is subsequently divided by a 40 year working lifetime, 
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the worker’s estimated exposure effectively becomes 0.25 ppm, a 40 fold reduction in his actual 



concentration estimate. This type of transformation can result in major mischaracterization of risk 



because it is an enormous mischaracterization of exposure, but the meta-analyses cited in ECHA’s 



proposal do not address this potential confounding. 



Issues with Uncritical Use of Linear Extrapolations from the Pliofilm Cohort Using Rinsky et al 



Estimates  



ECHA proposals identifies multiple sources (ANSES, AGS, Khalade et al, and Vlaanderen et al) 



performing linear extrapolations that dependent in part, or entirely, on the Rinsky et al analysis of the 



Pliofilm cohort. As such, all share a similar systematic potential underestimate of benzene exposure 



in Pliofilm workers. Key to understanding the potential underestimate is in Rinsky’s assumptions 



regarding benzene exposures in the 1940’s and 1950’s. 



The history of benzene exposure estimates for the Pliofilm cohort is well detailed1. When the initial 



exposure estimates made by Rinsky et al were made they made an erroneous assumption: benzene 



exposures measured in the 1960’s and 1970’s were similar to that experienced in the 1930’s to 1960’s. 



Rinsky et al never revisited their method for exposure assessment, using the same assumption in 



follow-up studies. The United States Occupational Health and Safety Administration funded an 



independent review of the Pliofilm exposure estimates, resulting in the Crump and Allen estimates. 



These estimates made a more refined assumption than Rinsky et al with regard to exposures in the 



1930’s to 1960’s: benzene exposures correlated with the prevailing threshold limit value in each time 



period. This assumption was later validated with measured haematotoxicity data showing larger 



haematology effects among workers exposed in the pre-1948 period (mean estimated exposures of 



75 ppm) than those from the post-1948 period (mean estimated exposures of 15-20 ppm). The Crump 



and Allen estimates were higher than Rinsky et al. for most jobs. A third estimate using more informed 



assumptions related to background benzene levels, dermal exposure, shift durations, personal 



protective equipment, and engineering controls was published by Paustenbach et al and generally 



increased estimated exposures compared to Rinksy et al and Crump and Allen. The most recent fourth 



estimate, Williams et al (2003), is the most technically rigorous, utilizing probabilistic distributions for 



exposure estimates coupled with Monte Carlo sampling to derive better informed exposure estimate 



than any of the other assessments. It suggests the Rinsky et al estimates generally underestimated 



exposures, the Crump and Allen under- and over-estimated exposures depending on the job, and 



Paustenbach generally overestimated exposures. 



Thus, the overall picture becomes linear extrapolations built solely from Rinsky et al estimates are 



inherently underestimating exposures, and consequently overestimating risk. Given there are 



multiple, independent confirmations that Rinsky et al estimates are underestimates, and the data 



showing Rinsky’s key assumption regarding pre-1960’s exposures is false, any of linear extrapolations 



built from them will be inherently inaccurate and overestimate risk.  



Calculation Errors in ANSES Analysis and ECHA Application Thereof 



ANSES made two serious errors in deriving their unit risk estimate (ERU) which have been repeated 



by ECHA. The most obvious error is that ANSES did not multiply the excess risk (RR – 1) by the 



background incidence of leukaemia. Section 8.2.2 of the ECHA report concludes that the 1% estimate 
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of background risk used by AGS is appropriate based on comparisons with GLOBOCAN data. In 



addition, the ECHA report includes a relative risk per 1 ppm-year in the calculation of the ERU when it 



the calculation clearly requires risk to be expressed as a relative risk per 1 ppm. However, the RR taken 



from Richardson et al (2008) is expressed as a trend with cumulative occupational benzene exposure 



(10 ppm-years) within a time period of the previous 10 years. Hence, the RR of 1.29 can also be 



regarded as a risk per 1 ppm average occupational exposure, and does not require division by 10 as 



performed by ANSES and ECHA. The correct ERU is 2.6 x 10-6 per μg m-3, i.e. 10 times lower than the 



value actually calculated by ANSES. The exposure levels corresponding to risks of 10-6, 10-5 and 10-4 



when correctly calculated are consequently 10 times higher i.e. 0.38 μg m-3 for a risk of 10-6, 3.8 μg m-



3 for a risk of 10-5, and 38 μg m-3 for a risk of 10-4. 



Misappropriation of US EPA IRIS Inhalation RfC for Non-Cancer Effects (pp 114) 



ECHA have described the inhalation RfC (Reference Concentration) that the US EPA derived for the 



non-carcinogenic health effects of benzene in their cancer risk assessment section instead of 



describing the carcinogenicity assessment by the US EPA. The US EPA concluded that “A range of 2.2 



x 10-6 to 7.8 x 10-6 is the increase in the lifetime risk of an individual who is exposed for a lifetime to 1 



µg/m3 benzene in air”. 



 



Issues with Uncritical Acceptance of Reported Benzene Air Concentrations in Lan et al 2004 



and Rekhadevi et al 2011 for Dose Response Assessment 
In order to make reliable dose response analysis it is important to account for all exposure sources. In 



environments where only air benzene is modelled but benzene exposure includes both air and dermal 



components the resulting model will overestimate the biological effect of air benzene. One advantage 



of using biomonitoring data like urinary benzene concentrations in dose response analysis is it 



accounts for exposure via all routes, reducing the potential for unaccounted variables like dermal 



exposure to confound the dose response analysis. 



Comparison of the DFG urinary reference values for benzene and its metabolites indicate potentially 



significant methodological issues with benzene exposure assessment in both Lan et al 2004 and 



Rekhadevi et al 2011. It should be noted while benzene metabolites are informative for estimation of 



benzene exposure, their natural background level and generation is subject to greater inter-individual 



variability owing to differing metabolic enzyme genotypes. The subsequent variability may make 



statistical dose response assessment using them individually (as opposed to all metabolites and 



benzene itself) prone to greater imprecision.  



 DFG based estimate for air benzene 



concentration 



Lan et al 2004 reported 



exposures 



Rekhadevi et al 2011 



reported exposures 



Urinary 



benzene 



(µg/L) 



General population: 0.3 (95th 



percentile) 



0.6 ppm: 5.0  



1 ppm: 7.5 



Control: 0.382 



<1 ppm: 13.4 



1-10 ppm: 86.0 



Control: 0.6 



Workers: 11.29 



0.34-0.4 ppm: 8.89 
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2 ppm: 12.5 ≥10 ppm: 847 >0.4-0.43 ppm: 11.74 



>0.43-0.46 ppm: 13.4 



Lan et al reported a control group value for urinary benzene of 0.382 µg/L, slightly above the 0.3 µg/L 



value reported by DFG. Lan et al. <1 ppm exposure group (mean air concentration of 0.57 ppm) was 



reported to have a mean urinary benzene concentration of 13.4 µg/L, more than double the DFG 



reference value of 5 µg/L for a 0.6 ppm exposure. It is even in excess of the DFG reference value of 



12.5 µg/L for a 2 ppm exposure. Assuming the air benzene measurements are accurate this strongly 



suggests additional benzene exposure, either non-occupational or via a route other than air (e.g., 



dermal). Further, this suggests uncritical use of Lan et al. reported air benzene in dose response 



modelling (as performed by ATSDR) will substantially underestimate the total dose individuals 



received, and subsequently fitting a dose response function will make the benzene appear more 



potent than reality. 



Therefore, the Lan et al air exposure estimates are not a complete characterization of the study 



subjects’ benzene exposure. The correlation between air and urinary benzene measurements was not 



reported in Lan et al, but was described in a later publication (Kim et al., 2006). The reported R2 statistic 



was 0.428 for the correlation of air and urinary benzene, high enough to support that air benzene 



contributed to the total dose received by workers, but substantially too low to support that other 



exposures did not contribute to total benzene dose received. On balance, this suggests the use of Lan 



et al. reported air benzene concentrations as the sole measure of dose for modelling haematotoxic 



effects will substantially misestimate the dose response function. 



A similar issue appears to exist for Rekhadevi et al, which the ECHA proposal cites as reporting a 0.4 



ppm LOAEL for aneugenic effects. Rekhadevi et al reports a group of workers exposed to 0.34-0.4 ppm 



air benzene exposures (converted from µg/m3) to have 8.89 ± 1.41 µg/L urinary benzene 



concentrations. This urinary benzene concentration exceeds the DFG value for a 1 ppm exposure of 



7.5 µg/L. In Rekhadevi et al’s highest exposure group, nominally >0.43-0.46 ppm air benzene, the 



reported urinary benzene concentration was 13.44 ± 0.54 µg/L, a value exceeding DFG value for a 2 



ppm exposure of 12.5 µg/L. Similar to the situation with Lan et al above, this suggests the study 



subjects total benzene exposure cannot be accounted for with air benzene alone. This appears quite 



plausible, as the publication reports none of the study subjects used hand gloves in their work. 



Without gloves it is readily conceivable study subjects may have experienced dermal exposure via fuel 



on the hands, which may be spread to other article of clothing with extended skin contact. 



In summary, both urinary benzene measurements reported by Lan et al and Rekhadevi et al’s both 



indicate air benzene measurements did not account for the total benzene dose of their study subjects. 



As such, dose response modelling or NOAEL/LOAEL assignments using only air benzene measures will 



systematically misestimate the true response. Fortunately, both authors provided urinary benzene 



measures, which can be used to more completely model the effect of benzene on different health 



endpoints. If one uses the DFG values as a guide to estimate the air concentrations that result in 



specific urinary benzene concentration, then Lan et al’s lowest exposure group can be characterized 



as >2 ppm and Rekhadevi et al’s lowest exposure group as >1 ppm. 
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Issues with Uncritical Adoption of BMD Modelling in ATSDR’s Profile of Benzene 



The ECHA proposal accepts without critical examination ATSDR’s reported BMD analysis of the Lan et 



al haematoxicity data. Putting aside the already identified misestimate of total benzene exposure in 



Lan et al, examination of ATSDR’s analysis shows the reported value to be derived in a manner 



inconsistent with recommended practices for BMD analysis. Uncritical adoption of ATSDR’s BDML 



ignores multiple methodological shortcomings and propagates used of a non-transparent value.  



1. The ATSDR reports the value only for a single statistical model, when multiple models are 



available. This is a significant transparency issue. 



2. There are major differences in the BMD estimates across statistical models, indicating 



significant potential for poor estimation of the true BMD due to model selection error.  



3. The justification for the benchmark response is without biological basis, appearing to select a 



desired value to determine the effect size of interest. 



4. It is an incomplete analysis of potential indications of haematotoxicity. 



5. It is built on a data structure (four dose groups) known to produce less reliable BMDL values.  



A good BMD analysis includes all appropriate models, considering how well the models fit the 



observed data, whether additional model complexity significantly improves fits, and how certain the 



calculated BMD range is. ATSDR’s haematotoxicity analysis reports results from a single statistical 



model. This implies they either did not consider other models (a poor methodological choice), or did 



not report the results of the other analyses (a poor reporting practice). As such, it is either 



insufficiently rigorous or not transparent. More current versions of both BMDS and PROAST easily fit 



and report multiple models for a single endpoint. BMDS also includes a tool (BMDS Wizard) enabling 



parallel analysis of multiple endpoints. 



Testing multiple models shows that the BMD estimate and corresponding BMDL values depend 



strongly on the model selected, varying in BMD by a factor of 26 and BMDL by a factor of 67. This 



degree of variation in model estimates indicates there is significant risk of model selection error, 



wherein the estimated dose response may be far from the true dose response simply because the 



wrong statistical model was selected. 



Model Name BMD BMDL BMDU 
BMDL/BMDU 



Ratio AIC 
Scaled residual for 
dose group near 



BMD 



Exponential2 8.26578 5.10297 16.3265 0.313 3915.279 -2.223 



Exponential3 8.26578 5.10297 16.325 0.313 3915.279 -2.223 



Exponential4 0.384562 0.140936 2.0422 0.069 3905.811 -0.2003 



Exponential5 0.384562 0.140936 2.0422 0.069 3905.811 -0.2003 



Hill 0.421959 0.103932 1.5074 0.069 3904.325 -0.46 



Linear 10.1768 7.01271 18.5429 0.378 3916.022 -2.32 



Polynomial 0.374008 0.221726 1.07403 0.206 3905.264 -1.75E-07 



Power 10.1768 7.01271 18.5429 0.378 3916.022 -2.32 



The inherent uncertainty in the Hill model used by ATSDR is also notable for its BMDL-BMDU interval 



(a statistic available in PROAST 38.9 and above or BMDS 2.7, but not the earlier version of BMDS used 



by ATSDR), a measure of how uncertain the BMD estimate is for a given model. The confidence bounds 
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on the Hill model are asymmetric – 0.3 ppm between the lower limit and central estimate, but 1.1 



ppm between the central estimate and upper limit. This indicates that the true benchmark dose has 



more potential to be above the BMD than below. Use of Hill model results in such a low BMDL 



compared to other models in part because it is more uncertain about where the true BMD might be. 



As a policy choice this is questionable, as it means the risk assessor is selecting a more uncertain point 



of departure. The BMDL/BMDU ratio above indicates the Hill model is, relatively speaking, among the 



most uncertain (other models have wider absolute confidence intervals). 



For all the models analysed there are two important tests that all the statistical models provided in 



BMDS fail: constant variance and good variance models. This would appear to indicate the actual data 



itself does not have constant variance when analysed on a linear scale (which BMDS does by default). 



This may by extension cause the variance model to poorly fit the data. Thus, given that the dataset 



used in the ATSDR analysis violates key statistical assumptions the results should be considered more 



cautiously than if they fit the assumptions.  



ATSDR’s justification for the selected benchmark response explicitly indicates the selection was 



because of the value it provided, not because the value has any biological significance: 



“A benchmark response (BMR) of 0.25 sd below the control mean B cell count was selected 



because it resulted in a BMC0.25sd of 0.42 ppm and its lower 95% confidence limit 



(BMCL0.25sd) of 0.10 ppm (Figure A-1), which are below the mean exposure level of the lowest 



exposure group (0.57 ppm) for which a statistically significant decrease in mean B cell count 



(186 versus 218 in controls, see Table A-1) was observed.” 



Selecting a specific benchmark response in order to obtain a desired value is at best a highly 



questionable practice. EFSA’s guidance for BMD modelling contrasts sharply with this practice: 



 “Ideally, the [benchmark response] would reflect an effect size that is negligible or non-



adverse. However, the practical constraint is that the BMR chosen should not be too small, to 



avoid having to estimate a BMD by extrapolation outside the range of observation, such that 



the BMDL would then depend heavily on the model used.” 



EFSA’s guidance indicates the analyst should decide the effect size of interest, then analyze the dose 



response data. ATSDR’s justification suggests they did precisely the opposite, and EFSA’s observation 



appears astute – the ATSDR analysis has produced an estimate that is outside the range of observation 



and heavily dependent on the model used. 



The selection of a 0.25 standard deviation is also inconsistent with EFSA and EPA recommendations 



for benchmark response selection. If a standard deviation is used, the default recommendation is 1 



unit. Such an analysis produced markedly higher estimates for BMD and BMDL, and also reproduces 



the same pattern of substantial model dependency and asymmetric BMD confidence intervals: 



Model Name BMD BMDL BMDU 
BMDL/BMDU 



Ratio 
AIC 



Scaled 
residual for 
dose group 
near BMD 



Exponential2 27.2258 20.8636 39.1683 0.533 -203.196 14.15 
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Exponential3 27.2259 20.8636 39.1683 0.533 -203.196 14.15 



Exponential4 10.0609 5.16351 287300 1.8E-05 -210.656 25.87 



Exponential5 10.0609 5.16351 287300 1.8E-05 -210.656 25.87 



Hill 



No model 
output 



No model 
output 



No 
model 
output 



Calculation 
Impossible 



3906.386 0 



Linear 39.7202 26.4707 74.1472 0.357 3917.809 0.51 



Polynomial 
28.7854 28.7012 



No 
model 
output 



Calculation 
Impossible 



3906.386 -0.401 



Power 66.2626 16.1016 19132.8 0.001 3904.746 -0.0738 



The default recommendation for a continuous endpoint like B cells counts would be a 5% change, but 



a biologically informed point of departure would be to consider the lower limit of normal for the 



measure of interest. Using the lower limit of normal as benchmark response would reflect an effect 



size that is clinical shown to be negligible or non-adverse, but these values tend to be lab specific. 



There are reported ranges are available in the scientific literature1 indicating the 95% lower confidence 



interval for B cell counts in young or middle-aged health Chinese adults is 104 and 77, respectively.  



The reporting of single endpoint measure of haematotoxicity is another significant technical 



shortcoming in the ATSDR BMD analysis. Lan et al. dataset reports 11 discrete haematology endpoints, 



the majority of which are statistically significantly altered. The reported rationale was the effect size, 



a 36% decrease, on B cells was the largest reported. While effect size is important to statistical power, 



it is independent of relative sensitivity for the differing endpoints, and ignores the point that the 



difference is indistinguishable from similar decreased endpoints (e.g., granulocytes decreased 32%) 



once one considers measurement error and natural variation. Thus, the BMD analysis reported by 



ATSDR is at the least incomplete, as it does not consider all the available endpoints. 



The dose structure of the Lan et al data, four groups as published, can be recognized as consistently 



leading to more uncertain BMD estimates. Simulation studies demonstrate that studies using four 



groups produce more uncertain estimates (wider confidence intervals) of the BMD compared to 



studies using five or more groups1. Using each individuals’ estimated exposure and haematology 



values would be more helpful in estimating the true shape of the benzene dose response function, 



but the Lan et al. published data do not enable such an analysis. As such, the ATSDR analysis thus 



makes use of data structured in a way that predictably results in wide confidence intervals. The 



resulting BMDL values are a stronger indicator that published structure of the Lan et al. data leads to 



uncertain BMD models, not robust evidence that effects may be occurring at sub-ppm exposures.  



Erroneous Conclusion on Relative Sensitivity for Aneugenic and Hematologic Effects of 



Benzene 



ECHA’s proposal states “However, since aneugenicity seems to be a more sensitive toxicological [sic] 



parameter associated with benzene exposure than its haematological effects (Zhang et al 2012), it can 



be assumed that the NOAEL for aneugenic effects would be lower than the NOAEL (or calculated 



BMDL) of 0.1 ppm for haematotoxic effects.” (page 115) 
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This statement appears unsupportable for several reasons: 



4. Zhang et al. dose response data is not specific enough to make comparison of relative 



sensitivity for aneugenicity and haematoxicity because the lowest exposure group (<10 ppm) 



encompasses the range where both effects are observed, and not generalized enough to 



characterize the entire spectrum of aneugenicity and haematotoxicity. 



5. Even if the dose response data more expansive, Zhang et al. sample size is too small (28 



benzene exposed individuals) to draw reliable, generalizable conclusions regarding relative 



sensitivity 



6. Zhang et al was referring to a single, specific form of aneugenicity (monosomy) as a biomarker 



of exposure, not a biomarker of effect.  



Due to its study design Zhang et al., (2012) cannot demonstrate aneugenicity is a more sensitive 



measure of benzene toxicity than hematologic effects. The exposure groups were divided into Control 



(n=14), <10 ppm (n=18), and ≥10 ppm (n=10). This grouping makes it is impossible to estimate the 



relative sensitivity of aneugenicity and hematologic effects from Zhang et al. alone because both 



effects can be observed at exposures of 10 ppm or less.  



Furthermore, the group sizes of 18 or fewer are far too small to draw a reliable, generalized conclusion 



regarding relative sensitivity. This problem with generalization is further emphasized when one 



considers the study subjects are all Chinese workers from a handful of factories in a single city of China, 



a sample far smaller and less diverse than the European working population. While it is clear ECHA 



correctly recognizes the issue with extrapolation from one ethnic group to a more diverse multi-ethnic 



group, it did not remark on the more fundamental statistical issue in using a small sample size for 



extrapolation. 



Extending the issues with generalizing Zhang et al. study, because only one measure of 



haematotoxicity was assessed one cannot generalize to the conclusion that aneugenicity is more 



sensitive than haematotoxicity. Both classes of effect have multiple independent endpoints (tens of 



endpoint measures for both haematotoxicity and aneugenicity). It is scientifically invalid to state an 



entire class of effects (haematotoxicity) is less sensitive than another class (aneugenicity) based solely 



on a single endpoint measures for an entire class. A generalization may be possible, but it would entail 



considering more than the information available from a single study. 



The ECHA proposal appears to confuse concepts of biomarkers of effect with biomarkers of exposure 



their statement regarding relative sensitivity of endpoints. Zhang et al., (2012) stated “Further, the 



degree of monosomy induction was greater than the proportionate decline in peripheral blood cell 



counts, suggesting that it may be a more sensitive biomarker of benzene exposure” (emphasis added). 



This should not be interpreted as a conclusion that aneugenic effects are generally more sensitive. 



Rather, it is the authors hypothesizing from observations in a small sample that because the relative 



effect size for a single, specific aneugenic effect it may be a more sensitive biomarker of benzene 



exposure than white blood cell counts. Putting aside the previously noted issue with generalizing too 



broadly from Zhang et al’s study, one should also take note that the authors were referring to 



sensitivity as a biomarker of exposure, not a biomarker of effect. Zhang et al’s sensitivity hypothesis 



neglects to consider that while effect size is important to statistical power for effect detection, making 



statistical analyses capable of detecting a difference with small sample sizes (i.e., statistical testing 











LOA Technical Steering Committee  
Benzene Ad Hoc Working Group   
Detailed comments on the ECHA proposal for benzene workplace OEL values 



 



Lower Olefins and Aromatics REACH Consortium vzw 



Registered Address:  



Avenue des Arts 10, 1210 Brussels, Belgium  



52 of 5 4                                      7th November 2017 



 



may be more “sensitive”), it can be irrelevant to where a dose response begins. A chemical can have 



low potency still retain a large potential effect size (maximal effect), just as a chemical can have a small 



potential effect size but be very potent. It is the potency of a chemical that dictates judgments of 



relative sensitivity for an endpoint, not the statistical power. 
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On the basis of arguments reviewed in the sections above the proposed OEL of 0.1 ppm / 8 hours is 



based on an ATSDR BMD analysis which has serious inadequacies.   An accompanying document to 



this submission reviews haematological data which point to an OEL in the range 0.4-0.7ppm / 8h being 



supportable.  



On the proposed STEL of 0.2 ppm: No health protection objective is stated for the proposed STEL of 



0.2 ppm in relation to any health effects resulting from short-term exposures. Instead, it is positioned 



as an additional exposure management tool to protect against health effects from long-term 



exposures according to established practice for CMR substances in a single EU member state. This is 



in contradiction of SCOEL philosophy which says that this practice has no scientific basis. As such it 



does not belong in the present ECHA proposal and should be removed. 



There is no justification to publish a biological guidance value. This is not part of the H&S legislation 



and it superfluous to the proposed biological limit value. In addition, in chapter 8.3.4. ECHA has 



wrongly referred to a biological guidance value as it should have been referenced as a biological 



reference value or better as a “biologische Arbeistsstoff Referenzwert” as used by DFG. A biological 



guidance value could easily be confused with a “biologische Leitwert” which is a completely different 



parameter used by DFG. 



OVERALL COMMENT 



LOA recognises that benzene is a particularly data rich substance and the ECHA documentation was 



written against tight deadlines. LOA believes there are a number of aspects of the report and the OEL 



Proposal that deserve further consideration before the Proposal is finalised. LOA experts would be 



open to questions and further discussion with ECHA to help progress this document. 



Given the potential consequences of implementing an OEL at a significantly lower level the health 



documentation provided for the limit setting process needs to be appropriate and scientifically sound. 
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Potential derived no effect level (DNEL) for benzene based on
haematotoxicity



Rationale
The literature on benzene exposure has been examined in depth for a critical health effect upon which
to base a derived no effect level (DNEL). The highest quality literature suggests that haematotoxic
effects on the bone marrow are likely to be the earliest manifestation of benzene exposure. This is
supported by several high-quality studies on hematologic effects and the fact that benzene’s
carcinogenic effect is likely governed by processes that lend themselves to thresholds. The highest
quality literature on benzene leukemogenesis suggests that AML and ANLL occur at higher
concentrations (Rhomberg et al., 2016; Schnatter et al., 1996) and show a strong sub-linear dose
response.  Even with very conservative assumptions (i.e. use of the Rinsky et al., exposure estimates,
use of total leukemia rather than AML, and application of a linear, no threshold statistical model)
meaningful excess incidence in this population only occurs at levels in excess of the current
occupational exposure standard. Milder effects that likely arise in the bone marrow such as cytopenia
are much more feasible consequences of lower benzene exposure. Thus, the DNEL derivation below
is based on these mild, but consistently observed haematotoxic effects.



Since blood turnover is relatively rapid, we give preference to studies that measured recent exposure,
since distant exposures experienced years before are probably not applicable (one exception is if past
levels were very high so that permanent bone marrow damage resulted). The highest quality studies
that looked at a range of blood indices, employed a recent benzene exposure metric and support
definitive haematotoxic effects are used in the derivation below. Definitive haematotoxic effects are
supported by a reduction in more than one blood element (if multiple blood elements were
examined), an overall dose-response that is monotonic (unless it can be explained why monotonicity
should not be present) and a result that is not just present in one study subgroup, unless it can be
rationalized.  We also focused on studies that provided evidence on a range of exposures and excluded
studies that were exclusively focused on exposures that routinely exceeded 10 ppm (e.g. Greenburg,
1939; Goldwater, 1941; Aksoy et al, 1971).



Literature concerning benzene and hematologic effects
There are at least 21 human studies in the literature of lower levels of benzene exposure that have
individually-based estimates of benzene exposure and hematology readings in the same individual,
namely Bogadi-Sare 1995; Collins et al.1991; Collins et al., 1997; Dosemeci et al., 1996; Fishbeck 1978;
Hancock et al 1984; Kipen et al 1988; Ward et al 1996; Khuder et al.1999; Kim et al 2004; Koh et al.
2015; Lan et al., 2004; Moro 2015; Pesatori et al. 2009; Qu et al. 2002/2003; Rothman et al. 1996;
Schnatter et al., 2010; Swaen et al., 2010; Townsend et al. 1978; Tsai et al., 2004; and Yardley Jones
et al. 1988. We note that this list is not all-inclusive since early studies were performed on much higher
exposures. Individually-based estimates could have resulted from personal monitoring of an
individual, or the use of personal monitoring readings in describing either well-justified job-based or
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work history based assignment of these readings ((i.e. the use of well-rationalized job/exposure
matrices that were based on recent benzene exposures prior to the blood draw). We excluded studies
where the individual was not the unit, and downgraded other studies based on exposure assessment
as described below.



For hematologic endpoints, we reviewed these recent studies while assessing the quality aspects
(Vlaanderen et al., 2008) of each study, which aids the interpretation of the weight of the evidence
from the hematology studies. The highest quality studies that examined lower benzene exposures
were Collins et al. (1991), Koh et al. (2015), Lan et al. (2004), Qu et al. (2003), Pesatori et al. (2009),
Schnatter et al. (2010), Swaen et al. (2010), and Tsai et al., 2004. Rothman (1996) and Dosemeci (1996)
are also higher quality studies but are mainly based on exposures above 10 ppm. Thus, there are at
least eight high quality studies in the literature that should contribute to a weight of evidence
assessment for hematologic effects below 10 ppm.



Basing the assessment of quality on Vlaanderen, 2008, the following are distinguishing features that
affected the quality assessment of the hematology studies (e.g. studies differed with respect to these
criteria).  The studies that ranked high met all or most of these criteria:



 High quality exposure measurement (lab/equip/protocols)  



 Good insight on exposure variability within the population studied



 Well-justified application of exposure measurements in exposure assessment  



 Good, well-justified quality exposure assignment  



 Low potential for information bias  



 Good insight on systematic error influences  



In essence, higher quality studies use reliable, objective exposure assessment methods based on
individual monitoring results and are able to assess dose-response.



The studies that were ranked medium quality were as follows: Bogadi-Sare, 1995; Collins, 1997; Kipen
1988; Khuder 1999; Townsend 1978; and Ward 1996. All studies except Kipen and Ward were
considered medium quality, because of exposure assessment, assignment, the lack of detailed
monitoring data, or assembly of the data that did not permit assessment of dose-response
relationships. Kipen 1988 and Ward 1996 were downgraded because of likely information and
selection bias on the small subset of workers who had retrievable hematology information. The
remaining studies were considered lower quality due to either inappropriate exposure metrics, lack
of statistical analysis, or study design flaws.



High quality studies that show effects
Qu et al. 2002, 2003



Qu et al, 2002 saw significant trends for decreases in white blood cells (WBC), red blood cells (RBC)
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and neutrophils in 130 shoe, glue and sporting goods Chinese workers versus 51 age, sex- and smoking
matched controls in Tianjin, China. Workers were exposed to 4-week average concentrations of 0.08
to 54.5 ppm, and lifetime cumulative exposures of 6.1 to 632 ppm-years. The most sensitive
parameter from this study was reduction of the neutrophil count. For blood count reductions, the 4-
week average exposure is the most relevant metric. A significant dose-response for neutrophils (as
well as other blood elements) was found for exposure groups 0-5, 5-15, and 15+ ppm. The 0-5 ppm
group showed a 12% reduction in neutrophil count that was of greater magnitude than other blood
elements. The mean concentration of benzene over four weeks for this low dose group was 2.28 ppm
(1.3 SD). Thus 2.3 ppm can be regarded as a LOAEC from this group.



Other analyses that were conducted in Qu et al, concerning a 0 – 0.5 ppm group, were not used
because an inappropriate control group.  Specifically, a group of 16 female workers exposed to
concentrations < 0.5 ppm (i.e. average 4-week concentration = 0.14 ppm) had significant 15%
decrements in WBC and RBC parameters and a 19% decrement in neutrophils which remained after
control for confounders. However, this analysis is flawed since female subjects are being compared to
males and females (females have a’ priori lower blood counts), and none of these workers smoked,
while the comparison group did. Since smoking raises neutrophil counts, the comparison (for this small
subgroup only) is inappropriate, confounding by gender and smoking was not (and indeed, cannot be)
accounted for, despite the attempt to control for it. Thus, the LOAEL for this study is 2.3 ppm which is
the mean exposure of the 0-5 ppm group, which contains sufficient numbers and enough
heterogeneity by gender and smoking to allow for control of these confounders.



Schnatter et al. 2010



Schnatter et al. (2010) examined several blood indices among a large population of 928 shoe and
rubber workers in Shanghai China, and 73 internal controls not exposed to benzene. Exposure ranged
from 0.02 ppm to 273 ppm, with mean exposures of 1.8 ppm among males and 3.4 ppm among
females. These were derived from over 2900 individual monitoring readings. For continuous blood
parameters, Schnatter et al., did not group employees into categories, but instead used change point
regression techniques to delineate the lowest concentration in which the slope for benzene’s effect
differed from 0, a technique that lends itself more readily to identify lowest effect levels. Of 12
parameters studied by Schnatter et al. (2010), 10 parameters showed an effect, mostly for benzene
exposures greater than 10 ppm. The lowest threshold for a clear signal was 7.8 ppm for reductions in
neutrophil counts, which can be regarded as the LOAEL. Schnatter also examined (in a categorical
fashion, similar to most other studies), clinically relevant effects on white and red cells. For MCV, a
monotonic dose response was seen, with exposures above 10 ppm having an effect. For anemia,
Schnatter indicates significantly elevated risks in the <1 ppm and >10 ppm groups, which is difficult to
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interpret due to non-monotonicity.  This result was present in males but not females. A one-sided
95% lower confidence limit for the neutrophil change point of 7.8 ppm is 3.5 ppm.  This number can
be regarded as a NOAEL in the present study.



Koh et al., 2015



Koh et al. (2015) studied 10,702 Korean benzene workers in various industries and categorized
exposures as 0.01 – 0.1 ppm (with a group mean of 0.04 ppm), 0.1 – 0.5 ppm (mean = 0.20 ppm), and
>0.5 ppm (mean = 2.6 ppm). In general, Koh shows that most blood parameters are unaffected by
benzene, when using a tiered approach for exposure information quality. Koh et al. (2015) saw no
consistent trends in white cell counts nor platelets. However, Koh does report a relationship between
clinically defined anemia (reduced red cells) in the highest exposed group - above 0.5 ppm (mean =
2.6 ppm) for higher quality exposure information. However, this result is specific to males.



Comment:



The reason for positive RBC-based findings only among males is uncertain, though males could
potentially be more sensitive than females, and RBCs could be an early indicator of benzene-induced
haematotoxicity. Still, because of multiple potential interpretations of the (Koh et al., 2015) results,
they do not form the basis for definitive LOAELs or NOAELs. The same is true for the Schnatter et al.
(2010) findings on red blood cells which are not monotonic.  Results from Schnatter et al., are much
more consistent for 7.6 ppm and above (the changepoint for neutrophils), thus 7.6 ppm can serve as
a LOAEL. A one-sided lower confidence limit of 3.5 ppm can be calculated for neutrophils.  This should
be interpreted as a NOAEL rather than a LOAEL.



Lan et al., 2004
The Lan et al., 2004 study compared 250 subjects from two shoe factories with140 unexposed
controls. Subjects were categorised into four groups by mean benzene levels measured during the
month before phlebotomy (control; <1 ppm; 1 to <10 ppm; and ≥10 ppm).  Controls were from a
clothing manufacturing factory, but were frequency matched on demographic variables. The authors
reported significant depressions in WBC, granulocytes, lymphocytes, CD4 T cells, B cells, monocytes,
and platelets at benzene concentrations less than 1 ppm based on a group of 109 subjects categorised
as exposed to < 1 ppm. The mean exposure in this group was 0.57 ppm. While a level of 0.57 ppm has
been mentioned as showing an effect (i.e. a LOAEL) on blood cell elements in Lan et al., 2004, this
finding comes with several caveats and is too uncertain to be regarded as a clear LOAEL. For example,
the potential effect at 0.57 ppm in Lan, 2004 is not internally consistent due to a non-monotonic dose
response, and the potential for higher past exposure (Vermuelen et al., 2004). Over half of the
workers, categorised as exposed to < 1 ppm, had a past cumulative exposure of over 40 ppm-years,
although the average length of employment was only 6.2 years, and many workers were also exposed
to a range of other chemicals, including toluene, pentane, ethyl benzene, xylene, trichloroethane and
heptane.  In addition, this study shows no difference between the < 1 ppm and 1-10 ppm groups,
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bringing into question whether the control group is appropriate. The non-monotonic risk is difficult to
interpret.  In addition, other evidence from high quality studies does not support an effect on white
blood cells (Collins 1991; Schnatter et al., 2010; Koh et al, 2015; Swaen et al., 2010; Tsai et al., 2004)
at levels of 0.57 ppm. Use of the Lan et al (2004) study alone is not employing a weight of evidence
assessment.



However, if the urinary benzene concentrations found in the <1ppm group is taken as a more precise
indication of exposure, DRG values can be used to calculate a potential airborne LOAEC (while ignoring
the fact that the controls may still be inappropriate). DRG air/urine values suggest that the Lan et al,
2004 <1ppm group is really exposed to an approximate mean of 2 ppm rather than 0.57 ppm.  It is
proposed that this value of 2 ppm, which could account for previous criticisms of higher exposures
among the group that were unaccounted for, be used as a non-definitive LOAEL, or a conservative
supporting study derivation of a LOAEL. Use of 2 ppm still does not account for non-monotonicity of
the dose-response, nor the fact that controls may have differed in unaccounted ways since they
worked in a separate facility. If a LOAEL of 2 ppm from the Lan et al study is used, the value is consistent
with other studies that clearly show effects (e.g. Schnatter et al., 2010; Qu et al., 2002, 2003); as well
as other studies that show no haematotoxic effects (Tsai et al., 2004; Collins et al., 1991; Pesatori et
al., 2009; Swaen et al., 2010). These latter studies are summarized below.



High quality studies that show no consistent effects
Swaen et al. (2010) analysed haematological data from an exposed group of 701 workers (8,532 blood
samples) and a non-exposed group of 1,059 workers (12,173 blood samples). A job exposure matrix
was used to assign employees an exposure value at the time that blood was drawn. A stratification of
the exposed population into three subgroups (<0.5 ppm, 0.5-1 ppm and >1 ppm) resulted in no
declines in the majority of blood indices. A reduction in eosinophils was observed for the 0.5 – 1 ppm
and > 1 ppm groups. The average exposure estimate for all blood samples in the exposed group was
0.22 ppm, ranging from 0.01 to 1.85 ppm.



While effects on eosinophils could be an early marker for benzene-induced haematotoxicity, the
changes were small and not clinically significant. Schnatter et al., also reported a potential effect of
toluene exposure on eosinophils. Thus, a strong interpretation of this isolated finding is not justified.
The mean exposure for all blood tests was 0.22 ppm in Swaen, which should serve as a NOAEL.



Tsai et al. (2004) observed and absence of haematological effects at low exposures in a reasonably
large study. They found no differences after comparison of haematological surveillance results for
1200 workers with low benzene exposure (0.6 ppm 8 hr TWA between 1977 and 1988; 0.14 ppm 8 hr
TWA since 1988) with those of 3,227 non-exposed employees. This study indicates that there are no
consistent findings on blood cell decrements up to a benzene concentration of 0.6 ppm.



Pesatori et al. (2009) examined 153 Bulgarian petrochemical workers exposed to benzene from 0.01
to 23.9 ppm versus 84 unexposed subjects. Exposure groups were defined as controls, <1 ppm (mean
= 0.3 ppm) and >1 ppm (mean = 4.9 ppm). Measurements were taken the day before phlebotomy.
Most blood parameters were not reduced when comparing these two groups versus the controls.
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However, a decline in eosinophils was noted, although the decline was only observed for smokers. A
weighted average of mean exposures in this study is 1.7 ppm, which can serve as a NOAEL.



Collins et al., 1991 studied several hematologic parameters among 468 Monsanto chemical plant
workers (200 exposed) between 1982-89. A total of 1112 TWA-8 monitoring results were used to
estimate exposures. Geometric mean benzene concentrations were between 0.01 and 1.4 ppm (95%
were between 0.01 and 0.1 ppm) for different jobs. A job exposure matrix was used to assign
exposures at the time of phlebotomy. Arithmetic mean exposures were not provided, but are likely
higher assuming the exposure distribution shows usual right-skewness. As such, results are likely
conservative based on geometric means. The vast majority of blood elements showed no effects when
examining several metrics of benzene exposure. An isolated effect on MCV was noted. While this could
indicate MCV as the most sensitive indicator of benzene exposure, the MCV changes were within
clinically normal ranges, MCV can be a non-specific effect of general stress, and several other
parameters showed no effect (RBCs, WBCs, HgB, platelets, and WBC differentials). Collins reports only
one job assignment above 0.2 ppm, which is taken as the maximum reliable exposure that showed no
effects, or the NOAEL.



High-quality studies are summarized in Table 1 and Figure 1.



Table 1. Summary of the Hematology LOAELs and NOAELs for high quality studies



Study LOAEL NOAEL Definitive? Most sensitive
parameter



Other
parameters
effected



Note



Qu et al
2002/2003



2.3 ppm none yes Neutrophils RBC, WBC (0.16 v. control)
contrast
invalid.



Schnatter
et al., 2010



7.8 ppm 3.5 ppm yes Neutrophils 10 of 12



Koh et al.,
2015



(2.6 ppm) (0.5
ppm)



no Anemia None Males only



Lan et al.,
2004



(2.0 ppm) (None) no Not
distinguishable



-- Higher past
exposure
potential, non-
monotonicity.
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Collins et
al., 1991



None 0.2 ppm MCV



Swaen et
al., 2010



None 0.22
ppm



Eos



Pesatori et
al., 2009



None 1.7 ppm Eos



Tsai et al.,
2004



None <0.6
ppm



() indicates non-definitive result



Table 1 can be further summarized as follows:



CLEAR EFFECTS: 7.6 ppm (Schnatter), 2.3 ppm (Qu)



POSSIBLE EFFECTS 2.0 ppm (Lan), 2.6 ppm (Koh)



NO CONSISTENT EFFECTS: 0.22 ppm (Swaen), <0.6 ppm(Tsai), 1.7 ppm (Pesatori), 0.2 ppm (Collins),
3.5 ppm (Schnatter)



DNEL derivation based on hematology studies



METHOD 1: (Preferred method)



POINT OF DEPARTURE FOR HEMATOLOGIC EFFECTS: 2.3 ppm (Qu et al., 2003, decrease in neutrophils)



This is the lowest clear effect documented from a well-done study in the literature. It is also consistent
with all other studies, except for the potential NOAEL calculation for Schnatter et al., 2010 (3.5 ppm).
However, these two numbers are sufficiently close to disregard this minor inconsistency.



POTENTIAL ASSESSMENT FACTORS:



 Dose-response (LOAEL to NOAEL). 2.3 ppm is the mean level of exposure in the exposure
category that showed decreases in neutrophils (as well as red and white blood cells). Thus, a
dose response factor is necessary. While the LOAEL has reasonable support among other
studies there are other studies (e.g. Pesatori et al., 1999; Swaen et al., 2015) which report
NOAELs for exposures that are not too much lower. Given this degree of potential overlap in
LOAELs and NOAELs, the factor should not be as large as a usual value of 3.  A value of 2 is
recommended.



 Intraspecies. A reduced factor (from 3) is recommended when a reasonably large human study
is used in which a range of sensitivities are already present and extrapolations from the study
data are to other occupational populations. A value of 2 is recommended.
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DNEL = 2.3 ppm / (4) = 0.58 ppm METHOD 1 (preferred)



Sensitivity analyses for Method 1: Two potential variants of this approach would (a) take both studies
with definitive LOAELs and average them. This would result in an aggregate LAOEL of 5 ppm using two
studies, which, with the same assessment factors results in a DNEL of 1.25 ppm. (b) take both the
definitive and non-definitive LOAELs into account. This would result in an aggregate LOAEL of 3.7 ppm
using four studies, which with the same assessment factors would result in a DNEL of 0.9 ppm.



METHOD 2:



Method 2 is derived from the NOAELs of four studies of high quality, rather than the LOAEL above.
This is also a defensible approach. It is based on more aggregate data and is a true weight of evidence
approach. A NOAEL is usually preferred to a LOAEL, but that preference is most applicable to animal
bioassays, where the lack of effect can be observed in a more precise way.



POINT OF DEPARTURE FOR HEMATOLOGIC EFFECTS: NOAELs from four high quality studies: 0.22 ppm
(Swaen et al., 2010), 0.2 ppm (Collins et al., 1991), 1.7 ppm (Pesatori et al.,2009) and 0.6 ppm (Tsai et
al., 2004). The arithmetic average of these NOAELs is 0.68 ppm. Since this is a NOAEL from a very
large human population, no further assessment factors are necessary. DNEL = 0.68 ppm.



Sensitivity analyses on the aggregate NOAEL approach (i.e. Method 2):



While the Koh et al. study showed tentative results for anemia in the high dose group (mean = 2.7
ppm), there was no other consistent effects in the Koh et al., 2015 study, which was also graded as
high quality. Thus, an additional NOAEL of 0.5 ppm could be justified in calculating an aggregate
NOAEL. This would result in a slightly lower NOAEL and DNEL of 0.64 ppm.



It is recognized that the NOAELs are fairly consistent, with the possible exception of Pesatori et al.,
2009. If Pesatori et al. is excluded, the aggregate NOAEL and DNEL becomes 0.34 ppm without Koh et
al and 0.38 ppm with Koh et al.



Another variant of this approach is possible as well. Other studies that show no effect of medium
quality are Collins et al., 1997 (0.55 ppm), Bogadi-Sare et al.,1995, (1.6 ppm (midpoint of 1.9 – 5 ppm))
and Khuder 0.8 ppm. This would result in a higher aggregate NOAEL and DNEL of 0.77 ppm (with all
high quality studies including Koh et al. and Pesatori et al).



These results are summarized in Table 2.
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Table 2. Summary of Weight of Evidence approaches used to derive a DNEL based on benzene
hematology studies



Approach Studies LOAEL or
NOAEL



Assessment
factors



DNEL



1.Lowest definitive
LOAEL for high quality
study



Qu et al 2002/2003 2.3 ppm
(LOAEL)



2 dose response



2 intraspecies



0.58 ppm



1a. Aggregate definitive
LOAEL, high quality
studies



Qu et al 2002/2003,
Schnatter et al 2010



5 ppm
(LOAEL)



2 dose response



2 intraspecies



1.25 ppm



1b. Aggregate LOAEL all
high quality studies



Qu et al, Schnatter et al.,
Lan et al., Koh et al



3.7 ppm
(LOAEL)



2 dose response



2 intraspecies



0.9 ppm



2. Aggregate NOAEL for
definitive high quality
studies



Collins et al, Swaen et al,
Pesatori et al, Tsai et al



0.68 ppm
(NOAEL)



-- 0.68 ppm



2a. Aggregate NOAEL
for all high quality
studies



Collins et al, Swaen et al,
Pesatori et al, Tsai et al,
Koh et al



0.64 ppm
(NOAEL)



-- 0.64 ppm



2b. Aggregate NOAEL
for definitive and
consistent high quality
studies



Collins et al, Swaen et al,
Tsai et al



0.34 ppm -- 0.34 ppm



2c. Aggregate NOAEL
for consistent high
quality studies



Collins et al, Swaen et al,
Tsai et al, Koh et al



0.38 ppm -- 0.38 ppm



2d. Aggregate NOAEL
for all high and medium
quality studies



Collins et al,1991; Swaen
et al, Pesatori et al, Tsai
et al, Koh et al, Collins et
al., 1997, Bogadi-Sare,
1997, Khuder et al



0.77 ppm 0.77 ppm
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Possible DNEL’s based on a weight of evidence approach range from 0.34 to 1.25.



The arithmetic average of approach 1 and approach 2 (without considering any sensitivity analyses) is
0.63 ppm.



The arithmetic average of both approaches, including all sensitivity analyses is 0.69 ppm.



Figure 1: LOAELs and NOAELs from high quality hematology studies



Qu et al., (2002), (2003)
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RAC Comments key messages and attachments 





[bookmark: _Hlk497660538]These comments on the Benzene OEL Proposal are from LOA, the Lower Olefins and Aromatics REACH Consortium. LOA acts on behalf of Member Companies and other Registrants to support benzene in REACH. Benzene is a key substance in the Aromatics sector which employs about 20,000 in the EU.  LOA also supports the steam cracking sector which produces olefins and pyrolysis gasoline from which aromatics are extracted. Experts from these sectors and the Refining sector have contributed to these comments.


Due to the web form size limitation, full comments are attached and here only a summary is provided. On the ECHA benzene OEL proposal, LOA makes the following key points:


Benzene Uses


· The LOA registration dossier for benzene only supports the use of benzene as an intermediate (under strictly controlled conditions) and indicates that all other uses are uses advised against. ECHA’s web page indicates that there are many uses registered, most of which would contradict Annex XVII. LOA will conduct a use survey and work with ECHA to clarify this confusing situation.


· [bookmark: _GoBack]ECHA text implies benzene is added to gasoline. This is not the case. Benzene containing streams can be blended to give gasoline, but not benzene itself. 


Worker Exposure


· Value of health surveillance data: There is no justification to rate the results from epidemiology studies higher than those obtained from long-term health surveillance. In health surveillance benzene exposure estimates are based on sampling strategies targeted at representative jobs and workplace combinations. 


· Exposure levels: There is no reference made to the fact that most of the exposure level concentrations reported do not consider the use of respiratory protection. For that reason, these exposure levels should be reported as potential exposures. 


· Hydrocarbon solvents: potential exposures related to trace levels of benzene in hydrocarbon solvents. Such a product would not be taken up in the market in view of the availability of the non-carcinogenic alternative. 


· Missing references: e.g. Spanish service stations, exposure via dietary sources.


· Dermal exposure: There is uncertainty about the contribution of skin uptake. However, it should not be considered negligible. 


Human biomonitoring


LOA concurs with the opinion of ECHA regarding the choice of the benzene biomarkers of exposure and the usefulness of BLVs in general. LOA doubts the values derived are correct at <1 ppm concentrations, nor have they been justified, and applying the proposed BLV values in non-occupational add-on exposure (smokers) will be problematic.


Monitoring methods (Analytical)


· Section fails to mention the use of passive samplers (far more acceptable to workers being monitored than pump and tube) but which may face sensitivity issues at the levels proposed.


· If samples are to be collected for a shorter period of time, the detection limit would increase, yielding uncertainty around the measure.


· An overall review of exposure monitoring methodologies is necessary since most of the ones currently used cannot be used with the proposed OELs.


Toxicokinetics/Modelling


Multiple re-analyses of air benzene to urine biomarker correlations suggest benzene metabolism is linear or nearly linear in the <1 ppm range. LOA believes there is no strong basis to justify non-linearity for metabolism.


Haematology


· Concerns are raised about statistical analyses and uncertainties in exposure assessment.


· A true weight of evidence assessment of the haematological data in workers has not been carried out by ECHA. Inappropriate weighting is assigned to the work of Lan et al, despite at least partial acknowledgement of the study’s limitations. It is not clear why in the Lan et al study the exposure assessment/groupings were done on individual exposure results, despite a thorough categorization being made by Vermeulen et al. The conclusions drawn by Lan et al that haematotoxicity occurred at benzene air levels of ≤1 ppm is questionable. We doubt that the population studied by Lan et al was a truly low exposed group based also on the measured urinary benzene levels.


Immunology


· [bookmark: _Hlk497716809]Given the uncertainties of several studies (Lan et al 2004, Huang et al 2014, Uzma et al 2010, Moro et al 2015) both in terms of the findings and the definition of the associated exposure to benzene it would seem appropriate to fall back on haematological data to define a DNEL.


· Overall the studies cited do not appear to support a clear immunomodulatory effect at benzene exposures of <1 ppm.


[bookmark: _Hlk497742810]Genetic Toxicology


· LOA would concur with the position taken that the key effects are cytogenicity and aneuploidy in high exposure workers, and that studies of DNA damage (e.g. Comet) data can be misleading.


· Due to uncertainties in the data (Marcon et al 1999, Kim et al 2010, Rekhadevi et al 2010 & 2011) LOA does not consider that the evidence demonstrates cytogenetic and aneugenic activity below 1 ppm. LOA considers that the ECHA contention that aneugenicity is a more sensitive endpoint than haematoxicity is not soundly based.


Carcinogenicity (Epidemiology)


· ECHA should base any carcinogenic assessment on endpoints that are clearly linked to benzene, viz. AML/ANLL and/or MDS.


· ECHA should recognize that several studies suggest an empirical threshold for AML/ANLL, and model risk using sub linear dose response curves to account for this.


· ECHA ignore persuasive data from one of the highest quality studies of Pliofilm workers that suggests that:


· ANLL is the only subtype related to benzene


· Excess risk is only present in a 10 year, or possibly a 20-year window after exposure


· A sub-linear or empirical threshold is suggested by the Pliofilm study


· ECHA fail to recognize important limitations of the meta-analyses.


· ECHA overstate the potential or possible relationship between benzene and ALL, CLL, CML, NHL and MM.


· ECHA fail to recognize the variance in exposure assessment techniques used in the studies that quantify benzene exposure, thereby mixing lower with higher quality studies.


Carcinogenicity (MoA)


· As shown by both DECOS and LOA analysis, a threshold model is supportable for benzene.  LOA’s paper “Benzene: Importance of Dose Metrics in Assessing Stochastic versus Threshold Mechanisms” is attached.


· SCOEL carcinogen group C assignment of benzene is more consistent with its nature as a weak genotoxin with important secondary mechanisms.


Carcinogenicity (Risk Extrapolation)


· ECHA fail to critically analyse the strengths and weaknesses of published assessments, citing comparatively recent publication as justification. This is an inappropriate rationale for model selection. 


· The selected AGS model uses a model averaging that may systematically misestimate risks due to insufficiently rigorous weighting of different studies.


· ECHA fail to address the potential influence of exposure misclassification due to study design decisions and unaccounted sources in epidemiology studies resulting in overestimates of benzene health risks.


· ECHA fail to discuss the impact of using risk estimates from the Pliofilm worker cohort calculated using exposures assessments for which key assumptions regarding historic exposure have been shown to be incorrect, and result in overestimates of benzene leukemia risk.


· ECHA fail to critically evaluate the ATSDR BMD analysis, particularly the decision to select a response for the value it calculated instead of being based on a non-adverse effect size or an accepted default.


· ECHA fail to critically analyse the use of reported air benzene concentrations as the sole exposure measure when reported urinary benzene biomonitoring data suggests additional sources of exposure.


OEL setting


· Occupational Exposure Limit (OEL) setting: exposures are well known to vary from day to day as a result of fluctuations in the underlying exposure factors, such as ambient air velocity and temperature, work load, process throughput, etc. Therefore, if an OEL is set to protect from long-term exposure and the accompanying measurement strategy is specified as aiming at daily OEL compliance, the OEL can be set at a level 2-4 times higher than the maximum long-term exposure level considered to be still health-protective. 


· The STEL of 0.2 ppm should be removed from the ECHA proposal because no health protection objective related to health effects resulting from short-term exposures is made. Simple use of a factor in deriving a STEL has no scientific basis (SCOEL).


· No justification to publish a biological guidance value – there is a biological limit value.


The Reader’s attention is drawn to 3 attached documents. LOA’s detailed comments are attached together with an LOA paper about benzene dose metrics and a threshold Mode of Action and a paper deriving DNELs for benzene based on haematology data. The latter points to an OEL in the range 0.4-0.7 ppm. LOA is open to questions and discussion to help ECHA progress their OEL proposal.





Additional Attachments included in the LOA RAC comments:


2017-08-08 LOA_ Benzene_Dose metrics_ stochastic vs threshold mechanisms-FINAL








2017-11-07 LOA Detailed comments on the ECHA proposal for benzene workplace OEL values








2017-11-07 LOA Potential DNEL for Haematotoxicity-FINAL








2017-11-07_Concawe letter to RAC concerning Benzene OEL-FINAL








171107 Signed letter benzene OEL CEFIC LOSG-FINAL








171107 Signed public consultation on OEL for Benzene-CEFIC APA-FINAL
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Detailed comments on the ECHA proposal for benzene workplace OEL 




values 
 




CONTEXT OF THE ORGANISATION PROVIDING THE COMMENTS 




In June 2008, the Lower Olefins and Aromatics REACH Consortium (“LOA REACH Consortium” referred 




here as LOA) was established. LOA acts on behalf of Member Companies and other Registrants to 




support REACH registrations. LOA covers 160 Lower Olefin and Aromatic substances and UVCB 




streams. 




Benzene is a key substance in the Aromatics sector and is used as a chemical intermediate. The 




Aromatics sector in Europe produces about 12 million tonnes of the aromatics products (benzene, 




toluene and xylenes) per year and directly employs around 20,000 people.  




LOA also supports the Lower Olefins sector where the steam cracking process produces pyrolysis 




gasoline which contains benzene and other aromatics. Pyrolysis gasoline constitutes about 60% of the 




feedstock for Aromatics plants which produce the key aromatics molecules such as benzene. The 




remainder of feedstock for Aromatics plants is derived from refinery and coal chemistry streams. 




REGULATORY, PRODUCTION AND USE INFORMATION (Pages 10-16) 




Benzene submissions should only be for an intermediate registration but the information on ECHA’s 




web page gives the impression that there are many more uses registered. Currently, two dossiers are 




visible onto the ECHA website: one as full registration and one dossier related to intermediate. The 




LOA Consortium only supports the use of benzene as an intermediate even if it is mentioned as full 




onto the website. The LOA official registration dossier indicates that all other uses are uses advised 




against as they would contradict REACH Annex XVII. LOA will conduct a use survey and the results will 




be integrated in the next dossier update. 




Specific Quote: Table 4, page 15. 




Comment: It is confusing to cite the 3 US limits without context.  The OSHA Limit is the legal limit, the 




ACGIH is the limit that is generally used practically and the NIOSH limit is seen as a “Research Limit” 




rather than a practical one. It is somewhat misleading to indicate that the OSHA and NIOSH limits are 




dated 2017. This is presumably the date of web-access or confirming that it is the current limit rather 




than the date the limit was set which is some years ago.  




Specific Quote: “Benzene as a monoconstituent (CAS No 71-43-2) has 109 active registrations under 




REACH, 1 Joint Submission and 1 Individual Submission.” (Section 3.2 Page 10) 




Comment: Both submissions should only be intermediate registration but the information on ECHA’s 




web page gives the impression that there are many more uses registered. The LOA consortium only 




supports the use of benzene as an intermediate. No other uses are listed in LOA’s registration dossier 




supplied to the LOA Joint Submission registrants for their individual registration. 
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Specific Quote: “Benzene is used as an intermediate in the production of a wide range of chemical 




substances such as styrene, cumene, and cyclohexane, which are further used for manufacturing of 




plastics, various resins, nylon and synthetic fibres. Benzene is also used as an intermediate in the 




manufacturing of some types of rubbers, lubricants, dyes, detergents, drugs, and pesticides (ATSDR 




2007).” (Section 5.2 Page 16) 




Comment: The above paragraph should indicate that the other benzene uses are also intermediate 




uses. It is recommended that the underlined text above is added for clarity. 




Specific Quote: “The identified uses for benzene as described within the REACH registration dossiers 




include formulation or re-packing, distribution and professional uses, uses at industrial sites and use in 




articles, health services, scientific research and development. The following products may contain 




benzene: laboratory chemicals, coating products, fillers, putties, plasters, modelling clay, non-metal 




surface treatment products, pH regulators, water treatment products and polymers (ECHA 2017b). 




(Section 5.2 Page 16) 




Comment: These uses do not comply with REACH Annex XVII.  These uses are not part of the original 




LOA dossier as LOA only registered the manufacturing and intermediate use. The LOA official 




registration dossier indicates that all other uses are uses advised against.  




Specific Quote: For example, benzene is used in gasoline (petrol) as an anti-knocking agent.  




Comment: Benzene in gasoline. The text suggests that pure benzene is added to gasoline. This is not 




the case. Benzene is a component of the various gasoline-blending streams, but also subject to specific 




limit of 1% v/v according to EU legislation. It is suggested to remove the phrase. (Section 5.2, Page 16) 




SECTION 5.4 OCCUPATIONAL EXPOSURE (Pages 15-29) 




Use of historical monitoring data 




The US data, cited from the IARC reference in Table 7 and covering a long interval of 25 years, should 




be regarded as historic and possibly not applicable to the current EU situation. 




Value of Health surveillance data 




There is no justification to rate results from epidemiological studies higher than the results obtained 




from long-term health surveillance. Each of these studies should be evaluated based on their strength 




and limitations (as was done in the DECOS 2014 report) and should not be disqualified. Exposure 




assessments in support of health surveillance can be very robust and can be very useful in 




epidemiological studies as was shown in Swaen et al 2005, Swaen et al 2010. 




DECOS (2014) noted that these routine health surveillance studies involved large numbers of workers 




and blood samples, and were conducted using standard clinical methods. Importantly, the working 




conditions in these studies represent the occupational exposure conditions in The Netherlands and 




Europe. The estimation of benzene exposures is based on sampling strategies targeted at 




representative jobs and workplace combinations. Therefore, the subsequent air measurements do not 




provide information on the workers exposed but rather on the job or task for which it was taken.  
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Inhalation monitoring methods 




This section fails to mention the use of passive samplers (badges, like for example the one from 3M™ 




or radiello®) which are far more acceptable to workers being monitored than pump and tube methods, 




but which may face sensitivity issues at the levels proposed. For the sensitivity issue of passive 




samplers there are a couple of references that might be useful  




• Environ. Sci.: Processes Impacts, 2014, 16, 1008: Strandberg et al “Evaluation of three types 




of passive samplers for measuring 1,3-butadiene and benzene at workplaces”  




• BS EN 838 Workplace atmospheres – Diffusive samplers for the determination of gases and 




vapours.   




Furthermore, most of the recent publication reported in this proposal, as the Italian and Swedish 




studies, are carried out with diffusive samplers. 




Particular care should be given to the sampling rate of the passive system that should be adequate for 




the monitoring exercise. The recent exposure data included in the proposal, as the Swedish papers on 




refineries and the Italian on service stations, were carried out using passive samplers. Note that it is 




common industrial hygiene practice to aim for sensitivity of a monitoring method down to 10% of the 




OEL. Not all the methods in Table 12 have the adequate LOD for the proposed OEL. Also, it is quite 




odd to list only German (and US) reference methods. There are several EN methods on benzene or 




VOC monitoring with passive and active samplers. European Methods for benzene that could be added 




are: 




• MDHS 88 Method for determination of Hazardous Substance in air 




• UNI EN ISO 16017-1 Indoor, ambient and workplace air 




• UNI EN ISO 16017-2 Indoor, ambient and workplace air 




Occupational Exposure Limit (OEL) setting 




In relation to the phrase “At workplaces in Europe, the long-term exposure to benzene is mainly below 




0.1 ppm (0.3 mg/m3)” on pp117-118. The stated objective of an Occupational Exposure Limit is to 




protect workers’ health from the effects of exposures encountered across a relevant time-span 




depending on the nature of the effects. For many chemicals, including benzene, this is a long-term 




time-span of typically 8 hours per day, 5 days per week, for 40 years. To be in compliance with an OEL, 




95% of all exposure results need to be below the OEL with a confidence of 75% according to the new 




EN689 (2016). However, exposures are well known to vary from day to day as a result of fluctuations 




in the underlying exposure determining factors, such as ambient air velocity and temperature, work 




load, process throughput, etc. This variation is usually best characterized by a log-normal distribution 




of the daily exposure levels, with a typical Geometric Standard Deviation of 2 or higher (Rappaport et 




al. 1991). Exposure data for chemical process industry has shown that GSD is often more than 3 (see 




also study by Scheffers et al 2000 (this is reinforced by the data in the publication by Swaen where the 




90 % can be already up to 10-fold of the median. Exposure measurements used to be carried out on a 




limited basis (some of the workers on some of the days) as a ‘sample’ of the exposure distribution and 




then subjected to statistical procedures to estimate the true shape of the distribution. Modern 




exposure measurement strategies for testing OEL compliance, for example based on EN 689, aim to 




achieve near-certainty that the OEL is met every single day, by comparing the 95th percentile of a 
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measurement series, or even an upper confidence interval limit of this 95th percentile, with the OEL. 




This compliance approach, in combination with the day-to-day variation of exposure, results in long-




term average exposure (i.e. 5 days/week, 40 years long) well below the OEL, at most at a level in the 




interval of 25-50% of the OEL. Therefore, if an OEL is set to protect from long-term exposure and the 




accompanying measurement strategy is specified as aiming at daily OEL compliance, then the OEL can 




justifiably be set at a level 2-4 times higher than the maximum long-term exposure level considered 




to be still health-protective. 




No health protection objective is stated for the proposed STEL of 0.2 ppm in relation to any health 




effects resulting from short-term exposures. Instead, it is positioned as an additional exposure 




management tool to protect against health effects from long-term exposures according to established 




practice for CMR substances in a single EU member state. As such it does not belong in the present 




ECHA proposal. 




It is noteworthy that both SCOEL guidance on STEL setting (SCOEL, 2013) and that contained in the 




more recent document from the Joint Task Force of RAC and SCOEL (2017) indicate that STELs are 




needed where adverse health effects (immediate or delayed) are not adequately controlled by 




compliance with an 8-hour TWA.   SCOEL indicate that “This is likely to arise for substances for which 




a critical effect is observed following a brief exposure (e.g. nuisance, irritation, CNS depression, 




cardiac sensitisation).” 




SCOEL (2013) state that, “a simple multiplier applied to the 8-hour TWA value has been used by some 




standard setting authorities. This arrangement is administratively simple but does not take account 




of scientific data concerning variability in patterns of health effects between different substances. It 




cannot be justified scientifically and is primarily a practical way of ensuring good process control. In 




addition, it is not relevant where the intention is to set a STEL before considering the need for an 8-




hour TWA.” 




Following this guidance, a STEL does not appear to be justified for benzene. 




Exposure levels 




In Section 5.4 (refinery exposures during turnarounds) there is a description of the situation for the 




Swedish refinery which is possibly not representative for overall EU refinery exposures during 




turnarounds, including the suggestion that contractors have higher exposures than regular refinery 




operating staff. Enclosed drainage, followed by flush or purge procedures, prior to breaking 




containment of systems with benzene-containing streams, is well established and in some cases 




exposures are actually lower than during normal production (ref. Concawe report on benzene peak 




exposures in preparation, also Concawe report 9/05). 




There is no justification why in the Lan et al (2004, 2009) study the exposure assessment and exposure 




grouping were done based on individual exposure results, while a very thorough categorization had 




been made by Vermeulen et al. for this purpose. 




The conclusions drawn by Lan et al. from their cross-sectional study of benzene exposed shoemakers 




in China, that haematotoxicity occurred at benzene air levels of 1 ppm or less is questionable. 




Therefore, we doubt that the population studied by Lan et. al. is a truly low exposed group.  
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First, the study population is so strongly contaminated with high past benzene exposures that it is 




inappropriate to draw conclusions regarding low level toxicity. Even the sub-population of 109 




employees with reported exposures below 1 ppm in the previous month (see Table 1) included 50 




employees of the 109 in the group with a past cumulative exposure of over 40 ppm-years. The 




remaining 59 employees had past cumulative benzene exposures of less than 40 ppm-years. Given an 




average employment duration of 6.2 years this group is likely to contain many employees with 




exposures over 1 ppm and thus is also inappropriate for low level toxicity studies.  




Furthermore, Lan et al classified 109 workers as having benzene exposures below 1 ppm (see Table 




1). In an earlier article describing exposure assessments of the same 250 employees, the same 




research group reported to have found only 30 workers with exposures below 1 ppm. As this was, 




according to the information in table 3, 60% of the population, the total number of workers in this 




exposure category could not be more than 50. The remaining 59 workers must have been taken from 




job classifications with exposures higher than 1 ppm, even though their individual results (n=2) in the 




month prior to phlebotomy where less than 1 ppm. An individual exposure result of less than 1 ppm 




obtained within a month time frame is not a reliable basis to determine that a worker can be classified 




in the below 1 ppm group particularly when the exposure assessment obtained over a much longer 




time frame and including many more exposure results, points to another outcome. The authors have 




not presented a rationale for this approach. Nor have they explained why they have taken another 




approach than was used in the earlier article. 




There is uncertainty about the contribution of skin uptake. Although the earlier analyses indicated 




that this route of exposure did not contribute substantially to the total benzene doses, it can be 




expected that skin uptake has remained unaffected in situations where the inhalation exposure was 




reduced by local exhaust ventilation. 




The following phrase is not accurate and should be corrected: “The dermal absorption due to vapours 




was negligible (ATSDR 2007)”. The dermal absorption of benzene vapour is indeed small when 




compared with the uptake via inhalation, but is not negligible at high ambient vapour concentrations 




when workers wear respiratory protective equipment that essentially eliminates the inhalation 




uptake, only leaving the dermal route available if not protected by a gas-tight suit. Rauma and co-




authors have estimated this fraction at about 3% of total uptake. In fact, many industrial companies 




have set internal guidelines for dermal protection, in addition to respiratory protection, for specific 




concentration levels in combination with task duration, for example when breaking containment of 




systems that have not been fully drained and flushed during specialist interventions. The statement 




at the bottom of p.18, based on the Jakasa et al (2015) reference, is in line with the above. 




Respiratory protection 




The RAC proposal does not include information on whether respiratory protection was used during 




the monitoring measurements. Readers should be made aware that in some cases the workers whose 




exposure was being monitored wore respiratory equipment, and hence exposures are considered as 




‘potential’. 
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Hydrocarbon solvents 




Page 27 of the RAC proposal indicates that there are potential exposures related to trace levels of 




benzene in hydrocarbon solvents. Hydrocarbon solvents with a benzene level of ≥0.1% have to be 




labelled as a carcinogen under European chemicals legislation. Such a product would not be taken up 




in the market in view of the availability of the non-carcinogenic alternative. A comprehensive 




description of hydrocarbon solvents is provided by McKee et al (2015).   Because hydrocarbon solvents 




are dearomatized those on the EU market will generally have a benzene content of <1 ppm. 




Missing references and editorial comments 




In Section 5.4 in the discussion about service stations the reference to ‘fuel tank drivers’ is slightly 




confusing, in particular in relation to loading at service stations. This is more likely the activity of bulk 




delivery by road tanker drivers of gasoline (and diesel fuel) product then stored in the underground 




tanks of the service stations which feed the pumps for the public sales, and is usually described as the 




final distribution step. The data in the text for service station (Campo L, Rossella F, Mercadante R, 




Fustinoni S. (2016) Exposure to BTEX and Ethers in Petrol Station Attendants and Proposal of Biological 




Exposure Equivalents for Urinary Benzene and MTBE. Ann Occup Hyg. 2016 Apr;60(3):318-33. doi: 




10.1093/annhyg/mev083. Epub 2015 Dec 13. – page 26) are not included in Table 7. 




There is a missing reference for Spain in Section 5.4 discussion of service stations. - Evolution of 




Occupational Exposure to Environmental Levels of Aromatic Hydrocarbons in Service Stations, J. F. 




PERIAGO* and C. PRADO. Ann. occup. Hyg., Vol. 49, No. 3, pp. 233–240, 2005# 2005 British 




Occupational Hygiene Society Published by Oxford University Press. 




In addition to inhaled air, the public can also be exposed via dietary sources, such as boiled eggs. A 




recent review by Health Canada (2006) could be referenced. 




References: Occupational Exposure (Pages 15-29) 




CONCAWE (2005) Report 9/05 Additional human exposure information for gasoline substance risk 
assessment (period 2002-2007) 




DECOS (2014) Health Council of the Netherlands. Benzene - Health-based recommended 
occupational exposure limit. The Hague: Health Council of the Netherlands, 2014; publication no. 
2014/03. 




Health Canada (2006) https://www.canada.ca/en/health-canada/services/food-nutrition/food-
safety/chemical-contaminants/food-processing-induced-chemicals/benzene/benzene-beverages-
food-processing-induced-chemicals.html 




Jakasa I, Kezic S and Boogaard P (2015) Dermal uptake of petroleum substances. Toxicology Letters 
235:123-139. 




Joint Task Force – ECHA Committee for Risk Assessment (RAC) and Scientific Committee on 
Occupational Exposure Limits (SCOEL) (2017)   Scientific aspects and methodologies related to the 
exposure of chemicals in the workplace    Report dated 28 February 2017.     




Lan Q, Zhang L, Li G, Vermeulen R, Weinberg RS, Dosemeci M, Rappaport SM, Shen M, Alter BP, Wu 
Y, Kopp W, Waidyanatha S, Rabkin C, Guo W, Chanock S, Hayes RB, Linet M, Kim S, Yin S, Rothman N, 
Smith MT (2004) Haematotoxicity in workers exposed to low levels of benzene. Science 306: 1774-
1776. 







https://www.ncbi.nlm.nih.gov/pubmed/26667482



https://www.ncbi.nlm.nih.gov/pubmed/26667482
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Lan Q, Zhang L, Shen M, Jo WJ, Vermeulen R, Li G, Vulpe C, Lim S, Ren X, Rappaport SM, Berndt SI, 
Yeager M, Yuenger J, Hayes RB, Linet M, Yin S, Chanock S, Smith MT, Rothman N (2009) Large-scale 
evaluation of candidate genes identifies associations between DNA repair and genomic maintenance 
and development of benzene haematotoxicity. Carcinogenesis 30: 50-58. 




McKee, RH, M.D. Adenuga MD and Carrillo JC. (2015) Characterization of the toxicological hazards of 
hydrocarbon solvents. Critical Reviews in Toxicology, 45:4, 273-365, DOI: 
10.3109/10408444.2015.1016216 




Rappaport, S. M. Assessment of long-term exposures to toxic substances in air. Annals of Occ 
Hyg.1991, 35(1):61-121 




Rauma M, Boman A, Johanson G. Predicting the absorption of chemical vapours. Adv Drug Deliv Rev 
2012 




Scheffers, T.M.L., Marquart, J., and Twisk J.J. (2000)  De spreiding in 8-uurs concentraties: lange 
termijn GSDt in de chemische industrie. Tijdschriftvoor toege-pasce Arbowecenschappen 13, 49- 54. 




SCOEL (2013) Methodology for the Derivation of Occupational Exposure Limits Key Documentation 
(version 7) June 2013 




Swaen GMH, Scheffers T, De Cock J, Slangen J, Drooge H (2005) Leukaemia risk in caprolactam 
workers exposed to benzene. Ann Epidemiol 15: 21-28. 




Swaen GMH, van Amelsvoort L, Twisk JJ, Verstraeten E, Slootweg R Collins JJ and Burns CJ (2010) 
Low level benzene exposure and hematological parameters   Chem Biol Interact 184  (1-2)  94-100 




Vermeulen R, Li G, Lan Q, Dosemeci M, Rappaport SM, Bohong X, Smith MT, Zhang L, Hayes RB, Linet 
M, Mu R, Wang L, Xu J, Yin S, Rothman N (2004) Detailed exposure assessment for a molecular 
epidemiology study of benzene in two shoe factories in China. Ann Occup Hyg 48: 105 -116. 




SECTION 6.1 BIOMONITORING (pages 32-38) 




LOA concurs with the opinion of ECHA regarding the choice of the benzene biomarkers of exposure 




and the usefulness of BLVs in general. LOA doubts the values derived are correct, nor have they been 




justified and applying the proposed BLV values in non-occupational add-on exposure (smokers) will be 




dramatic. 




Selection of appropriate biomarkers of exposure for benzene exposure 




Urinary biomonitoring is a useful method for assessing total benzene exposure via all routes. 




As many human occupational studies have reported benzene biomarkers of exposure it is useful to 




note one of the strengths of biomonitoring, i.e. concentration determination in urine or blood will 




reflect the total exposure to benzene via all routes. In case a discrepancy exists between occupational 




air monitoring (personal or ambient) and individual’s biomonitoring sample it is a clear implication 




that exposures are occurring via additional routes (assuming a correct correlation between the two 




has been established). Plausibly these are either non-occupational exposures (e.g., benzene from 




smoking) or non-air exposures (dermal or hand-to-mouth oral).  




LOA believes that ECHA has selected the correct biomarkers of exposure being benzene in urine and 




SPMA in urine since benzene in blood is established by a more invasive method and urinary ttMA 




determination can be Influenced by dietary sources (e.g. sorbic acid which is taken up with food) as 
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well as that ttMA is completely useless at the proposed OEL level. One important issue with the 




benzene biomarkers of exposure evaluated by ECHA is that the SPMA biomarker equivalents to the 




proposed OEL (0.1 ppm) will touch the background levels at least for smokers. Urinary benzene has 




the intrinsic practical problem of being susceptible to external contamination (and a short half-life) 




and evaporation during urine sampling and handling. Therefore, SPMA is the biomarker of choice but 




a properly established BLV and an approach for smokers has to be provided. 




The DFG data being used for establishing BLVs is not published and seems to be outdated. 




When considering correlations between SPMA and benzene exposure it may be important to note the 




correlation source. Accuracy of measures in earlier publications on SPMA may be less than those from 




later studies using a deuterated SPMA standard.   




ECHA uses the DFG-EKA 2017 values to derive BLVs however the approach is not justified nor well 




documented. The earlier published DFG-EKA 1998 correlation is based on the work by van Sittert et 




al. (1993) but this approach has several limitations. It is unclear how the DFG-EKA 2017 has been 




derived since the approach is not publicly available. The ACGIH has used peer reviewed data to set BEI 




values. Coincidentally, the results for SPMA after 8 h exposure to 0.5 ppm benzene are similar in 




several studies (see BEI value documentation), i.e. the ECHA (DFG-EKA 2017) gives 25 µg/g creatinine 




for 0.6 ppm in air, and the ACGIH states 25 µg/g for 0.5 ppm in air. However, the slopes differ and that 




brings an issue when extrapolating the data as ECHA has done to establish BLVs at the ECHA proposed 




OEL (0.1 ppm). The data in the EKA document (which are transferred to the ECHA report) rely on Van 




Sittert et al. (1993) and Müller et al. (1991). Both Van Sittert et al. (1993) and Müller et al. (1991) were 




done with a suboptimal internal standard (Van Sittert et al. applied S-benzyl-mercapturic acid and 




Müller et al. p-fluoro-phenyl mercapturic acid) simply because a deuterated SPMA standard was not 




available at the time. Because of detection issues in analytical chemistry methods with such internal 




standards, deuterated SPMA was synthesized and used as internal standard in the improved method 




as published in Boogaard et al. (1995, 1996). These were extensive studies: 12 studies in 5 countries 




in several different settings (Boogaard et al., 1995) and another 12 studies in four countries in the 




settings at the highest exposure levels (Boogaard et al., 1996). The ACGIH took this data to establish 




their BEI’s for SPMA. As a result of the above the ECHA BLV (DFG EKA 2017a, b) and the ones using the 




ACGIH BEI values and correlation (from Boogaard et al.) differ for concentrations of benzene less than 




1 ppm with DFG-EKA relying on outdated dataset. A direct comparison at a benzene OEL proposed by 




ECHA (0.1 ppm in air) provides a value of 4 µg/g creatinine for SPMA based on DFG 2017a, b and 8.5 




µg/g creatinine for SMPA based on Boogaard et al. (1995). 




Comparing the DFG-EKA 1998 and 2017 tables, one can also see that the earlier correlation from 1 




ppm upward was not changed, i.e. still the Van Sittert et al. (1993) correlation as was used in DFG-EKA 




1998 and thus used the suboptimal internal standard as mentioned above. As for lower exposure 




levels it is clearly no longer the Van Sittert et al. (1993) correlation and it seems that the focus of the 




DFG re-evaluation (DFG 2017a, b) was not so much on a complete revision of the SPMA correlation 




but on extrapolating the existing correlation into the low-dose range. However, in the DFG-EKA 2017 




it is not described how these values have been derived and ECHA has just used these numbers in their 




report and derived BLVs from it without discussion and describing the methodology behind this. This 




cannot be considered good science. The only scientifically peer-reviewed SPMA BLV that can be 
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derived at the proposed OEL (0.1 ppm) would be 8.5 µg/g creatinine based on Boogaard et al. and this 




is also the basis for the derivation of the SPMA BEI by ACGIH. 




Benzene BLV levels and smokers 




Use of biomarkers as limit values warrants careful consideration at exposures approximating 0.1 ppm, 




as smokers can exceed the SPMA reference values without any occupational exposure. In an 




occupational environment this could lead to an incorrect conclusion that workers were exposed to 




benzene, when in reality they are simply smokers.  




An important issue with the benzene evaluation by ECHA is that the SPMA biomarker equivalents to 




the ECHA proposed OEL (0.1 ppm) will be in the range of background levels, at least for smokers. 




According to Eikmann et al., 1992, environmentally-related exposure to benzene via air, water, food 




and passive smoking can be estimated at approximately 0.2 mg per day. The benzene level of tobacco 




smoke fluctuates between 20 and 90 μg per cigarette. If one assumes an average tobacco 




consumption of 20 cigarettes per day, the theoretical uptake amounts to 0.4 to 1.8 mg benzene per 




day. The background level of SPMA in urine is 3.61 µg/g creatinine in smokers (n=14) (Boogaard et al., 




1995). In another investigation of 10 male and 10 female non-smokers and 20 males and 20 female 




smokers, SPMA urine concentrations of 0.2 μg/g creatinine (non-smokers) and 5 μg/g creatinine 




(smokers) were determined (Müller et al., 1993). Subsequently several other studies have been 




published with SPMA urinary levels in non-benzene exposed smokers in the EU that can go up to 27.27 




µg/g creatinine (Mansi et al., 2012; Schettgen et al., 2010; Bono et al., 2005) which would resemble 




0.6 ppm benzene in air according to table 11 (page 38) of the ECHA report (a minor comment is that 




table 11 (page 38) has no units). Therefore, the proposed urinary SPMA BLV value proposed by ECHA 




is similar or even lower than the urinary SPMA levels observed in smokers and ECHA provides no 




suitable approach for smokers regarding BLV.  




References: Biomonitoring (pages 32-38) 
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Vogel- Sührig (Eds.), Gentner Verlag, Stuttgart, 571–574(1991) 




Müller, G., Dibowski, A., Norpoth, K.: Die S-Phenylmerkaptursäure-Ausscheidung im Harn bei 




Rauchern und Nichtrauchern, in: Verhandlungen der Deutschen Gesellschaft fur Arbeitsmedizin und 




Umweltmedizin e.V. 33. Jahrestagung, G. Triebig (Ed.), Gentner Verlag, Stuttgart, 467–471 (1993) 




Schettgen et al., (2010) A biomarker approach to estimate the daily intake of benzene in non-smoking 




and smoking individuals in Germany. Journal of Exposure Science and Environmental Epidemiology 




20: 427–433. 




van Sittert NJ, Boogaard PJ, Beulink GD (1993) Application of the urinary S-phenylmercapturic acid test 




as a biomarker for low levels of exposure to benzene in industry. Br J Ind Med 50: 460-469. 




SECTION 6.2 ANALYTICAL SECTION (MONITORING METHODS) (Pages 38-41) 




This section fails to mention the use of passive samplers (badges, like for example the one from 3M 




or Radiello) which are far more acceptable to workers being monitored than pump and tube methods, 




but which may face sensitivity issues at the levels proposed. Particular care should be given to the 




sampling rate of the passive system that should be adequate for the monitoring exercise. The recent 




exposure data included in the proposal, as the Swedish papers on refineries and the Italian on service 




stations, were carried out using passive samplers. Note that it is common industrial hygiene practice 




to aim for sensitivity of a monitoring method down to 10% of the OEL.  Not all the methods in table 




12 have the adequate LOQ. Also, it is quite odd to list only German (and US) reference methods. There 




are several EN methods on benzene or VOC monitoring with passive and active samplers. 




Ambient air or personal space is sampled to determine the need for risk control measures or personal 




protective equipment.  Industry practice is to use 50% of the OEL as a trigger to implement such 




measures. Therefore, it relies as much as possible on analytical and direct reading instruments that 




allows for detection at 10% of the OEL.  




In the case of Benzene, air samples are collected (actively or passively) on an absorbent media, or 




collected in a container, and sent to an analytical laboratory for measurement. Current method 




detection limit for active or passive sampling is 0.03 – 0.04 ppm for an 8-h sample (OSHA, 2002; NIOSH, 







http://onlinelibrary.wiley.com/doi/10.1002/9783527812110.ch13/pdf
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1994, Weisel, 2010). Although this value is about 3 times lower than the proposed occupational 




exposure limit, it does not provide much reliability for concentrations at or around 50% the proposed 




OEL. Furthermore, if samples are to be collected for a shorter period of time, the detection limit would 




increase, yielding a great level of uncertainty around the measure.  




The above-mentioned methods require collection of air samples to be sent to a laboratory for analysis, 
which in turn requires several days/weeks to provide results. Therefore, it is also industry practice to 
rely on direct-reading instrumentation to at least provide information for screening purposes. At the 
present time, there is no direct reading instrument that can provide detection limits below 0.1 ppm. 
Thus, all measurements would lead to the requirement of personal protective equipment. Although 
this could be protective is some cases, it might imply unnecessary burden on workers. 
Therefore, the methodologies currently used to measure benzene exposure in working environment 




are often modification of existing methods in order to meet the required LOQ as in the paper cited in 




paragraph 5.4. An overall review of methodologies is necessary since most of the ones currently used 




cannot be used with the proposed OELs. 




References: Analytical Section (Monitoring Methods) (Pages 38-41) 




Occupational Safety and Health Administration (OSHA) (2002) Sampling and Analytical Methods  




downloaded from https://www.osha.gov/dts/sltc/methods/validated/1005/1005.html 




NIOSH Manual of Analytical Methods (NMAM) 5th Edition downloaded from 




https://www.cdc.gov/niosh/nmam/Weisel CP. Benzene exposure: an overview of monitoring 




methods and their findings. Chem Biol Interact 2010; 184(1-2): 58-66 




Weisel CP. Benzene exposure: an overview of monitoring methods and their findings. Chem Biol 




Interact 2010; 184(1-2): 58-66. 




SECTION 7.1 TOXICOKINETICS (ABSORPTION, DISTRIBUTION, METABOLISM AND 




EXCRETION-ADME) (Pages 41-49) 




Multiple reanalyses of air benzene to urine biomarker correlations suggest benzene metabolism is 




linear or nearly linear in the <1 ppm range.  




For the benzene toxicokinetic modelling section 7.1.4 (p46-49) LOA observes that ECHA has taken all 




available information, including recent literature, into account to come to its summary that ‘Re-




analyses of results from PBPK models based on human data from two Chinese shoe factory workers in 




Tianjin indicate for the metabolism of benzene only a modest departure from linearity at benzene 




concentrations below 1 ppm.’ LOA also believes there is no strong basis to justify non-linearity. In 




concert with this, re-analysis also indicated ‘no evidence of high affinity metabolism at these low level 




exposures was observed’ and for clarity this is proposed to be added to the ECHA summary section on 




page 49. 




There is also a recent IARC publication from the October 2017 IARC – Monograph meeting on benzene, 




which discusses benzene metabolism but does not indicate anything on the previously published non-




linear benzene metabolism at the low-dose range (Loomis et al., 2017). 







https://www.osha.gov/



https://www.osha.gov/dts/sltc/methods/index.html



https://www.osha.gov/dts/sltc/methods/validated/1005/1005.html
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Reference: Toxicokinetics (Pages 41-49) 




Loomis et al. (2017), Carcinogenicity of benzene, Lancet Oncol 




http://www.sciencedirect.com/journal/the-lancet-oncology/articles-in-press  




SECTION 7.3.1 HUMAN DATA -HAEMATOLOGICAL EFFECTS (Pages 51-62) 




It is noted that the ECHA document, whilst reporting haematological data from Health surveillance 




programmes (e.g. Tsai et al 2004, Swaen et al 2010. Collins et al 1991) appears to have reservations 




about taking this data into a balanced view of weight of evidence of the available data. (page 52, para 




4).  Health surveillance programmes should not be dismissed on descriptive grounds alone. These 




studies should be evaluated based on whether monitoring data was used, how homogeneous groups 




of workers were defined, whether sufficient exposure variability was encountered, etc. We suggest 




that the Vlaanderen et al., 2008 criteria be used, which places primary weight on exposure assessment 




techniques. Many of these studies have used extensive monitoring data and thus should be deemed 




higher quality studies that support a lack of haematological effects at levels of exposure < 1ppm.  




Curiously ECHA place more emphasis on the findings of Chinese workers exposed to benzene via 




adhesives used in shoe manufacture (Lan et al 2004, Ye et al 2015) -  an application of benzene that is 




illegal in the EU- than on the findings of lack of haematological effects in workers in the Western 




refining and petrochemicals sectors exposed to mean 8h TWA levels of 0.22 to 0.6ppm (Collins et at 




al 1997, Collins et al., 1991, Swaen et al 2010, Tsai et al 2004).  Additionally, the findings in Asian 




workers in sectors other than shoe manufacture showing significant red cell haematological effects 




only at 10ppm 8h TWA and above with the most sensitive findings being reductions in neutrophils and 




mean platelet volume at benzene air concentrations of 7.8-8.2ppm (Schnatter et al., 2010).   Other 




studies failed to note a clear dose response relationship between benzene exposure and 




haematological effects at exposures of 4.8ppm or lower (Huang et al 2014, Kang et al 2005, Sul et al 




2005, Koh et al., 2015).  




The emphasis on shoe manufacturing workers, in particular the study of Lan et al 2004, to set an LOAEL 




of 0.57 +/- 0.24ppm is stated by the ECHA document to be “somewhat conservative” as in the use of 




the ATSDR derived BMDL of 0.1ppm (ECHA document page 60). Whilst acknowledging CONCAWE’s 




(and Cefic APA’s) previous criticism that lower blood counts observed may have been due to previous 




higher benzene exposures (ECHA document page 54, reference Concawe 2013) other concerns raised 




by Concawe 2013 have not been discussed. The other factors giving rise to concern about the use of 




Lan et al 2004 reviewed in Concawe 2013 are issues relating to study design, concern about statistical 




analyses and uncertainties in exposure assessment, including a relatively high limit of detection (0.2 




ppm) for benzene exposure.  




Concerns about the Lan et al 2004 study 




The reported blood cell count effects at levels below 1 ppm are not consistent with the existing 




literature and consistency among studies is important in any scientific assessment. Blood effects of 




benzene are well known, and among the effects previously reported are effects on blood cell 




counts.  The current study reporting effects at levels less than 1 ppm is not consistent with the current 




literature and thus this effect should be assessed in the context of a weight-of-the-evidence 







http://www.sciencedirect.com/journal/the-lancet-oncology/articles-in-press
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assessment.   The report itself referenced studies of comparable quality that reported no effects on 




blood counts at levels below 1 ppm. 




Study design limitations might minimize the certainty of the reported findings.   This is a cross 




sectional study and earlier (i.e. prior to benzene exposure) hematology values were not incorporated 




in the analysis.  A more robust analysis would have included hematology values from individuals much 




earlier and assess the changes over time within each exposure group.  The study subjects in the 




comparison group (clothes manufacturing factories) may have differed from the study group in 




important, but unknown ways.  To minimize this potential bias, the researchers could have used 




individuals in the lowest exposure group (i.e. individuals who are non-detectable in the shoe facility) 




for their comparison. 




Regarding the statistical analyses, it is possible the lower exposure effects (the most important claim 




of the study) are overstated in that the significant inverse trend relationship of endpoints (ie blood 




counts) with benzene exposure levels seems to be driven by the highest exposure level.  Blood cell 




count effects of benzene at levels > 10 ppm are widely accepted.  It is noteworthy that blood cell count 




values for the low and middle exposure groups in the current report (< 1 ppm and 1 to < 10 ppm) are 




not different from one another.   Using linear regression – the same methodology employed by the 




authors to calculate statistical significance of <1 ppm observations - it is entirely possible that no 




statistical difference exists among individuals in the two lowest exposure groups, a finding that would 




minimize the significance of the < 1 ppm findings because it suggests a lack of stability of observations 




at the low end of the dose response curve. 




Exposure assessment uncertainties might also potentially overstate the significance of this report, 




particularly the low exposure effects. The authors did not include short-term (< 240 minutes) exposure 




data in their exposure profiling and short- term exposures could be substantially higher. This would 




result in an underestimation of reported exposure levels. In addition, it is possible the actual exposure 




of individuals in benzene exposed worker facility (i.e. shoe manufacture) might include dermal 




exposure to benzene as well as the reported air values.  While the authors acknowledge this, they do 




not provide sufficient details to allow readers a basis to conclude whether or not dermal exposure 




might be a significant contributor. This might be significant because reported blood cell count effects 




might have actually occurred at higher total exposure levels than indicated by air levels 




alone.  Accordingly, these effects might be more consistent with other published effects of benzene 




exposure.  It is therefore difficult to validate whether effects from total benzene exposure are 




consistent or not with the current understanding of benzene dose response.  The authors also noted 




they measured air exposures to benzene for up to 16 months prior to the blood cell count 




measurements.  This does not represent the full cumulative benzene exposure of these individuals as 




the average employment of the benzene group was over 6 years.  Some of these individuals might 




have been exposed to higher levels of benzene prior to the reported monitoring period.   Prior higher 




levels might be expected within these 6 prior years as the Chinese regulatory occupational exposure 




level for benzene was significantly lowered about 2 years ago from 12.3 ppm to 1.9 ppm. It is possible 




several so-called low dose benzene individuals for this study were exposed to higher levels previously, 




and these prior exposures might have contributed to lower blood cells counts.  In fact, stated 




cumulative exposures indicate that exposures prior to the study may be much higher. 















LOA Technical Steering Committee  
Benzene Ad Hoc Working Group   
Detailed comments on the ECHA proposal for benzene workplace OEL values 




 




Lower Olefins and Aromatics REACH Consortium vzw 




Registered Address:  




Avenue des Arts 10, 1210 Brussels, Belgium  




14 of 5 4                                      7th November 2017 




 




In conclusion, the study of Lan et al 2004 reinforces prior observations regarding certain potential 




effects of benzene exposure on blood cell counts, but at reported exposure levels much lower than in 




any previous study, raising questions that merit further consideration and when looked at further 




turned out to be incorrect in terms of exposure assessment.  




McHale et al (2011) did investigate global gene expression in a subset of the subjects included in the 




study by Lan et al (2004), but the test results for the haematological parameters of these subjects 




were included in the analysis reported by Lan et al (2004) and do not represent new findings. The low 




exposure group are discussed by Lan et al (2004) which notes that “we identified a group of workers 




exposed to <1 ppm benzene with negligible exposure to other solvents (n = 30) (fig. S1) and found 




decreased levels of WBCs, granulocytes, lymphocytes, and B cells compared to controls (P < 0.05)”, 




and the supplementary material states that exposure to benzene in this group was low at 0.29 ± 0.15 




(mean ± SD) in the last month.   




The same criticisms of Lan et al 2004 need to be considered in respect of McHale et al 2011 as the 




worker cohort involved was the same. The ECHA document does however point to potential analytical 




uncertainty in the determination of exposure in this study (ECHA report page 55). 




ECHA (pages 55 and 59)  cite Ye et al 2015 in support of a position that haematological effects are seen 




at exposures below 1ppm 8h TWA and ECHA do note that the group exposed to <1ppm benzene only 




contained 24 individuals (ECHA page 59)  (compared to the two higher exposure groups with 149 and 




212 individuals) However ECHA do not mention the lack of a dose response ( WBC for mid dose is 




higher than that in the low dose  - Ye et al 2015 Table 3) which suggests the observation of reduced 




WBC below 1ppm is an artefact.  




Benzene Exposed 




Concentration (mg/m3) 




Number of Individuals in 




group 




Mean WBC number  




(x109) 




Standard Deviation 




Low: <3.25   




(< ~1ppm) 




24 5.57 1.79 




Medium :<6.00   




(< ~2ppm) 




149 6.01 1.47 




High: >= 6.00  




(>= ~2ppm) 




212 5.27 1.54 




Extracted from Table 3 Ye et al 2015 




ECHA clearly is aware of other studies and lists three in particular (Tsai, Swaen, and Collins) although 




the good quality study of Pesatori et al 2009 is not discussed. 




Tsai et al (2004) evaluated haematology data from 1200 employees who participated in the Shell 
Benzene Medical Surveillance Program (BMSP) compared to 3227 employees not enrolled in either 
the benzene or butadiene surveillance programs. The measured time weighted average benzene 
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concentration in the air was 0.60 ppm (range 0.1-5.7 ppm) from 1977 to 1988 and since 1988 0.14 
ppm (range 0.005-1.3 ppm). Six haematological parameters were investigated (white blood cells, 
lymphocytes, red blood cells, haemoglobin, mean corpuscular volume, and platelets). After 
adjustment for age, sex, race, length of time between first and last exam, and current smoking status 
no statistically significant differences were found.  




Swaen et al (2010) reported on 8632 employees in the Netherlands in which no significant differences 
in values for haemoglobin, haematocrit, white blood cells, lymphocytes, neutrophils, basophils, and 
monocytes were seen when compared to 12,173 employees with no benzene exposure.   Whilst a 
reduction in eosinophils was noted this was small and not clinically significant. Mean benzene 
exposure was assessed as 0.22 ppm based on a job-exposure matrix. A further stratification of the 
exposed population into three subgroups (<0.5 ppm, 0.5–1 ppm and >1 ppm) showed no significant 
differences for any of the haematological parameters between the three exposure categories or 
compared with the non-exposed group. Although benzene exposure was not measured individually 
but assessed by job-exposure matrix, this technique has advantages, particularly for widely variable 
exposures.   




Collins (1997) used routinely collected data from medical/industrial hygiene system to study 387 
workers with daily 8-hour time-weighted exposures averaging 0.55 ppm based on personal monitoring 
samples. The cross-sectional repeated survey design included 553 unexposed workers. No increase in 
the prevalence of lymphopenia (abnormally low lymphocyte counts) was found. This study did not use 
individual exposure nor a job exposure matrix, so the results may contain some uncertainty.  




Of the data from other groups of workers the ECHA conclusion that workers exposed to engine 




emissions e.g. traffic policemen are not an appropriate group for study due to co-exposure concerns 




is appropriate. It is noted that the data on gasoline exposed workers is based solely on the work of 




one group in Brazil who reviewed service station attendants. ECHA point out that this work might be 




compromised by co-exposures and previous history of higher exposure and / or dermal exposure, 




additionally the quantification of benzene exposure is based on urinary ttMA determination which can 




be also be present significantly due to dietary sources. Closer review of the work of Moro et al (2015) 




and also the related 2013 and 2017 publications give rise to observations (noted in the immunological 




section below) that raise concerns about the reliability of these studies.  




It is stated (ECHA document page 59) that “No haematological effects were also reported at 0.09 ppm 




benzene (Kang et al 2005) and 0.08 ppm benzene (Huang et al 2014)”. However, Huang et al didn’t 




give results for a 0.08 ppm group, and there was no control group in the Kang et al (2005) investigation. 




In addition, it is not correct to state in Table 16 in the Huang et al study that exposure ranged from 




0.077 to 4.8 ppm as these values were in fact emission levels from various devices. 




Summary of Haematological Section 




Overall it is seen that a true weight of evidence assessment of the haematological data in workers has 




not been carried out in the ECHA review with inappropriate weighting being assigned to the work of 




Lan et al, despite at least partial acknowledgement of the study’s limitations.  




It would be more appropriate if a balanced weight of evidence assessment was used to determine the 




NOAEL/LOAEL for haematological effects in workers. LOA has prepared a paper that considers how a 




weight of evidence analysis of haematological data might be used to set a DNEL and this is attached   




and is titled “Potential Derived No Effect Level for Benzene based on Haematotoxicity”. 
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Additional points and editorial comments: 




Page 59: It is stated that “haematological suppression as evidenced by reduction in several 




haematological parameters were reported at benzene concentrations above 1 ppm in 4 studies 




(McHale should not be treated as distinct from Lan). However, the only effects below 1 ppm that are 




listed are those of Lan et al (2004) and another result reported for a small group of 24 workers by Ye 




et al (2015).  




Page 60: The column of Table 16 which is stated to show “Parameters investigated/ findings” is 




selective in terms of parameter investigated and findings shown. The list of parameters investigated 




in studies is often not complete. Examples include Qu which also reported results for eosinophils, 




monocytes and basophils. Lan reported results for Hb, and Koh reported results for WBC, platelets, 




neutrophils and lymphocytes. 




It would also be helpful if Table 16 and text on page 55 showed the correct ranges for cumulative 




exposure (and concentration for the study by Ye et al (2015) (see Table 5 of the paper for correct 




ranges for cumulative exposure). 




Page 61: The results from the Qu study given in Table 16 are those for an analysis using categories 




based on lifetime cumulative exposure divided by duration of exposure. However, results for 




categories based on 4-wk mean exposure are more relevant (given in HEI report 115). The categories 




in Table 17 for genetic effects are based on 4-wk mean exposure In addition, no exposure response 




relationship was reported for lymphocytes in the Qu study as is stated in Table 16, and Qu et al (2002) 




notes the small correlation between SPMA after work and RBC, WBC and neutrophils but also notes 




that none of the urinary metabolites were predictive of depressed counts in these parameters, which 




can be understood since SPMA is not a biomarker of (toxicological) effect but a biomarker of benzene 




exposure. Why are results for 16 females with low exposure shown on a separate page?  The results 




in this subgroup are invalid, as described by CONCAWE (2013). 
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would seem appropriate to fall back haematological. In addition, the studies cited do not appear to 




support a clear immunomodulatory effect at benzene exposures of less than 1ppm. 




More specifically on: 




Page 63: Lan et al 2004 reported statistically significant trends with increasing benzene air 




concentration for a reduction in CD4 T cells, CD4:CD8 ratio and NK cells with significant difference 




between control and even the lowest exposure group (<1ppm) for CD4 cells and Cd4:CD8 ratio. In 




addition to the concerns about the characterisation of exposure in this study especially in the <1ppm 




group (see haematology section comments) there is a question of how well-matched control subjects 




from clothing factories were. Preferably, controls should be from the same factory to control potential 




socioeconomic or other difference that could confound results. Additionally, the clinical relevance of 




the observed statistically significant reductions in indices of cellular immunity is unclear especially 




when set against the curious observation that recent infection was reported in a higher percentage of 




control subjects than in exposed subjects with no obvious exposure related trend. (Control 11%, < 




1ppm 9%, 1-<10ppm 5% and >= 10ppm 10%) ( Lan et al Supplementary Material Table S1). 




Huang et al (2014) requires more careful interpretation because of the unusual findings in the 




comparison group. It is clear from Tables 3 and 4 that comparison subjects who don’t drink or don’t 




smoke have similar levels of P-LCR, PDW, and MPV to benzene exposed subjects (irrespective of 




whether they smoke or drink), and it is apparent that there would be no significant differences 




between unexposed and exposed subjects for these parameters if the comparison group included only 




non-smokers or non-drinkers. Levels of PAIgG, PAIgA, and PAIgM levels were also lower in smoking 




and drinking controls, but there was some evidence of an association between cumulative benzene 




exposure and PAIgA and PAIgM. However, no information is given about duration of exposure and 




whether it is appropriate to assume that exposure levels between 2004 and 2008 were constant over 




the exposure period.   




It isn’t clear what workers were included in the comparison group in the study by Uzma et al (2010). 




It also isn’t stated which blood sample (pre or post shift or both) were tested for immunological 




parameters. It is stated that a significant correlation between a decrease in immunoglobulin level and 




benzene exposed group was observed (r=0.81, P=0.02), but it is unclear what this means as a 




correlation of 0.81 calculated for all subjects (506) or exposed subjects (428, not 128 as stated by 




ECHA) would have a considerably smaller p-value. 




In Uzma et al (2010) it is noted that 3M passive dosimetry badges in the breathing zone were analysed 




by gc-ms to determine shift exposure to benzene in air.  It is reported that monitoring was carried out 




a mean of 12 hours (range 10-14 hours) and that questionnaire responses indicated a mean of 56% of 




the time on shift was spent in the gasoline filling station.  On that basis, the mean benzene exposure 




of 0.345ppm (0.118-0.527ppm) is not an 8h TWA and by simple proportion would indicate a mean 8h 




TWA of 0.6ppm.  It is not clear what role dermal exposure may have played in this study.  




The control group (n=78) was compared to 428 gasoline attendants (with sub-groups of < 10 years 




work   – n= 282 or > 10 years work = n=146).   Apart from being matched for socio-economic status, 




age and sex and the exclusion of smokers and those with chronic illnesses, nothing is reported of the 




individuals in the control group.  Uzma reports gasoline workers worked for a mean of 12 hour shifts 
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(with a range of 10-14 hours).  The results report statistically significant depression in indices 




associated with both cellular and humoral immune function (CD4 cells, CD4:CD8 ratio, IgG1 and IgG2) 




together with statistically significant changes in oxidative stress associated measures (RODS, MDA, 




GSH, total superoxide dismutase) and increased p53 m-RNA expression in benzene exposed workers.  




However, it is of note that when the CD4:CD8 ratio of the control group of in Uzma et al is compared 




to the normal Indian male values reported in Uppal et al 2003 or the Coulter reference values cited by 




Uppal et al it is much higher. 




 Group Group Size CD4 : CD8 ratio [mean (95% CL)]  




Umza et al 2010 male controls 78 4.00 




Uppal et al 2003 normal range for Indian males 55 1.55 [0.89-2.21] 




Coulter Reference Range cited by Uppal et al 2003 -- 1.0 -2.0 




Additionally, due to a calculation error in table IV of Uzma et al 2003 (where the CD4:CD8 ratio of 




Group II workers of 29/8 is tabulated as 3.09 rather than the correct 3.63), the depression of CD4: CD8 




ratio in this group compared to within study controls is exaggerated. Consequently, the depression in 




Group II workers (> 10 years employment in role) – 9.25% of the study control value is much less than 




that for Group I workers (< 10 years employment) at 22.2%.   




It is noted that there is a literature on the reduction of immune function related to stress, job 




satisfaction and job control at work (Amati M et al 2010, Henningsen GM et al 1992, Endresen IM et 




al 1987, Kawakami N et al 1997, Meijiman TF et al 1995 and Yoon HS et al 2014).  Without relevant 




information on controls (including length of workday), it is not clear that the control group controlled 




for such factors and that benzene exposure therefore was not the only variable in this study.  




ECHA also makes reference to gasoline station attendants studies by Moro et al (2015) in Brazil. Here 




parameters of reduced immune function are reportedly associated with median benzene 




concentrations of 0.044 ppm.  As well as these studies potentially being compromised by co-exposures 




(e.g. exhaust fumes) and the possibility of dermal exposure contributing to total benzene exposure a 




number of observations question the reliability of the study. Examining the Moro et al (2015) 




publication and also the 2013 and 2017 publications from the same authors, there appears to be a lot 




of overlap between the subjects in the 3 studies. This is not discussed by the authors. The 2013 paper 




included 43 male GSA workers and 28 male comparison subjects. The 2015 paper also included 28 




male comparison subjects, but 60 male GSA subjects. The 2017 study looked at the same 




haematological and immunological indices as the 2015 paper, but only included 20 male GSA workers 




and 20 male comparison subjects (and the same size groups of female subjects). The mean 




haematological and immunological indices of the smaller groups in the 2017 paper are very similar to 




those of subjects in the 2015 paper, and show the same trends. It is unclear why Moro et al would 




have selected a subset of the 2015 subjects for inclusion in the 2017 study, but it would be more 
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surprising if new male subjects had been tested to include in the 2017 study. It seems most likely that 




the subjects included in the 2017 paper are a subset of those included in the 2015 study. Hence, the 




basis for this selection should have been explained, and it should have also been made clear that the 




findings of the two papers are not independent.  




The results for CD80 and CD86 expression in monocytes in the 2015 paper do not seem plausible. 




There is virtually no expression in the GSA group. However, the benzene exposures of half the non-




smoking GSA group (22) and a quarter of the smoking GSA group (4) were similar to those of the 




comparison group. Thus, these GSA workers (26/60=43%) should have similar mean levels of CD80 




and CD86 expression in monocytes as the comparison group, and the mean levels of the GSA group 




should be at least 40-45% those of comparison subjects and not 10-15% as indicated in Fig 2. It is also 




odd that there is virtually no overlap between the groups in ttMA levels given the very large overlap 




in benzene in air levels. However, ECHA note that “the biomonitoring parameter measured (ttMA) 




indicates some exposure to benzene but quantification is not reliable in this concentration range 




because ttMA also has dietary sources”.   




The multivariate regression analyses in the 2015 paper are not informative as the models contain 




many highly correlated variables. Also, many of the observed correlations are simply a consequence 




of the differences in mean parameter levels between the groups, especially for parameters such as 




CD80 and CD86 expression in monocytes.  




Overall, there are good reasons to be concerned about the reliability of these studies from Moro et 




al. 




To summarise, given the uncertainties of several studies (Lan et al 2004, Huang et al 2014, Uzma et al 




2010, Moro et al 2015) both in terms of the findings and the definition of the associated exposure to 




benzene it would seem appropriate to fall back haematological data to define a DNEL. 




Overall the studies cited do not appear to support a clear immunomodulatory effect at benzene 




exposures of less than 1 ppm. 
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SECTION 7.6 GENETIC TOXICOLOGY (Pages 67-91) 




The basis of the ECHA document is largely taken from the reviews within Whysner et al 2004 and 




DECOS 2014 which seem generally appropriate. LOA would concur with the position taken that the 




key effects are cytogenicity and aneuploidy in workers and that studies of DNA damage e.g. Comet 




data can be misleading. 




The ECHA document lists several studies which are considered to demonstrate clastogenic effects and 




aneuploidy associated with benzene exposures >1ppm (Ji et al 2012, Marchetti et al 2012, Qu et al 




2003a, Xing et al 2010, Zhang et al 2011, 2012.  Micronucleus formation is also reported at exposure 




levels >1ppm (Zhang et al 2014, 2016).  Key studies are reviewed below. 




The ECHA summary then indicates that both micronucleus formation (Kim et al 2010) and 




chromosomal aberrations have been reported in Asian workers (Kim et al 2004, Rekhadevi et al 2011) 




with the benzene exposures in the latter study of Indian fuel station attendants (range 0.34-0.46 ppm) 




apparently being used to derive a LOAEL of 0.4 ppm for chromosomal aberrations and aneuploidy.  




The study of Marcon et al 1999 (12 Estonian factory workers exposed to mean benzene concentrations 




of 0.4 ppm – but with a maximum of 8.8 ppm) is cited as the only evidence of chromosomal breaks 




and hyperploidy in western workers of effects at low levels of benzene exposure.  In contrast, a larger 




study of 56 Estonian workers exposed to higher concentrations of benzene (mean of 1.25 ppm) were 




reported not to show micronucleus formation nor aneuploidy (Surralles et al 1997).  It is noted that 




Marcon et al 1999 observe “Although the relatively small size of the study groups does not allow firm 




conclusions on the role of occupational exposure , the observed patterns are suggestive of effects in 




the benzene exposed workers”  The report of Marcon et al needs to be considered alongside the work 




of Surralles et al 1997 who showed no increase in micronuclei  nor in aneuploidy in 56 samples from 







https://www.ncbi.nlm.nih.gov/pubmed/12599179



https://www.ncbi.nlm.nih.gov/pubmed/12599179
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Estonian benzene plant (mean exposure 1.25 ppm) and coke oven workers  (mean exposure 0.34 




ppm). 




A considerable amount of space is devoted to the small study by Marcon et al (1999) (page 73). 




However, the statistical analysis cannot account for possible confounders in such a small study and it 




is pointless to talk about effects at a 0.4 ppm level, when benzene exposures in the group ranged from 




0.1 – 8.8 ppm (0.4 ppm is the geometric mean not mean). In addition, the incidence of hyperploidy for 




both chromosomes was higher in the benzene-exposed workers as compared to the other groups, but 




the differences did not attain statistical significance for either chromosome. Nevertheless, this 




increase is highlighted on page 76.  




Due to uncertainties in the data as reviewed below, LOA does not consider that the evidence 




demonstrates cytogenetic and aneugenic activity below 1ppm.  Furthermore, LOA considers that the 




ECHA contention that aneugenicity is a more sensitive endpoint than haematotoxicity is not soundly 




based. 




The ECHA description of the study by Kim et al (2010) (page 74) contains a number of inaccuracies 




including the smoking percentages and size of the exposed group (12) given in Table 19 and on page 




85. ECHA list a number of limitations but it should also be clear that you cannot adjust effectively for 




confounders when the comparison group has only 10 subjects. Despite the limitations listed by ECHA, 




it still gets a lot of weight in the summary of micronuclei effects on page 85.  




Rekhadevi et al (2011) and Rekhadevi et al (2010) (page 78) are clearly the same study and the early 




report is described as a study of BTX not benzene, with similar exposure to xylene and toluene, The 




exposure assessment is inadequately described and it seems highly unlikely that the 3 exposure groups 




would have exposures in such narrow ranges. Given the error in exposure assessment, it is implausible 




that any dose response would be seen for parameters such as micronuclei and that the distributions 




of the urinary metabolites would be so distinct for the exposure groups. It is surprising that ECHA have 




given so much weight to such a poorly documented study.  




ECHA’s proposal states “However, since aneugenicity seems to be a more sensitive toxicological [sic] 




parameter associated with benzene exposure than its haematological effects (Zhang et al 2012), it can 




be assumed that the NOAEL for aneugenic effects would be lower than the NOAEL (or calculated 




BMDL) of 0.1 ppm for haematotoxic effects.” (page 115) 




This statement appears unsupportable for several reasons, namely: 




1. Zhang et al’s dose response data is not specific enough to make comparison of relative 




sensitivity for aneugenicity and haematotoxicity because the lowest exposure group (<10 




ppm) encompasses the range where both effects are observed, and not generalized enough 




to characterize the entire spectrum of aneugenicity and haematotoxicity. 




2. Even if the dose response data more expansive, Zhang et al’s sample size is too small (28 




benzene exposed individuals) to draw reliable, generalizable conclusions regarding relative 




sensitivity 




3. Zhang et al was referring to a single, specific form of aneugenicity (monosomy) as a biomarker 




of exposure, not a biomarker of effect.  




A more detailed review of the evidence on this point follows.  
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The paper by Zhang et al. (2012) was cited a number of times in the document to support the 




conclusion that aneugenicity is a more sensitive endpoint than haematological effects.  Prior to 




critically examining this publication, the following comments are worth mentioning.  The document 




cites a large number of publications authored and/or co-authored by this research group, which 




examined the cytogenetic response in Chinese workers occupationally exposed to benzene. These 




authors have carefully documented the exposure levels in most of their studies.  However, in many of 




their publications, the technique(s) used by these authors to assess cytogenetic abnormalities are 




novel and not adequately validated by testing appropriate positive and negative control chemicals in 




a laboratory setting prior to deploying the technique for human monitoring studies.  In addition, there 




is, in general, a heavy reliance on sophisticated statistical analyses and the significant figures in the 




calculated “p” values to infer an association between benzene exposure and cytogenetic effects in a 




vast majority of their publications; the actual effect size in most cases is not impressive. Another 




shortcoming of these studies is that it is impossible to judge whether the attributed effects are specific 




to benzene exposure; ideally, the authors could have included a cohort(s) exposed to a known non-




genotoxic / non-carcinogenic agent in addition to the unexposed population.   




With regards to Zhang et al (2012) study, the authors report that monosomy, but not trisomy, of 




chromosomes 7 and 8 was significantly increased in granulocyte-macrophage cultures set up from the 




peripheral blood of workers occupationally exposed to benzene at concentrations of <10 ppm or >10 




ppm.  By the authors own admission, these findings need validation in an independent benzene 




exposed cohort. A closer examination of the study raises several questions on the biological 




significance of the study findings.  For example: 




• The sample size is relatively small with only 14, 18, and 10 subjects in control, <10 ppm 




benzene, and >10 ppm benzene groups, respectively.  While the groups were age-matched, 




there were remarkable differences in gender and life-style factors (e.g., smoking and alcohol 




consumption) among the groups. The influence of these factors on the small increases (see 




below) seen in chromosome loss among the benzene-exposed groups is not readily 




discernible. 




• The background incidence of monosomy for chromosomes 7 and 8 in control population is 




relatively high with a mean% ±SD of 4.32±2.06 and 5.21±2.17, respectively.  The authors 




attribute this high incidence to the artefact produced by their staining technique. Based on 




this statement, one has to surmise that the experimental conditions used by the authors have 




the potential to yield misleading results.  




• The increase in monosomy of chromosome 7 and 8 in subjects exposed to <10 ppm benzene 




was approximately 5.2% for chromosome 7 (vs. 4.3% in control) and 6.7% for chromosome 8 




(vs. 5.2% in control).  Although the authors extensively discuss about the significant “p” values 




derived from their statistical analysis, it is readily apparent the incidence of monosomy 




observed in benzene-exposed population was not that different from the controls, especially 




in the context of the questionable reliability of the staining technique employed.  The SD of 




monosomy in controls itself is nearly 50% of the mean and it is apparent that there is 




considerable overlap in individual values between the control and the treated groups. 




• The incidence of monosomy of chromosome 7 and 8 in the >10 ppm benzene cohorts was 




slightly higher (6.4 and 6.9% vs. 4.3 and 5.2%, in controls respectively), but still not remarkable 




and the biological significance of this marginal increase is difficult to assess given the 
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variability among the individuals and the propensity of the methodology to induce technical 




artefacts.  




• The authors attempted to compare the percent increase in monosomy with the percent 




decrease in WBC and granulocyte-macrophage colony counts and conclude that the increase 




in cytogenetic damage is more pronounced than the decrease in cell counts. This is a 




questionable conclusion; an examination of the data presented shows that the two endpoints 




were similarly affected (or more accurately, not affected) at the <10 ppm exposure level and 




the statistical significance for the cytogenetic endpoint is most likely a chance occurrence 




unrelated to exposure. From this, one can surmise that the NOAEL in this study is <10 ppm 




benzene.  




• In conclusion, results from this study are not compelling to conclude that exposure to <10 




ppm benzene leads to cytogenetic damage and the cytogenetic endpoint is more sensitive 




than the haematotoxicity based on cell counts. 




The paper by Zhang et al (2005) wherein the authors reported that exposure to >5 ppm benzene 




induced monosomy and trisomy of select chromosomes is a good example of employing a non-




validated novel technique for human biomonitoring.  In this pilot study, the authors used a newly 




developed staining technique to detect aneuploidy of all 24 chromosomes.  The authors reported that 




benzene exposure induced monosomy and trisomy of select chromosomes, but not others.  To the 




authors’ credit, they stated that independent confirmation of the findings from this study was 




required and towards this end, they cite a larger study that was underway.  This larger study by Zhang 




et al. (2011) evaluated 27 unexposed, 22 exposed to <10 ppm benzene and 25 exposed to >10 ppm 




benzene.  The authors reported that this study confirmed findings from their pilot stud.  However, it 




is noteworthy that the authors state that the effect of exposure on individual chromosomes in the 




lower exposure category (<10 ppm) was not statistically significant.  The authors attribute this to 




smaller sample size and then refer to another publication (which is actually a meeting abstract; see 




below) that showed chromosome loss in a larger cohort of workers exposed to <1 ppm benzene. 




The abstract by Ji et al (2010) was presented at the Society of Toxicology annual meeting.  In this study, 




the authors used a simple staining technique to enumerate the number of hypo and hyperdiploid 




chromosome complements among the metaphase spreads prepared by culturing peripheral blood 




lymphocytes of workers exposed to various levels of benzene.  The sample size was quite large, 250 in 




the exposed and 140 in control.  The authors reported higher incidence of hypodiploidy in workers 




exposed to < 1 ppm benzene.  Results from this investigation have to be viewed with caution since the 




methodology employed in the study (standard air-dried preparation following hypotonic treatment) 




to prepare metaphase chromosomes is prone to yield false-positive findings for aneuploidy and 




polyploidy.  Chromosome loss frequently occurs during the preparation of cytogenetic specimens 




through mechanical disruption, which has very little to do with the biology.  Similarly, polyploidy seen 




in these preparations is often an artefact resulting from co-spreading of multiple cells during slide 




preparation.  Incidentally, results from this study could not be located in a full-length peer-reviewed 




publication. 




Extending the issues with generalizing Zhang et al’s study, because only one measure of haematoxicity 




was assessed one cannot generalize to the conclusion that aneugenicity is more sensitive than 




haematotoxicity. Both classes of effect have multiple independent endpoints (tens of endpoint 
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measures for both haematotoxicity and aneugenicity). It is scientifically invalid to state an entire class 




of effects (haematotoxicity) is less sensitive than another class (aneugenicity) based solely on a single 




endpoint measures for an entire class. A generalization may be possible, but it would entail 




considering more than the information available from a single study. 




The ECHA proposal appears to confuse concepts of biomarkers of effect with biomarkers of exposure 




their statement regarding relative sensitivity of endpoints. Zhang et al., (2012) stated “Further, the 




degree of monosomy induction was greater than the proportionate decline in peripheral blood cell 




counts, suggesting that it may be a more sensitive biomarker of benzene exposure” (emphasis added). 




This should not be interpreted as a conclusion that aneugenic effects are generally more sensitive. 




Rather, it is the authors hypothesizing from observations in a small sample that because the relative 




effect size for a single, specific aneugenic effect it may be a more sensitive biomarker of benzene 




exposure than white blood cell counts. Putting aside the previously noted issue with generalizing too 




broadly from Zhang et al’s study, one should also take note that the authors were referring to 




sensitivity as a biomarker of exposure, not a biomarker of effect. Zhang et al’s sensitivity hypothesis 




neglects to consider that while effect size is important to statistical power for effect detection, making 




statistical analyses capable of detecting a difference with small sample sizes (i.e., statistical testing 




may be more “sensitive”), it can be irrelevant to where a dose response begins. A chemical can have 




low potency still retain a large potential effect size (maximal effect), just as a chemical can have a small 




potential effect size but be very potent. It is the potency of a chemical that dictates judgments of 




relative sensitivity for an endpoint, not the statistical power.  




Further Specific Points / Comments 




Page 67: It is stated incorrectly that Vermeulen et al (2004) describes the exposure assessment for Qu 




et al (2003) (it describes the exposure assessment for the Lan study). The study included 130 exposed 




workers, not 133. It is also incorrectly stated that exposures ranged from 0.006 ppm (0.06ppm is the 




correct value), and that the LOD was 0.2 ppm for benzene in air (0.01 ppm is the correct LOD). It is 




also stated that “only workers were selected for which the haematological parameters were within 




the normal range” but Qu et al (2003) more accurately states that workers with blood cell counts 




below the normal range were not included in the study. There is no indication that any were excluded 




on this basis, and it is a surprising criterion given that the same group of 130 workers were studied for 




haematological effects. 




Page 70: Controls weren’t matched in Zhang et al (2014) study as stated in the ECHA text. They only 




have the same age range (19-57 years) as the exposed workers. There was no assessment of previous 




exposure levels in the factory, and the cumulative exposure measure is based on current exposure 




levels and hence isn’t a reliable measure of cumulative exposure. Only 24 workers were exposed to < 




3 mg m-3, so the study provides little information about exposure < 1 ppm. 




Page 71: There are a number of concerns about the second report on the study (Zhang et al, 2016). 




The comparison group clearly consists of the group of 102 “indoor workers” which formed one 




comparison group of the report by Zhang et al (2014), but the “external” comparison group of 95 




subjects from earlier report was not included. The 317 exposed workers are almost certainly a subset 




of the 385 exposed workers included in the first analysis, but no reason is given to explain why 68 




exposed workers were excluded. The ECHA description is inaccurate as 8/102 of the initial comparison 
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group were smokers (not 0% as stated by ECHA). However, the 8 smokers were moved to the exposed 




group giving a total of 95 comparison subjects and 325 exposed workers. In addition, 87/317 = 27% of 




the initial exposed group were smokers (not 12% as stated by ECHA). This proportion increased to 




95/325 in the exposed group included in analyses. Zhang et al (2016) claimed that they adjusted for 




smoking in their analyses, but this is clearly impossible for comparisons with unexposed subjects as 




none of the final group of 95 were smokers. This invalidates most analyses given the clear relationship 




between MN frequency and smoking, but the analyses by cumulative exposure have little value 




anyway because of the poor assessment of cumulative exposure. There are no analyses by exposure 




intensity and we do not know how many of the 24 subjects exposed to < 3 mg m-3 were included in 




the study. 




Page 85: It is not correct to state that “in a group of more than 700 Chinese workers exposed to 




benzene concentration above 1 ppm (Zhang et al 2014, 2016)”, as it is clear that the second study is 




reporting results for a subset of subjects in the first investigation.  
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SECTION 7.7 CARCINOGENICITY – HUMAN DATA (Pages 92-100) 




• ECHA should base any carcinogenic assessment on endpoints that are clearly linked to 




benzene, viz. AML/ANLL and/or MDS. 




• ECHA should recognize that several studies suggest an empirical threshold for AML/ANLL, and 




model risk using sub linear dose response curves to account for this.  




• ECHA ignore persuasive data from one of the highest quality studies of Pliofilm workers that 
suggests that:  




o ANLL is the only subtype related to benzene 
o Excess risk is only present in a 10 year, or possibly a 20 years window after exposure 
o A sub-linear or empirical threshold is suggested by the Pliofilm study 
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• ECHA fail to recognize important limitations of the meta-analyses.  




• ECHA overstate the potential or possible relationship between benzene and ALL, CLL, CML, 
NHL and MM.  




• ECHA fail to recognize the variance in exposure assessment techniques used in the studies 
that quantify benzene exposure, thereby mixing lesser studies with higher quality studies.  




Further Specific Comments 




ECHA, on page 92, state that they have excluded “individual case-control studies” in the description 




of benzene studies. The advantage of “individual” (e.g. hospital-based) case-control studies is that the 




diagnoses in these studies can be made with much more accuracy. Cohort studies are usually 




constrained to death certificate diagnoses which can be inaccurate, especially for LH cancer, for which 




the nomenclature has rapidly changed. Thus, for purposes of hazard identification (i.e. identification 




of which health outcomes are linked to benzene exposure), it would be a mistake to ignore this 




literature. However, once the endpoints that are definitively linked to benzene can be identified, we 




agree that it is more efficient to exclude these individual case control studies.  




For cancer, benzene has been definitively linked to AML/ANLL and MDS. These endpoints should thus 




be the focus of all dose-response analyses, despite the “convenience” in using “total leukaemia” due 




to the availability of such studies in the published literature.  




Cohort studies  




Table 42 is stated to be a summary of the most relevant cohort studies and nested case-control studies 




assessing the association between occupational exposure to benzene and risk of leukaemia or its 




subtypes. However, it also contains results for all haematologic neoplasms (Hayes et al, 1997) and all 




blood/bone marrow neoplasms (Kirkeleit et al, 2008). Table 42 doesn’t include the important results 




by time window given in Table 3 of Richardson et al (2008), although results by exposure window were 




included for Glass et al (2014). Table 42 is also missing a number of other relevant results including 




those for CLL reported by Stenehjem et al (2015) (and ever exposure results for AML and CLL), results 




for MDS reported by Linet et al (2015) (results are given for CLL which also had no incident cases in 




the unexposed group), and overall results for MPD reported by Glass et al (2014) (results by exposure 




window are included). It would also be better if follow-up periods were shown for the cohort studies 




so that it is clearer when studies are effectively reporting the same cases but with different exposure 




categories. 




In discussing the Pliofilm study on pp 92-93, ECHA state: “Regardless of which exposure estimates 




were used, the level of exposure to benzene has consistently shown a relationship to leukaemia 




mortality (Table 42)”. However, what is even more evident from these studies is that all analyses that 




have examined leukaemia subtypes have shown that the only consistent subtype related to benzene 




is ANLL (or the AML subtype of ANLL).  For example, the Crump, 1994 analysis reported that there was 




a statistically significant excess of AMML (i.e. two subtypes of ANLL), (8 observed and 1.6 expected, 




SMR = 6.2), and a strong dose response pattern, but no statistical excess of all other leukaemias (6 




observed and 3.1 expected, SMR = 1.9), and no dose response pattern. Similar observations have been 




reported repeatedly (e.g. Wong, 1995; Rhomberg et al., 2016), in fact it can be concluded from Wong, 




1995 that above 40 ppm-years (using Rinsky estimates) there are 5 cases of AML versus only 0.1 
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expected (SMR = 50), while there are no cases of other leukaemias versus 0.2 expected. In additional 




data provided by Rhomberg, a similar pattern emerges for non-ANLL: above 40 ppm-years there are 




8 cases of ANLL versus 0.94 expected, SMR = 8.51,  but for non-ANLL above 40 ppm-years, there are 3 




cases versus 1.87 expected, SMR = 1.60. If we call ANLL cases “x” and non-ANLL cases “y”, then to 




examine whether “y” has a relationship with benzene, it is fruitless to examine the relationship 




between (x+y) and benzene, which seems to be done in the ECHA document. Clearly, the only dose 




response relationship in this cohort is for ANLL/AML. Since this cohort is the least affected by 




potentially carcinogenic occupational exposures other than benzene, it should be given preference for 




hazard assessment and dose response assessment. AML/ANLL should be the primary focus of any 




carcinogenic dose-response assessments.  




On page 93, ECHA also state that “data from this cohort has also provided evidence that exposures in 




the most recent 10 years were most strongly associated with leukaemia risk while there was no 




evidence of an increased risk for exposures with a latency time of 20 years or more, the RR was 1.19 




(95%CI 1.10-1.29) per 10 ppm-years in the 10 years immediately after exposure (Rinsky et al 2002, 




Richardson 2008).” 




ECHA should have also be mentioned that for exposures that accrued more than 20 years ago, there 




was no risk from benzene exposure RR = 1.00 (0.90 – 1.05) (Richardson, 2008). This suggests that all 




of the risk from benzene exposure has manifested itself within 20 years of exposure, which Richardson 




(2008) contends: “Failure to account for variation with time since exposure in the effect of an 




increment of benzene exposure on the relative rate of leukaemia may lead to underestimation of the 




excess rate of leukaemia in some risk periods (and overestimation of the excess rate of leukaemia in 




other risk periods).” 




The limited latent period for leukaemia (which is driven by AML in the Pliofilm study) is also supported 




by the NCI China study (Hayes et al, 1997) which found that AML and MDS was associated with 




exposures within 10 years of diagnosis, and not with exposures that occurred more than 10 years 




before diagnosis. This observation needs to be accounted for in all risk calculations.  




In particular, use of a 40-year window that distributes a given cumulative exposure estimate equally 




over 40 years will over-estimate the risk of leukaemia by at least two-fold, thus is an unnecessarily 




conservative approach. 




ECHA does recognize that in the Pliofilm study, the “risk of leukaemia has decreased from the earliest 




reports”, but again cite the irrelevant statistics on total leukaemia by stating “now that more than half 




of the cohort has already deceased, the risk is still statistically significantly increased (SMR = 2.56; 95% 




CI 1.43-4.22) (Rinsky et al 2002).” It is not surprising that when adding a period with very high risk (call 




this “x”), to a period with low risk (“y”), that the total risk (x + y) remains somewhat statistically 




elevated. Again, this is using “total statistics” to obscure important facts. Instead of evaluating 




whether period Y shows elevated risk, ECHA examines period “X+Y” to seemingly argue that the risk 




reduction in period “Y” is not relevant.   




ECHA also state on page 93 that “Most recently Rhomberg et al (2016) updated the exposure 




information and found out (sic) that the risk of ANLL and AML was increased only in the highest 




exposure category when cohort members were divided into tertiles, quartiles or quintiles based on 
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cumulative exposure. Analyses for leukaemia overall were not reported in this latest follow-up study.” 




But, it is not surprising that Rhomberg et al. would not report on total leukaemia, since there is no 




dose response relationship for other leukaemias. Additional data supplied by Rhomberg indicates that 




there is no dose-response relationship for leukaemias other than ANLL (see above).  




On page 93, when discussing the China cohort study in multiple industry sectors that used benzene, 




ECHA note that “there was a statistically significant trend of increased risk across three categories of 




cumulative exposure to benzene for all leukaemia and ANLL / MDS (Hayes et al 1997). The risk of all 




leukaemia was highest 2-9 years since first exposure (RR 6.7; 95% CI 1.4- 120), but the lag time trend 




was not statistically significant (p=0.40) and the risk was still increased after more than 25 years since 




first exposure, although not statistically significantly (RR 2.2; 95% CI 0.7-8.0) (Linet et al 2015).”  Once 




again, ECHA is looking at aggregate statistics to obscure important facts. The increased risk 25 years 




after exposure contains the previously mentioned excess risk within 10 years of exposure. Again, one 




must compare x vs. y, not x vs. x+y. The proper summary of this study is that ANLL/MDS was 




significantly related to benzene exposure in the 10 years prior to diagnosis (P for trend = 0.003, two-




sided), but it was not linked to distant exposure (P for trend 0 .51, two-sided).  




Additionally, while this study is large, it should be noted that diverse industries across China were 




studied.  Besides coatings/paints, shoe and rubber industries, the study included chemical 




manufacturing and “mixed/other” industries.  Despite this diversity in manufacturing settings and 




exposure scenarios, the authors did not attempt to document or estimate exposure to a single other 




compound.  Thus, although this study is labelled a “benzene study”, any relationships emerging from 




it must be seen as only tentatively linked to benzene since many other substances were encountered, 




during a time frame in China where occupational exposures were often extremely high. In fact, Linet 




et al. (2015) state:  




”manufacture of industrial solvents and exposure to phenoxyacetic acid and certain other herbicides 




and insecticides have been linked with increased risk of non-Hodgkin lymphoma,[49] supporting the 




elevated risks we observed for this endpoint in chemical workers within the cohort.” 




We believe a cautious interpretation of this report is warranted, given the variety of compounds 




present in the diverse work settings studied.   




ECHA also discuss the petroleum worker studies (Schnatter et al 1996, Rushton and Romaniuk 1997, 




Glass et al 2003 and 2005) and cite the dose related results for all leukaemia by Glass (which are largely 




driven by AML). ECHA fail to note that the subsequent pooled analysis (Schnatter et al 2012, Rushton 




et al 2014, Glass et al 2014) did not support the original results, only that “those studies did not assess 




the risk of leukaemia overall”, ECHA repeatedly give preference to “total leukaemia”. However, not 




reporting results for total leukaemia should not be a surprise or an implied deficiency, given the 




diverse etiologies of each subtype, and the fact that recent classification schemes emphasize the cell 




of origin (e.g. myeloid, lymphoid) rather than anatomical site (e.g. leukaemia, lymphoma) (Swerdlow, 




WHO 2008).  




ECHA note that he most recent version of the petroleum worker studies showed that “there was little 




evidence of dose-response relationship for AML, CLL, CML and myeloproliferative disease…”  ECHA 







http://onlinelibrary.wiley.com/doi/10.1002/ijc.29591/full#ijc29591-bib-0049
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should realize that an important difference between the original studies (Schnatter et al, 1996; 




Rushton and Romaniuk, 1997; and Glass et al, 2003) versus the updated pooled analysis (Schnatter et 




al., 2012; Rushton et al., 2014; Glass et al., 2014) is that the diagnoses in the updated study were 




subject to extensive review by two haematopathologists, using additional source records not present 




in the original studies that were obtained through state agencies and patient providers. Thus, results 




from the updated pooled analysis, which do not show a relationship for the major leukaemia cell types, 




should clearly take precedence over the earlier reports which were based on fewer cases and less 




accurate diagnoses. This is also an issue in most meta-analyses conducted – if they relied on the 




original studies, they are subject to disease misclassification and outdated information.  




ECHA also recognize that the updated study showed a relationship between benzene and MDS by 




stating, on page 93, that cumulative exposure to benzene increased the risk of MDS (OR = 4.3; 95% CI 




1.3-14) when the highest exposure category (> 2.93 ppm-years) was compared with the lowest (< 




0.348 ppm-years)” and that the “risk of MDS was also increased among workers with likely frequent 




peak exposures vs those without (OR = 6.32; 95% CI 1.32 – 30.2). The results suggested that MDS may 




be the most relevant health risk for lower exposures.” While ECHA recognize this, they do not provide 




any follow-up or account for this in any subsequent review or risk calculations.  




On page 94, ECHA note two cohort studies among offshore petroleum industry workers. While the 




Kirkeleit et al (2008) study showed an increased risk of AML (RR = 2.9; 95% CI 1.3–6.7) for workers 




with first employment in 1981-1985, but not for those first employed between 1986-2003, it should 




not be included, since it did not estimate exposures. It is stated that “Benzene exposure was not 




quantified, but based on previous studies for this industry, the authors estimated that exposure 




ranged from below 0.001 to 0.7 ppm.”.  However, several other studies do not estimate benzene 




exposure, but provide an educated guess as to where exposures may lie. If this one study is included, 




several others, that for the most part do not show excess leukaemia (see Wong and Raabe, 2000) 




would also be eligible for inclusion.  




When discussing Stenehjem et al (2015), ECHA should note that this study again found no significant 




trends for leukaemias other than AML. We have also reviewed the exposure estimating procedures 




and data in this study and have concerns about its accuracy.   




There are two cohorts of chemical industry workers: the ‘Dow’ cohort and the ‘Chemical 




Manufacturers Association (CMA)’ cohort. In the Dow cohort a non-significantly increased leukaemia 




mortality was observed earlier (SMR 1.9; 95% CI 0.5-4.9), but based on only 4 cases (Bond 1986). In 




the later follow-ups the risk was only slightly above the background (SMR 1.1; 95% CI 0.6-2.0, 




(Bloemen et al 2004 and SMR 1.2; 95% CI 0.7 – 2.0, Collins et al 2015). In the CMA cohort there was 




an indication of a dose-response (p for trend 0.01), but based on only 6 cases and no cases et all in the 




unexposed (Wong 1987). In a later follow-up of one of the CMA cohort plants Collins et al (2003) found 




indication that for benzene related risk of leukaemia and ANLL the number of days with peak 




exposures above 100 ppm would be a better predictor than cumulative exposure. Yet the number of 




deaths for these endpoints were small.  




When ECHA discuss the two chemical industry cohorts (Bloemen et al, 2004 and Wong, 1987), it should 
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be noted that chemical worker studies would be expected to be affected by exposure to a host of 




other chemical agents besides benzene.  




ECHA provide a misleading summary of Guénel et al (2002) by stating that “the risk of leukaemia was 




increased among workers with estimated cumulative benzene exposure of > 16.8 ppm- years (OR = 




3.6; 95% CI 1.1–12). There was an indication of dose-response relation (OR = 1.2, 95% CI 1.0 – 1.5 per 




10 ppm-years increase in exposure).” As noted by Vlaanderen (2008) and others, this study used 




exposure scores rather than exposure concentrations, thus no statements can be made about 




benzene risks at specific exposure concentrations. It should be excluded from the discussion.  




Also on page 94, ECHA should note that Seniori Constantini et al (2003) study, which found an 




increasing trend in leukaemia mortality for cumulative benzene exposure categories of < 40, 40-99, 




100-199 and > 200 ppm-years (p for trend 0.02), suggests that the threshold for all leukaemia is above 




40 ppm-years. A table of deaths provides information that indicates that AML mortality is the primary 




driver for the results noted above.  The table shows that the leukaemia subtypes present in this study 




are as follows: AML – 6, CML – 1, ALL – 0, CLL – 2, Unspecified = 2.  Thus, it is clear that any signal from 




benzene exposure in this study is primarily driven by AML.  




Meta-analyses  




The meta-analysis by Khalade et al (2010) described on pp 94-95 is of a poor standard and little value 




can be attached to the results shown in Table 26 of the ECHA report. It is clearly apparent from Table 




S1 of the supplementary material that many of the study results that are described as Low, Medium 




or High cannot be considered to be estimates of effect for the categories of < 40ppm-years, 40-100 




ppm-years and > 100 ppm-years, and there are numerous errors and inconsistencies in the selection 




of results included in the analysis. For example, Khalade et al have used results for exposure categories 




based on exposure intensity from the case-control study by Costantini et al (2008). Exposure intensity 




and cumulative exposure were not quantified by Costantini et al (2008), but Khalade et al treat the 




results as results for Low and Medium exposure categories, probably because they have mistakenly 




described their exposure as < 15 and > 15 ppm-years. These results are quite influential in the meta-




analysis (although the upper limit of one confidence interval has been incorrectly taken to be 30.9 




instead of 3.9). Another obvious error is the use of results presented for NHL by Hayes et al (1997) in 




the meta-analysis for CLL. Even if the revised WHO classification scheme, for which CLL is a type of 




NHL, is used, the majority of NHL’s are not CLL’s. Also, as previously mentioned, Khalade uses now 




out-of-date-findings from the petroleum worker studies. 




Khalade et al (2010) also provide spurious reasons for not including several studies. For example: In 




their Table S2, invalid reasons are present for:  Tsai, 1983 (“no leukaemia cases” – this is 




inappropriately rejecting negative data), Crane 1992 (“environmental exposures alongside 




occupational” – this situation is always true for other included studies), Ciccone (1993) (“concentrating 




on chromosome aberrations”, this should not exclude valid data on leukaemia), Crump, 1994 (“overlap 




with Rinsky 2002” – but Rinsky had no cell type data, Crump did), Li, 1997 (“does not satisfy inclusion 




criteria of only-English papers” – this is bad practice, was not previously specified as a criterion, and 




can bias a meta-analysis).  
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Khalade et al also state that duplicate reports of studies were rejected. However, this criterion appears 




to be erroneously applied, as duplicates do exist (e.g. Rinsky 2002 and Richardson 2008).  The authors 




state that if multiple updates of the same population were available, that the study with the longest 




follow-up period was chosen.  However, some updates did not include relevant leukaemia subtype 




data, which as a result, erroneously excluded at least one important study of Pliofilm workers (i.e. 




Crump, 1994 had subtype data v. Rinsky 2002 and the duplicative Richardson 2008 studies did not 




have subtype data).  




In addition, case control studies and cohort studies from the same population were both included. For 




example, Sorahan 2007 (which is weighted heavily) is the base population (with no benzene exposure 




data) of the Rushton 1997 study. The Rushton case-control study DID have benzene exposure data.  




Clearly, it is inappropriate to include Sorahan 2007, since many workers would have had only 




background benzene exposure.  Even this overlap was inconsistently applied, since similar base cohort 




studies for the Schnatter 1996 and Glass 2003 case-control studies also existed but were not included.  




Thus, it is abundantly clear that no weight can be given to the Khalade et al., 2010 study.  




While ECHA describe Vlaanderen studies published in 2010 (total leukaemia), 2011(lymphoid 




neoplasms), and 2012 (CML) on pp 95-96, the Vlaanderen et al. 2008 analysis is ignored.  This is 




actually the most relevant analysis since it applies to AML/ANLL, the only leukaemia subtype 




definitively linked to benzene exposure. It also uses a well- documented scheme to weight the quality 




of the studies based primarily on exposure assessment techniques, which can be quite variable, as 




ECHA later recognizes. The Vlaanderen et al. 2008 study ranks the petroleum studies as the highest 




quality data for subsequent risk assessment of AML.  The Pliofilm study is ranked second. These 




datasets (in their most recent form) should be the primary focus of any subsequent risk assessments 




on benzene and AML.  




The subsequent Vlaanderen studies (2011, 2012) include an implicit flaw in assessing “study quality”.  




They regard a significant AML result as a study quality indicator, since they believe this assures that 




the exposure assessment is accurate enough to identify a known relationship.  However, a study could 




be flawless in every respect and not identify an AML excess if exposures were not sufficiently high. In 




fact, Vlaanderen’s more refined quality scheme based on specific aspects of exposure assessment 




detailed in the 2008 paper rank the petroleum worker studies as the highest. Yet, in the most recent 




form, these studies did not identify an AML excess, primarily due to the more precise diagnostic 




criteria used that was able to identify MDS cases more accurately. Identifying a sentinel health effect, 




such as asbestosis from asbestos exposure, can be a valuable indicator of study quality and exposure 




assessment techniques. However, the sentinel health effect should be specific to the exposure in 




question. Angiosarcoma can be used to gauge vinyl chloride studies. Asbestosis can be used to gauge 




asbestos studies. However, since AML has several alternate causes, it should not be regarded as a 




sentinel health effect for benzene exposure.  




The other two “quality” criteria are also dubious – follow up in 1970 or later is arbitrary, employing it 




excludes the high quality Pliofilm data, while exposure assessment information should be present to 




start with, and studies that have no benzene quantitative information should not be used (as in 




Vlaanderen 2010).  Thus, while ECHA state that “For ALL, CLL and CML the relative risks increased 
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with increasing study quality for all three stratification approaches, thereby suggesting an 




association with the exposure to benzene”, the quality indicators are flawed. In addition, Vlaanderen 




et al., 2011 and 2012 use an abundance of studies that do not have any quantitative information on 




benzene exposure whatsoever. Finally, data used from the petroleum studies should not be used as 




different results were present from an update which is based on longer follow-up and more precise 




diagnostic methods.  




The Vlaanderen 2010 paper does not use quality indicators, but an important flaw in the Vlaanderen 




(2010) paper is that it is based on all leukaemias, rather than ANLL/AML. While the authors state that 




analyses on subtypes would be hampered by lack of data, this is no longer true due to study updates. 




Other issues with the Vlaanderen (2010) analysis are: (a) Although the natural spline allows a wide 




range of models to be fitted, the models are restricted by the choice of knots. This especially so when 




the exposure distribution is skew, and the knots are based on percentiles as here. In the overall 




analysis, the top knot is 125.5 ppm-years. This means that the natural spline curve is forced to be 




linear for exposures > 125.5 ppm-years (the portions of the curve above the top knot and below the 




bottom knot are constrained to be linear).  Hence, the flexibility in response curve is much less than 




perceived. (b) It is not clear why Vlaanderen et al (2011) omitted to fit a natural spline with no 




intercept for the cohort studies. (c) the results of the case control studies are implausible, likely due 




to the Glass results, which were affected by a deficit of cases in the baseline group, thereby inflating 




all risk estimates, particularly an OR of 98 for >16 ppm-years. (d) all Pliofilm data is based on the Rinsky 




estimates, which have been shown to under-estimate exposures, (e) the study ignored results 




suggesting that leukaemia risk from benzene manifests over a shortened period after exposure 




(Richardson, 2008; Hayes et al., 1997).  Ignoring this time frame distributes cumulative exposure 




estimates over a wider time frame resulting in higher risk estimates per unit of concentration (ppm), 




(f) the study ignored information on rate effects, or the influence of intensity or of peak exposures on 




the results (Schnatter et al, 1996; Collins, et al, 2003; Seniori Constantini et al. (2003), and Wong et al. 




2010), and perhaps most importantly, (g) it in no way assessed the heterogeneity of the studies with 




common measures used in meta-analyses. This is incumbent on investigators before providing 




summary estimates, especially in the form of meta-regressions. Examining whether a single study 




affects the result in no way substitutes for an assessment of heterogeneity, as ECHA seems to indicate 




on page 9x.  




Quality considerations  




On page 9x, ECHA correctly state that: “The accuracy of assessing exposure to benzene is an important 




quality aspect and especially so for any consideration of dose-response.” However, it is also stated 




that: “As pointed out in the dose-response shape meta-analysis paper by Vlaanderen et al (2010) all 




the studies assessed exposure retrospectively based on relatively limited sets of exposure 




measurements.”. This latter statement is not true for the Khalade et al., 2010 and the Vlaanderen 




2011 and 2012 papers.   




We agree with ECHA when it states that: “The significant amount of expert judgement that goes into 




those decision rules makes it conceivable that systematic differences in exposure assessment may 




exist between studies.” However, we strongly disagree with the subsequent statements that “There 
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is no straightforward protocol to assess or rank the accuracy of the exposure estimates used in the 




various cohorts.” And “Instead one can perform sensitivity analyses on what effect the exclusion of 




each of the individual data sets has on the overall meta dose-response as explained for the analysis of 




Vlaanderen et al (2010).” 




First, Vlaanderen 2008 DOES explain in detail a way of ranking studies that use retrospective exposure 




assessment. ECHA needs to take account of this quality scoring scheme and re-do the analysis with 




the highest ranked studies.  




Second, removal of one study at a time is a simple sensitivity analyses to explore each study’s 




influence, but it in no way substitutes for an assessment of exposure assessment quality nor overall 




study quality.   




Finally, ECHA state that: “some studies have found indications that average exposure in ppm or 




number or level of peak exposures might play a role”…. “these estimates are based on retrospective 




assessments and the different exposure metrics are correlated with each other making it impossible 




to definitively confirm or exclude their role with methods of epidemiology”. The same exact statement 




can be made about the cumulative exposure metric. ECHA is ignoring both empirical and biologic 




evidence of rate effects for benzene exposure.   




Other haematopoietic neoplasms  




We agree with ECHA when, on page 9x, it states that: “Some of the cohort studies listed for leukaemia 




in Table 42 have also analysed the benzene related risk of non-Hodgkin lymphoma (NHL) and/or 




multiple myeloma (MM). The results have been heterogeneous. exposure.” 




Referring to Table 28 and the Vlaanderen (2011) meta-analysis, ECHA state that: “The meta relative 




risk increased with increasing study quality for MM, thereby suggesting an association with the 




exposure to benzene. The meta relative risks were, however, only slightly above 1 (Table 28)”.  Please 




refer to our comments above on the “quality” indicators in Vlaanderen 2011, which indicates that this 




“trend” is meaningless.  




We agree with ECHA, when it states on page 9x that: “For NHL it must be noted that it is a 




heterogeneous group of histological subtypes, and the definition of NHL overall and its subtypes has 




evolved over the last several decades with the application and discontinuation of several classification 




schemes, which complicates the assessment of exposure to benzene and risk for NHL (IARC 2012, 




Health Council of Netherlands 2014, Vlaanderen et al 2011).”  ECHA should also note that ALL and CLL 




are also now considered under the lymphoma rubric.  




On page 99, when discussing the Copley et al., 2017 study, ECHA state that “The risk was most evident 




for refractory cytopenia with unilineage dysplasia which was also the most common type of MDS in 




the population studied accounting for 70% of all cases.”.  However, the correct subtype that was 




elevated was refractory cytopenia with multilineage dysplasia.   




CONCLUSIONS HUMAN DATA  




ECHA state that: “Epidemiologic studies provide clear evidence of a causal association between 




exposure to benzene and leukaemia, especially for AML/ANLL but also for ALL, CML and CLL.” We 
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disagree since IARC, The Health Council of the Netherlands (2014), and AGS (2012) all conclude that 




the evidence is only possible or limited for ALL, CML and CLL. (DECOS, 2014, Loomis et al 2017) The 




only leukaemia cell-type that is clearly linked to benzene is AML/ANLL. Nothing in the literature from 




2012 forward should change that view, except that there is stronger evidence for a relationship with 




MDS and benzene.  
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SECTION 7.9 CARCINOGENICITY – MODE OF ACTION (Pages 102-108) 




Sequence of Key Events is Needed to Assess Potential for Threshold, Not a Completely Characterized 




Mode of Action 




1. Threshold model justification does not require demonstration that every mode of action be known 




and shown to have quantitative threshold. If one key event in pathway to the final adverse event 
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(carcinogenicity for benzene) has a threshold the disease process will have a threshold. As shown by 




both the DECOS and LOA analysis, a threshold model is supportable for benzene. 




ECHA’s proposal suggests one would need to establish that all modes of action have threshold to 




support a threshold approach. While we would agree that multiple factors influence benzene’s 




toxicity, particularly as it pertains to leukaemia, it is not necessary for every aspect of a mode of action 




to be completely understood, and a threshold established for each aspect, to conclude a threshold 




model is appropriate.  




The WHO IPCS Human Relevance Framework for cancer mode of action holds there is a series of key 




events in the pathway to the final carcinogenic outcome. These sequential key events can be affected 




by modifying factors. Key events, as implied by their name, are essential to the disease process. If the 




key event does not occur, the disease process will not progress. A key characteristic of key events is 




they show a time- and dose-related pattern. For benzene’s leukaemogenic action the temporal 




pattern is haematotoxicity, aneugenicity, and leukaemia. This path is also supported by its dose 




response function. Haematoxicity is found at the lowest doses (LOAELs of approximately >2 ppm), 




with aneugenicity appearing at a marginally higher exposure (LOAELs of approximately ≥10 ppm). 




Excess leukaemia risks begin at exposures >10-20 ppm, and possibly >20 ppm. Once one understands 




the sequential relationship between key events in disease progression it is not necessary to prove all 




the events have a threshold. If any single key event in the sequence has a threshold, then the disease 




process has a threshold. Thresholds act as filters – they damp biological noise, propagating an action 




only when a sufficient stimulus is present. Consider the analogy of an analog radio – when in operation 




the adjustments of the frequency or volume dial result in linear changes. However, unless the 




threshold of activation – the power switch – has been flipped on there will be no linear response no 




matter how someone adjusts the dials. For benzene, this is haematoxicity – unless there is enough 




benzene exposure to deplete blood cells there will not be leukaemia.  




In support of this point, DECOS applied a threshold approach in their risk assessment and considers 




that haematotoxicity is an early indicator of developing AML/MDS following benzene exposure, and 




also noted that persistent cytopenias and other blood disorders frequently precede the onset of 




leukaemia in patients developing AML secondary to benzene or other alkylating agents.  DECOS 




concluded that “although several dose-response analyses on the benzene-leukaemia association have 




been reported, their power at low levels of exposure is low and they do not allow determination of a 




reliable point of departure for derivation of a health based OEL”.  Based on their review of the benzene 




data, DECOS noted that several good quality human haematotoxicity studies are available in which 




individual benzene exposure levels were regularly monitored before blood samples were collected. 




Consequently, DECOS decided to consider haematotoxicity data as the most suitable starting point for 




their benzene risk assessment. The ECHA document mentions that DECOS concluded that in some 




studies exposure to 0.6 ppm showed haematotoxic effects while in others none were observed.  The 




ECHA summary is not clear as to strengths and weaknesses of the studies that DECOS assessed but 




does state that DECOS applied “a pragmatic weight-of-evidence approach” by applying an uncertainty 




factor of 3 since 0.6 ppm was a LOAEL (in some studies, but not in others), resulting in a recommended 




OEL of 0.2 ppm.  The ECHA value appears to be based on the BMDL of 0.1 ppm calculated by ATSDR 




(2007), an analysis with notable methodological issues discussed further below. ATSDR used data from 




a study in Chinese shoe factory workers with “adequate exposure assessment”, in which 
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haematological effects were reported at 0.57 ppm (Lan et al 2004). It’s not clear if this is the same 




study that was used by DECOS in their assessment, but if so it does not account for apparently 




significant benzene exposure by other routes, hence overestimating the impact of occupational air 




benzene levels workers experienced.  If it is the same study then the difference appears to have been 




due to the assessment factors used to derive the OEL.  




Misidentification of Benzene as a SCOEL carcinogen group B substance  




2.  SCOEL carcinogen group C assignment of benzene is more consistent with its nature as a weak 




genotoxin with important secondary mechanisms than assignment to group B. 




ECHA’s proposal justifies assigning benzene to SCOEL carcinogen group B on the basis that “…the 




situation [with regard to mode of carcinogenic action] is not clear and for which a linear non-threshold 




model may be used as a default assumption, based on the scientific uncertainty.” This does not appear 




aligned to the SCOEL methodology, which assigns weak genotoxins with secondary mechanisms 




playing an important role to group C, and uses a NOAEL approach. SCOEL’s methodology makes no 




requirement that a mode of action be completed understood. The mere presence of unresolved 




scientific details may not preclude a decision based on available evidence. 




Both ECHA and LOA agree that benzene appears to be a weak genotoxin, and that chromosomal and 




DNA reactive effects appear due to secondary mechanisms. Disregarding the real possibility that 




benzene causes genotoxicity only on a chromosomal level (consistent with multiple test results when 




performed under appropriate conditions) and thus qualifies for SCOEL carcinogen group D assignment, 




this would suggest group C is more appropriate. Further, ECHA’s own analysis suggests they agree 




thresholds are likely. On page 117 (section 8.3.1) of ECHA’s proposal it states that “For the non-




carcinogenic adverse effects of benzene on the bone marrow and blood system (haematotoxicity and 




immunotoxicity) and the leading genotoxic effect, i.e. aneugenicity, threshold is likely to exist.” Later 




on page 118 the ECHA notes that “In European (Estonian) workers no clastogenicity or aneugenicity 




was observed in 56 samples of Estonian workers; benzene exposure in benzene plant workers was 




1.25±1.46 ppm and in coke oven plant workers 0.34±0.23 ppm and 0.04±0.04 ppm (Surrallés et al 




1997)”. It seems that, at least for aneugenicity, data are available to show lack of effects at specific 




occupational exposure levels in benzene plant and coke oven plant workers. Understanding that 




haematoxicity precedes aneugenicity, which in turn precedes carcinogenicity, coupled with the 




understanding that threshold on any key event in the sequential disease process dictates the overall 




disease process has a threshold, supports assignment to group C. 




There is an overwhelming evidence indicating than benzene is a clastogen and aneugen. However, the 




evidence for benzene as a DNA-reactive agent or as a gene mutagen is very limited or questionable. 




As acknowledged by the ECHA document on multiple instances, any DNA reactivity of benzene is due 




to secondary mechanisms. The available data indicates that clastogenicity and aneugenicity of 




benzene is mediated by spindle poisoning, topoisomerase inhibition and/or indirect mechanisms such 




as oxidative stress. Since enzyme inhibition and indirect genotoxicity are generally recognized as 




threshold phenomena, benzene deserves to be categorized as a Group C carcinogen.  The ECHA 




document appeared to have made a stronger case in support this categorization.  It was somewhat 




surprising that ECHA categorized benzene as a Group B carcinogen at the end. Strong counterevidence 




regarding assignment to SCOEL carcinogen group B can be found in comparing the cytogenetics of 
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chemotherapy-related acute myeloid leukaemia (tAML), a situation where exposure to a strongly 




genotoxic is known, to benzene-exposed cases of AML. tAML is notable for a characteristic 




overrepresentation of specific losses in chromosome regions 5q or 7q, or gain in of an additional 




chromosome 11 (Irons et al 2013; Kerzic et al 2016, Kerzick et al 2017). This pattern is not observed in 




benzene-exposed AML. Thus, a direct IA assignment reveals a distinctly different pattern in benzene, 




consistent with it operating by an indirectly genotoxic mechanism, and thus consistent with group C 




assignment.   




Cumulatively, the balance of factors favours SCOEL carcinogen group C assignment, not to group B. 




On the basis of arguments reviewed in the sections above the proposed OEL of 0.1ppm / 8 hours is 




based on an ATSDR BMD analysis which has serious inadequacies.   An accompanying document to 




this submission reviews haematological data which point to an OEL in the range 0.4-0.7ppm / 8h being 




supportable.  
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SECTION 7.9 CARCINOGENICITY – RISK EXTRAPOLATION (Pages 108-117) 




Failure to Reconsider 1991 SCOEL in Light of Updated Information  




It is puzzling to summarize in such detail the former SCOEL report from 1991.  At the time, SCOEL 




assumed that benzene acted as a direct genotoxin by covalently binding to DNA. This presumed mode 




of action, sufficiently addressed in subsequent years to show it is not applicable in real world 




scenarios, drove a conservative approach that is no longer justified. SCOEL cited a Van Damme study 




on hematologic effects in humans that was never published, presumably due to its poor quality.  




SCOEL cited “remarkable external consistency” in risk extrapolations from different data sets at the 




time. Presumably, these were based on studies in chemical workers (e.g. Ott et al. 1978; Wong et al. 
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1987) which has been updated several times since the initial report. Subsequent work on the main 




portion of the Wong study (Collins et al 2003) suggest the importance of peak exposures in driving 




risk. In addition, both of these cohorts are in chemical workers, where several other potentially 




carcinogenic exposures are present. Finally, it is not remarkable that such “external consistency” be 




observed, when conservative risk modelling practices (e.g., no-threshold, linear at low dose) are 




dictated due to an outdated view regarding mode of action.   




The primary weaknesses in the SCOEL report is that the report is out of date and does not account for 




several updates of the studies used, all analyses are based on total leukaemia’s rather than ANLL/AML, 




and no allowance is made for more relevant modes of action.   




Inadequate Consideration and Response to Information Relevant to Justification of a Health-




based Approach  




Compounding the misidentification of benzene as SCOEL carcinogen group B, ECHA’s proposal fails to 




consider a more contemporary analysis performed by DECOS. Curiously, ECHA summarizes but offers 




no comment on the DECOS report. In particular, ECHA’s proposal makes no statement regarding the 




several dose response analyses on benzene that were available to the DECOS committee and used to 




derive a health-based OEL, yet the same information considered by ECHA “… do not allow 




determination of a reliable point of departure for derivation of a health based OEL.” DECOS offers 




the best current strategy for determining an OEL by relying on a richer database of hematologic studies 




that estimate benzene exposure in more recent time periods. This avoids several unreliable modelling 




assumptions inherent in current cancer dose-response models. Use of these model predictions results 




in very different and unreliable extrapolations to concentrations that were not present in the source 




studies. While the DECOS interpretation of the Lan study is overly conservative, the use of 




hematologic data to generate an OEL is a more reliable method to prevent proven health effects 




from benzene and should be adopted by ECHA. 




While ECHA clearly read portions of the US EPA IRIS non-cancer health effects assessment, they have 




failed to integrate US EPA’s comments regarding haematology endpoints and their relevance to other 




health effects: 




“Absolute lymphocyte count (ALC) is also thought to have a potential role as a "sentinel" effect 




for a cascade of early haematological and related biological changes that might be expected 




to result in the more profound examples of benzene poisoning observed in other cohorts of 




the National Cancer Institute/Chinese Academy of Preventive Medicine study, as described by 




Dosemeci et al. (1996). That ALC depletion is accompanied by gene-duplicating mutations in 




somatic cells under the same range of exposure conditions suggests that benzene can cause 




repeated damage to longer-lived stem cells in human bone marrow, further implicating the 




compound as etiologically important in the onset of benzene-associated leukaemia. This 




finding underlines the importance of basing public health concern for benzene on a 




toxicological effect that is representative of the earliest biological changes induced by the 




compound.”  




US EPA’s comment is consistent with a view that hematologic effects are predecessors to other 




toxicities of benzene, yet has not integrated this information into their proposal. 















LOA Technical Steering Committee  
Benzene Ad Hoc Working Group   
Detailed comments on the ECHA proposal for benzene workplace OEL values 




 




Lower Olefins and Aromatics REACH Consortium vzw 




Registered Address:  




Avenue des Arts 10, 1210 Brussels, Belgium  




43 of 5 4                                      7th November 2017 




 




ECHA has also failed to discuss relevant information provided by LOA with regard to how benzene 




dose rates affect toxicity, and the consequent conclusion that a linear stochastic model invoking 




cumulative dose is not biologically justified. Available evidence explains why the observation that dose 




rate effects associated with benzene strongly indicate a threshold is likely to exist. 




Inadequate Justification in Selection of AGS’ linear extrapolation 




The proposal identified multiple sources of linear extrapolation for benzene leukaemia risk in section 




8.2.2, with risk estimates ranging from 2.0x10-3 to 6.7x10-3 per ppm, a more than three-fold difference. 




The proposal then selects the model providing the highest risk estimate, indicating it is “…supported 




by the more recent publication…”. As no citation is identified it appears this refers only to the date of 




publication for the AGS report. This is not a meaningful basis on which to select a value. Using such a 




basis would suggest the risk changes with whenever a more recent analysis is available, which could 




be far higher or lower due to differences in methodology. Rather, if a linear extrapolation is to be used 




(which does not appear necessary) ECHA should make a transparent justification of their selection on 




the basis of scientific and methodological rigor, not on date of publication. 




In an earlier section (8.1.3) the proposal concludes that “no individual study among those is 




methodologically convincingly more reliable than any other. Consequently, the average based 




approach chosen by AGS is justified”. However, it is not regarded as acceptable scientific practice to 




include multiple results for a study (7 from the Pliofilm study, 2 from the Australian Health Watch 




study) when pooling results from different studies. It is also usual to weight the results in some way 




based on their precision or quality rather than calculate a simple average. Furthermore, AGS included 




results from Guénel et al (2002), as does Table 42 of this report, even though the investigators 




reported that they used arbitrary units of benzene concentration because of uncertainties and only 




converted these “roughly” to compare results with other studies. These are significant methodologic 




issues who that may cause a systematic misestimation of risk. 




This report also does not take into account the most recent findings from several of the studies. The 




Guénel et al (2002) study should clearly be excluded, since they report “score-years” rather than 




“ppm-years”. The Richardson (2008) finding, which shows that benzene-related risk is only relevant 




for 20 years post-exposure (which was supported by other studies, e.g. Hayes et al., 1997; Glass et al., 




2003) is ignored. The Glass 2003 study has been updated with more reliable diagnostic information 




(Rushton et al., 2014) and no longer shows an excess, so the Glass findings, which show the lowest 




ED10’s, should be excluded. And the Pliofilm study should not be weighted multiple times. Taking 




these points into account would result in ED10’s at least three times as high as the calculated ED10. 




In summary, there are underlying methodological issues with the AGS study averaging approach, and 




the justification for selecting the AGS extrapolation is inadequate. If linear extrapolation is to be used, 




which appears unnecessary, then ECHA’s proposal warrants a substantially increased rigor in selection 




and justification of an approach. 




Risk estimates based on Richardson et al (2008). The AGS derived risk estimates using linear 




extrapolation from an ED10 for cumulative exposure i.e. the cumulative exposure required to give a 




relative rate (RR) of 11, and assuming a lifetime leukaemia incidence of 1%. More refined estimates 




can be derived using the findings of Richardson et al (2008), who found that a model with three 
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exposure time windows (< 10 years, 10 to < 20 years, and ≥ 20 years prior) provided a substantially 




better fit to these data from the Pliofilm study than a lifetime cumulative exposure model.  The largest 




magnitude of association was observed for cumulative benzene exposure accrued in the period < 10 




years prior (RR 1.19 per 10 ppm-years; 95% CI 1.10–1.29), whereas cumulative benzene exposure 




received 10 to < 20 years previously exhibited a smaller, positive association with leukaemia (RR 1.05 




per 10 ppm-years; 95% CI 0.97–1.13), and benzene exposures received ≥ 20 years prior showed no 




association with leukaemia. Although the estimated RRs for leukaemia mortality were derived for 10 




ppm-years of cumulative benzene exposure within time windows defined by time since exposure, they 




can be regarded as RRs per 1 ppm average exposure in the previous 20 years. For a worker exposed 




for 40 years from the age of 20, the model of Richardson et al (2008) predicts that the relative rate for 




1 ppm exposure rises to a peak of 1.25 between the ages of 40 and 60 years, and then falls back to 1 




by age 80, with an average relative rate of 1.164 between the ages of 20 and 80 years. A crude estimate 




of the number of excess leukaemias resulting from 1 ppm exposure can be obtained by multiplying 




the average increase in the relative rate by the cumulative leukaemia incidence at age 80. However, 




as there is little increased risk of leukaemia between the ages of 75 and 80 years, the cumulative 




leukaemia incidence at age 75 for the EU 28 countries reported by GLOBOCAN 2012 of 0.7% can be 




substituted giving an estimated excess risk of 0.164 x 0.007 = 1.15 x 10-3. A more accurate lifetable 




calculation has also been performed using a lifetable for the EU 28 countries derived from the 




EUROSTAT database, and the relative rate at each age. This gave an estimate of 8.4 x 10-4 excess 




leukaemias for an exposure of 1 ppm, almost an order of magnitude lower than the AGS estimate of 




6.7 x 10-3. However, most excess risk estimates such as those of SCOEL or the EPA are estimates of 




excess leukaemia mortality and not incident cases. GLOBOCAN 2012 reports a risk of dying from 




leukaemia by age 75 of 0.3%, giving a crude estimate of excess leukaemia mortality of 4.9 x 10-4. The 




more accurate lifetable estimate is 3.7 x 10-4, which is below the lowest value of 5 x 10-4 derived by 




SCOEL. 




Issues with Exposure Information Loss, and Subsequent Risk Misestimation, in Categorical 




Groupings Used in Meta-Analyses  




In statistical analysis data can come in many forms, but there is a clear hierarchy to their resolution 




for statistical inference. Continuous data (e.g., individual measures of air benzene exposure) is better 




than ordinal data (groups of low, medium, or high exposure with arbitrarily selected cutpoints), which 




in turn is better than binary data (ever versus never exposed to benzene). One can always move from 




a high level of resolution to a lower one (take continuous data and convert to ordinal), but the reverse 




transformation is impossible. Thus, transformation to a lower resolution data form inherently loses 




information. 




Recognizing this issue is important to understanding potential for meta-analysis using ordinal 




categorizations that assign discrete, estimated mean or midpoint concentrations for exposure 




measures (e.g. Vlaanderen et al, Roller et al 2006, and Khalade et al). This technique can result in 




substantial deviations from the benzene concentrations that study subjects were truly exposed to. For 




example, a worker who spent 3.5 years in a 10 ppm work environment is assigned an estimate of 35 




ppm-years. If the worker is included in an ordinal category of 1 ppm-day to 40 ppm-years with a mean 




for that category of 10 ppm-years, and this mean is subsequently divided by a 40 year working lifetime, 
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the worker’s estimated exposure effectively becomes 0.25 ppm, a 40 fold reduction in his actual 




concentration estimate. This type of transformation can result in major mischaracterization of risk 




because it is an enormous mischaracterization of exposure, but the meta-analyses cited in ECHA’s 




proposal do not address this potential confounding. 




Issues with Uncritical Use of Linear Extrapolations from the Pliofilm Cohort Using Rinsky et al 




Estimates  




ECHA proposals identifies multiple sources (ANSES, AGS, Khalade et al, and Vlaanderen et al) 




performing linear extrapolations that dependent in part, or entirely, on the Rinsky et al analysis of the 




Pliofilm cohort. As such, all share a similar systematic potential underestimate of benzene exposure 




in Pliofilm workers. Key to understanding the potential underestimate is in Rinsky’s assumptions 




regarding benzene exposures in the 1940’s and 1950’s. 




The history of benzene exposure estimates for the Pliofilm cohort is well detailed1. When the initial 




exposure estimates made by Rinsky et al were made they made an erroneous assumption: benzene 




exposures measured in the 1960’s and 1970’s were similar to that experienced in the 1930’s to 1960’s. 




Rinsky et al never revisited their method for exposure assessment, using the same assumption in 




follow-up studies. The United States Occupational Health and Safety Administration funded an 




independent review of the Pliofilm exposure estimates, resulting in the Crump and Allen estimates. 




These estimates made a more refined assumption than Rinsky et al with regard to exposures in the 




1930’s to 1960’s: benzene exposures correlated with the prevailing threshold limit value in each time 




period. This assumption was later validated with measured haematotoxicity data showing larger 




haematology effects among workers exposed in the pre-1948 period (mean estimated exposures of 




75 ppm) than those from the post-1948 period (mean estimated exposures of 15-20 ppm). The Crump 




and Allen estimates were higher than Rinsky et al. for most jobs. A third estimate using more informed 




assumptions related to background benzene levels, dermal exposure, shift durations, personal 




protective equipment, and engineering controls was published by Paustenbach et al and generally 




increased estimated exposures compared to Rinksy et al and Crump and Allen. The most recent fourth 




estimate, Williams et al (2003), is the most technically rigorous, utilizing probabilistic distributions for 




exposure estimates coupled with Monte Carlo sampling to derive better informed exposure estimate 




than any of the other assessments. It suggests the Rinsky et al estimates generally underestimated 




exposures, the Crump and Allen under- and over-estimated exposures depending on the job, and 




Paustenbach generally overestimated exposures. 




Thus, the overall picture becomes linear extrapolations built solely from Rinsky et al estimates are 




inherently underestimating exposures, and consequently overestimating risk. Given there are 




multiple, independent confirmations that Rinsky et al estimates are underestimates, and the data 




showing Rinsky’s key assumption regarding pre-1960’s exposures is false, any of linear extrapolations 




built from them will be inherently inaccurate and overestimate risk.  




Calculation Errors in ANSES Analysis and ECHA Application Thereof 




ANSES made two serious errors in deriving their unit risk estimate (ERU) which have been repeated 




by ECHA. The most obvious error is that ANSES did not multiply the excess risk (RR – 1) by the 




background incidence of leukaemia. Section 8.2.2 of the ECHA report concludes that the 1% estimate 
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of background risk used by AGS is appropriate based on comparisons with GLOBOCAN data. In 




addition, the ECHA report includes a relative risk per 1 ppm-year in the calculation of the ERU when it 




the calculation clearly requires risk to be expressed as a relative risk per 1 ppm. However, the RR taken 




from Richardson et al (2008) is expressed as a trend with cumulative occupational benzene exposure 




(10 ppm-years) within a time period of the previous 10 years. Hence, the RR of 1.29 can also be 




regarded as a risk per 1 ppm average occupational exposure, and does not require division by 10 as 




performed by ANSES and ECHA. The correct ERU is 2.6 x 10-6 per μg m-3, i.e. 10 times lower than the 




value actually calculated by ANSES. The exposure levels corresponding to risks of 10-6, 10-5 and 10-4 




when correctly calculated are consequently 10 times higher i.e. 0.38 μg m-3 for a risk of 10-6, 3.8 μg m-




3 for a risk of 10-5, and 38 μg m-3 for a risk of 10-4. 




Misappropriation of US EPA IRIS Inhalation RfC for Non-Cancer Effects (pp 114) 




ECHA have described the inhalation RfC (Reference Concentration) that the US EPA derived for the 




non-carcinogenic health effects of benzene in their cancer risk assessment section instead of 




describing the carcinogenicity assessment by the US EPA. The US EPA concluded that “A range of 2.2 




x 10-6 to 7.8 x 10-6 is the increase in the lifetime risk of an individual who is exposed for a lifetime to 1 




µg/m3 benzene in air”. 




 




Issues with Uncritical Acceptance of Reported Benzene Air Concentrations in Lan et al 2004 




and Rekhadevi et al 2011 for Dose Response Assessment 
In order to make reliable dose response analysis it is important to account for all exposure sources. In 




environments where only air benzene is modelled but benzene exposure includes both air and dermal 




components the resulting model will overestimate the biological effect of air benzene. One advantage 




of using biomonitoring data like urinary benzene concentrations in dose response analysis is it 




accounts for exposure via all routes, reducing the potential for unaccounted variables like dermal 




exposure to confound the dose response analysis. 




Comparison of the DFG urinary reference values for benzene and its metabolites indicate potentially 




significant methodological issues with benzene exposure assessment in both Lan et al 2004 and 




Rekhadevi et al 2011. It should be noted while benzene metabolites are informative for estimation of 




benzene exposure, their natural background level and generation is subject to greater inter-individual 




variability owing to differing metabolic enzyme genotypes. The subsequent variability may make 




statistical dose response assessment using them individually (as opposed to all metabolites and 




benzene itself) prone to greater imprecision.  




 DFG based estimate for air benzene 




concentration 




Lan et al 2004 reported 




exposures 




Rekhadevi et al 2011 




reported exposures 




Urinary 




benzene 




(µg/L) 




General population: 0.3 (95th 




percentile) 




0.6 ppm: 5.0  




1 ppm: 7.5 




Control: 0.382 




<1 ppm: 13.4 




1-10 ppm: 86.0 




Control: 0.6 




Workers: 11.29 




0.34-0.4 ppm: 8.89 
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2 ppm: 12.5 ≥10 ppm: 847 >0.4-0.43 ppm: 11.74 




>0.43-0.46 ppm: 13.4 




Lan et al reported a control group value for urinary benzene of 0.382 µg/L, slightly above the 0.3 µg/L 




value reported by DFG. Lan et al. <1 ppm exposure group (mean air concentration of 0.57 ppm) was 




reported to have a mean urinary benzene concentration of 13.4 µg/L, more than double the DFG 




reference value of 5 µg/L for a 0.6 ppm exposure. It is even in excess of the DFG reference value of 




12.5 µg/L for a 2 ppm exposure. Assuming the air benzene measurements are accurate this strongly 




suggests additional benzene exposure, either non-occupational or via a route other than air (e.g., 




dermal). Further, this suggests uncritical use of Lan et al. reported air benzene in dose response 




modelling (as performed by ATSDR) will substantially underestimate the total dose individuals 




received, and subsequently fitting a dose response function will make the benzene appear more 




potent than reality. 




Therefore, the Lan et al air exposure estimates are not a complete characterization of the study 




subjects’ benzene exposure. The correlation between air and urinary benzene measurements was not 




reported in Lan et al, but was described in a later publication (Kim et al., 2006). The reported R2 statistic 




was 0.428 for the correlation of air and urinary benzene, high enough to support that air benzene 




contributed to the total dose received by workers, but substantially too low to support that other 




exposures did not contribute to total benzene dose received. On balance, this suggests the use of Lan 




et al. reported air benzene concentrations as the sole measure of dose for modelling haematotoxic 




effects will substantially misestimate the dose response function. 




A similar issue appears to exist for Rekhadevi et al, which the ECHA proposal cites as reporting a 0.4 




ppm LOAEL for aneugenic effects. Rekhadevi et al reports a group of workers exposed to 0.34-0.4 ppm 




air benzene exposures (converted from µg/m3) to have 8.89 ± 1.41 µg/L urinary benzene 




concentrations. This urinary benzene concentration exceeds the DFG value for a 1 ppm exposure of 




7.5 µg/L. In Rekhadevi et al’s highest exposure group, nominally >0.43-0.46 ppm air benzene, the 




reported urinary benzene concentration was 13.44 ± 0.54 µg/L, a value exceeding DFG value for a 2 




ppm exposure of 12.5 µg/L. Similar to the situation with Lan et al above, this suggests the study 




subjects total benzene exposure cannot be accounted for with air benzene alone. This appears quite 




plausible, as the publication reports none of the study subjects used hand gloves in their work. 




Without gloves it is readily conceivable study subjects may have experienced dermal exposure via fuel 




on the hands, which may be spread to other article of clothing with extended skin contact. 




In summary, both urinary benzene measurements reported by Lan et al and Rekhadevi et al’s both 




indicate air benzene measurements did not account for the total benzene dose of their study subjects. 




As such, dose response modelling or NOAEL/LOAEL assignments using only air benzene measures will 




systematically misestimate the true response. Fortunately, both authors provided urinary benzene 




measures, which can be used to more completely model the effect of benzene on different health 




endpoints. If one uses the DFG values as a guide to estimate the air concentrations that result in 




specific urinary benzene concentration, then Lan et al’s lowest exposure group can be characterized 




as >2 ppm and Rekhadevi et al’s lowest exposure group as >1 ppm. 
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Issues with Uncritical Adoption of BMD Modelling in ATSDR’s Profile of Benzene 




The ECHA proposal accepts without critical examination ATSDR’s reported BMD analysis of the Lan et 




al haematoxicity data. Putting aside the already identified misestimate of total benzene exposure in 




Lan et al, examination of ATSDR’s analysis shows the reported value to be derived in a manner 




inconsistent with recommended practices for BMD analysis. Uncritical adoption of ATSDR’s BDML 




ignores multiple methodological shortcomings and propagates used of a non-transparent value.  




1. The ATSDR reports the value only for a single statistical model, when multiple models are 




available. This is a significant transparency issue. 




2. There are major differences in the BMD estimates across statistical models, indicating 




significant potential for poor estimation of the true BMD due to model selection error.  




3. The justification for the benchmark response is without biological basis, appearing to select a 




desired value to determine the effect size of interest. 




4. It is an incomplete analysis of potential indications of haematotoxicity. 




5. It is built on a data structure (four dose groups) known to produce less reliable BMDL values.  




A good BMD analysis includes all appropriate models, considering how well the models fit the 




observed data, whether additional model complexity significantly improves fits, and how certain the 




calculated BMD range is. ATSDR’s haematotoxicity analysis reports results from a single statistical 




model. This implies they either did not consider other models (a poor methodological choice), or did 




not report the results of the other analyses (a poor reporting practice). As such, it is either 




insufficiently rigorous or not transparent. More current versions of both BMDS and PROAST easily fit 




and report multiple models for a single endpoint. BMDS also includes a tool (BMDS Wizard) enabling 




parallel analysis of multiple endpoints. 




Testing multiple models shows that the BMD estimate and corresponding BMDL values depend 




strongly on the model selected, varying in BMD by a factor of 26 and BMDL by a factor of 67. This 




degree of variation in model estimates indicates there is significant risk of model selection error, 




wherein the estimated dose response may be far from the true dose response simply because the 




wrong statistical model was selected. 




Model Name BMD BMDL BMDU 
BMDL/BMDU 




Ratio AIC 
Scaled residual for 
dose group near 




BMD 




Exponential2 8.26578 5.10297 16.3265 0.313 3915.279 -2.223 




Exponential3 8.26578 5.10297 16.325 0.313 3915.279 -2.223 




Exponential4 0.384562 0.140936 2.0422 0.069 3905.811 -0.2003 




Exponential5 0.384562 0.140936 2.0422 0.069 3905.811 -0.2003 




Hill 0.421959 0.103932 1.5074 0.069 3904.325 -0.46 




Linear 10.1768 7.01271 18.5429 0.378 3916.022 -2.32 




Polynomial 0.374008 0.221726 1.07403 0.206 3905.264 -1.75E-07 




Power 10.1768 7.01271 18.5429 0.378 3916.022 -2.32 




The inherent uncertainty in the Hill model used by ATSDR is also notable for its BMDL-BMDU interval 




(a statistic available in PROAST 38.9 and above or BMDS 2.7, but not the earlier version of BMDS used 




by ATSDR), a measure of how uncertain the BMD estimate is for a given model. The confidence bounds 
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on the Hill model are asymmetric – 0.3 ppm between the lower limit and central estimate, but 1.1 




ppm between the central estimate and upper limit. This indicates that the true benchmark dose has 




more potential to be above the BMD than below. Use of Hill model results in such a low BMDL 




compared to other models in part because it is more uncertain about where the true BMD might be. 




As a policy choice this is questionable, as it means the risk assessor is selecting a more uncertain point 




of departure. The BMDL/BMDU ratio above indicates the Hill model is, relatively speaking, among the 




most uncertain (other models have wider absolute confidence intervals). 




For all the models analysed there are two important tests that all the statistical models provided in 




BMDS fail: constant variance and good variance models. This would appear to indicate the actual data 




itself does not have constant variance when analysed on a linear scale (which BMDS does by default). 




This may by extension cause the variance model to poorly fit the data. Thus, given that the dataset 




used in the ATSDR analysis violates key statistical assumptions the results should be considered more 




cautiously than if they fit the assumptions.  




ATSDR’s justification for the selected benchmark response explicitly indicates the selection was 




because of the value it provided, not because the value has any biological significance: 




“A benchmark response (BMR) of 0.25 sd below the control mean B cell count was selected 




because it resulted in a BMC0.25sd of 0.42 ppm and its lower 95% confidence limit 




(BMCL0.25sd) of 0.10 ppm (Figure A-1), which are below the mean exposure level of the lowest 




exposure group (0.57 ppm) for which a statistically significant decrease in mean B cell count 




(186 versus 218 in controls, see Table A-1) was observed.” 




Selecting a specific benchmark response in order to obtain a desired value is at best a highly 




questionable practice. EFSA’s guidance for BMD modelling contrasts sharply with this practice: 




 “Ideally, the [benchmark response] would reflect an effect size that is negligible or non-




adverse. However, the practical constraint is that the BMR chosen should not be too small, to 




avoid having to estimate a BMD by extrapolation outside the range of observation, such that 




the BMDL would then depend heavily on the model used.” 




EFSA’s guidance indicates the analyst should decide the effect size of interest, then analyze the dose 




response data. ATSDR’s justification suggests they did precisely the opposite, and EFSA’s observation 




appears astute – the ATSDR analysis has produced an estimate that is outside the range of observation 




and heavily dependent on the model used. 




The selection of a 0.25 standard deviation is also inconsistent with EFSA and EPA recommendations 




for benchmark response selection. If a standard deviation is used, the default recommendation is 1 




unit. Such an analysis produced markedly higher estimates for BMD and BMDL, and also reproduces 




the same pattern of substantial model dependency and asymmetric BMD confidence intervals: 




Model Name BMD BMDL BMDU 
BMDL/BMDU 




Ratio 
AIC 




Scaled 
residual for 
dose group 
near BMD 




Exponential2 27.2258 20.8636 39.1683 0.533 -203.196 14.15 















LOA Technical Steering Committee  
Benzene Ad Hoc Working Group   
Detailed comments on the ECHA proposal for benzene workplace OEL values 




 




Lower Olefins and Aromatics REACH Consortium vzw 




Registered Address:  




Avenue des Arts 10, 1210 Brussels, Belgium  




50 of 5 4                                      7th November 2017 




 




Exponential3 27.2259 20.8636 39.1683 0.533 -203.196 14.15 




Exponential4 10.0609 5.16351 287300 1.8E-05 -210.656 25.87 




Exponential5 10.0609 5.16351 287300 1.8E-05 -210.656 25.87 




Hill 




No model 
output 




No model 
output 




No 
model 
output 




Calculation 
Impossible 




3906.386 0 




Linear 39.7202 26.4707 74.1472 0.357 3917.809 0.51 




Polynomial 
28.7854 28.7012 




No 
model 
output 




Calculation 
Impossible 




3906.386 -0.401 




Power 66.2626 16.1016 19132.8 0.001 3904.746 -0.0738 




The default recommendation for a continuous endpoint like B cells counts would be a 5% change, but 




a biologically informed point of departure would be to consider the lower limit of normal for the 




measure of interest. Using the lower limit of normal as benchmark response would reflect an effect 




size that is clinical shown to be negligible or non-adverse, but these values tend to be lab specific. 




There are reported ranges are available in the scientific literature1 indicating the 95% lower confidence 




interval for B cell counts in young or middle-aged health Chinese adults is 104 and 77, respectively.  




The reporting of single endpoint measure of haematotoxicity is another significant technical 




shortcoming in the ATSDR BMD analysis. Lan et al. dataset reports 11 discrete haematology endpoints, 




the majority of which are statistically significantly altered. The reported rationale was the effect size, 




a 36% decrease, on B cells was the largest reported. While effect size is important to statistical power, 




it is independent of relative sensitivity for the differing endpoints, and ignores the point that the 




difference is indistinguishable from similar decreased endpoints (e.g., granulocytes decreased 32%) 




once one considers measurement error and natural variation. Thus, the BMD analysis reported by 




ATSDR is at the least incomplete, as it does not consider all the available endpoints. 




The dose structure of the Lan et al data, four groups as published, can be recognized as consistently 




leading to more uncertain BMD estimates. Simulation studies demonstrate that studies using four 




groups produce more uncertain estimates (wider confidence intervals) of the BMD compared to 




studies using five or more groups1. Using each individuals’ estimated exposure and haematology 




values would be more helpful in estimating the true shape of the benzene dose response function, 




but the Lan et al. published data do not enable such an analysis. As such, the ATSDR analysis thus 




makes use of data structured in a way that predictably results in wide confidence intervals. The 




resulting BMDL values are a stronger indicator that published structure of the Lan et al. data leads to 




uncertain BMD models, not robust evidence that effects may be occurring at sub-ppm exposures.  




Erroneous Conclusion on Relative Sensitivity for Aneugenic and Hematologic Effects of 




Benzene 




ECHA’s proposal states “However, since aneugenicity seems to be a more sensitive toxicological [sic] 




parameter associated with benzene exposure than its haematological effects (Zhang et al 2012), it can 




be assumed that the NOAEL for aneugenic effects would be lower than the NOAEL (or calculated 




BMDL) of 0.1 ppm for haematotoxic effects.” (page 115) 
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This statement appears unsupportable for several reasons: 




4. Zhang et al. dose response data is not specific enough to make comparison of relative 




sensitivity for aneugenicity and haematoxicity because the lowest exposure group (<10 ppm) 




encompasses the range where both effects are observed, and not generalized enough to 




characterize the entire spectrum of aneugenicity and haematotoxicity. 




5. Even if the dose response data more expansive, Zhang et al. sample size is too small (28 




benzene exposed individuals) to draw reliable, generalizable conclusions regarding relative 




sensitivity 




6. Zhang et al was referring to a single, specific form of aneugenicity (monosomy) as a biomarker 




of exposure, not a biomarker of effect.  




Due to its study design Zhang et al., (2012) cannot demonstrate aneugenicity is a more sensitive 




measure of benzene toxicity than hematologic effects. The exposure groups were divided into Control 




(n=14), <10 ppm (n=18), and ≥10 ppm (n=10). This grouping makes it is impossible to estimate the 




relative sensitivity of aneugenicity and hematologic effects from Zhang et al. alone because both 




effects can be observed at exposures of 10 ppm or less.  




Furthermore, the group sizes of 18 or fewer are far too small to draw a reliable, generalized conclusion 




regarding relative sensitivity. This problem with generalization is further emphasized when one 




considers the study subjects are all Chinese workers from a handful of factories in a single city of China, 




a sample far smaller and less diverse than the European working population. While it is clear ECHA 




correctly recognizes the issue with extrapolation from one ethnic group to a more diverse multi-ethnic 




group, it did not remark on the more fundamental statistical issue in using a small sample size for 




extrapolation. 




Extending the issues with generalizing Zhang et al. study, because only one measure of 




haematotoxicity was assessed one cannot generalize to the conclusion that aneugenicity is more 




sensitive than haematotoxicity. Both classes of effect have multiple independent endpoints (tens of 




endpoint measures for both haematotoxicity and aneugenicity). It is scientifically invalid to state an 




entire class of effects (haematotoxicity) is less sensitive than another class (aneugenicity) based solely 




on a single endpoint measures for an entire class. A generalization may be possible, but it would entail 




considering more than the information available from a single study. 




The ECHA proposal appears to confuse concepts of biomarkers of effect with biomarkers of exposure 




their statement regarding relative sensitivity of endpoints. Zhang et al., (2012) stated “Further, the 




degree of monosomy induction was greater than the proportionate decline in peripheral blood cell 




counts, suggesting that it may be a more sensitive biomarker of benzene exposure” (emphasis added). 




This should not be interpreted as a conclusion that aneugenic effects are generally more sensitive. 




Rather, it is the authors hypothesizing from observations in a small sample that because the relative 




effect size for a single, specific aneugenic effect it may be a more sensitive biomarker of benzene 




exposure than white blood cell counts. Putting aside the previously noted issue with generalizing too 




broadly from Zhang et al’s study, one should also take note that the authors were referring to 




sensitivity as a biomarker of exposure, not a biomarker of effect. Zhang et al’s sensitivity hypothesis 




neglects to consider that while effect size is important to statistical power for effect detection, making 




statistical analyses capable of detecting a difference with small sample sizes (i.e., statistical testing 
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may be more “sensitive”), it can be irrelevant to where a dose response begins. A chemical can have 




low potency still retain a large potential effect size (maximal effect), just as a chemical can have a small 




potential effect size but be very potent. It is the potency of a chemical that dictates judgments of 




relative sensitivity for an endpoint, not the statistical power. 
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On the basis of arguments reviewed in the sections above the proposed OEL of 0.1 ppm / 8 hours is 




based on an ATSDR BMD analysis which has serious inadequacies.   An accompanying document to 




this submission reviews haematological data which point to an OEL in the range 0.4-0.7ppm / 8h being 




supportable.  




On the proposed STEL of 0.2 ppm: No health protection objective is stated for the proposed STEL of 




0.2 ppm in relation to any health effects resulting from short-term exposures. Instead, it is positioned 




as an additional exposure management tool to protect against health effects from long-term 




exposures according to established practice for CMR substances in a single EU member state. This is 




in contradiction of SCOEL philosophy which says that this practice has no scientific basis. As such it 




does not belong in the present ECHA proposal and should be removed. 




There is no justification to publish a biological guidance value. This is not part of the H&S legislation 




and it superfluous to the proposed biological limit value. In addition, in chapter 8.3.4. ECHA has 




wrongly referred to a biological guidance value as it should have been referenced as a biological 




reference value or better as a “biologische Arbeistsstoff Referenzwert” as used by DFG. A biological 




guidance value could easily be confused with a “biologische Leitwert” which is a completely different 




parameter used by DFG. 




OVERALL COMMENT 




LOA recognises that benzene is a particularly data rich substance and the ECHA documentation was 




written against tight deadlines. LOA believes there are a number of aspects of the report and the OEL 




Proposal that deserve further consideration before the Proposal is finalised. LOA experts would be 




open to questions and further discussion with ECHA to help progress this document. 




Given the potential consequences of implementing an OEL at a significantly lower level the health 




documentation provided for the limit setting process needs to be appropriate and scientifically sound. 
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Potential derived no effect level (DNEL) for benzene based on
haematotoxicity




Rationale
The literature on benzene exposure has been examined in depth for a critical health effect upon which
to base a derived no effect level (DNEL). The highest quality literature suggests that haematotoxic
effects on the bone marrow are likely to be the earliest manifestation of benzene exposure. This is
supported by several high-quality studies on hematologic effects and the fact that benzene’s
carcinogenic effect is likely governed by processes that lend themselves to thresholds. The highest
quality literature on benzene leukemogenesis suggests that AML and ANLL occur at higher
concentrations (Rhomberg et al., 2016; Schnatter et al., 1996) and show a strong sub-linear dose
response.  Even with very conservative assumptions (i.e. use of the Rinsky et al., exposure estimates,
use of total leukemia rather than AML, and application of a linear, no threshold statistical model)
meaningful excess incidence in this population only occurs at levels in excess of the current
occupational exposure standard. Milder effects that likely arise in the bone marrow such as cytopenia
are much more feasible consequences of lower benzene exposure. Thus, the DNEL derivation below
is based on these mild, but consistently observed haematotoxic effects.




Since blood turnover is relatively rapid, we give preference to studies that measured recent exposure,
since distant exposures experienced years before are probably not applicable (one exception is if past
levels were very high so that permanent bone marrow damage resulted). The highest quality studies
that looked at a range of blood indices, employed a recent benzene exposure metric and support
definitive haematotoxic effects are used in the derivation below. Definitive haematotoxic effects are
supported by a reduction in more than one blood element (if multiple blood elements were
examined), an overall dose-response that is monotonic (unless it can be explained why monotonicity
should not be present) and a result that is not just present in one study subgroup, unless it can be
rationalized.  We also focused on studies that provided evidence on a range of exposures and excluded
studies that were exclusively focused on exposures that routinely exceeded 10 ppm (e.g. Greenburg,
1939; Goldwater, 1941; Aksoy et al, 1971).




Literature concerning benzene and hematologic effects
There are at least 21 human studies in the literature of lower levels of benzene exposure that have
individually-based estimates of benzene exposure and hematology readings in the same individual,
namely Bogadi-Sare 1995; Collins et al.1991; Collins et al., 1997; Dosemeci et al., 1996; Fishbeck 1978;
Hancock et al 1984; Kipen et al 1988; Ward et al 1996; Khuder et al.1999; Kim et al 2004; Koh et al.
2015; Lan et al., 2004; Moro 2015; Pesatori et al. 2009; Qu et al. 2002/2003; Rothman et al. 1996;
Schnatter et al., 2010; Swaen et al., 2010; Townsend et al. 1978; Tsai et al., 2004; and Yardley Jones
et al. 1988. We note that this list is not all-inclusive since early studies were performed on much higher
exposures. Individually-based estimates could have resulted from personal monitoring of an
individual, or the use of personal monitoring readings in describing either well-justified job-based or
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work history based assignment of these readings ((i.e. the use of well-rationalized job/exposure
matrices that were based on recent benzene exposures prior to the blood draw). We excluded studies
where the individual was not the unit, and downgraded other studies based on exposure assessment
as described below.




For hematologic endpoints, we reviewed these recent studies while assessing the quality aspects
(Vlaanderen et al., 2008) of each study, which aids the interpretation of the weight of the evidence
from the hematology studies. The highest quality studies that examined lower benzene exposures
were Collins et al. (1991), Koh et al. (2015), Lan et al. (2004), Qu et al. (2003), Pesatori et al. (2009),
Schnatter et al. (2010), Swaen et al. (2010), and Tsai et al., 2004. Rothman (1996) and Dosemeci (1996)
are also higher quality studies but are mainly based on exposures above 10 ppm. Thus, there are at
least eight high quality studies in the literature that should contribute to a weight of evidence
assessment for hematologic effects below 10 ppm.




Basing the assessment of quality on Vlaanderen, 2008, the following are distinguishing features that
affected the quality assessment of the hematology studies (e.g. studies differed with respect to these
criteria).  The studies that ranked high met all or most of these criteria:




 High quality exposure measurement (lab/equip/protocols)  




 Good insight on exposure variability within the population studied




 Well-justified application of exposure measurements in exposure assessment  




 Good, well-justified quality exposure assignment  




 Low potential for information bias  




 Good insight on systematic error influences  




In essence, higher quality studies use reliable, objective exposure assessment methods based on
individual monitoring results and are able to assess dose-response.




The studies that were ranked medium quality were as follows: Bogadi-Sare, 1995; Collins, 1997; Kipen
1988; Khuder 1999; Townsend 1978; and Ward 1996. All studies except Kipen and Ward were
considered medium quality, because of exposure assessment, assignment, the lack of detailed
monitoring data, or assembly of the data that did not permit assessment of dose-response
relationships. Kipen 1988 and Ward 1996 were downgraded because of likely information and
selection bias on the small subset of workers who had retrievable hematology information. The
remaining studies were considered lower quality due to either inappropriate exposure metrics, lack
of statistical analysis, or study design flaws.




High quality studies that show effects
Qu et al. 2002, 2003




Qu et al, 2002 saw significant trends for decreases in white blood cells (WBC), red blood cells (RBC)
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and neutrophils in 130 shoe, glue and sporting goods Chinese workers versus 51 age, sex- and smoking
matched controls in Tianjin, China. Workers were exposed to 4-week average concentrations of 0.08
to 54.5 ppm, and lifetime cumulative exposures of 6.1 to 632 ppm-years. The most sensitive
parameter from this study was reduction of the neutrophil count. For blood count reductions, the 4-
week average exposure is the most relevant metric. A significant dose-response for neutrophils (as
well as other blood elements) was found for exposure groups 0-5, 5-15, and 15+ ppm. The 0-5 ppm
group showed a 12% reduction in neutrophil count that was of greater magnitude than other blood
elements. The mean concentration of benzene over four weeks for this low dose group was 2.28 ppm
(1.3 SD). Thus 2.3 ppm can be regarded as a LOAEC from this group.




Other analyses that were conducted in Qu et al, concerning a 0 – 0.5 ppm group, were not used
because an inappropriate control group.  Specifically, a group of 16 female workers exposed to
concentrations < 0.5 ppm (i.e. average 4-week concentration = 0.14 ppm) had significant 15%
decrements in WBC and RBC parameters and a 19% decrement in neutrophils which remained after
control for confounders. However, this analysis is flawed since female subjects are being compared to
males and females (females have a’ priori lower blood counts), and none of these workers smoked,
while the comparison group did. Since smoking raises neutrophil counts, the comparison (for this small
subgroup only) is inappropriate, confounding by gender and smoking was not (and indeed, cannot be)
accounted for, despite the attempt to control for it. Thus, the LOAEL for this study is 2.3 ppm which is
the mean exposure of the 0-5 ppm group, which contains sufficient numbers and enough
heterogeneity by gender and smoking to allow for control of these confounders.




Schnatter et al. 2010




Schnatter et al. (2010) examined several blood indices among a large population of 928 shoe and
rubber workers in Shanghai China, and 73 internal controls not exposed to benzene. Exposure ranged
from 0.02 ppm to 273 ppm, with mean exposures of 1.8 ppm among males and 3.4 ppm among
females. These were derived from over 2900 individual monitoring readings. For continuous blood
parameters, Schnatter et al., did not group employees into categories, but instead used change point
regression techniques to delineate the lowest concentration in which the slope for benzene’s effect
differed from 0, a technique that lends itself more readily to identify lowest effect levels. Of 12
parameters studied by Schnatter et al. (2010), 10 parameters showed an effect, mostly for benzene
exposures greater than 10 ppm. The lowest threshold for a clear signal was 7.8 ppm for reductions in
neutrophil counts, which can be regarded as the LOAEL. Schnatter also examined (in a categorical
fashion, similar to most other studies), clinically relevant effects on white and red cells. For MCV, a
monotonic dose response was seen, with exposures above 10 ppm having an effect. For anemia,
Schnatter indicates significantly elevated risks in the <1 ppm and >10 ppm groups, which is difficult to
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interpret due to non-monotonicity.  This result was present in males but not females. A one-sided
95% lower confidence limit for the neutrophil change point of 7.8 ppm is 3.5 ppm.  This number can
be regarded as a NOAEL in the present study.




Koh et al., 2015




Koh et al. (2015) studied 10,702 Korean benzene workers in various industries and categorized
exposures as 0.01 – 0.1 ppm (with a group mean of 0.04 ppm), 0.1 – 0.5 ppm (mean = 0.20 ppm), and
>0.5 ppm (mean = 2.6 ppm). In general, Koh shows that most blood parameters are unaffected by
benzene, when using a tiered approach for exposure information quality. Koh et al. (2015) saw no
consistent trends in white cell counts nor platelets. However, Koh does report a relationship between
clinically defined anemia (reduced red cells) in the highest exposed group - above 0.5 ppm (mean =
2.6 ppm) for higher quality exposure information. However, this result is specific to males.




Comment:




The reason for positive RBC-based findings only among males is uncertain, though males could
potentially be more sensitive than females, and RBCs could be an early indicator of benzene-induced
haematotoxicity. Still, because of multiple potential interpretations of the (Koh et al., 2015) results,
they do not form the basis for definitive LOAELs or NOAELs. The same is true for the Schnatter et al.
(2010) findings on red blood cells which are not monotonic.  Results from Schnatter et al., are much
more consistent for 7.6 ppm and above (the changepoint for neutrophils), thus 7.6 ppm can serve as
a LOAEL. A one-sided lower confidence limit of 3.5 ppm can be calculated for neutrophils.  This should
be interpreted as a NOAEL rather than a LOAEL.




Lan et al., 2004
The Lan et al., 2004 study compared 250 subjects from two shoe factories with140 unexposed
controls. Subjects were categorised into four groups by mean benzene levels measured during the
month before phlebotomy (control; <1 ppm; 1 to <10 ppm; and ≥10 ppm).  Controls were from a
clothing manufacturing factory, but were frequency matched on demographic variables. The authors
reported significant depressions in WBC, granulocytes, lymphocytes, CD4 T cells, B cells, monocytes,
and platelets at benzene concentrations less than 1 ppm based on a group of 109 subjects categorised
as exposed to < 1 ppm. The mean exposure in this group was 0.57 ppm. While a level of 0.57 ppm has
been mentioned as showing an effect (i.e. a LOAEL) on blood cell elements in Lan et al., 2004, this
finding comes with several caveats and is too uncertain to be regarded as a clear LOAEL. For example,
the potential effect at 0.57 ppm in Lan, 2004 is not internally consistent due to a non-monotonic dose
response, and the potential for higher past exposure (Vermuelen et al., 2004). Over half of the
workers, categorised as exposed to < 1 ppm, had a past cumulative exposure of over 40 ppm-years,
although the average length of employment was only 6.2 years, and many workers were also exposed
to a range of other chemicals, including toluene, pentane, ethyl benzene, xylene, trichloroethane and
heptane.  In addition, this study shows no difference between the < 1 ppm and 1-10 ppm groups,















LOA Technical Steering Committee
Benzene Ad Hoc Working Group
Potential derived no effect level for benzene based on haematotoxicity




Lower Olefins and Aromatics REACH Consortium vzw




Registered Address:




Avenue des Arts 10, 1210 Brussels, Belgium




5 of 1 2 7th November 2017




bringing into question whether the control group is appropriate. The non-monotonic risk is difficult to
interpret.  In addition, other evidence from high quality studies does not support an effect on white
blood cells (Collins 1991; Schnatter et al., 2010; Koh et al, 2015; Swaen et al., 2010; Tsai et al., 2004)
at levels of 0.57 ppm. Use of the Lan et al (2004) study alone is not employing a weight of evidence
assessment.




However, if the urinary benzene concentrations found in the <1ppm group is taken as a more precise
indication of exposure, DRG values can be used to calculate a potential airborne LOAEC (while ignoring
the fact that the controls may still be inappropriate). DRG air/urine values suggest that the Lan et al,
2004 <1ppm group is really exposed to an approximate mean of 2 ppm rather than 0.57 ppm.  It is
proposed that this value of 2 ppm, which could account for previous criticisms of higher exposures
among the group that were unaccounted for, be used as a non-definitive LOAEL, or a conservative
supporting study derivation of a LOAEL. Use of 2 ppm still does not account for non-monotonicity of
the dose-response, nor the fact that controls may have differed in unaccounted ways since they
worked in a separate facility. If a LOAEL of 2 ppm from the Lan et al study is used, the value is consistent
with other studies that clearly show effects (e.g. Schnatter et al., 2010; Qu et al., 2002, 2003); as well
as other studies that show no haematotoxic effects (Tsai et al., 2004; Collins et al., 1991; Pesatori et
al., 2009; Swaen et al., 2010). These latter studies are summarized below.




High quality studies that show no consistent effects
Swaen et al. (2010) analysed haematological data from an exposed group of 701 workers (8,532 blood
samples) and a non-exposed group of 1,059 workers (12,173 blood samples). A job exposure matrix
was used to assign employees an exposure value at the time that blood was drawn. A stratification of
the exposed population into three subgroups (<0.5 ppm, 0.5-1 ppm and >1 ppm) resulted in no
declines in the majority of blood indices. A reduction in eosinophils was observed for the 0.5 – 1 ppm
and > 1 ppm groups. The average exposure estimate for all blood samples in the exposed group was
0.22 ppm, ranging from 0.01 to 1.85 ppm.




While effects on eosinophils could be an early marker for benzene-induced haematotoxicity, the
changes were small and not clinically significant. Schnatter et al., also reported a potential effect of
toluene exposure on eosinophils. Thus, a strong interpretation of this isolated finding is not justified.
The mean exposure for all blood tests was 0.22 ppm in Swaen, which should serve as a NOAEL.




Tsai et al. (2004) observed and absence of haematological effects at low exposures in a reasonably
large study. They found no differences after comparison of haematological surveillance results for
1200 workers with low benzene exposure (0.6 ppm 8 hr TWA between 1977 and 1988; 0.14 ppm 8 hr
TWA since 1988) with those of 3,227 non-exposed employees. This study indicates that there are no
consistent findings on blood cell decrements up to a benzene concentration of 0.6 ppm.




Pesatori et al. (2009) examined 153 Bulgarian petrochemical workers exposed to benzene from 0.01
to 23.9 ppm versus 84 unexposed subjects. Exposure groups were defined as controls, <1 ppm (mean
= 0.3 ppm) and >1 ppm (mean = 4.9 ppm). Measurements were taken the day before phlebotomy.
Most blood parameters were not reduced when comparing these two groups versus the controls.
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However, a decline in eosinophils was noted, although the decline was only observed for smokers. A
weighted average of mean exposures in this study is 1.7 ppm, which can serve as a NOAEL.




Collins et al., 1991 studied several hematologic parameters among 468 Monsanto chemical plant
workers (200 exposed) between 1982-89. A total of 1112 TWA-8 monitoring results were used to
estimate exposures. Geometric mean benzene concentrations were between 0.01 and 1.4 ppm (95%
were between 0.01 and 0.1 ppm) for different jobs. A job exposure matrix was used to assign
exposures at the time of phlebotomy. Arithmetic mean exposures were not provided, but are likely
higher assuming the exposure distribution shows usual right-skewness. As such, results are likely
conservative based on geometric means. The vast majority of blood elements showed no effects when
examining several metrics of benzene exposure. An isolated effect on MCV was noted. While this could
indicate MCV as the most sensitive indicator of benzene exposure, the MCV changes were within
clinically normal ranges, MCV can be a non-specific effect of general stress, and several other
parameters showed no effect (RBCs, WBCs, HgB, platelets, and WBC differentials). Collins reports only
one job assignment above 0.2 ppm, which is taken as the maximum reliable exposure that showed no
effects, or the NOAEL.




High-quality studies are summarized in Table 1 and Figure 1.




Table 1. Summary of the Hematology LOAELs and NOAELs for high quality studies




Study LOAEL NOAEL Definitive? Most sensitive
parameter




Other
parameters
effected




Note




Qu et al
2002/2003




2.3 ppm none yes Neutrophils RBC, WBC (0.16 v. control)
contrast
invalid.




Schnatter
et al., 2010




7.8 ppm 3.5 ppm yes Neutrophils 10 of 12




Koh et al.,
2015




(2.6 ppm) (0.5
ppm)




no Anemia None Males only




Lan et al.,
2004




(2.0 ppm) (None) no Not
distinguishable




-- Higher past
exposure
potential, non-
monotonicity.
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Collins et
al., 1991




None 0.2 ppm MCV




Swaen et
al., 2010




None 0.22
ppm




Eos




Pesatori et
al., 2009




None 1.7 ppm Eos




Tsai et al.,
2004




None <0.6
ppm




() indicates non-definitive result




Table 1 can be further summarized as follows:




CLEAR EFFECTS: 7.6 ppm (Schnatter), 2.3 ppm (Qu)




POSSIBLE EFFECTS 2.0 ppm (Lan), 2.6 ppm (Koh)




NO CONSISTENT EFFECTS: 0.22 ppm (Swaen), <0.6 ppm(Tsai), 1.7 ppm (Pesatori), 0.2 ppm (Collins),
3.5 ppm (Schnatter)




DNEL derivation based on hematology studies




METHOD 1: (Preferred method)




POINT OF DEPARTURE FOR HEMATOLOGIC EFFECTS: 2.3 ppm (Qu et al., 2003, decrease in neutrophils)




This is the lowest clear effect documented from a well-done study in the literature. It is also consistent
with all other studies, except for the potential NOAEL calculation for Schnatter et al., 2010 (3.5 ppm).
However, these two numbers are sufficiently close to disregard this minor inconsistency.




POTENTIAL ASSESSMENT FACTORS:




 Dose-response (LOAEL to NOAEL). 2.3 ppm is the mean level of exposure in the exposure
category that showed decreases in neutrophils (as well as red and white blood cells). Thus, a
dose response factor is necessary. While the LOAEL has reasonable support among other
studies there are other studies (e.g. Pesatori et al., 1999; Swaen et al., 2015) which report
NOAELs for exposures that are not too much lower. Given this degree of potential overlap in
LOAELs and NOAELs, the factor should not be as large as a usual value of 3.  A value of 2 is
recommended.




 Intraspecies. A reduced factor (from 3) is recommended when a reasonably large human study
is used in which a range of sensitivities are already present and extrapolations from the study
data are to other occupational populations. A value of 2 is recommended.
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DNEL = 2.3 ppm / (4) = 0.58 ppm METHOD 1 (preferred)




Sensitivity analyses for Method 1: Two potential variants of this approach would (a) take both studies
with definitive LOAELs and average them. This would result in an aggregate LAOEL of 5 ppm using two
studies, which, with the same assessment factors results in a DNEL of 1.25 ppm. (b) take both the
definitive and non-definitive LOAELs into account. This would result in an aggregate LOAEL of 3.7 ppm
using four studies, which with the same assessment factors would result in a DNEL of 0.9 ppm.




METHOD 2:




Method 2 is derived from the NOAELs of four studies of high quality, rather than the LOAEL above.
This is also a defensible approach. It is based on more aggregate data and is a true weight of evidence
approach. A NOAEL is usually preferred to a LOAEL, but that preference is most applicable to animal
bioassays, where the lack of effect can be observed in a more precise way.




POINT OF DEPARTURE FOR HEMATOLOGIC EFFECTS: NOAELs from four high quality studies: 0.22 ppm
(Swaen et al., 2010), 0.2 ppm (Collins et al., 1991), 1.7 ppm (Pesatori et al.,2009) and 0.6 ppm (Tsai et
al., 2004). The arithmetic average of these NOAELs is 0.68 ppm. Since this is a NOAEL from a very
large human population, no further assessment factors are necessary. DNEL = 0.68 ppm.




Sensitivity analyses on the aggregate NOAEL approach (i.e. Method 2):




While the Koh et al. study showed tentative results for anemia in the high dose group (mean = 2.7
ppm), there was no other consistent effects in the Koh et al., 2015 study, which was also graded as
high quality. Thus, an additional NOAEL of 0.5 ppm could be justified in calculating an aggregate
NOAEL. This would result in a slightly lower NOAEL and DNEL of 0.64 ppm.




It is recognized that the NOAELs are fairly consistent, with the possible exception of Pesatori et al.,
2009. If Pesatori et al. is excluded, the aggregate NOAEL and DNEL becomes 0.34 ppm without Koh et
al and 0.38 ppm with Koh et al.




Another variant of this approach is possible as well. Other studies that show no effect of medium
quality are Collins et al., 1997 (0.55 ppm), Bogadi-Sare et al.,1995, (1.6 ppm (midpoint of 1.9 – 5 ppm))
and Khuder 0.8 ppm. This would result in a higher aggregate NOAEL and DNEL of 0.77 ppm (with all
high quality studies including Koh et al. and Pesatori et al).




These results are summarized in Table 2.
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Table 2. Summary of Weight of Evidence approaches used to derive a DNEL based on benzene
hematology studies




Approach Studies LOAEL or
NOAEL




Assessment
factors




DNEL




1.Lowest definitive
LOAEL for high quality
study




Qu et al 2002/2003 2.3 ppm
(LOAEL)




2 dose response




2 intraspecies




0.58 ppm




1a. Aggregate definitive
LOAEL, high quality
studies




Qu et al 2002/2003,
Schnatter et al 2010




5 ppm
(LOAEL)




2 dose response




2 intraspecies




1.25 ppm




1b. Aggregate LOAEL all
high quality studies




Qu et al, Schnatter et al.,
Lan et al., Koh et al




3.7 ppm
(LOAEL)




2 dose response




2 intraspecies




0.9 ppm




2. Aggregate NOAEL for
definitive high quality
studies




Collins et al, Swaen et al,
Pesatori et al, Tsai et al




0.68 ppm
(NOAEL)




-- 0.68 ppm




2a. Aggregate NOAEL
for all high quality
studies




Collins et al, Swaen et al,
Pesatori et al, Tsai et al,
Koh et al




0.64 ppm
(NOAEL)




-- 0.64 ppm




2b. Aggregate NOAEL
for definitive and
consistent high quality
studies




Collins et al, Swaen et al,
Tsai et al




0.34 ppm -- 0.34 ppm




2c. Aggregate NOAEL
for consistent high
quality studies




Collins et al, Swaen et al,
Tsai et al, Koh et al




0.38 ppm -- 0.38 ppm




2d. Aggregate NOAEL
for all high and medium
quality studies




Collins et al,1991; Swaen
et al, Pesatori et al, Tsai
et al, Koh et al, Collins et
al., 1997, Bogadi-Sare,
1997, Khuder et al




0.77 ppm 0.77 ppm
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Possible DNEL’s based on a weight of evidence approach range from 0.34 to 1.25.




The arithmetic average of approach 1 and approach 2 (without considering any sensitivity analyses) is
0.63 ppm.




The arithmetic average of both approaches, including all sensitivity analyses is 0.69 ppm.




Figure 1: LOAELs and NOAELs from high quality hematology studies
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Benzene: Importance of Dose Metrics in Assessing Stochastic versus 
Threshold Mechanisms 




Benzene has long been recognized as possessing inherent hematotoxic and leukemogenic properties. 




Given its recognized capability to cause cancer in humans, risk assessment is appropriate to be carried 




out in situations where benzene exposure occurs. Human risk assessment under REACH depends on 




calculation of a toxicity benchmark identified as Derived No Effect Level (DNEL) or Derived Minimal Effect 




Level (DMEL). DNELs are typically calculated where a hazard exists, but is thought to have a threshold 




below which no adverse effects are expected. DMELs are calculated where no threshold is expected and 




a quantitative risk metric is used to estimate the number of adverse events for a given population size. 




Both types of approaches to risk assessment have been used with benzene depending on the entity 




performing the assessment. For benzene and petrochemicals containing benzene it appears the 




approach best supported by available data is calculation of a DNEL because the key health effect for risk 




assessment, incidence of benzene-induced hematologic malignancy acute myeloid leukemia (AML) and 




myelodysplastic syndrome (MDS) in humans, is likely to result from a threshold mechanism. 




The rationale for calculating a DNEL based on expectations of a threshold mechanism is based on several 




observations: 




1. Benzene is not a direct-acting mutagen. 




2. Its mechanistic chemistry is consistent with a threshold mechanism via protein cross-linking  




3. The dose metric correlating with MDS risk is incompatible with a stochastic mechanism 




because it is affected by dose-rate. 




Stochastic Phenomena: Distinguishing Between Stochastic Effects 




and Stochastic Causes 
Stochastic phenomena are by their nature random, and present according to a probability distribution.  




In toxicology, an agent may act by a stochastic mechanism when exposure modifies the probability of 




observing an effect. The common risk assessment approach to a stochastic mechanism is to assume any 




exposure has some probabilistic harmful potential, and to subsequently force fit a linear mathematical 




model for exposure and risk.  This has been the approach for agents such as ionizing radiation and direct 




acting mutagens when calculating carcinogenic risk.   




The process of carcinogenesis has significant stochastic elements (e.g., genetic inheritance). Because 




carcinogenesis has stochastic elements it is easy to misconstrue chemical carcinogens as acting via a 




stochastic process. However, deterministic events can contribute to a stochastic event without 




themselves being stochastic. Automobile speed is a deterministic variable in the stochastic phenomenon 




of a traffic accident. If one considered only the nature of final event to assess the nature of the cause, it 




could easily be misperceived that automobile speed is stochastic because the accident is a stochastic 




event. This is an intuitively obvious error, as we know the driver determined the vehicle speed. This is a 




simple analogy, but illustrates the potential for confusing a stochastic outcome with a deterministic 
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mechanism. The same type of thinking can affect chemicals. Put at its most basic level, observation that 




a chemical is a genotoxic carcinogen does not always imply a stochastic mechanism.  




Non-stochastic effects have a deterministic character, wherein a response is reliably a function of its 




input (cause) and the underlying mechanism. In toxicology, non-stochastic effects are typical of 




mechanisms with a threshold, wherein no adverse effects occur so long as exposure remains below a 




specific point or range. These threshold-based effects can demonstrate substantial variability in 




experimental systems. Randomness in effects observed in an experiment are not a universal indication 




that an effect is stochastic, but rather can be an indication of the inherent variability that occurs in 




experiments. Further complicating assessments of threshold is that they can vary between individuals 




and over time, making their absolute establishment experimentally difficult. Nonetheless, in 




understanding toxicity one should not reject the likelihood of an effect threshold even if it cannot be 




easily assigned. 




Chemicals that damage DNA, but by an indirect mechanism, can be acting by a threshold mechanism. 




Consider as examples topoisomerase inhibitors (Muller and Kasper 2000). Chemicals that act by 




topoisomerase inhibition can damage DNA by preventing supercoil relaxation, resulting in DNA strand 




breaks.  However, for such an event to occur multiple molecules of topoisomerase enzyme must be 




inhibited. There is a range of cellular concentrations over which topoisomerase inhibition can be 




tolerated without DNA strand breaks. Only when topoisomerase inhibition reaches a threshold above 




that range does the potential for a strand break exist. Only when chemicals push conditions beyond the 




range of homeostasis, above an effect threshold, does permanent DNA damage occur.  Indeed, even for 




direct acting mutagens there is science to suggest thresholds exist (Guerard et al., 2015), but in practice 




are not currently considered for risk assessment 




When one considers benzene, the evidence favours that the hematologic effects caused by benzene 




better matches the pattern of a threshold mechanism because of several observations which are 




reviewed below. 




Benzene Genotoxicity – Genotoxic, but not a Direct-acting Mutagen 
Whilst benzene exposure can result in genotoxic insult, it does not appear to be a direct acting mutagen. 




Evidence from 32P post-labelling experiments indicates benzene does not create DNA adducts and [3H]-




benzene experiments indicate DNA adducts do not occur in target tissues (Whysner et al., 2004), arguing 




strongly against any hypothesis considering mutation by direct adducts. When interpreting literature 




discussing benzene DNA adducts, it is paramount to first distinguish between DNA binding (as indicated 




by [3H]-benzene experiments) and DNA adduct formation (detected by 32P-post labelling). DNA binding 




can be detected without DNA adduct formation, especially where the DNA purification method may 




have residual protein or RNA (benzene metabolite binding to protein and RNA is apparent from available 




evidence (Mazzullo et al., 1989)). Thus, detection of DNA binding identifies the possibility that DNA 




adducts occur, but only with subsequent evidence from 32P post-labelling experiments is scientific 




confidence in adduct formation achievable. DNA adducts can be detected in 32P post-labelling assays 




following twice daily intraperitoneal injections of 440 or 500 mg/kg benzene for seven days in mice 




(Pathak et al., 1995; Li et al., 1996). However, 800 mg/kg/d benzene administered intraperitoneally once 
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daily does not result in detectable DNA adducts. In a separate study, 32P post-labelling in mice exposed 




twice daily to 500 mg/kg benzene by intraperitoneal injection inject were reported to show DNA adducts 




(Li et al., 1996). Accordingly, interpretations suggesting DNA adducts based on these experiments should 




be interpreted cautiously, as the dose is well in excess of the 50 mg/kg/d oral dose sufficient to induce 




carcinogenic effects in mice, the adducts are not dose consistent, and the study is by a route of dubious 




relevance for human benzene exposure.  




Interpretation of benzene–exposed transgenic rodent assays (tests capable of detecting direct 




mutagenic activity) is hampered by the limited sample sizes (eg n=4 per exposure), species differences 




in organs affected by cancer and absence of a dose response in tissues where tumours occur in rodent 




models.  Additionally there are difficulties of questionable statistical analysis resulting in an overall 




pattern suggesting at most equivocal activity (Provost et al., 1996) or a design with such a long follow 




up period (12 weeks) it is impossible to reliably assess whether reported mutations are primary or 




secondary to clastogen or aneugenic genotoxicity (Mullin et al., 1995; Mullin et al., 1998).  Human study 




data from the glycophorin A mutation assay also indicates a lack of mutations characteristic of direct 




acting mutagens. When examining workers exposed to high levels of benzene (mean air concentrations 




of >70 ppm for an 8 hour time-weighted average) for altered glycophorin A genotype there was no effect 




of benzene on frequency of gene inactivating mutations, but increased gene duplications (Rothman et 




al., 1995). This observation is consistent with a clastogenic or aneugenic agent, a pattern of effect that 




is found with human lymphocytes exposed to benzene metabolites (Yager et al., 1990).   




The comparative weight of evidence disfavours benzene acting as a direct acting mutagen, and favours 




an indirect mechanism of clastogencity and/or aneugenicity in which chromosome segregation or 




damage occurs. Consideration of human and animal data for benzene clastogenicity or aneugenicity 




(Whysner et al., 2004) shows the multiple hallmarks of causality: dose-responsive, time-responsive, 




consistency, strong association, and biological plausibility. Several modes of action for indirect 




genotoxicity for benzene have been postulated (topoisomerase II inhibition, protein adduct formation 




by reactive metabolites, oxidative stress, error-prone DNA repair, and epigenetic alteration). Given the 




available data strongly indicate absence of a direct-acting mechanism for benzene, any implication that 




a stochastic mechanism applies owing to similarities with direct acting mutagens such as alkylating 




agents can be rejected as incompatible with the observed data.  Therefore, the remaining hypothesized 




routes to genotoxicity for benzene are held to be threshold-mediated phenomena (Dutch Expert 




Committee on Occupational Safety 2014). 




Mechanistic Chemistry of Benzene Metabolites 
One key factor to understanding the toxicity of benzene is in the mechanistic chemistry of its 




metabolites. While benzene itself has limited reactivity, the same is not true of its metabolites. Indeed, 




the toxicity of benzene has been shown to depend on metabolism (Valentine et al., 1996). 




Among these multiple metabolites there are two of particular note: 1,4-benzoquinone and 




muconaldehyde. Both of these metabolites are particularly reactive, capable of binding protein by 




Michael addition, and by virtue of dual reactive sites can readily cross link proteins. When considering 




the mechanistic chemistry of Michael addition, the relative reactivity for protein versus DNA can be 
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informative. Chemical reactivity to proteins and nucleic acids can be predicted from the Hard and Soft 




Acids and Bases theory, which posits hard acids react more readily with hard bases, while soft acids react 




more readily with soft bases (Pearson and Songstad 1967; LoPachin et al., 2012). Quantum chemical 




modelling suggests nucleophilic sites of DNA have lower potential for reactivity when compared to 




amino acids. This differential preference is more pronounced for soft electrophiles, with cysteine 




presenting a high degree of softness that does not overlap with DNA and lysine only neighbouring that 




of DNA. The observation of a reactivity gap creates a refinement to structural alerts for DNA and protein 




reactivity – for soft electrophiles DNA reactivity implies protein reactivity is also likely, but observation 




of protein reactivity does not automatically equate with DNA reactivity  (Mekenyan et al., 2010). This is 




particular relevant for benzene metabolites, as the α,β-unsaturated carbonyl structure, present in 1,4-




benzoquinone and muconaldehyde, are soft electrophiles (Obach and Kalgutka 2010). Protein cross-




linking is one of the more plausible mechanisms for clastogenic or aneugenic effects, potentially by 




protein cross-links altering microtubule or division spindle assembly, centrioles or polar body 




functionality, or function of kinetochore proteins. 




The evidence for benzene metabolite binding to protein is strong. In vitro incubation of [14C]-benzene 




with liver microsome shows irreversible binding to macromolecules, with most binding attributed to 




protein instead of ribonucleic acid (an observation consistent with the mechanistic chemistry considered 




above). The binding of macromolecules decreased 90-95% when reduced glutathione or cysteine were 




added prior to incubation (Tunek et al., 1978). This observation is supported in vivo by observations that 




for mice administered [14C]-benzene doses spanning eight orders of magnitude reporting 9- to 43-times 




more protein adducts than DNA adducts (Creek et al., 1997). Note well, the methods described by Creek 




et al cannot address the potential that reported “DNA adducts” were the result of residual protein 




carryover, nor can they distinguish between covalent and non-covalent interaction. Given these 




limitations the data should not be interpreted to imply direct DNA adduct formation for benzene 




metabolites. The most reliable interpretation of the result is that benzene metabolites preferentially 




react to protein to large extent. 




Protein cross-linking can also lead to some degree of enzyme inhibition when cross-links disrupt protein 




conformation or function (Chui and Wan 1997). Given the cell’s normal capacity for protein degradation 




and synthesis it is understandable that there is some threshold above which protein cross-linking causes 




sufficient disruption that cellular damage occurs. 




Importance of Dose Metrics in Assessing Stochastic versus Threshold 




Mechanisms 
Cumulative exposure (e.g., ppm-years) and peak exposures (e.g., maximum blood concentration) have 




been used in hazard assessments. Each measure is individually better suited to different risk scenarios. 




While rarely explicitly considered, dose metrics can provide strong suggestive evidence for or against a 




stochastic or threshold mechanism in carcinogenesis. A key fundamental differentiator in dose metric 




as an indication of stochastic or threshold effects can be found in dose rate: stochastic mechanisms 




invoking cumulative exposure should be indifferent to dose rate. Stochastic genotoxicity models predict 




equal risks at equal cumulative doses, regardless of dose-rate considerations. Stochastic genotoxic 
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carcinogenesis models treat each DNA damaging event equal in its probability of causing cancer – the 




more damage accumulated the greater the probability of cancer. That model leads to the assumption 




that every exposure carries some accumulating, probabilistic risk. Faster genetic damage is not treated 




as any more or less hazardous than a slow rate. Any hypothesis proposing a stochastic mechanism for 




genotoxic carcinogenesis must be false if evidence shows dose rate explains incidence. By the same 




token, a hypothesis invoking a threshold mechanism is compatible with both cumulative and peak 




exposures. 




Hypothesis Prediction Stochastic Mechanism Threshold Mechanism 




Dose Response Shape 
Effect correlates with dose over 
entire observed range 




Effect correlates with dose above  
a specific observed range 




Affected by cumulative 
exposure 




Yes 
Above specific range – yes 




Below specific range – no 




Affected by dose rate No 
Above specific range – yes 




Below specific range – no 




Cumulative exposure is a particularly good dose metric where irreversible damage accumulates. It is well 




suited for situations where damage continuously builds without repair, or exceeds repair to such an 




extent that healing is quantitatively irrelevant in disease etiology. Such a situation is plausible for direct-




acting mutagens (n.b. while genotoxic, benzene is not a direct-acting mutagen), where the irreversible 




damage manifests as increasing mutation load over time (assuming a hormetic response is excluded), or 




bio-persistent agents such as asbestos and other deeply inhaled, poorly soluble particles, where lack of 




clearance causes an accumulation of unresolvable tissue damage. Cumulative exposure is generally easy 




to calculate, and can apply to both stochastic and threshold mechanisms in dose-response analysis. 




Peak exposures as a dose metric become important when exposures (dose rates) are driven to levels 




overwhelming biological compensation mechanisms. Damage that would have otherwise been 




prevented by cellular adaptations occurs when this happens. Effects driven by dose rate strongly suggest 




a threshold mechanism, wherein exposures below a threshold are handled without damage, but above 




that threshold cannot be contained. A classic example comes from the developmental toxicity of 




ethylene glycol. Oral gavage exposures (resulting in higher peak blood concentrations) are more potent 




for causing developmental toxicity than dietary, drinking water, or inhalation exposures (which result in 




lower peak blood concentrations). The distinction is attributed to differences in metabolic generation of 




the developmental toxicant glycolic acid from ethylene glycol – at higher dose rates achieved by oral 




gavage (exposures associated with peaks in blood concentration) the amount of toxic metabolite 




generated exceeds biological capacity to handle it, resulting in adverse effects. Threshold can also be 




observed at low dose rates, so long as doses are large enough (1.0% in drinking water; ~2000 mg/kg/d 




[Gulati et al., 1984]) to generate sufficient glycolic acid to exceed the threshold of effect (Carney 1994). 




One of the challenges of peak exposure as a dose metric is it is more complicated to assess analytically 
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and to calculate, especially in occupational environments. These challenges can lead to increased 




variability or uncertainties in the actual exposure, but where calculated and shown to be explanatory, 




may be more useful than cumulative exposure in explaining an effect. 




The importance of dose rate as a factor in carcinogenicity is well illustrated in liver tumours following 




oral chloroform exposure. Liver tumour incidence is 80% (36 of 45) in female B6C3F1 mice exposed to 




238 mg/kg/d chloroform by oral gavage. However, incidence is 2% (1 of 44) at even higher oral dose by 




diet, 263 mg/kg/d. The striking disparity is attributed to the substantial difference in dose rates, as 




opposed to cumulative dose (for a thorough discussion of chloroform kinetics see Meek et al., [2002]). 




Liver tumours are not significantly increased at dose rates below the threshold for cytotoxic injury 




(Larson et al., 1994). The potential importance of metabolism in the chloroform mode of action for liver 




tumours is also noteworthy. Pharmacologic inhibition cytochrome P450 or cyp2e1 genetic knockout 




prevent the cytotoxicity and repair response central to chloroform’s hepatocarcinogenic activity in mice 




(Constan et al., 1999), implying that preventing formation of metabolite(s) prevents liver tumorigenesis. 




Combined with knowledge of dose rate, it is apparent that only when dose rates are high is there 




sufficient toxic metabolite produced to result in liver tumours. 




There is a biological underpinning for importance of dose rate in understanding toxicity thresholds. The 




effect of dose rate on blood concentration of a hypothetical chemical, and its relevance to thresholds of 




toxicity, is modelled by simulation in Figure 1. Despite equal 8 ppm-hour cumulative exposures on a 




time-weighted average beginning at 8 hours, placed into the context below it can be understood how 




peak exposures can be found to fully explain risk of an adverse health effect. Three scenarios are 




compared: 1 ppm continuously for 8 hours, two high intensity exposures of 4 ppm for an hour each with 




exposures separated by a one hour interval, and 15 minute 4 ppm peak exposures repeated once every 




hour for 8 hours. Despite equal cumulative exposures, only with peak exposures (high dose rates) was 




the hypothetical threshold exceeded. When a threshold exists, but only high dose rates result in 




metabolite concentrations above the threshold for effect, risk will be accounted for by addressing peak 




exposures.  
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Figure 1- Peak Exposures versus Cumulative Exposures can result in different potential for effects where a threshold exists 




 




A threshold model also reconciles work showing risk from cumulative exposures. If cumulative 




exposures lead to blood concentrations above the threshold for effect they will correlate with risk. 




(Figure 2)  When a threshold exists, risks can be correlated with cumulative exposure and peak exposure 




if both types of exposure exceed the threshold for effect. However, when effects are attributable to 




peaks instead of cumulative exposure it suggests the lower dose rate exposures remain below the 




threshold of effect. (Figure 1) 
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Figure 2. Cumulative exposure can also result in risk when above the threshold of effect 




 




Benzene-Specific Support for a Threshold Model 




Hypothetical models are useful to illustrate a concept, but the validity of a model depends on 




comparison to observed data. Benzene research has provided observed data for metabolite production, 




hematotoxicity, and genotoxicity. There is a consistent pattern of dose rate as a key factor in these 




multiple endpoints. As such, it implies strongly that a threshold model is more compatible with observed 




data than a stochastic model. 




There is a body of data indicating dose rate affects the type of benzene metabolites produced 




(Henderson et al., 1989; Sabourin et al., 1989). One of the best illustrations is the Bois and Paxman 




demonstration by Monte Carlo sampling with PBPK modelling that benzene exposure with equal 




cumulative exposures (8 ppm-hours as either 1 ppm for 8 hours [low dose rate] or 32 ppm for 15 minutes 




[high dose rate]) result in different metabolite profiles. Metabolite production, particularly 




hydroquinone (the precursor of 1,4-benzoquinone, a highly protein reactive molecule), in the high dose 




rate exposure scenario was consistently higher than in the continuous exposure. On average 




hydroquinone production was 20% higher (but as much as 130% higher) in the blood, and bone marrow 




hydroquinone levels up to 300% higher in the high dose rate compared to the continuous exposure (Bois 




and Paxman 1992). Overall, there is strong evidence to indicate dose rate affects benzene metabolite 




profile, and given the knowledge that benzene toxicity is dependent upon metabolites, it is apparent 




that benzene dose rate will alter effects based on the amount of toxic metabolite produced. This is a 




striking parallel to the example of ethylene glycol in that toxicity is attributable to metabolite(s), the 




formation of which is affected by the dose rate. 




Evidence for influence of dose rate on benzene’s toxicity extends beyond metabolite production. Male 




CD-1 mice exposed to benzene for equal 125 ppm-day doses over the course of one week (high dose 
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rate) or 10 weeks (low dose rate) resulted in marked different hematotoxicity. At a high dose rate 




granulocytopenia and lymphocytopenia were observed, but at the low dose rate no detectable effects 




occurred in peripheral blood or bone marrow (Green et al., 1981a). Examining several forms of 




hematopoietic stem cells in either bone marrow or spleen indicated reduced colony forming units at the 




higher dose rate, but again no significant effects at the lower dose rate (Green et al., 1981b). 




If one turns to genotoxicity instead of metabolism or hematotoxicity, rodent models also support dose 




rate as a key determinant in potential for benzene toxicity. Male NMRI mice continuously exposed to 




benzene by inhalation at either 96 ppm over 48 hours (high dose rate [4608 ppm-hours cumulative]) or 




21 ppm over 240 hours (low dose rate [5004 ppm-hours]) showed marked differences in polychromatic 




erythrocyte (PCE) micronuclei counts. At the low dose rate mice the micronuclei count peaked at 




approximately 9 micronuclei/PCE after 144 hours of exposure and increased no further, whereas at the 




high dose rate micronuclei were >30 micronuclei/PCE after only 48 hours (later time points were not 




reported [Toft et al., 1982]). 




In comparing predictions of stochastic and threshold mechanism it appears consistent that dose rate 




can play a significant factor in benzene toxicity, from the very earliest event in its mode of action 




(metabolism) to later effects observed in repeated dose scenarios (hematotoxicity). Given the evidence 




for the influence of dose rate, adoption of a threshold model is an evidence-supported choice. 




In the end the likely best metric for risk is cumulative exposure above the threshold of effect. Analyses 




of this sort which examine cumulative exposure above a set of potential thresholds should be 




encouraged for epidemiologic data analysis.  
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